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SUMMARY 

A study was made of the methods available to transfer heat 

from the collector to, the water storage tank in water heating 

systems. In counterflow heat ~xchangers used in double loop water 

heating systems, it was found to be more important to use a high 

water flowrate than a high heat transfer fluid flowrate. It was 

earlier thought to be best to have matched WC (mass flowrate-
p 

specific heat) products in the loops. It was shown in this study 

that the water WC product should be about twice as large as that 
p 

of the heat transfer fluid. It was found that neither the heat ex-

changer type nor the size was very critical, so that very simple 

criteria were adequate in determining optimum heat exchanger size. 

It was found that there is a definite system size below which one 

should use a traced tank or a coil in a tank. Equations and op

timization criteria were developed for traced tanks or tanks with 

coils. At present, there is no quantitative understanding of liquid 

to liquid (direct contact) heat exchangers, though they are clearly 

quite effective. Draindown systems are discussed, and several appen

dices are included on heat transfer and other characteristics of fluic 

and of equipment. 
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Nomenclature 

Ac - Collector Area. 

A - Collector area at which traced tank and heat exchanger systems cutoff 

are equally cost effective. 

1\nin - Minimum cross-sectional area on shell side of heat exchanger 

B 

c c 

through which fluid passes. 

- Traced tank area. 

- Heat exchanger area. 

- Tube spacing of helical coil in traced tank system. 

- Collector cost per unit area. 

- Tube length cost of helical coil per unit length. 

- Cost of extra pump for double loop heat exchanger system, specific 

heat of fluid. 

Cr - Total cost of system. 

ex - Exchanger cost per unit area. 

c' - Capacity rate ratio. 

d - Inner tube diameter (inches). 

o. - rnner tube ·diameter (Ft or meters). 
1 

D · - Outside tube diameter (Ft or meters). 
0 

Da - Outer shell diameter of heat exchanger. 

Dt - Diameter of storage tank. 

F - Friction factor. 

F
2 

- Section efficiency of the collector. 
, \.' 

FR - Collector heat removal factor. 

Ft - Helical coil efficiency factor. 
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F I 

t 

F ex 

F 

g 

G 

G'. 

G" 

- Traced tank penalty factor. 

- Heat exchanger penalty factor. 

- Deviation from matched capacity rates. 

- ~cceleration due to gravity. 

- Mass flowrate per unit collector area. 

- Total mass flowrate through shell side of the heat_exchancjer. 

- Total mass flowrate. 

Total mass flowrate per unit tube cross-sectional area. 

- Total mass flowrate -per unit minimum cross-sectional area on 

the shell side of the heat exchanger. 

h. - Inside tube scaling coefficient. 
is 

hso - outside tube scaling coefficient • 
. ,: 

- Inside tube heat transfer coefficient. 

- outside tube heat transfer coefficient. 

Height of the storage tank. 

k The:rmal conductivity, stor~ge tank height to radius ratio. 

L - Collector, exchanger or helical coil tube length. 

- Quantity of chemical substance which kills 50% of dosed animals 

within 14 days. 

N - Number of collector or heat exchanger tubes. 

- Number of exchanger b~~~les. 

- Number of heat transfer units. 

p - Design pressure of the storage tank. 

AP --Pressure drop. 

Q - Rate of heat transfer, total flowrate (gallons/minute)o 

- Flowrate within each collector or exchanger tube (gallons/minute tube). 

- Radius of the sto~age tank. 
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R - Resistance to heat transfer by tube wall within heat exchanger. wall 

Re Reynolds number. 

Ta - Ambient temperature. 

Tei - Temperature of the fluid entering the collector~ 

Teo - Temperature of the fluid leaving the collector. 

Tsi - Temperature of the w~ter entering the ~ollector. 

Tso - Temperature of the water leaving the .collector. 

Tw - Wall temperature of the fluid. 

Ttube - Thickness of the tube of the helical coil. 

T · - Thickness of the storage tank wall. wall 

u - 'collector heat los~ coefficient. 
c 

ut - Natural convection coefficient within the storage tank. 

ux Overall heat transfer coefficient of the heat exchanger. 

w - Mass flowrate (same as G'), tube spacing of the collector. 

(WC ) - capacity rate of the collector loop • . pc 

(WC ) . -Greater of the two capacity rates. 
p min . 

(WC ) - capacity rate of the storage loop. 
p s 

-WCP - Mean· capacity rate of heat exchanger system. 

o<'r - Absorptivity - transmissivity product of the collector. 

E- - Exchanger or traced tank effectiveness. 

E' - Joint efficiency of the storage tank. 

~ - Volumetric coefficient of expansion. 

µ - Viscosity:~ 

f - Density.-

CJ' - Maximum allowable hoop stress of the storage tank. 
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1.0 Introduction 

In low temperature useage of solar energy one can use an air heating 

collector with a rock pile storage system, br a liquid heating collector 

with a water storage system. The liquid heating collector - water storage 

system combination has two main drawbacks: 

a. Water is corrosive and requires expensive plumbing materials to 

achieve long lifetimes. 

b. When water freezes it expands and can easily preak the plumbing 

in the collector. 

In virtually all parts of the U.S.A. it freezes regularly in Winter. 

The easiest way to confirm this is to consult horticultural guides for 

the areas in which frost susceptibl~ trop~cal plants can be kept outdoors 

unprotected year-round. Outside of the s_outhern part of Florida, the low 

lying areas in Hawaii, and very narrow coastal regions in California and 

along the Gulf Coast, one invites disaster with outdoor frost susceptible 

tropical plants or with water filled collection systems. 

There are several ways to produce reliable operation despite freezing 

weather. One can use a separate heat transfer fluid loop, using a heat 

exchanger to transfer the heat. One can use a draining system, in 

which the water is drained out of the collection system whenever there 

is insufficient solar energy to heat the collector abov·e freezing. 

A 6raindown system must be designed, specified and constructed weli 

enough so that it is totally foolproof. When it is suppose.a to drain, air 

or some other gas ·must be able to get into the system, and the water i.n all 

of the parts in which there is danger of frost must be able to flow out by 

gravity. 

A system usi·ng a separate frost-proof heat transfer fluid is different. 

A cost effective fluid must be chosen •. It must be matched to the plumbing 

materials, and such maintenance must be supplied as necessary, to prevent 
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corrosion. If the fluid is toxic it must be kept from contaminating 

drinking water. Finally, the hea~ exchanger must be optimized. It mus·t 

be large enough so as not to impqse an exce·ssive ·collection penalty 

through a large teni>erattire rise in the ·collection, and yet must not 

be so large as to constitute an unreasonably large investment. compared 

to other parts of the system. 

Several heat exchanger arrangements can be used. One can use a double-loop 

system (one· loop through the collector wi~h antifreeze,· one. 109p t'1rough the 
' . "' 

storage tank with watei,:) with a heat exchanger between the two·· pwiq)ed loops~' 

One can use a singl~ pumped qoop which features a coil in the storage tank or 

coils fastened to the outside of the tank, or one can use a· liquid-to-liquid 
"· 

heat exchanger, using a fluid inaniscible in water and.of~ different density, .· . . 

sprayed thi:-ough the water tarik in droplet fonn t~ exchange the heat. ·In a1i. 

cases the loops could be of the thermosyphon type rather than pmnped, but 

this requires the storage to be above.the collectors. 

The use of a heat exchanger leads to a collection penalty, as shown in Figure 

1.1. The efficiency of collection decreases with increasing collection 

temperature, as shown in the curve in the lower part of the figure. The 

presence of the heat exchanger increases the collection temperature, and 

hence produces the collection penalty. 

In a draindown system there is no such a heat exchanger penalty·. There is 

the additional advantage't:hat when the collector cools dawn at night the 

fluid does not cool down with it in the collector. In the morning the .. emp~ 

collector hence warms up faster and can begin to collect earlier. A draindown 

system must however.be totally foolproof. One simply can not afford failure, 

except on a statistically low level (say one collection system every few 

hundred years of operation) •. 

.. 
De Winter (1975) first analyzed the case of a double loop heat exchanger 

system, arid found that if capacity rates were used in the two loops so that: 

(Ll) 

*Included in full in Appendix A. 
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.(where W is. the mass flowrate, C the specific heat, coll refers to the loop p 
through the collector and sto to the loop through the storage tank, as shown 

in Figure 1.1) then th~ heat collected by the collector-heat exchanger 

combination was simply reduced by the factor: 

FR 
I 

1 

FR F U A (1. 2) 

1 + R c c 1 
1 ] 

(WC - -) ~ p coll 

In this equation FR is the standard collector efficiency factor of the Hottel 

Whillier flat· plate collector model, FR' is the same factor modified by the 

heat exchanger effect, A is the area of the collector,U the collector heat 
c c 

loss coefficient, and t_ the heat exchanger effectiveness. Klein, Beckman 

and'ouffie (1976) extended this to systems in which Equation (1.1) above does 

not hold, and determined that for this more general case: 

F U A 
R c c 

l + ----
(WC ) 11 p co 

1 

(WC ) 11 
p co ] 

t (WC ) . - l 
p min 

(1. 3) 

Equation (1.3), being completely general, is shown in Figure 1.2. In the 

general case, the heat exchanger effectiveness is an exponential function of 

the parameters NTU=(U A °)/(WC ) . and of (WC ) . /(WC ) as shown in 
x x p min p min p max 

Equation (1.4 a) and (1.4 b) (it should be noted that A is the heat exchanger 
x 

heat transfer area and U the associated overall heat transfer coefficient): 
x 

with 

N 

1 -
-N e 

1 - (WC ) . I (WC ) e -N] 
p min p max 

= NTU [ 1 - (WC ) . I (WC ) ] . 
p min p max 

(1.4 a) 

(1.4 b) 

The effectiveness increases with the heat exchanger A , and this reduces the· 
x 

collection penalty (it increases F '/F , bringing it closer to 1), so that 
R R · 

it increases the heat collection. On the other hand, increasing the heat 

exchanger size increases the system cost. An optimum heat exchanger size 

can be found as illustrated in Figure 1.3. 
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For the specific case in which: 

(WC) 11 = (WC )"t I p co p s 0 

de Winter (1975) found that: 

Since-

(WCP) coll 
1 + -

U A 
xx 

(1.5) 

(1.6) 

(1.7) 

When the cost .per unit area for the coll~ctor (C) and the cost.per unit 
·, c. 

area of-heat exchanger (C) 
x 

are cqnstant, de Winter (1975) further found that 

if the heat transfer coefficient b did.not vary with the area 
. . x 

A the optimum 
x 

heat exchanger area A could be calculated from the equation:· 
x 

A= A 
x c 

FU C 
R cc 
u c xx 

(1.8) 

In tjle present study it was found that with a given average WC product, the 
p 

optimum heat exchanger invariably had a higher storage capacity rate (WC ) 
· . · p sto 

than a collector capacity rate (WC ) 
1

, so that Equation (1.1) ·was invariably 
· · p col . 

satisfied and Equation (1.2) applied. For typical values of· the collector 

capacity rate (WC) . I it was found that the.value of C' = (we) 11/(WCP) to 
. . 1' coll P co s 

ranged from 0.5 to 0.6. For all practica~ purposes.it was found that it 

was still possible to use Equation (1.8) to find the· optimum heat exchanger 

area, since this was only about 1% different from that found for the optimum 

(unmatched capacity rate) case. This area is discussed in Section 2.1.1. 

An analysis for a single-loop system, using a traced tank or a coil in a tank, 

was performed in the present study (see Section i.2). It was found that the 

same heat exchanger factor detennined for a double loop system in Equation (1.2) 

could be used for the single loop system. Again one can determine an optimum 

heat exchanger area us~ng the methodology shown in Figure 1.3. The main 
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difficulty now lies in the fact that the heat transfer coefficients used 

to determine U are no longer straightforward forced convection coefficients, 
x 

but that on the water (storage)- side one has a natural convection coefficient· 

which is harder to determine. This area is addressed in Section 2.2. 

There is still another heat exchanger case on_e can use. One can use an 

unpressurized storage tank filled with water. This can feature inert gas 

(instead of air) above the water so as to limit oxidation and corrosion. 

The water can be deionized to further limit corrosion. The collector can be 

of the draindown type. A heat exchanger can be used between this tank and 

the domestic water system so as to heat the water on a once through basis. 

There are too many design permutations to permit generalizations on such 

a design without a thorough design study. 

The conduction problem between the inside tank wall and the fluid in tracing 

tubes is arialogous to that obtained in a flat plate collector with the 
• r 

tubes bonded below the plate. The heat transfer is given by: (inside water 

coefficient Ut) (inside tank area A ) (F ) (Fluid to water temperature diff. ). 
t t 

According to Duffie and Bec~an (1974) F is given by: 
t 

l 
Ft BUt BU B 

t 
+ + 

lT D II (. LJ + ( H - lJ ) !-' 
0 bond 0 0 

D
0 

- Outside diameter of the coil tllbe (m) 

(1. 9) 

h - Heat transfer coefficient 
Watts 

of fluid circulating thrbugh 

the coil [ 2 0 
m C 

Cbond - Conductance of tank to coil bond~ 
4 T K 

wall s 
D 

0 

i:atts 

m 
0 c 

(This value of the bond conductance was determined py de Winter (1978).) 

T - Thickness of tank wall [m) 
wall· 

d . . f 1 _ [ Watts ) K - Con uctivity o stee tank 
s 0 

m C 
F - Fin efficiency of tank wall between the 

tubes, for heat losses to the water. 
Figure 1.4 shows the relationship between the parameters of the traced tank. 
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Figure 1.4 Specification of Several Coil Parameters 
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Water Side 
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· . .. wall 
work on the liquid-.to-liquid heat exchanger concept at the Colorado 

State University (Buchan et al, 1976, Ward et al, 1977) has revealed that 

these heat exchangers c~n be-very efficient and can lead to very low 

collection penalties. There is however as yet no quantitative understand

ing of their performance. 
~ .. . . '' 

This is the final report on a DOE-sponsor.ea project to perform an analytical 
. . ' 

study on the different alternatives existing in this area. Section 2 deals 

with the behavior of systems using. a heat exchanger with. segregated fluids. 

Section 3 deals with direct contact liquid-to-liquid heat exchangers, Section 

4 with draindown systems, and Section 5 with recommendations for further 

work. Section 6 and 7 and the appendices provide background information, 

and information on heat transfer and fluid characteristics and computer 

programs used in the study. 
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2.0 HEAT EXCHANGER SYSTEMS WITH SEGREGATED FLUIDS 

In double loop solar water heating systems the phy.sics was well 

understood at the beginning of the study. In single loop systems there 

were essentially no previous guidelines, although single loop systems had 

been built in the 1930's and probably even earlier. 

For double loop systems the requirements of optimum designs were 

studied in some detail. For single loop systems the theory of operation 

was developed, and optimum design guidelines were developed. Guidelines 

were developed for determining the point at which one should change 

from si_ngle to double loop systems. 

It should be noted that many practical problems are glossed over 

in this section. For example: in·any pumped antifreeze loop one way 

valves are essential to avoid reverse thermosyphon at night, which can 

(and often does) freeze heat exchangers. In·any liquid heating system, 

lines would have to be cost-optimized in order to make sure that one is 

not paying too much in pumpi_ng power or too much in plumbing. 

2 .1 Heat. Transfer. Analysis . and:. optimization of Double...;. Loop Solar Water 
· lfeatin9. systems 

In double loop water heating systerns, much of the basic analysis 

' had already been performed by de Winter (1975) and by Klein, Beckman and 

Duffie (1976). It remained to do systematic sensitivity studies on the 

model to find out what parameters, if any, were important, to determine 

what was the simplest way to deterinine a reliable optimum, and to determine 

what was the minimum size at which a full fledged double loop (also double 

pumped) system· with a heat excha_nger should be used. Below this minimum 

size it would become netter to switch to a si_ngle loop system, using a 

traced tank or a coil to transfer the heat to the· water. These questions 

are. treated in the following su6sectfons. 
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2.1.l Criticality of the Matched Capacity Rate Concept 

The capacity rates (mass flowrate-speci~ic heat products) on either exchanger 

side are important in determining the optimum perfol:mance characteristics 

of the exchanger-collector systems. For.·a given average capacity rate, if 

the capacity rate on the storage side is much larger than that on the 

collector side (or viceversa) the net effect will be an increase in collector 

temperature and a corresponding decrease in collection. This becomes clearer 

examining Figure 2.1.1-1. De Winter (1975) assumed the optimum counterflow 

exchanger would be one operating at a capacity rate ratio (C'.= ewe·) . I (WC ) . 
. • p min p max 

equal to one, i.e. matched capacity rates. In this study, the effect of the 

capacity rate ratio (C') on the optimum performance was investigated further. 

In order to determine the performance of the collecto~-exchanger system with 

capacity rate ratios other _than one, i t:·was assumed that there existed a -fixed average capacity rate (WC ) at which the .exchanger operated. The 
p 

storage ar:id collector loop capacity rates were allowed to vary from this mean 

state, but restricted so that when one capacity rate is increased, the other 

must decrease. Thus the collector loop capacity rate is: 

(WC ) = WC (1.0 + F) 
. pc p ·-

(Watts/ 0
c) (2 •. 1.1-1) 

F - deviation from the mean capacity rate -1< F < 1 

and the storage side capacity rate becomes: 

(WC ) = WC (1.0 - F) 
p s p 

(Watts/ 0
c) (2.1.1-2) 

There is nothing magic about this assumption of an average capacity rate. 

If one wants to limit the total pumping power one would be concerned about 

some weighted _average cap_acity rate (or flow rate). In any .case one .·is 

interested in determining whether it. is useful to increase the flowrate of 

one of the fluids, at the expense of the flowrate of the other one. If 

pumping power is no concern collection .can always be increased by increasing 

either or both of the flowrates. 

For the matched case, F equals O, and the capacity rates both equal the mean 

capacity rate. Note when: 
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(WC ) -. (WC ) , then C' pc,.... p s (1 - F)/(l + F) while for 

(WC ) <(WC ) I p c p s 
C' (1 + F)/(l - F) 

. ( 

A brief discussion of the factors influenced by the capacity rates precedes 

the determination of the optimum capacity rate ratios. 

The major effect of the capacity rates on the rate of heat transfer is through 

the heat exchanger penalty factor-collector· efficiency product FR'. From 

Section 2.1.4 this becomes: 

F" I = 
R FRU A c c 

l + (WC ) 
p c 

F 
R 

(WC ) 
p c 

(WC ) . E - 1 ] 
p min 

(2.1.1-3) 

This term depends on the capacity rates through the variables (WC ) 1 p c 
(wcp)min'i.:.~ _and t. From Equatio~ (2.~~:l_-3) it can be seen that increasing 

(WC ) and (WC ) . will reduce the penalty to heat transfer producted by the p c p min 
heat exchanger, i.e. it will produce higher heat collection. Similarly, FR 

increases with increasing capacity rates which also increases the heat 

collection. 

The effect of the capacity rate ra.eio on ehe exchanger ef:f:ec..:tlveue~~ fulluws. 

In Section 2.1.3 the exchanger effectiveness is presented for a counterflow 

exchanger. Figure 2.J.1-2 using Equation (2.1.3-1) is presented here to show 

the effect of the capacity rate ratio (C') on the exchanger effectiveness for 

various NTU's [ (U A ) I (WC ) . ] • x x p min For a given NTU, the efficiency of the 

counterflow exchanger increases with increasing (WC ) • It is only when p max 
some restraint is imposed on total flowrate, such as might for example exist 

when it is necessary to minimize the total fluid pumping power on side one 

plus side two, that matched (or closely matched) capacity rates are of any 

potential usefulness. 

Another effect of the capacity rate is its influence upon the collection 

temperatures. Assuming minimal heat losses through the pipes connecting the 

heat exchanger to the collector and storage tank, the effect of the capacity 

rates on the temperature characteristics :of the system can be determined. 
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Figure 2.1.1.2 Effectiveness of a Counter
flow Heat Exchanger versus NTU and the 
Capacity rate Ratio C' ••• Also Temperature 
Profiles versus C'. 
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p c p s 

b) (WC ) = (WC ) 
p c p s 
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To consider the effect of the capacity rate ratio on collection, consid~r " 

Equations (2.l.l-4a), (2.l.l-4b), (2.1.1-Sa) and (2.1.1-Sb), which.describe 

the e_xchanger effectiveness. The effectiveness is simply the ratio of the 

heat transfered to the maximum heat transfer the second law of thermodynamics 

will allow. Equations (2.l.l-4a) and· (2.l.l-4b) show this definition of the 

effectiveness. In the first equation, the storage si<!e has the minimlDll 

capacity rate, in the second equation the collector side 

Where: 

if (WC ) <: (WC ) 
p s . pc 

(WC ) (T - T • ) · E p c co Cl. 

= (WC ) . (T -:- T . ) 
p nun co·· so 

if ewe> <:ewe> p c p s 

T - temperature of the water so· · 
Tsi-.temperature of the water 

T - temper(lture of the leat co 
T ci - temperature of the heat 

(2.l.l-4a) 

(2. l. l-4b) 

leaving storage - oc 

entering storage - "c 
transfer fluid leaving collector- 0 c 
transfer fluid entering collector -. oc 
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In the above equations the WC products can of course be cancelled out. 
p 

They are left in because in this way the heat quanti,ties are more easily 

identifiable. 

The effectiveness as a function of heat exchanger P.ararneters is given by: 

1 
~= 

WC 
1 +--P

U A 
=(WC ) x x 

p c 
·if (WC ) 

p s 

and 

-NTU(l - C') 
[l - e . ] 

[l ~ C' e-NTU(l - C')] 

if (WC ) ~ (WC ) 
p s p c 

•I 

(2.1.1-5 a) 

(2.l.l-5b) 

Equations (2.1.1-5 a) and (2.l.l-5b) are represented by Figure 2.1.1.2, with 

the temperature profiles in the exchanger represented in the lower part of 

the figure for three different capacity rate ratio cases. The effect of° the 
,,,,,,., "'" capacity rate ratio· can be understood most readily by considering these 

three cases, a, b, and c and by assuming that as a first approximation_ the 

heat transtered in the collector does not vary much with changes in flow rate 

ratio, and that the Ux value* also stays approximately constant. Consider 

thatin all cases T is the same, and that (WC) (T. - T ) ·is the· same. 
so p s S1 so 

The upper line represents the temperature of collection as well as the 
I 

temperature of the collector fluid in the heat exchanger. It is quite easy 

to see, in considering cases a, b, and c,· that if one goes from b to c the 

average temperature of collection is raised somewhat, so that less energy 

will be collected. If on the other hand one moves from b to a, with a 

moderately mismatched flowrate, it is reasonable to ~xpect that the collection 

temperature will be pulled down somewhat, so ~hat a greater heat collection 

will result. Simple calculations can serve to confirm this explanation. 

In the following subsection, the optimum capacity rate ratio is determined· 

for typical collector and exchanger characteristics. 

* Note that the effectiveness increases 
somewhat ~t unmatched capacity rates. 
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Determination of the. Optimum Capacity Rate Ratios 

In this· section, the capacity rate ratio (C') will be defined as: 
. '.,"· .. 

c• = which from Equation (2.1.1-1) (2.1.1-2) reduces to: 

1 + F 
C' = ---

1. - F 

The optimum capacity rate ratio is one for which the following is true. · 

d c 
[ ....! 1 0 

dF Q 

Where: 

CT CA +CA 
c c xx 

Q F I F Q. 
ex Ro 

Q; "I f(F) 

Equation (2.1.1-6) reduces to: 

U A ... (WC ) 
~: r [ C A + C A ] [.!.._ + c c p c 
dF .. c c x x FR . (WC ) . [ (WC ) . 1: 

p c p min~ 

Solving this for F reduces to: 

Where: 

F2 = section efficiency of the collector 

(1 + F) 
di£ 

1 dF 
X' = - - 1 + 

~ ~,_ 

-2.7-

(2.l.l-6) 

11) J = 0 (2.1.1-7) 

l dF 
+CA][-·-~-

x x F 2 dF · 
R 

U X' 
c. 2)= 0. 

GC (1 .-+: F) 
p 

(2.1.1-8) 



Fiqure 2.1.1.3 
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Optimum Heat Exe.hanger.Area Versus the Capacity Rate Ratio an.~ Mass Flowrate 
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·d~ 

dF 
-= e?Px' dy' 2 1 + F dv' 

2 [ - - + ( 1 -expy' ) ( ) + - F ';IT- ] 
E 

2· 
(1 - expy') dF 1 - F2 1 

AU 
xx 

¥' = A Ge (1 + F) 
c p 

d ' _zu 
~- .X 
dF - A~ 

c p 

dA x 
dF 

l _ 1 + F] 
1 - F 

( _F_) +A 
l-F2 x 

This series of equations could not be reduced much further and was solved by 

iteration. Ax was determined from equation (2.1.4-3) by iteration, but for 

simplicity dAx/dF was found from the matched optimum heat exchanger area: 

A = A 
x c 

F u·c 
R c c 
u c 
xx 

It was found that the optimum capacity rate ratio C' was a function of - -.C , C , GC , F
2

, U , and U , where GC is the mean capacity rate per unit , 
c x p c x p 

collector area. Ih order to keep the overall heat transfer coefficient 

constant for varying exchanger size, the number of tubes within the exchanger 

was found from Equation (2.1.4-8). Thus., the heat exchanger area was varied 

by varying the tube length, not the number of tubes. Although the overall 

heat transfer coefficient of the exchanger will vary due· to the varying 

capacity rates, it is assumed to be a small variation since the increase in 

heat transfer on one side will be balanced by a decrease on the other side. 

As shown in Section 2.1.4 the optimum heat exchanger area is a function of 

the capacity rate ratio. Figure 2.1.4.1 is reproduced here as Figure 2.1.1.3 

to show the effect of mismatched capacity rates on the optimum heat exchanger 

area. As the capacity rate ratio (WC ) /(WC ) deviates from matched, the 
p r. p s 

optimum heat exchanger area goes down. Note that for normal mean capacity 
-2 _, 

ratec: (operating mass fluwrates of 80 kg m · h -- , the effect of the capacity 

rate· ratio on the optimum heat exchanger area is quite small. For C'=l, 

A =5.69 m
2

, while for C'=0.5, A =5.62 m2 • This is a 1.25% change in the 
x x 

optimum heat exchanger area while the capacity rate ratio decreased by 50%. 

Note also that Figur~ 2.1.1.3 has no direct cost effectiveness implications. 

If with a constant average capacity rate one begins working with exchangers 

-2.9-



I 

"' • -
? 

1.0 

-"' -Q. 
u 
~ 
'u.8 -Q. 

~ --
.2 .... 

.6 ,, 
e:::: 

Q) .... 
~ 
c 
·c:; 
0 
Q. .4 0 u 
E 
:::> 
E ·-.... 
Q. 

0 
.2 

Figure 2.1.1.4 

Optimum Capacity Rate Ratio Versus the Mean Flowrate -Specific Heat Product 

Desigr Values 

C = $100/mi 
C· 

C =$100/m
2 

U = 1100 wa:-tsm-2 0 c x .. 

F2=" .8. 

-2 o -I 
U = 5 watts m C 

I 

0.0"----------....... ------...._---------....... ------...._----------------...._-------------........ -------
10. 20 . 50 - 100 -2 .. 1 

Mean Flowrate -Specific Heat Product ('GC.) (Watts m °c: ) 
200 

p 



Figure 2.1.1.5 
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in which the capacity rates are more and more apart, temperature profiles in 

~ the exchanger become sharper and the law of diminishing return sets in 
earlier. 

Figure (2.1.1.4) shows th~ optimum capacity rate ratio versus mean capaclt¥ 

rate per unit collector area for typical design parameters. From this figure 

it qan be seen that the optimuni capacity rate ratio lies between 0.5 and 0.6 

for typical systems. Note that for matched capacity rates to be optimum, 

the mean capacity rate must be small. For an optimized system with sm~ll 

mean capacity rates, the heat exchanger tends to be of high efficiency (see 

Figure 2.1.1.6 for examples). Such systems are not typical. Although the 

terms Cc' ex' Ux' F2 and Uc are not completely independent of GCP and the 

other terms, mean correction factors over representative values are shown 

in Figure 2.1.1.5 From this it can be seen that the controlling parameter 

is Ge , with the other terms causing less than 10% changes in the optimum 
p . 

capacity rate ratio when varied up to 100%. 

Figure 2.1.1.6 shows the cost/heat exchanger factor versus capacity rate 

ratio for typical design conditions. It shows that for typical systems (i.e. 

G= 8-16 lb ft- 2 hr-1) the effect of off optimum capacity rate ratios is very 

small. For smaller mean operating mass flowrates, the effect of off-optimum 

capacity rates is increased. Also displayed on this figure are the effectiveness 

of the matched capacity rate case for each mass flowrate and tube length 

required to keep the overall heat transfer coefficient fixed. To use even a 
-2 -1 8 lb ft hr mass flowrate under these conditions requires the tube length 

-2 -1 
to be doubled from that required at 16 lb ft hr • 

Figure 2.1.1.7 presents the percent penalty due to off-optimum capacity 
) -2 -1 

rate ratios for a mass flowrate of approximately 16 lb ft hr • This 

figure reiterates that the capacity rate ratio can be varied from approximately 

0.25 to 1.1 with the per cent penalty to the rate of heat· transferred being 

less than 0.5%. Thus considerable tolerance is allowable near the optimum 

capacity rate ratio and that even matched capacity rates would not lead to a 

considerable penalty to the rate of heat transferred. Note capacity rates 
i 

greater than one would require larger penalties than are shown here because 

the collector heat losses would be increased due to the higher operating 

collector temperatures. 

For the remainder of this report,it has been.assumed that the optimum capacity 

rate ratio is 0.5. In many inst~ces comparisons will be based on matched 

capacity rates for ease of comparison • 
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2.1.2 Effect of Other-Than-Optimum Heat Exchanger Design 

As discussed above, the optimum heat exchanger design is a counterflow heat 

exchanger with a heat transfe_r area picked so as to minimize the total invest

ment cost per unit heat collected. There are many possible ways in which ail 

other-than-optimum heat exchanger may end up in a solar system. Some of these 

·include: 

1. The method of determining the optimum heat exchanger area. 

2. No exchanger models. available with precisely the same size as req~ired for 

optimum performance. 

3. Uncertainties in the determination of the input parameters. 

4. Increased scale deposits with time within the heat exchanger, reducing the 

heat exchanger performance. 

Each of these effects on the system performance is investigated in.the following 

sections. Figure 2 .. 1.4.2 is reproduced here to show the difference in the optimum 

heat exchanger area calculated when the capacity rate ratio is 0.5 or 1. Assuming 

the capacity rates are matched leads to an optimum heat exchanger area s.lightly 

higher than required if the actual capacity rate ratio is less than one. Thus, 

using Equation (2.1.4.5) to determine the optimum heat exchanger leads _to a slight 

off-optimum result with more heat exchanger area than required for mismatched 

cases. ·For the case of Figure 2.1.4.2, this effect is very small. The extra heat 

exchanger area predicted by Equation (2.1.4.5) is less than 1% higher, representing 

an increase in cost of $5.5 and an increase in the cost to heat transferred ratio 

of approximately 0.35%. Thus the effect of the extra cost is reduced by slightly 

increased heat transfer. For typical systems, such as this, the slight off-optimum 

design predicted by Equation (2.1.4.5) when the capacity rate ratio is other than 

one can be ignored. 

_Off-optimum heat exchanger sizes can occur if there are no heat exchanger models 

available with precisely the same size or characteristics as is required by 

Equation (2.1.4.5). As noted in Section 2.1.4, not only is the exchanger area 

important, but the number· o·f tubes required is also critic al. If the number of 

tubes used greatly_ exceeds the number determined by Equation (2.1.4.9), the heat 
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Percent Increase in_ the Cost to Heat Exchanger Factor Ratio Versus the Exchanger Area 

and the Capacity Rate Ratios of .5 and I for a Typical System 
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The Effect of Changes in Ex' er Design Parameters on the Overall System 

Performance 
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transfer within the heat exchanger will suffer. If too few tubes are used, the 

length of the exchanger tubing can be excessive to meet the exchanger area 

required. Figure 2.1.4.2 also shows that off-optimum heat exchanger areas 

increase the cost to heat transfered ratio gradually. For example if the 

exchanger area actually used.is 7m
2 

instead of 5.63 m
2 

(an increase of approximately 

25%), the cost to heat transferred ratio will increase by less than 1%. 

Thus there is room to vary the exchanger area slightly to meet the standard 

exchanger sizes available and still not significantly affect the cost to 

heat transferred ratio. If possible, when the number of tubes needed lies between 

two standard exchanger tube numbers, the fewer number of tubes should be used 

which will increase the heat exchanger performance. This will also increase the 

.tube length required. Since tube lengths are generally available in foot intervals, 

a close match between the needed exchanger area and that available from the 

manufacturer can be obtained. 

The input parameters used in determining the optimum heat exchanger area can also 

affect the optimum performance if they change with time or are incorrectly specified 

initially. Fi'gure 2.1.2.1 shows the effect on the cost to heat transferred ratio 

if the unit exchanger cost (C ) or overall heat transfer coefficient (U ) are x x 
mis-specified initially. This case was similar to that used as an example above, 

with the optimum exchanger area calculated from Equation 2.1.4.5 with the input 
2 -2 0 ~l 2 -2 0 -1 

parameters C =$100/m , FRU =4 watts m C , C =$110/m , U =1100 watts m C , 
c c x 2 x 

and C'=0.5. This yielded an exchanger area of "5.75 m. With A fixed, C and U x x x 
were then allowed to vary to show the effect if these parameters were mis-specified 

2 
initially. For example, if the actual exchanger ·cost was $150/m rather than 

2 
$110/m , then the exchanger would be too large for the optimum case and the cost 

to heat transferred ratio would be increased by approximately 2% due to the 

increased costs. If u was actually lower than the design value of 1100 watts 
x 

m- 2 0 c-l and equal to 800 (this is true if a non-aqueous-fluid was used instead 

of an aqueous solution) then this reduction in the heat transfer of the exchanger· 

would increase the cost to heat transferred ratio again by approximately 2%. In 

this case the amount of heat exchanger determined by Equation 2.1.4.5 initially 

would be too low. This would also be the case if the overall heat transfer 

coefficient was reduced due to increased scaling on either the tube or shell side 
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The Effect of Changes in Collector· Design Parameters on the Overall System 
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of the heat exchanger. Also if Ux is underpredicted or ex is overpredicted 

then the syst~m will have increased performance due to increa~ed he.at transfer 

for the former case and extra heat exchanger area for the latter. 

The effect of mis-specification initially of the collector design parameters on 

the overall system performance is shown in Figure 2.1.2.2. Similar.to the 

exchanger parameter case above, the exchanger area was assumed fixed and found 

from the initial values of the parameters shown on Figure 2.1.2.2. The unit 

collector cost (Cc)' heat removal factor (FR), and heat loss coefficient (Uc) 

were then allowed to vary. The heat loss coefficient (U ) not only affects . c . 

the heat exc.hanger penalty factor but also the rate of heat tran'sferred even 

if water were to circulate directly th.rough the collector (s~e Appendix D, for 
-2 0 

this· term) for this case design values of 750 watts m for Q .c(~ and 45 C for 
l. 

T . - T were used. For example, if· the unit collector cost was increased from win 2 a 
$100/m· to 150 the cost to heat transferred ratio would increase by approximately 

4 7 % • · For this case, the heat exchanger area used was too smal 1 and would have to 

be increased in order to reduce the effects of the increased collector costs. 

Similarly, if the heat loss coefficient increased (for example, if no cover 
-2 0 -1 

plates were used) from 5 to 7 watts m C , this would increase the cost to 

heat ·transferred ratio by approximately 25%. Lastly, if the heat removal factor 

was reduced from 0.8 to 0.6, the cost to heat transferred ratio would increase 

by over 30%. Comparing the results of Figures 2.1.2.1 and 2.1.2.2, it can be 

seen that changes in the col'lector parameters affect the cost to heat transfer 

ratio more than changes in the exchanger terms. Since for a given collector, 

the FRU product and C are quite readily obtained, these large initial errors c c 
in the design parameters listed above should not occur. In contrast, U and x 
ex can be quite difficult to determine or obtain, so that mis-specification of 

these parameters could be quite common. Since the error caused by these 

variables is less, this also should allow adequate tolerance to the user in 

specifying heat exchanger equipment. 

Conclusions 

With care in the selection of the initial parameters used in the heat exch_anger 

sizing process (especially the .collector terms), the heat exchanger so chosen 

should be close to optimum. Determining the heat exchanger area assuming the 

capacity rates are matched leads to slightly higher heat exchanger areas than 

required for the mismatched cases. For typical systems, this effect is very small. 
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2.1.3 ·criticality of Heat Exchanger Type 

A comparison of heat exchangers of different flow geometries was conducted. 

Counterflow, paraliel flow, crossflow (on~ fluid.mixed), and parallel-counter

flow heat exchangers were compared. See Figure 2.1.3-1 for the flow patterns 

through these·exchangers. The penalty imposed on heat transfer by the different 

exchanger types was determined. 

The counterflow.heat exchanger is the most effective heat exchanger type for 

transferring heat between two streams of matched capacity rates. The effective-

ness of a single tube and shell pass counterflow exchanger CE: 
London ( i.964 ) 'is : 

€: = l - exp[-NTU [ 
(WC ) . ]]~ 1 p min 1 
(WC ) . 

p m~x 

NTU - Number of heat transfer units 
A U 

NTU = x x 
(WC ) . 

· c: p min 

(WC ) . 
p min 

(WC ) 
p max 

Ax = Surface· area of heat exchanger (m
2

} · 

Ux . = Overall heat transfer coefficient of the Heat exchanger 

' . . 0 
smaller capacity rate watts/ C 

larger of the two capacity rates 
0 

watts/ C 

from Kays and 

(WC ) . ] .. ]]. p win 
(WC ) p max 

(2.1. 3-1) 

watts 
m2 oc 

(WCp)min = 

(wcp>max = 
Equation 2.1.3-1 reduces to the following for matched capacity rates: 

= 
.1 

1 + _!_ 
N'I'lJ 

(WC ) . = 
p min 

(WC ) 
p max (2.1.3-2) 

For the parallel flow single tube ·and shell pass heat exchanger the effectiveness 

of the exchanger according to Kays and London (1964) is: 

[ [ 
(WC ) . J J/~ (WC ) . ] (. = 1 - exp -NTU _l + (WC p) min 1 + (WCP) min 

p max p max 
(2.1.3-3) 

which reduces to the following for matched capacity rates: 

f = 1 - exp [ -2NTU] /2 (WC ) . = (WC l 
p min .. p max 
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Figure 2.1.3.1 

Flow Geometries of Selected Heat Exchanger_ Types 
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One of the most common exchanger designs is one utilizing a "U" tube design, 

a parallel-counterflow exchanger. The effectiveness of the parallel-counter

flow exchanger according to Kays and London (1964) is: 

'2 

€. = 

1 + ---- + [
(W~p)min 

1 + 
2 [ 1 + exp [ -.r ] ] 

1 - exp [-£ (WC } 
p max (WC ) 

p max 

[

(WC.) . 
l+ p m1n 

'(WC } 
p max 

2 

where r NTU 

For the matched capacity rate case equation 2.1.3,;,..5 reduces to: 

£ 2 • = 12' [ 
I + exp 

:~~·8 2 + 

1 - exp 

• 
NT'U J2' where £ = 

(2.1.3-5) 

( 2~1. "3:-6) 

For the cross flow exchanger (1 fluid "mixed," the other "unmixed") with (WCp>max:: 

(WC ) . ,(WC ) . 
. P unm1xed .I# m1n 

(WC ) • 
p mixed 

E. 1 - exp (...: 

(WC ) 
· p max J .r (WC ) . 

p min 

where: =. 1 - e.xp[- NTU (WCp)min] 
(WC ) 

p max 

The effectiveness becomes: 

(2.1.3-7) 

For matched capacity rates the effectiveness of the cross flow heat exchanger 

becomes:· 

€ = 1 - ex{~ I'] (2.1.3-8) 

£
0

= 1 - exp[-NTu J 
,· 

'.l'he. J~ena,i'ty impo~ed by these differerit heat exchangers on heat transfer was 

determined by using equation 2.).1-3 'i.e.: 

F 
ex 

I, 

1 + 
F U A 

R c c 
(WC ) 
. p c 

1 
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where F = penalty imposed on heat transfer due to the heat exchanger. 
ex 

capacity rate of collector fluid 
0 

watts/ C 

For comparison of the heat excl]..anger types,· the capaci.ty rates of the heat 

transfer fluid and water were assumed matched. The effect of the exchangers 

on heat transfer was determined,assuming that NTU was constant between heat 

exchanger types. 

Figures 2.1.3-2 through 2.1.3-4 show the v~riation of the heat .~xchanger penalty 

factor: [Fex']._versus heat exc.hange;i:- type .. ,. NTU, and collector_.te~(WCp)c/(FRUcAc) 
From these figures it is apparent that the single tune and shelF pass counterflow 

heat exchanger is more effective in transferring heat between two streams of 

matched flow rates than the cross flow, parallel flow or para.llel-counterflow 

heat exchanger • Note the larger difference in performance between heat ex

changers for lower collector term values, while for large collector term values 

the relative difference in performance is less. Thus for less efficient 
... 

collectors [where (WC ) . is small] , .the heat exchanger type becomes most 
p c 

FU A 
R c c 

critical in optimizing heat transfer. 

An example to show the effect of heat exchanger type for a typical collector 

system follows. 

Assume: A,. 
c. 

100 m
2 

FRU . c. 

0 
5000 watts/ C 

5 
...2 0 -1 

watts m C 

An optimum heat exchanger size for this collector, assuming U 
-2 0 . 

1200 watts m C 

from equation 2 .1.4-5 is: A x 8.4 m 
2 x 

Therefore 
NTU = 

A U x x 
(WC ) . p min 

for this matched capacity rates case. 
= 2 

For these conditions the heat exchanger penalty for the differing types of heat 

exchangers becomes: 

F = .9524 Counterflow 
ex 

F .9060 Parallel flow 
ex 

F .9263 Parallel-counterflow ex 
F = .9322 Cross flow 

ex 
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Figure 2.1.3.2 

Heat Exchanger Penalty Factor Versus Collector Term and Heat Exchanger Type with NTU = 5 
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Figure ~.l. 3. ~ 

Heat Exchanger Penalty Factor Versus Collector Term and Heat Exchanger Type with NTU = 2 
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Thus the use of a parallel flow heat exchanger rather than a counterflow ex

changer will result in a further reduction in heat transfer of 5%. The cross 

flow will reduce performance by 2% compared to the counterflow heat exchanger 

while the_parfrllel-counterflow heat exchanger will reduce the heat transfer by 3%. 
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2.1.4 Determination of Simple and Complete Procedures for Establishing the 

Specifications of Optimum Heat Exchangers 

An important part of this study. was to establish a method to determine the 
. . 

optimum heat exchanger area for applications to solar energy design. De Winter 

(1975) (included as Appendix A>° determined the optimiim heat ~xchanger area 

assuming the optimum heat exchanger would be a counterflow exchanger with the 

capacity rates of the two loops (storage and collector) matched. As was 

shown in Section 2.1.1, a mismatch in the capacity rates of the two loops 

leads to more optimum performance, although the effect is small for typical 

systems. 

In the following section, the.optimum heat exchanger area is determined for the 

case when the capacity rates are mismatched. Followi_ng this, a discussion of 

the terms affecting the optimum exchanger area is presented. Lastly, simple 

procedures for estab~ishing specifications of the optimum heat exchanger are 

further discussed. 

Determi~(i~i~n.:~f..·_~!;,>~jJn1.lil\ _!fe~~ -~}{Cfiil~9.~:·.1\.rea for ·11isrnatche.d ·capacity ·Rates 

Within·oouble·Loop Heat Exchanger·s:ystems 

The optimum heat exchanger area is· one for whi.cli. the total cost to fieat trans.,.. 

ferred ratio is a minimum. If the· heat excfiailger area exceeds· this·, then the 

cost increases more rapidly· than the· amount of heat trans-ferred and the. 

overall performance diminishes. rf theheat exchanger area· is less than optimum, 

although the total cost is reduced, then the heat transfer suffers. As shown in 

Sec ti.on 2. l. l, the optimum counterflow cxohangc.r ohould opcr.J.tc with the 

capacity rate ratio cc I = (WC ):min/ ewe }_ :maxL less tfiail one (matched}.. for all . p p . 
typical applications. De Winter· (Ref. c .... a .... l) ·assumed· the matched case would be 

optimum due to· higher exchanger performance. Although the.effect of the 

mismatched capacity rates is small on the optimum heat exchanger area, i.t is 

investigated thoroughly in the followi,ng s·ection. 

The optimum heat exchanger area (Axl occurs when: 

d~ [ ~t]= 0 
x 

(2.1.4.1) 
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Where: 

ct = total cost of the system including all components of the double 

loop heat exchanger system and collector = C A + C A . . c c xx 

c 
c 

A 
c 

c 
x 

Q 

collector costs/m
2 

of collector (includes additional cost of 

the second pump required for the double loop system) 

= collector area (m
2

) 

2 
heat exchanger cost/m of exchanger 

rate of heat transferred (watts) 

F 'FRA [Q.FRCf?; - U (T . - T ) ] ex c i c win a 

F = heat exchanger penalty factor';, 
ex 

( See Section 2. i for · : -
derivation of this term.) 

1 = ~~~----...,--...,.----~~ 
F U A (WC ) 

R c c p c 
1 + [------ - l] (WC ) . (WC ) . 

p c p min 

£ = exchanger exchanger effectiveness 

1 + 

1 
(WC ) 

p c 
U A 
~ ;x; 

1 - exp[-

for C' 
. cwc_p\nin. 1 

(WC ) -
p max 

.. ~~llx 
. ······(l·-·C')] 
(WC ) . . . 

(matched case) 

p min 
A. u 

x x 
for c' ~ 1 (mismatched case) 

1-C' exp.[-. (WC ) . (1 - C')] 
p min 

See Sec ti.on 2 .1. 3 for a discussion of the heat exchanger effectiveness. 

F = collector efficiency factor 
R 

2 0 
u c 

ux 

= collector heat loss coefficient (watts/m C) 

= overall heat transfer coefficient of counterflow heat exchanger 
2 0 

(watts/m C) 

A discuss ion of the capacity rates is included in Section 2 .1.1 

For this section let: 

(WC ) · 
p.c 

(WC ) 
·P s 

-A GC (1 + F) 
c p 

F) 
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F = Deviation from the mean capacity rate = 
C'-1 

C'+l __ · 2o 
GC mean capacity rate per unit collector area(watts/m C) p 

.Equation (2.1.4.1) from the above definitions becomes: 

(WC ) 
d 

dA 
x 

p c .. l]} 
(WC ) . C - 0 (2.1.4.2) 

p min 

Solving Equat~on. (2.1.4.1) leads to,:;"·:,_:,': 

(WC ) . 
p min (WC ) . l U l' min __ + x A C 1 - C' 2 

C
c c + Ax] expy [ 1 - ] 0 

(WC ) 
p c FRUcAc E. (WC ) . p min x expy 

where y 
A U 

x x 
(WC ) . 

p min 

(2.1.4.3) 

(1 - C') 

Equation (2.1.4.3) could not be reduced further but was solved by iteration 

for the optimum heat exchanger area (A). By inspection it was found that:. x 

A F(A, U, F , U, U , C , GC .1 C') 
x c c R c x x p. 

Thus in contrast to the matched optimum heat exchanger area which from de Winter 

(1975) is: 

A 
x 

A 
c 

F U 
. R c c 

u c (2 .1. 4. 4) 

x x 

the optimum heat exchanger area is now dependent on both the mean capacity 
I 

rate per 

even the 

unit collector area (GC) and the capacity rate ratio (C ·). Actually, p 
matched optimum heat.exchanger area is slightly dependent on the mean 

capacity rate per unit collector area and capacity rate ratio since: 

Where F "" Section efficiency of the collector. 
2 

Figure 2.1.4.1 shows the optimum exchanger area 
2 

C' and GC for a typical collector (A = 100 m , 
p 2 c 2 

C $110/m ) and exchanger (U = 1100 watts/m 
c x 

-2.31-

versus the capacity rate ratio 
2 0 

F2 =.8, U = 5 watts/m c, 
0 c 2 
c, C = $110/m ). 
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The overall heat transfer coefficient corresponds to an aqueous heat transfer 

fluid such as an ethylene or propylene. glycol solution. Figure 2 .1. 4 .1 shows 

that for mismatched capacity rates, the optimum heat exchanger area is less. 

It should be noted that Figure 2.1.4.1 does not give an indication of cost 

effectiveness. The most cost effective capacity rate ratio is always below 1, 

as shown in Figure 2.1.1.4. At capacity rate ratios.greater than one the 

optimum ~may decrease, but the capacity rate ~atio is far from optimum 

anyway so the cost effectiveness is lower. Also note that at lower mean 

capacity rates per unit collector area, the effect of the mismatched capacity 

rates is. increased and that the optimum exchanger area is reduced. Again this 

does not imply that lower flowrates are better or more cost effective, but 

simply that if one chooses lower flowrates, increasing heat exchanger area is 

not as beneficial. As discussed in Section 2.1.1 and later in this Section 

these lower flow rates are clearly impractical since the length of the tubes 

required within the heat exchanger becomes much too long to keep the flow 

turbulent on the storage side (water) of the heat exchanger. Thus for the 

higher operating flowrates, the effect of the capacity rate ratio on the 

optimum heat excha.nger area is markedly reducetl. 

Figure 2.1.4.2 shows the incr~ase in the cost to heat transferred ratio (in 

percent) versus exchanger area for capacity rate ratios of 1.0 and o.s. The 

operating conditions are similar to those of Figure 2.1.4.1 with the mean mass 

.flowrate.G'= 80 kg/hr m
2 

(C was assumed to correspond to water and eqµal to p 
1.162 watt hr/kg 

0 c. Note that the optiml.llll heat exchanger area for a capacity 

rate ratio equal to 1 is slightly less than 1% larger than that required if. 

the capacity rate ratio used was 0.5. The increase in the cost to heat 

transferred ratio for the optimum case with C'= 1.0 is 0.35% compared to that 

obtained if the capacity, rate ratio was 0.5. Also note that the effect of 

off-optimum heat exchanger areas for both C' equal to 1 and 0.5 on the increase 

in the cost to heat transferred ratio a~e similar. 
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Conclusions 

For the higher operating flowrates, which are required when the heat ex

changer double loop system is used,_ it is apparent that there is little 

qifference between the optimum heat exchanger area predicted by .the matched 

case developed by de Winter (1975) and that predicted by Equati~n 

(2.1.4.3). For the above typical case using equation 2.1.4.4. leads to an 

additional cost of $5.5 and increases the cost to heat transfer ratio_by 0.35%. 

This additional cost is negligible and'the slight increase in performance due 

to the larger exchanger area will reduce this effect for most applications, 

while the ease in using equation (2.1.4.4) versus (2.1.4.3) is marked. 
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Discussion of the Terins Affecting tfie'·Opttmum 'Heat E"xcfianger Area 

As shown by de Winte.r (1975), the optimum neat exclianger can be found if the 

collector area (ACl, cost (CC}.,. and performance characteristics (F RU c) and the 

excha.nger cost Ccxl and performance characteristics (UX) are known. As noted 

before, A becomes: 
x 

A x A 
c 

.F:Rti~cc 
u c 

x x 
(2 .1. 4. 5) 

A discussion of each of these terms and their effects on the optimum heat exchanger 

area follows. In later sections, the penalty imposed by variations in these 

quantities is investigated. 

Increasi.ng unit collector costs. cc· 1. maRe larger· exchanger areas more cost c . 
effecti.ve. Since the collector costs· var_y wi:dely due. to tlie materials of 

construction· and size (s.ee Appendi)< B~3L, it i's· .felt that the unit collector costs 

should be dete.rmined for each. collector for which a heat exchanger is to be sized. 

In many parts o~ thl.s study, a constant unit collector cost of $100/m
2 

was used 

to allow simple comparisons of tlie· cost effectiveness- of tne· other components. 

For many collector types and s.t-zes, tfii:s ·value would Be clea·rly· unacceptable. 

The FRUc product is a critical component of the heat exchanger.sizing. For a 

manufactured collector, thts quantity i:s· not di:fficult to determine from the 

manufacturers' specification sh.eets- fo·r a given temperature of operation. Appendix 

B..,.3 further di.scusses. the determination o:e the F u p·roduct. 
R c 

The unit exchanger costs (Cx)_ also affect tfie'.opti'rni.nn heat exchanger area. 

Unfortunately, c is not completely independent of the exchanger s·i'ze. Generally, 
x 

the unit exchanger costs are lower for longer·, larger sfiell di-.ameter exchangers 

than thei.r smaller counterparts· (See Appendix B-3L Also there is a wide 

variation in excha.nger costs depending on Both. o.E.11. discounts and the quantity 

ordered. Because of these difficulties, it is not recommended that a single unit 

area list price be used. Current costs· and availability should be considered each 

time a heat exchanger is to be sized. rn -many· parts of tlii's- study·, a desi.gn cost 
2 

of $110/m was used. Thi.s value sfio..uld not o·e considered as a ·vi'ab1e unit 

exchanger cost for all types and sizes of exchangers. 
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The last term, Ux (overall heat transfer coefficient of the exchanger), is also 

dependent on the exchanger area because of its dependency on the number of 

exchanger tubes. This eff~ct and a method to eliminate the dependency· of ux on 

the exchanger area follows. 

The exchanger area is completely specified when the outer tube diameter (D
0

), tube 

length (L), and tube number (N) are known. Based on the outer surface area of the 

exchanger, A becomes: 
x 

A =T(D LN x 0 
(: 2.1.4~6) 

Not only is the heat exchanger area important but the components D
0

, L, N affect 

the heat transfer and final performance of the double loop heat exchanger system. 

The overall heat transfer coefficient is discussed in Appendix B-1 and depends 

on the tube side heat transfer ·coeff.i'c.i'ent, tne· shell si·de heat coefficient, and 

the tube diameter, thickness and therinal conducti'Vi'ty. Most importantly, the water 

wi.thin the. tubes must be Circulated at a ni"iJh enough 'flowrate through each tube 
. ' 

so that the water .i~s kept withi:n tne· turoulent re.gime and u high. The shell side . . x .. ·, 
coe.fficient can b.e maintained at a n . .:!:'.gfi. e·no_ugh level By-manipulation of the baffle 

spaciP.g and i.s independent o{ the. excha_nger area. ·Figure B.1-1 shows the inside 

tub.e heat trans.fer coeff~.ci.ent for water. · ·From figure B.1-1, an empirical 

relati.onship was determ:t.ned to find acceptable. flowrates~ as· a functi'on of the inner 

tube diameter to maintain the· w~ate.r wJth.tn the tur:Oulent r_eg.hne. J;.t was found that 

the following relati.onship allowed a quick. determ.i'nation of plausible flowrates. 

where 

QN flowrate through each.exchanger tuBe fgallons/minuteL 

Di - inner tube diameter(in. )_ 

QN can be expressed in terms of the mean flowrates operating in the double loop· 

system by the expression: 

Q 
N 

= 
0.2494 G A 
~~~~~~c = D. + 0.125 

N(C' + 1) 1 
(2.1.4. 7) 
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where· 
- 2 G - mean mass flowrate (lb/ft hr) 

2 
A ..... collector· area (ft ) . 

c 
density of water= 61.3 lb/ft

3 
at 1S0°F 

N - number of exchanger tubes 

C'- capacity rate ratio 

The number of tubes needed to maintain turbulent flow within the exchanger tubes 

becomes: 

N 

O. 2494 G A . ·c 

(C' + 1) (D. + 0.125) 
1 

t", .... 

(2.1.4.8) 

If the number of tubes used is much larger than the above formula would determine, 

the heat transfer within the· tubes would suffer, resulti_ng in poorer heat exchanger 

performance. 

Using equations (2.1.4.6) and (2.l.4.8I, the tube length required to meet the 

optimum heat exchanger area required· and to keep tfi.e flow· within turbulent flow 

in the tubes becomes: 

I, 
FRUcCc ."({(¢"• +.ll:·(bi.-+:.Q.J,.25) 

u ~ u o.24~4 G 
xx 0 

I.f tube lengths larger than this are used, ·fewer tubes are required and the heat 

transfer increases, but if the tube length is too long, the heat exchanger will be 

unwieldy and difficult _to use in most so~ar ene:rgy applications since the space 

available for the heat exchangers is usually quite small. 

Equations l2.l.4.8) and (2.1.4.9}. can be. reduced using typical water proper.t~es 

and characteristics of the tubing. 

in feet: 

oi +:a.12s ~ .12 • 

Do 
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From Figure 2.1.1.4, the optimum capacity rate ratio versus mean mass flowrate 

for a typical system is given. For that example, with G=l6 lb/ft
2
hr, the optimum 

r , . 
capacity rate ratio is approximately o. 5 with F ·u C / (U c ) equal to o •. 0568. 

· . Rec xx .. 
For these conditions with 3/8" nominal O.D. tubing, the number of tubes and tube 

lengths become: 

N 0.0868 A 
c 

0.9343 A 
c 

L = 5 ft. 

=1.5 m 

Thus, for this example for any size of collector, the optimum tube length would 

be 1.5 meters with the number of tubes 0.93 of the collector area (in m
2
). If 

the flowrate was reduced, C' would increase slightly while the number .of tubes 
. 2 

would decrease and the tube le_ngth increase. For G=8 lb/ft. hr (C'=O. 6), the 

following would be true: 
2 

N = 0.4380 A (in m l L = 3.2m = 10.5 ft . 
c 

Although exchangers are available with tube lengths of this length (see Appendix B-3) 

the reduction in tube number would reduce this type of heat exchanger's use for 

smaller collector sizes since the minimum number of tubes available for off the 

shelf heat exchangers is approximately 30. Thus the minimum collector area below 
2 

which the heat transfer would be reduced would be 32 m for the first case and 
2 

70 m for the second. This would either eliminate many possible applications for 

home heati_rig or reduce the performance of the" double loop system in comparison to 

one using a higher flowrate. 

To eliminate the dependency of U on the heat exchanger area and to insure 
x 

adequate heat transfer from the Ji.eat excfianger, not only the optimum heat exchanger 

area but the number of tubes and tube i'e_ngtfis reqilired should also be ce1.lculated. 

When u does not depend on the heat exchanger area, u· can be calculated as shown 
x x 

in Appendix B-1. With the inside tube heat transfer coeffi.cient fixed for a given 

tube diameter, u is most affected by the· heat transfer fluid circulating • . x 

Discussion of the Simple and Complete·Procedures for Establishing the Optimum 

Heat ·Exchanger. 

On the shell side.· As shown in Table B~2-7, U· can vary for tyPical systems from 
2 x 2 0 

1000-1200 watts/m. 0 c for aqueous fluids and from 600 to 900 watts/m C for 

nonaqueous fluids. 
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From the above discussion it has been shown that the optimum heat exchanger area 

should be determi.ned from Equation (2.1.4.5), taking into·consideration the number 

of tubes and tube lengths required to meet the optimum area. Simpler methods of 

determining the optimum heat exchanger area were explored, but in all cases, .'they 

were felt inferior to Equation (2.1.4.5). One such method would be to say that 

the amount of heat exchanger·area required would be 5 or 8% of the total collector 

area. Figure 2.1.4.3 explores this possibility. In Figure 2.1.4.3, the ratio · 

A /A was calculated from Equation (2.1.4.5) for typical variations of u /(FRUC) 
x c . x 

and C /C • It is clear from Figure 2.1.4.3 that to assume that A /A is a constant 
c x x c 

would lead to large off optimum resu+ts. 

In this age of pocket calculators, Eq~a tion (2 .1. 4. 5 J should present little problem, 

in determining the optimum heat exchanger area. .Collector manufacturers can readily 

supply the unit.collector.costs a~d FRUc.~;!COducts for each of their products. 

Since the overall heat transfer coe;ffi·ci'ent can Be assu:meu constant for design 

purposes with values depending on the heat transfer fluid circulati.ng through the 

collector loop, and unit exch~ger cost are .availal5le from exchanger manufacturers, 

the optimum ~changer are.a .can Be de.termined • 

. . ~ 
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F_igure 2 .1. 4. 3 
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2.1.5 ·Determination ·of ·Minimum ·system ·for-·which·a ·Heat ·Exchanger rather than 

a Traced Tank ·system ·should ·ne ·u·sed 

For large collector systems such as used for heati.ng or cooling buildings, the 

use of a heat exchanger is a more cost effective approach than using a traced 

tank system. For single dwelling potable hot water systems, a trace~ tank be

comes more viable. The collector sizes, at which a switch in design approach 

should be made, were determined for the various cost parameters. 

The optimum heat exchanger or traced tank performance has been shown to occur 

when the total cost to heat transferred ratio is a minimum (see deWinter 1955 

and Sectiqn 2.2). From this condition the optimum heat exchanger area 

and optimum· total coil length can be determined. The collector area (A t ff) ' cu 0 

(Collector· area at which switch over from a traced tank design to a heat ex- . 

changer system should be made) can be found when the total cost to heat trans

ferred ratios on the two compe~ing systems are equal. 

Thus: 

C A + C A + C 
c c x x p = 

F ' [Q. FR A - F U A (T . -T ) ) ex i c R c c win a 

C A + CLL c c 

(.2.1. 5-1) 

A - FU A (T. -·T )) 
c R c c win a 

AssUming the heat exchanger and traced tank systems have similar collector per

formances this reduces to: 

CA + CA + c CA + c c xx E c c (2 .1. 5-2) 
F Ft ' ex 

Where c = Cost of extra pump and p 
tubing needed for double loop system 

A computer program was developed to solve equation (2.1.5-2) for Ac = Acutoff for 

typical operating conditions. The optimum tube length needed for the traced 

tank and optimum exchanger area were found for these operating conditions. It 

was assumed that the traced tank and heat exchanger would have similar_long 

term performance. 

Usin~ the relationships for Fex' and Ft' the cutoff collector area (Acutoff) can 

be found from equation (2.1.5-2). Thus: 
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A cutoff 

For the purposes of this section the following variables were held constant. 

-2 0 -1 FR =~a.au = 5 watts m c , B = 0.0699 m = 2.75 inches _c 
-2 0 -1 

GCpt = 80 watts m C -GC pex 
. ·. . -2 0 -1 = 80 watts m C 

Thus for this analysis: 

·. 
A = f cutoff 

As an example of the relative performance of the heat exchanger versus a traced 

tank system, Figure 2.1.5-1 shows the total cost to penalty factor ratio versus 

collector area for several unit collector costs with the other variables fixed 

at representative values. This Figure was developed from the computer analysis 

and shows that the traced tank performs better at lower collection areas (the 

cost to penalty factor ratio is lower for the traced tank than the heat exchanger) 

while the heat exchanger is better at higher collection areas. The effect of 

increased collector costs is to reduce the cutoff collector area· •. · For the 
2 

while for c = $150/m , A ff is 11.26 c . cu to 
2 2 

$50/m case, Acutoff equals 16.8 m 
2 

m • 

Thus at· higher collector costs, the heat exchanger can operate optima.lly to 

lower collector areas. 

Remember for collector areas above a given A t ff' a heat exchanger should be cu 0 . 

used while for lower collector areas a traced tank should be used. 

The effects of Ux and FtUt on Acutoff is shown in Figure 2.1.5-2 for repre

sentative cost parameters. For fixed FtUt' Figure 2.1.5-2 shows th~ effect 

of·increasing U is a ·lower A f." Thus increased heat exchanger performance 
·. . . x cutof 

allows· the heat exchanger to be used to lower collection areas more eff~ctively. 

For fixed Ux and increased FtUt (better performance of the traced tank system) 

the Acutoff is higher. Thus increased traced tank performance allows the 

traced tank to be used to higher collector areas more effectively. 
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Figure 2.1.5.2 
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The effects of Ux and FtUt on Acutoff are not constant for varying cost 

parameters. Thus 2.1.5-2 is an illustrative example only of the effect 

of Ux and FtUt for this case and should not be used as a correction factor 

for varying FtUt or Ux. 

The critical effects of the cost_parameters on the collector area at which 

design switch over occurs is investigated in Figure 2.1.5-3 and 2.1.5-4. 

Figure 2.1.5-3 shows A t ff(m
2

) versus unit collector costs ($/m
2
), unit heat . cu 0 

exchanger costs ($/m
2

) and unit tubing and solder costs ($/m). The extra pump 

cost of the double loop heat exchanger system·is kept fixed at $100, while the 
2 0 

heat transfer p~rameters (Ft?t and Ux) are fixed at 250 watts/(m C) and 

1100 watts/(m2 0 c· respectively. The effect of increased unit collector cost 

on Acutoff is to reduce Acutoff as shown in both Figures 2.1.5-1 and 2.1.5-3 

Thus the heat exchanger is more cost effective at lower collector areas when 

the unit collector cost is high.' 

The effect of increased unit heat exchanger costs is to increase Acutoff' as 

the cost effectiveness of the heat exchanger system decreases. The effect of.~., . .... . - .. 
increased unit tubing and solder costs on Acutoff is to reduce the collection 

area at which a heat exchanger can be used, since the cost effectiveness of the 

traced tank system is poorer. 

The effect of the cost of the extra pump and tubing required in a double loop 

heat exchanger system is investigated in Figure 2.1.5-4. This effect is fixed 

for all other parameters. Thus a correction factor on Acutoff can be determined 

and is shown in Figure 2.1.5-4. 

If no extra pump was required, the reduced heat exchanger system would always 

be more cost effective than the traced tank system (i.e. Acutoff =O). Since the 

extra area is required there exist some cpllector areas for which the traced 

tank system is most cost effective. 
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Figure 2 .• 1. 5. 4 
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2-2. Heat Transfer Analysis and Optimization of Traced Tanks or Tanks 

with Internal Coils 

Introduction 

For large collector systems, a heat exchanger may be cost effective t6 transfer 

heat from. the collector f.luid to the water circulating in storage. For smaller 

·system, ,particularly domestic hot water heating systems, a traced tank can be

come more cost effective_ than a heat exchanger to transfer heat from the 

collector fluid to· the storage water. 

The traced tank unit is composed of a helical coil soldered to the st?rage tank 

through which the heat transfer fluid circulates from the collector. The coil 

is of fixed spacing B and total length L. See Figure 2.2.1. for typical 

traced tank configurations. 

Some of the advantages of the traced tank system in comparison to a heat exchanger 

system are: 

1.) The extra pump and associated pipi.ng needed in the heat exchanger unit are 

eliminated. 

2 .·) For smaller collector systems optimum heat ex'c::ihanger areas are difficult 

to design .due to the lower operating flow rates. 

3.) Because two walls (tube a,nd tank) separate the heat transfer fluid from the 

stor_age water, toxic fluids can be used and meet code requirements. 

· Analysis 

The components of the traced tank unit affecting heat transfer are: 

1.) Storage tank 

2.) Water within tank 

3.) Heat transfer fluid within helical coil 

4.) · Helical ·coil bOnded to· the tank 
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Storage Tank 

Typical storage tank configurations and optimum parameter values were determined 

in Appendix c~l. These results were applied in all subsequent calculations 

in this section. 

Water · 

The water inside the storage tank was assumed to be nonstratified in this analysis. 

The water was heated by the tank walls and subjected to a· variable hot water load. 

The rate at which heat is added to the tank water i$: 

UtAt [ Tw - TB ] (2 •. 2.1) 

- Rate of heat transfer (watts) 
watts - Natural convection coefficient of water within tank [ .2 0 
m c 

2 
- Area of heat transfer (m l = BL 

- Wall temperature (
0

c) 

- Bulk temperature of water t0
c) 

The natural convection heat transfer coefficient (Ut) for a fluid inside a vertical 

cylinder according to McAdams (1954) is : 

where . X 

L 

0.13 ~ [ x 1
113 

BTU 
- in 2 0 

hr ft F. 

10
9 < x < 10

12 
(2.2.2) 

(2.2.3) 

··BTU· 
- ·Thermal conductivity of fluid at film temperature ~~~~ 

hr ft OF 

- Height of Cylindrical tank (ft) 
·1b 

- Density of fluid at film temperature 
ft

3 

- Acceleration due to gravity = 4.18 x 10
8 2 

ft/hr 

- Volumetric coefficient of expansion of fluid at film temperature 
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~t 

r cPµ 1 
K F 

Difference in temperature between tank wall and fluid [°F] 

J,l -

t -F 

Prandtl number at film temperature of fluid 
. fl . f'l lb Viscosity of uid at i m temperature ft hr 

Film temperature 

For water then: Ut = F [A t, heat transfer properties of water at tF] 

Figure 2.2.2 shows ut as a function of4!.\ t· and tF as determined by McAdams. 

Heat Transfer Fluid 

The heat-transfer fluids studied in this section were the same as those 

investigated in the. heat exchanger system. The fluid has little effect 

on performance within the helical coil if the flow is turbulent. Since the 

coil can be one single tube turbulent flow can be obtained for some fluids 

within allowable pressure drops. Higher viscosity fluids (such as silicone 

fluids) will have reduqed performance because of their lower Reynold's number. 

See Appendix B-1 for the performance of fluids within the helical coil. 

Because for smaller. collector systems: less heat transfer fluid is required, more 

expensive fluids can become more cost effective if their other properties are. 

desirable. 

The inside tube heat transfer coefficient of the fluid can be determined from 

Appendix B-1 for a particular application. Because of the properties of 

the helical coil McAdams (1954) recommends a correction factor be used to 

heat transfer with.a helical coil. This is: 

D. 
i 

ht I ·.a ht I 1 + 3. 5 
Dt 

h 1 
.. Inside tube heat transfer coefficient in helical coll (watts 

t 2 0 
m C 

,. 
ht R Iri:side tube heat transfer coefficient from Figures Appendix B-1 

D. .. Tube inner diameter (m) 
i 

Dt = Diameter of storage tank (m) 
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Helical Coil - Heat Transfer 

To optimize the heat transfer and properties of the helical coil~ an analysis 

similar to that developed for the heat exchanger by de Winter (1975) was 

conducted. 

Whillier's (1953) linear expression for a flat plate collector was 

used in the form: 

Q = Q . FRCX1:' A - FRU A [ T . - T · · ] c i c c c in a 

The rate at which heat is transferred through the tank wall is: 

Where 

WC C 
p 

T - TB ] out 

WC · - Capacity rate of fluid within coil 
p 

E - Effectiveness of the helical coil to! transfer heat. 

(2.2.5) 

Tout - Temperature of the fluid leaving the collector. Assuming 

there is no heat loss between the collector and .the helical 

coil, T is the temperature entering the helical coil. out 

The effectiveness ( €) of the traced tank can also be expressed as: 

T 
out - T. 

€ in 
= T - T out B 

(2.2.6) 

also € 1 - [ -
FtUtAt 

exp 
WC 

(2.2.7) 
p 

according to Kays and London (1964). This assumes that the water in the tank 

is essentially isothermal at any time. In Equation (2.2. 7), .. it should be noted 

that Ft is the efficiency of the traced tank for transfer heat. 

Substitution of [2.2.6) and [2.2.5) into [2.2.4) yields: 

1 
FU A 

l + R c c "(·_!.. _ l ) 
(WC ) f p c 

[ Q . F o(' 't' A - F U A ( TB' - Ta ) ] iR c Rec 
(2.2.8) 

This is exactly the same equation as developed (de Winter, 1975) for the heat 

exchanger problem. The first term in parentheses is the penalty due to the 

traced tank system: 
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1 
(2.2.9) 

F U A 
l + R c c [ !_ _ l 

(WC ) € 
p c 

The second term in parentheses is the rate of heat transferred if no traced 

tank system was used·, i.e. the water in the tank circulated to the collector. 

With equation (2.2.8) the rate of heat transfer can be determined for various 

traced tank designs. Appendix E shows the computer program to solve this task. 

The conduction problem between the inside tank wall and the fluid in the 

tubes is analogous to that obtained in a flat plate collector with the 

tubes bonded below the plate. The h~~t transfer is given by: (inside water 

coefficient Ut) (inside tank area At) (Ft) (Fluid to water temperature diff.). 

According to Duffie and Beckman Ft is: 

1 
(2.2.10) BUt BUt B 

h + C + ---( ----)-F 
. n Do bond Do + B - Do 

D
0 

- Outside diameter of the coil tube (m) 

h. - Heat transfer coefficient of fluid circulating through 
. Watts 

_the coil [ 2 0 
] 

m C 
4 Twall Ks 

C - Conductance of tank to coil bond~-·-----
bond D · 

0 

Watts 

m 0 c 

This value of the bond conductance was determined by de Winter. (1978). 

T - Thickness of tank wall [m] 
wall 

. . f l k _ [ Wall~ ] K - Conductivity o stee tan 
s . m oc 

F - ·Fin efficiency of tank wall between· the 
tubes, for heat losses to the water. 

Figure 2 ._2. 3 shows the relationship between the parameters of the traced tank. 

Figure 2.2.3 Specification of 

Several Coil Parameters 

-2.55-

.. 



Specification and Optimization of Coil Variables 

The coil is completely specified if the coil length (L), coil spacing (B), 

tube outside diameter (D
0

), and tube thickness (TTube) are known. 

Tube Thickness 

For a coil of fixed outside tube diameter (D ), the effect of increased ·tube 
0 

wall thickness. is to increase the heat transfer (because of larger operating 

velocitie~ but also increases the pressure drop. Table 2.2.1 shows the effect 

of tube wall thickness on the traced tank penalty factor (FR'/ FR) and pressure 

drop for a tube diameter (D
0

) of 0.625 in. , This case was for a 50% ethylene 

glycol aqueous s_olution; Note that the increased wall thickness ·increased 

the performance by 0.1% whereas the pressure drop increased 75%. In order to 

keep all fluids C?Perating within acceptable pressure drops, it was decided to 

use Type "M" copper tubing. 

Table 2.2-1 
Effect of Tube Thickness on Traced Tank 
Performance for an Outside Tube Diameter 
of o.625 inches·(i.e. 1/2 inch nominal diameter) 

Thickness of copper tubing 

FR'/FR - Traced tank penalty factor 

.A p - Pressure drop [psi/100 ft] 

Outside Tube Diameter 

"M" [0.0275 in] "L" [0.0425 in]. "K" [0.0575] 

0.940 

0.328 

0.940 

0.425 

0.941 

0.564 

For a coil of fixed tube thickness, the effect of decreased tube outer diameter 

(D ) is to increase the heat transfer of the coil but also increase the pressure 
0 

drop. Table 2.2.2 shows .the effect of outer tube diameter on the traced 

tank penalty factor FR'/FR and_ on the pressure drop for Type "M" tubing,. 

also for a 50% ethylene glycol, 50% water mixture. Note that decreasing the 

outer tube diameter from 0.625 to 0~375 inches increased the traced tank 

factor by 0.7%-whereas the pressure drop increased 16 times. For this study, 

the helical coil was assumed to'be with 0.625 in. outer tube diameter to allow 

for plausible heat transfer and pressure drop fpr the various fluids. 
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Table 2.2.2 

Effect of Outer tube Diameter on traced tank performance. 

Tube thickness·Type "M" • 
I'·, 

Actual outer tube diameter (inches) 

. 0 .. 375 0.5 0.625 o.75 0.875 

F 1 /F R R 
0.947 0.944 0.940 0.935 0.930 

p [psi/100 ft] 5.0 1.06 o. 324 0.124 0.056 

Tube Spacing 

The optimum tube spacing (B) was determined·by extensive computer analysis 

using a computer program developed for optimization and sensitivity studies by 

de Winter et al (1967) • , Physically, the effects of tube spacing can be seen 

in equations [2.2.1] and [2.2.10]. When the tube spacing is too small (for 

fixed tube length), not enough heat transfer area will be covered which will 

lower the rate of heat transfer. If the tube spacing is too large then the 

efficiency of heat transfer will be reduced. 

Table 2. 2. 3 shows the results of severa.l test runs to determine the optimum tube 

spacing. All cases show the optimum to be approximately 3 inches. Closer analysis 

revealed 2.75 inches to be the optimum tube spacing for heat transfer. Figure 2.2.4 

depicts a typical case to show the error tolerance. From Table 2.2.2 and 

Figure 2.2.4 it is apparent that going to larger tube spacing than optimum 

results in smaller cost effectiveness penalties than in going to too small spacings. 

Figure 2.2.4 Total Cost to Heat Trans

fered Ratio versus Tube Spacing • 
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Table 2.2.3 

Determination of Optimum Tube Spacing 

Coll • tube length tube spacing · cost/he!it transfered 

. Aria 
(m ) 

Fluid (m) (in) $/joule day 

5 . wa~er 11 1 0.1748 

2 0.1710 

. 2. 5 0.1706 

2.75 0.1705 ...... 
3 0.1706 

3.5 0.1707 

4 0.1708 

4~5 0.1710 

5 0.1711 

5 water 9 1 0.1777 

3 0.1710 ~-

5 0.1717 

5 Dowtherm J 11 1 0.1910 

3 0.1873 

5 0.1877 

5 propylene 1 0.1806 
glycol 40% 11 3 0.1766 
60% water 5 0.1771 

1 0.1854 

10 water 9 3 0.1720 ~ 

5 0.1726 
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qptiml.llll Total Coil Length 

The most important parameter of the helical coil is the total tube length 

required. If the tube length is too short the heat transfer is poor, whereas 
' I 

for long ·tube lengths, the cost becomes too high. To optimize the total tube 

length required, the analysis was similar to that to optimize the heat exchanger 

area. The optimum total coil length is one for which the total cost/heat 

transferred ratio is a miniml.llll. For the traced tank this becomes: 

d CT 
0 [ - ·] = dL QC 

c = Total cost of system = CCAC + CLL = c + CLL ($) 
t 

c - Total cost of collector system ($) 

C - Cost per unit length of tubing and solder ($/m) 
L 

Substitution of equation (2.2.8) into (2.2.11) yields: 

= 0 

Solving this equation leads to: 

2 [ cosh (ZL) - l] + !. [ i - exp ( -ZL)] - L 
Y.z Z 

z FtU B/WC = · traced tank term 
t p 

AF U 
c R c 

Y = WC = collector term 
p .. 

(2.2.11) 

(2.2.12) 

(2.2.13) 

Equation (2.2.13) is not easily solved for the optimum tube length (L), but 

L can be determined by iteration if Z, Y, and C/CL are known. By computer analysis 

the optimum tube length was found for varying values of Z, Y and C/CL. These 

results are shown in Figures 2.2.5 through 2.2.7. 

In order to use these figures a discussion of each term is necessary. The col

lector term (Y) is completely determined for a given collector and flowrate. 

FU 
R c 
GC 

It reduces to Y = 
since 

p 

G - Flowrate through collector (kg/hr m
2
l 

WC p 
=A GC 

c p 

0 
C - Speci.fi.c heat of heat transfer fluid {watt - hr/ (kg C).J 

p 
As long as the flow is turbulent within the traced tank GC 

p 
the optimum tube length. -2.59-
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Figure 2.2.6 

Optimum Tube Length Versus Traced Tank and Cost Terms with Y = .oa = FRU Ac/ fWC ) - Collector Term . · c pc 
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Figure 2.2~7 

Optimum Tube Length Versus Traced Tank and Cost Terms with Y = .05 = FRUcA~ / ( WCp)~ - Collector Term 
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Typical design parameters which can be used for the collector term are: 

F·U = 4 watts 
R c 2 o ' 

80 watts 
GC = p 2 0 , 

y = 0.05 
m. C m C 

The cost ratio C/CL depends on collector size and cost and tube and solder 

costs. This must be determined using up-to-date cost parameters to insure 

optimum cost ef fectioness of the traced tank system. 

The traced tank term (Z) is more complicated than the other terms. The natural 

convection coefficient (Ut) must be determined knowing the temperature of the 

wate·r ·within· the tank and the difference in temperature between the tank wall. 

and the water. Also the efficiency of the traced tank system (Ft) depends on 

many parameters (See equation 2.2.10)... Figure ?.2.8 shows the relation-

ship between ut and Ft for typical design parameters. Figure 2.2.2 .and 

Figure 2.2.8 can be used to determine the F U product. For conservative design 
t t 2 0 . 

purposes the FtUt product can be assumed to be 250watts/m c. Using the optimum 
2 0 

tube spacing B = 2.75 inches and GC 80 watts/m C, the traced tank·term (Z) 
p 

becomes z = 0.2183/A [.!..] 
c m 

Thus for design purposes the optimum tube length required· for the traced tank can 

be determined knowing the cost and size of 'the collector and the cost of tubing 

and.solder per meter. 

Figure 2.2.9 shows the cost to heat transferred ratio, traced tank penalty 

factor and total cost of a ~raced tank unit versus the tube length as determined 

by c~mputer analysis. For this case Y = 0.08 and Z = 0.07/m when the cost ratio 

C/CL equals 100 m. From Figure 2.2.9 the optimum tube length was 10.5 m. For 

the same parameters using Figures 2.2.5 and 2.2.6 the optimum tube length 

was 10. 2!> m. Figure 2. 2; 9 :.shows, for off optimum conditions, longer·. tube 

lengths can be tolerated more readily than shorter ones. Thus the extra 

cost is· absorbed by slightly better heat transfer. 

Summary 2.2 

In this section the heat.transfer characteristics of a traced tank were discussed. 

The optimum characteristics of the helical coil were determined. By computer 

analysis the following values were chosen as design values. 

1.) Helical coil tube thickness 

2.) Helical Coil outer tube diameter 

3. ) Helical coil tube spacing 
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Type "M" copper tubing 

0.625 in. actual O.D. 1/2" nominal O.D. 

2.75 in. 
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The optimum total coil length (L t) was determined. It is a function of the 
. OJ? .. 

total cost of the collector system (C =· CcAL), cost of copper tubing and solder 

ACFRUL FtUtB 
per·meter (CL), collector term Y = (WC) , and the traced tank term z = WC 

p ·p 

A closed form solution was ·not fou~d. Computer ru:Qs developed Figures 2.-2.5 

through 2.2.8 to determine the optimum :tube length as a function of C/Ct' Y,, 

and·;Z. 

.' 
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3 Direct Contact Liquid to Lisuid Heat Exchanger 

In 1'974 G.O.G. Lof proposed t.he use of a "direct contact" liquid to liquiq 

heat exchanger. This requires an antifreeze fluid which is immiscible in 

water, and of a different density. This is then circulated in the collector 

loop, and sprayed into the water storage tank in such a way that a stream of 

drops flows through the tank to the opposite side, at which it is collected 

again. The droplet spray can produce an enormous heat transfer area at little 

cost, and a very efficient heat exchanger can be produced between the two 

fluids. 

Much of the previous work on direct contact heat exchangers was performed in 

the desalination program of the 1960's, in which the desalination method 

involving freezing processes generally involved direct contact heat exchange 

between water (brine) and an immiscible liquid less dense than water. In solar 

energy applications, since the liquid from the collector would be hot and 

since a (partially) stratified water tank would be hottest at the top, it seemed 

best to use a heat transfer fluid more dense than water. 

Potential advantages of this direct contact exchanger were: 

(a) There is no direct cost associated with the heat transfer surface, as 

there is with _units involving metal walls. Hence a cheaper and more 

efficient exchanger might be possible. 

(b) One circulation pump is eliminated. 

(c) If the fluids were indeed inuniscible, if it was easy to separate out 

all the water, and if the collector fluid were non-corrosive, it might 

be possible to avoid any corrosion problems in the colle.ctor. 

For several years, research work.has been performed on this scheme at CSU 

under ERDA contract E(li-1)-2867, which has been reported 'by Buchan e~ al 

(1967) and by Ward et al (1977). A number of heat transfer fluids have been 

examined. Three phthalates were identified which seemed to have good heat 

transfer properties, were denser than water and iminiscible in it, which had 

iow toxicity and low cost. They were diethyl phthalate, butyl phthalate, and 

dimethyl phthalate. Pilot plant runs have been made which seem to indicate 

that the method is viable and that the heat transfer can be exceedingly 

efficient. Followup tests are planned on full size hardware tied into one 
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of the CSU houses. 

The program seems to be giving promising results, bu~ it is as yet impossible 

to perform accurate scaleup projections or cost and performance estimates. 

In the pilot plant tests, there was an exit temperature difference of 

essentially zero degrees. This is an encouraging result; it is however also 

of limited usefulness, for it is impossible to use it to get any q~antitative 

results on the heat transfer rates in the system. It may well be that heat 

transfer area and performance are inherently so cheap in the direct contact 

exchanger that it is quite practical to design exchangers of essentially 100% 

effectiveness; until the rates are understood it is however not possible to 

say with any certainty what it takes to get high effectiveness. In full size 

hardware, with a cross sectional area much larger than the 22.28 cm diameter 

pilot plant, it may be necessary to prevent flow instabilities to get high 

effectiveness. 

An accurate description of the heat transfer is probably quite difficult. In 

the normal heat exchanger analysis a constant heat transfer coefficient is 

assumed. This leads to linear differential equations, with the well known 

exponential solutions. Application of these equations is maul:! ::.umewhat 

questionable by the fact that the heat transfer coefficients close to the 

fluid entrance vary considerably, and by the fact that in the exchanger the 

fluid properties change, and that one has neither the constant heat flux nor 

the constant wall temperature case for which results are normally available. 

Despite these factors, the exponential results are quite useful, since they 

are not that far off. In the direct contact case things are however much 

worse. There are four distinct stages of drop-to-surroundings heat transfer, 

with radically different fluid dynamics and heat transfer behavior (see Ward, 

et al, op. cit. pages 28-29). Any effort to force this behavior into an 

exponential heat exchanger model may be quite useless. It may be necessary 

to consider all four regimes independently, and to determine the heat transfer 

in all of them and the transition points between them, to get any understanding 

of equipment p~rformance. 
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It is not only the CSU material which is of limited usefulness in the charac

terization of heat transfer results. Based on ·the CSU literature search, it 

was concluded that: "The heat exchange data that have been reported are not 

sufficiently complete to pe:rmit generalized correlations to be made." As a 

result, although it can be said that the direct contact heat exchanger is a 

promising device, it will take more work before it can be compared on a 

quantitative basis with other devices. · B'eyond heat transfer tests, it seems 

desirabie to conduct tests specifically designed to verify that the water 

carryover in' the collector loop is indee.d' small enough to ensure that corro'sion 

problems are indeed eliminated. These corrosion tests can be done on very. 

simple hardware. 

It should be noted that the liquid to liquid system, like the draining systems, 

has one disadvantage: that there is a direct pressure transmission betwe.en the 

storage tank and the collector loop. In both of these systems, the tank may 

have to be pressurized to get the fluid to the collector' without flashing. 

In a system with a standard heat exchanger·, pressurization can be limited to 

the collector loop. 
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4 The Use of Drain-Down Systems 

One way of avoiding freezing problems in the collector is to drain down the 

collector whenever there is a danger of frost. The easiest way to do this is 

probably to drain it whenever no useful energy can be collected and not just 

when there is danger of freezing. One can save the investment corresponding 

to one heat exchanger and one associated pump, the heat exchanger penalty is 

avoided, and one does not need an antifreeze charge - which can be quite 

expensive. One must however invest sufficient money in equipment and design 

so that the drain down provision is essentially 100% reliable. It should be 

noted that it is rarely likely to be cost effective to provide antifreeze 

protection to all of the water in a storage tank, generally representing 1-2 

gallons per square foot of collector. 

Normally the water storage tank is at a level below the collector. The custo

mary way to make a draining system involves a design in which air (or some 

other gas) is let into the collector circuit when the circulation pump stops, 

so that the collector (and all other parts of the plumbing which might be · 

subject to freezing) can drain back into the system. Some precautions to be 

used in these designs, and some characteristics of such systems, are discussed 

below. 

It is essential for draining systems to be built and operated with the utmost 

of care. In the CDA Decade 80 House in Tucson the swimming pool heater fea

tured serpentine loops which could not possibly drain completely. The panels 

froze, and the rectangular passages bulged as shown in Figure 4.1, 

requiring replacement of the collectors. In the Walnut Creek demonstration 

home of PG & E, somebody pressure - tested the collectors with water just 

before the weekend and forgot to drain the panels, which were frozen and 

destroyed by the time people came back on Monday. There are dozens of 

other examples of systems which have failed due to faulty design or operation, 

~du~ing damages far greater than the amount of money which can be saved 

by avoiding an antifreeze loop with a heat exchanger. 

It is essential in draining systems to connect and slope all lines so that 

they will drain fully, and Lu arrange things also so that on filling it is 
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Figure 4.1 Bulged and Distorted Rectangular Copper Tubes After 

a Freezing Incident with Water Inside. 
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almost impossible for any part of the collection system.to operate dry. 

Possible arrangements for the plumbing of the individual panels are.shown 

in figures 4.2 and 4.3 beiow, taken from de Winter (1974). 

Figures 4.2 and 4.3 constitute an exercise in heater plumbing logic. The 

objective is twofold: 

(1) The heater should empty completely when the pump stops and the one-way 

valve lets ·air into the plumb'ing. · Otherwise freezing damage may result. 

(2) The heater should fill completely with water when the pump turns on. 

All air bubbles should be driven towards the exit, and all tubes should 

end up carrying water. otherwise part of the heater could have no water 

flowing through it, and do no useful work. 

Some examples follow. Consider the undesirable arrangements (Figure 4.2). 

Note that all the heaters are drawn so that the top of the heater is at the ~op . 

in the figure. Undersirable arrangement B will function, but it will never 

empty completely. Undersirable arrangement~ A, c, D, and E will empty, but 

might end up with some dry tubes during operation. 

By contrast, the 3 desirable arrangement (Figure 4.3) all fill completely when 

the water is turned on, and all are able to empty completely if built properly. 

This requires that the horizontal tubes in the design, if tilted at all, be 

tilted in the right direction. For example, in desirable arrangements A and 

B the manifolds ur headers are nominally horizontal. Both inlet and outlet 

headers should be able to drain completely by being tilted slightly so that 

the water will flow in the proper direction. In desirable arrangement C the 

heater tubes are nominally horizontal. They should be tilted slightly so that 

the water can flow towards the inlet header. The lower part of the outlet 

header is shown as a dead end which will stay filled with water when the pump 

is turned off. This dead end section should be as short as possible. 

The reader should confirm that between the desirable and undesirable arrange

ments all possible arrangements have been covered. The recommended arrange

ments are desirable arrangements A or B. 
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A. HEADERS IN COUNTERFLOW B. HEADERS IN COUNTERFLOW 

.. 
C. HEADERS l_N PARALLEL FLOW D. HEADERS IN PARALLEL FLOW 

One-Way Emptying 
Valve ~ 

E. HEADERS IN COUNTERFLOW 

EQUATOR IS TOWARDS THE BOTIOM Of 
THE PAGE 

ROOFS DRAIN TOWARDS THE EQUATOR 

Figure 4.2 Undesirable Heater Plumbing 
Arrangements (see text) 

ONE-WAY 
EMPTYING VALVE· 

OUTLET HEADER -~ 

HEATER TUBES 
INLET HEADER 

A. HEADERS IN PARALLEL FLOW 

C. HEADERS IN PARALLEL FLOW 

B. HEADERS IN COUNTERFLOW 

, EQUATOR IS TOWARDS THE BOTIOM OF 
THE PAGE 

~OOFS DRAIN TOWARDS THE EQUATOR 

Figure 4.3 Desirable Heater Plumbing 
Arrangements (see text) 
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In the figures the one-way (air-fill) valve ·is shown on the heater manifold. 

This is not necessary, as it ·can be locat~d anywhere in the heater circuit, just 
., 

so long as it is above the water level of the pool. It should not be very 

much above the water level of the pool. Otherwise it may let in air conti

nuously when the pump is operating. 

If your pump is above the pool water level this automatic air filling approach 

is not recommended, since your pump might lose its prime. In this case it is 

best to drain your heater manually and. by-pass it in cold weather, when you 

probably are not using the pool anyway. With a self-priming pump there may 

be no problems. 

One advantage of any draining system is the reduction of the thermal capacitance 

of the collector, and hence of the transient losses. With the collector (and 

the piping to and from the collector) empty, the solar heat needed to get the 

system up to operating energy in the morning is less, and this increases the 

amount of energy which can be collected correspondingly (typically by perhaps 

around 1%). This effect was already noted by Whillier in his 1953 ScD thesis 

at M. I. T. 

A draining system will generally involve a storage tank with some gas at the 

top, so that the water in the collector circuit can empty into the tank. This 

gas need not be air: one can use a charge of inert gas and the system can be 

hennetic. This makes it possible to use an all steel system with essentially 

no corrosion problems. It is also possible to .have a pressurized system, so 

ac to avoid or m.iu.i.mize vapor ±lashing in the collector. It should be noted 

that a tank which is pressurized is likely to be much more expensive than one 

which is not. 

To avoid possible malfunction problems with a vacuum breaking, one way, air 

filling valve (used to empty the system), one can use a failsafe way to fill 

the syctcm with air (oL· some other gas) by simply keeping the return line 

above the water level in the storage tank. This way, the moment the flow 

stops air flows in and the system empties. This has been used by Prof. Frank 

Hooper in his seasonal storage system··house in Canada. A diagram of such a 

system is shown in Figure 4.4. 
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Pumping requ.irements can be quite different before and after the descending 

leg of the syphon fills up with water. It may be desirable to use two pumps: 

one for no:r:mal operation and one to assist in fill~ng the syphon. If the 
. 

syphon can be made hennetic all that is needed is a.small vacuum pump. If the 

return lin~·is above the tank water surface, or if the vacuum breaker valve 

can not be.kept tightly closed, then a booster pump.is needed. It should be 

noted that the syphon action is limited by the flashing behavior of water. 

'• ' 

If vapor flashing is to be avoided in the collector, only a limited use should 

be ~xpected of the syphon "pull-down" action of thE!l descending leg of the 

collector circuit. Unless the pressure drop in this leg is made to be high 

enough, or unless the leg is short enough, or unless the storage tank is 

pressurized, or unless the water in t~e collector is cold enough, the water 

can flash in the collector. Figure 4.5 shows the height of the column of 

water which can be supported without vapor flashing as a function of water 

temperature. If the water flashes, the pumping power requirements may be 

more than expected, one may have a noisy system, one may collect much less 

energy than expected if the collector runs dry in part, and one may end up with 

deposits in the collector.· 

In swimming pool heating systems, hygienic considerations require circul~tion 

even on days (or in seasons) when no useful heat can be collected or is desired. 

In this case a drain down and a byp_ass system may be desirable. If this is 

done, then it must be ensured that during operation of the bypass line it is 

impossible for the. collector lines. to Ji)l with stagnant water due to slow 

leaks in the bypass valving. This can only be ensured if there are failsafe 

draini11g valv~i:; in the collector plumbing which will drain away any water that 

may leak in. A diagram is shown in Figure 4.6. 

In domestic hot water systems a drain down system, with an exchanger between 

the storage tank and the domestic water, has a number of potential benefits: 

by controlling water chemistry, it is easy to avoid corrosion or deposits in the 

~ollector. The storage tank can be unpressurized, an inert gas fill can be 

used, also resulting in fewer corrosion or deposition problems. The domestic 

hot water is then a comP,letely.separate circuit, connected only with some heat 

exchanger to the storage tank. One idiosyncracy concerns the behavior of this heat 
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exchanger. When hot water is just turned on (after no hot water has been 

used for a while) the hot water is at maximum tank temperature. After a 

while of operation, a temperature difference becomes established in the heat 

exchanger. The hot first sl_ug of water may be useful for preheating the cold 

plumbing. 

In many of the plastic swimming pool heaters on the market, there is little · 

or no concern with freezing. There are a number of reasons which may be 

responsible for the fact that this seems to work. On freezing, water does 

not bond well to most plastics (witness plastic ice trays) so that high 

stresses produced by water freezing can be relieved by sliding. Most 

plastics can stretch significant amounts. Finally the low thermal conductivity 

of plastics makes it likely that freezing· processes are pretty slow, so that 

volume expansion can be relieved over a long period of time, before the 

passages are closed off with solid ice. Whatever the.reason(s), freezing does 

not seem to be a frequent cause of plastic panel failure. Nature has pro

vided others. 

In an unpressurized system, one can produce drain down provisions by using 

only passive valves, such as one-way valves. In a pressurized system, such 

as one might have in a domestic hot water system in which the storage tank 

is at line pressure, multiple solenoid valves are needed: several to isolate 

the collector circuit, arid one or more to drain it. (Note that this is not 

the case in a hermetic system with a pressurized gas,charge in which the water 

be.i:ng'drained does not leave the system). It is likely to be much more 

expensive to achieve a given level of reliability in a system in which a 

number of solenoids must open and close reliably, than in a system in which 

things happen .more or less automatically. It should be noted that the one way 

valves need not open fully nor close ~ully for the drain down provision to 

work properly. In a pressurized system, slight. leakage in solenoid valves 

could be disastrous. 
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It is premature at this point to establish quality requirements for the 

valves and other components needed to make draindown systems reliable. 

Flow passage diameters below about 3/8 inch should probably not be used 

anywhe~e in the plumbing or collector, since capillary forces may hold 

the water in and prevent proper drainage. It is unlikely that in the 

forseable future there will be sufficient understanding of the requirements 

of the v~lves to be.able to specify them properly. It is probable that the 

only reliable specifications which can imposed at present are those imposed 

on vacuum breake~s .and backflow preventers ·by;· the American Society of·.· 

Sanitary Engi~eers ~s~e ASSE 1970-ASSE 1974). 
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5 Recommendations for Further Study 

six areas of further concern are discussed below. 

5.1 Further Analysis and Investigation of Heat Transfer Fluid Properties 

Most of the fluia properties used in ·the discussion of the ·heat· transfer fluids 

were those obtained from the fluid manufacturers. In most cases, this was 

sufficient for a proper comparison of the different fluid types. For some 

fluids, inadequate information was sometimes supplied in the product literature. 

For example, important thermophysical properties were sometimes listed at only 

one or two temperatures. Complete data should be obtained as it becomes available 

for all fluids to be considered for solar energy applications for the following 

parameters: 

(1) Viscosity 

(2) Specific heat 

(3) thermal conductivity 

(4) density 

(5) coefficient of volumetric expansion 

(6) vapor pressure 

Also, for some parameters (particularly flammability and localized corrosion), 

independent analysis and investigation of the fluids' properties when operating 

within typical collector systems should be conducted. Further information on 

code requirements should be obtained for potentially toxic or flammable fluids 

as they become available. Fluids which do not meet these safety requirements 

should be discarded as potential fluids for solar energy applications. 

It seems desirable to arrange for a continuing effort to collect, measure and 

determine, and update the data on the properties of heat transfer fluids. Perhaps 

this could be done at one of the National Laboratories. Perhaps it could be a 

contracted effort at a thermophysical pr~P.erty measurement laboratory, or at an 

independent contractor. 
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5.2 Verificationof the Optimum Capacity Rate Ratio Being Less Than One 

As shown in Section 2.1.1, a double loop system operates more efficiently when 

the capacity rate of the collector loop is less than that of the storage loop. 

Although this effect is small for· typical systems, it needs to be .investigated 

in an actual double loop syst~m to develop a further understanding of the effect 

of the capacity rate ratio on the optimum performance. The penalty imposed by 

off~optimum capacity rate ratios could then be verified. 

5.3 Further Investigation of the Viability of The Traced Tank System 

The traced tank system can be more cost effective than the double loop heat 

exchanger system for smaller collector areas. This study has investigated the 

cost effectiveness of the traced tank system and developed design parameters 

and a method to determine the optimum tube length for the helical coil. The 

traced tank system allows the use of toxic fluids since two walls separate the 

two fluids. Also, the traced tank system allows easy conversion of existing 

hot water tanks, allowing reduced costs when retrofitting a hot water system 

to solar use. For a new system, non-toxic fluids could be used, circulating 

within a coil immersed inside the potable water storage tank. Further investi

gations should be conducted to compare these two systems for use in hot water 

heating systems. It seems desirable to run detailed tests on some geometries 

to test out the accuracy of the natural convection correlations and predictions. 

5.4 Investigation of Plate and Fin Heat Exchangers for Use With Toxic Fluids 

Altas cori;ioration is already continuing its study on the viability of toxic 

fluids i~ dotible loop heat exchanger systems. In particular, plate and fin 

heat exchangers are being considered for the double loop syste~ which would 

allow the use of toxic fluids and still meet code requirements. Using plate 

and fin heat exchanger manufacturing techniques, it is easy to make a "double 

wall" exchanger, in which there is a vented layer between water and antifreeze 

passages. Such exchangers have already been built, and are called "buffered" 

exchangers. In the heat exchange between liquid metals and water, as well as 
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· in the heat exchange between lubricating oil and jet fuel, it is essential 

to prevent mixing of the streams in case of a leak. For these purposes these 

buffered exchangers were developed. Possible manufacturers of plate and 

fin exchangers have been contacted to develop prototype models and preliminary 

performanc·e and cost estimates. They can be used to eliminate the risk of 

using a toxic fluid near a potable water supply, at a cost and performance 

penalty probably much lower than that for other double wall heat exchangers. 

A proposal is being prepared on a development effort for such an exchanger. 

5.5 Investigation of Direct Contact Liquid to Liquid Heat Exchangers 

An effort should be made ·to develop a basic understanding of the heat 

transfer mechanisms in direct contact heat exchangers. At present it is 

only known there is a high rate of heat transfer, there is no knowledge as 
. . . 

to how high it is. Up to now at CSU all the work has involved fluids 

denser than water. In view of the high heat transfer rates and the well 

stirred tank, a fluid less dense than water can be used just as well. This 

should be considered in the further work. 

5.6 Heat Exchanger Workshop 

When the first paper on heat exchanger penalties and optimization (de Winter, 

1975) was first distributed in 1974, there were probably only a few dozen 

heat exchangers installed, many of which were grossly undersized or oversized. 

Since then therP. has been an enormous ~xpansion in the use of heat exchangers, 

and many people have had the occasion to choose optimum models, to choose heat 

transfer fluids, or to adapt the equations or optimization criteria. The 

present study is the first formal attempt to explore questions on heat exchanger 

in solar energy systems. There is however an enormous amount of other work 

going on, and it seems most desirable to arrange a workshop in this area so 

workers can get togP.ther and cwap notes. There does not seem to be any 

specific group in the country which is doing a large share of the work. I~ 

may well be desirable to have the American Section of the International Solar 

Energy Society organize the workshop. 
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Appendix A Heat Ex.chan9er Penalties in Double.,..Loop $.olar Water Heatim3 Systems· 

On the~ ~ollow:i:n9 three pages ts 9iven in ~ull tfie·paper· in·solar·Ene~gy.which 
ori9inally ledto'the study described in the present repbrt. In reading the 
paper, several thli19s should be kept in mind: 
Ul While the matched flowrate case is interesti.ngly simple, it is ·not the 

·.optimum. This .is discussed further in section 2 .1.1. 
(.2) In. Equation.(}) , ·Ac should be changed to Ax. 

HEAT EXCHANGER PENALTIES IN DOUBLE-LOOP 
SOLAR WATER HEATING SYSTEMS 

FRANCIS DE WINTER 
Altas Corporation, 2060 Walsh Avenue, Santa Clara, CA 95050, U.S.A. 

(Received 14 January 1975) 

Abstract-In many solar water heating systems, it may prove desirable to use a double-loop system with a heat 
exchanger between the flat-plate collector and the water storage tank. This approach, using a second fluid which does 
not freeze in service and which does not lead to corrosion of metals, may be the most convenient way to avoid 
freezing or corrosion problems in the collector. Because of the heat exchanger, the collector is, however, forced to 
operate at a higher temperature with a corresponding perfo~mance penalty. 

A heat exchanger factor has been developed, which makes it possible to determine the collection performance 
penalty in a straightforward manner. When the heat exchanger is of the counterflow type.and is operated so that the 
mass flowrate-specific heat products of the two streams are equal, the expression becomes very simple, and lends 
itself to direct optimization of heat exchanger size. Several sample optimization calculations are shown. 

IJ'!fRODUCTION 

In solar water heating systems (or, more generally, in 
systems collecting solar energy to heat water in a 
heat-storage tank) there are several factors which make it 
desirable to consider a double-loop system, in which a 
fluid other than water is circulated through the flat-plate 
solar energy collector, and then heats the water in a heat 
exchanger. 

(a) If water is used in the collector, it might freeze on 
cold nights and damage the collector:t 

(b) If water is used in the collector, then the collector 
must be made of corrosion-proof materials. 

There are several penalties to be paid in a two-loop 
system. Antifreeze fluids or other heat transfer liquids are 
all relatively expensive. Most are combustible to some 
degree, and some are toxic. Most have a higher viscosity 
than water, and a lo,wer thermal conductivity and specific 
heat Fio:illy, the. use of a heat exchanger between the 
storage tank and the collector raises the collection 
temperature, hence lowering the collediun efficiency. 
This e~ect is analysed below. 

. ANALYSIS 

A simple linear expression was proposed for a flat-plate 
collector by Whillier[I) in the form 

a is the solar absorptivity of the collection plate 
-r is the transmissivity of the glazing system 

Ac is the area of the collector in m2 

V. is the heat loss coefficient of the collector in W /m'C 
T;. is the fluid inlet temperature in C 
T. is the ambient temperature in C 

The linear equation is an approximation, in part because 
Uc is a function of T;n and T. (FR is also a function of 
U, ). U, increases with increasing temperatures, so that at 
high temperatures collector efficiencies are poorer than 
eqn (I) might suggest. Since one can always linearize an 
equation O\'er small regions (see below), an equation such 
as (I) is adequate for present purposes. 

The exit temperature from the collector can be obtained 
from a simple heat balance: 

In this equation 

Tou• is the fluid exit temperature in C 
W is the fluid flowrate in kg/s 
CP is the fluid specific heat in J /kgC 

(2) 

(!) Combining eqns (I) and (2) 

In this equation 

Q. is the rate of heat collection in W 
.O• is the incident solar heat flux in W/m2 

FR is a dimensionless heat removal efficiency factor-a 
function of collector design and fluid flowrate and 
properties 

tFreezing can also be avoided by emptying the collector at night 
or by supplying moderate amounts of heat from storage. 

*Assuming zero heat loss in the piping. 

-A.1-

Q, = [t -FRU,A,] [QiFRaTA, - FRU,A,(T0u,- T.)J. 

wcp (3) 

The outlet temperature of the collector is the inlet 
temperature of the heat exchanged If in the heat 
exchanger, the wcp product of water is equal to or 
greater than that of the collector-loop fluid, 'then the 
performance of the heat exchanger can be described by 
the equation [2]: 

Q, = WCpf[T0"1-T,.;0]. (4) 
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Note that the heat transfer in the heat exchanger equals 
the heat collection Qc. t Other terms iil this equation are: 

E is the heat exchanger effectiveness 
Twin is the temperature at which water flows into the 

heat exchanger, in C 

Now we can solve for Tout in eqn (4) and substitute in eqn 

Cc, and a family of heat exchangers having a constant cost 
per unit area c .. The optimum heat exchanger is one for 
which the parameter: (total cost)/(heat exchanger factor) 
is minimized. Writing ' 

(3), with the result we get 
. 1 . 

Qc = [ l + F~tc(~ _ l)] [ Q,FRarAc 

The last term in brackets is the collection rate if water 
were used directly in the collector, with no heat 
exchanger.t The first term is a penalty factor imposed by 
the exchanger in the double loop system: 

Heat exchanger factor= [ 1 + F~:c G- 1) r (6) 

The best heat exchanger to use is a counterflow heat 
exchanger, since it yields the highest effectiveness values. 
When in a counterflow heat exchanger, the we. products 
of the streams are not equal, the effectiveness expression 
has exponential terms, and eqn (6) cannot be simplified 
any further. There are however, advantages in having 
matched WC, products for the two fluids. Using matched 
we. products, one gets more heat transfer (or lower 
temperature differences) in the same heat exchanger, and 
the heat exchanger effectiveness becomes simply[2]: 

(7) 

In this equation U.A. is the UA product of the heat 
exchanger in W/C. 

Combining eqns (6) and (7), the exchanger factor for a 
two-loop system of matched we. products becomes 
simply: 

1 
Heat exchanger factor = FR ( UcAc). (8) 

l + (U,A,) 

Equation (8) (or eqn (6) combined with more complex 
exchanger effectiveness equations) can be used for the 
purposes of optimizing heat exchanger investment. 

As one further step in optimization, one can consider 
the case of a collector with a constant cost per unit area 

t Assuming zero heat loss in the piping. 
m would have to be circulated at a (we.) product equal to that 

used in the secondary loop. Fluid heat transfer coefficients are not 
generally controlling in the flat plate collector, so a mismatch in 
convection coefficients is relatively unimportant. 

§Values include standard "Original Equipment Manufacturer" 
discounts. 
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A. = I (FR UcCc) 
Ac V U.C. . 

Two sample calculations are shown below. 

(10) 

Sample calculation with constant cost factors. Consider 
a flat-plate collector system with the following parame
ters: 

Ac=l00m2 

Uc =4 W/m2C 

Cc= $50/m2 

FR =0·8 

U. = 1320 W /m2C 

C, = $109/m2
• 

Assume that the collector and exchanger haye the same 
useful life. What is the optimum ·exchanger area, and what 
is the heat exchanger factor and cost? 

Using eqn (10), A. = 3-32 m2
, and using eqn (8), the heat 

exchanger factor is 0·93. The cost is $362, compared to a 
collector cost of $5000. 

As a final assumption in the analysis, it should be noted 
that the linearization of eqn (1) is adequate so long as the 
exchanger factor is not far from unity. Being between 0·9 
and l ·O is certainly close enough to unity. One must 
merely take care to use as Uc a value obtained from the 
slope ~!Jhe\ curve "locally", i.e. at the temperature level 
at which the collector is intended to operate. 

Sample calculation with more realistic cost factors. 
Reliable heat exchanger costs were obtained for Whitlock 
Type HT exchangers from the Walter W. Perkins 
Corporation of Los Angeles, and are shown in Fig. 1.§ 
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Water, circulated at 40C and l ·2 m/s through the (iin.) 
tube side (according to McAdams[3], eqn 9-19) leads to a 
heat transfer coefficient of 6700 W/m2C. The "fouling 
factor" to be expected with city water at 1·2 m/s is given 
in the TEMA Standards ((4), p. 60), to be 5678 W/m2C. 
Dowtherm J circulated at 65C at a maximum velocity of 
0·6 m/s through the shell side yields (according to 
McAdams(3], Fig. 10-21) a heat. transfer coefficient of 
2320 W/m2C. The overall U, value then becomes approxi
mately equal to 

1 
U, = I I I 1320 W/m

2
C. 

6700 + 5678 + 2320 

It is quite reasonable to keep the overall heat transfer 
coefficient fixed while changing the heat exchanger area. 

·1n these shell and tube heat exchangers, area is varied by 

making the exchanger longer; the cross section stays the 
same. 

Let us assume again that the collector has the same 
useful life as the heat exchanger, and that the collector 
specifications are as before. 

Final optimization res.ults are shown in Fig. 2. The 
optimum heat exchanger has a heat transfer area of about 
4 m2

• The "heat exchanger factor" is 0·94, so that the 
collector collects 6 per cent less heat than it would have if 
water had been used directly. The heat exchanger 
investment is $436, compared to $5000. in collector cost, 
an increase of 8·7 per cent over a simple system. 
Comparing the two sample calculations, it can be seen 
that the use of constant heat exchanger cost-per-unit-area 
leads to exchangers which are somewhat too small. This 
was to be expected. 

CONCLUSIONS 

A simple factor has been developed to describe the 
solar energy collection penalty imposed by a heat 
exchanger in a double-loop system used with a flat-plate 
solar heat collector. It is shown that this factor makes it 
possible to determine the optimum size heat exchanger in 
a straightforward manner. 
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Appendix B Fluid and Equipment Characteristics 

There were a number of fluid and equipment characteristics that merited 
description in some detail in this report. They were included in this 
appendix, following the outline shown below. 

B.l Determination of Heat Transfer Coefficients Page B.2 
B.2 Determination of Heat Transfer Fluids Most Likely to 

find Widespread Use Page B.34 
B.3 Determination of Typical Collector and Heat Exchanger 

Characteristics Page B.70 
B.4 Determination of Optimum Insulation Thicknesses Page B.78 
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B.l Determination of Heat Transfer Coefficients 

Heat transfer coefficients are required to optimize the heat transfer of 

a collector to storage system •• They also allow easy comparison of heat 

transfer fluids. In this study, heat transfer coefficients withi~ the tubes, 

outside the tubes (i.e., shell-side heat transfer coefficients) and overall 

heat transfer coefficients were used. In the following sections, each of the 

above coefficients are discussed. 

Inside·Tube Heat·Transfer Coefficients 

For a double loop heat exchanger system, inside tube heat transfer coefficients 

must be specified for the collector tubes and the exchanger tubes. For a 

traced tank, the inside tube heat transfer coefficients must be determined for· 

the helical coil also. 

The inside tube heat transfer coefficient is dependent upon: 

1. The' flowrate through the tube · · 

2. Cross-sectional area of the.tune 

3. Temperature of operation 

4. Properties of the fluid at tne operating temperature 

Depending on the state of the· fluid Ci.e., laminar, .transition, or turbulent) 

di~ferent correlations have been used to determine the inside tube heat 

transfer coefficients (hti). For the laminar region (Reynolds number less 

than 2500) the following correlation froll\ McAdam.s (.1954). was used: 

hti 

.KC2 
D. 

l. 

Where: 

C2 1. 75 

c2 - 3.66 

.G'Cp 
( )1/3 

KL 

G'C 
for. 1. 7 5 (. I<!" ) l/ 3 > 3 • 66 

G'C 
for 1. 7 5 ( __:___g_ ) l/3 < 3. 66 

KL 
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hti - inside tube heat transfe~ coefficient (Btu hr~1 ft-
2 

°F-l) 

K - thermal conductivity of fluid (Btu hr-l ft-l °F-l) 

Di - inside tube diameter. (ft). 

G' - flowrate (lb/hr) 
0 

C - .specific heat of fluid (Bt.u/lb F) ._ p 

L - tube length (ft) 

Thus, in the upper laminar region, the inside tube heat transfer coefficient 

depends upon the tube length also. 

For the transitional region (2500<:Reynolds number<'.7100),hti becomes: 

h = (C µ/K)-
2
/ 3 

C G"J' (B.1-2) 

Where: 

and 

ti· p p 

J' = 0.116 (Re
213 -125)/Re 

Re 

G" 

= G"Di~ = Reynolds number 

= viscosity of fluid lb/ft hr 
2 

= flowrate lb/ft hr tube 

For the turbulent region (Re'>7100) the inside tube heat transfer cdefficient 

from McAdams is: 

= 0~023 K Re
0

•
8 

(C .M./K)0.4 
D. p 

1 

(B.1-3) 

Since in general, the transition region should be avoided, it was included. 

only to pr.ovide continuity from the laminar to the turbulent regimes. Also 

note that at the interface between transitional and turbulent (Re=7100) and 

the interface between laminar and transitional (Re=2500), the equations do not 

predict similar inside tube heat transfer coeffients. For Re=7100 there is a 

10% difference between the two equations, whereas around Re=2500 the error is 

larger. The selection of the transition region between Reynolds numbers 2500 

and 7100 was completely arbitrary. It was chosen to minimize ~he errors at 

the two boundaries and to allow reasonable heat transfer in the lower turbulent 

region. 
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Because of the difficulty in using these equations by the average user, 

computer analyses were conducted for· the fluids under consideration for 

various operating conditions. The temperature of operation, tube inner 

diameter, and operating flowrate were varied for each heat transfer fluid 

to determine the inside transfer coefficients. The results of these runs 

are shown in Figures B.1-1 through B.1-9. Note that the transitional region 

results ~~r; ~mitted since it was decided.not to design systems to oper~te 

within this region. Correction factors for varying temperatures are included 

along with a tube length correction factor for laminar flow with C2 ) 3.66. 

Also included isLan acceptable upper limit to flow within tubes i.e. 5 ft/second. 

Flow above.this ·should be avoided due to increased chance of erosion-corrosion 

and limitations of the tub.ing. Of the non-aqueous solutions, only Dowtherm J 

can operate within the turbulent regime for the smaller tube sizes. Since 

the heat transfer fluids in a do~ble loop heat exchanger system operate within 

tubes only in the collector, the effect of the fluids operating in the laminar 

regime is reduced. This is further discussed in Sec.tion B. 2. 

For the traced tank system, the effect of the fluids operating in the laminar 

regime is greater since the heat transfer coefficients can affect the helical 

coil efficiency. Fluids operating in laminar flow have much lower . efficiencies 

than those operating in the turbulent regime. See Section 2.2 for a more thorough 

discussion of this. 
'· 

Some simple relationships between the flowrate in gallons/(minute tube) and 

the other flowrates follow: 

Q 

G" 

= Q N 
.. n 

0.1247 G' 

.? N 

· ·4G' 

2 
7TD. N 

1 
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Inside Tube. Heat Transfer Coefficient Versus Flowrate for Water 
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Inside Tube Heat Transfer Coefficient Versus Flowrate For 50% ethylene glycol 
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Inside Tube Heat Transfer Coefficient Versus Flowrate for 50% propyle~ glycol 

... 
~I .I 
if 
i:: 

~ • 9 j....--4,,.,.::.;__+---mt~ ..... ;::f----t 
u 
~ ... 
0 
u . 7 l----+---+---t----t----1 

Tube L ngth ( Lemin 
.5 ------~1__.~'~? _____ o ____ __ 

100 120 140 160. 180 

Temperature (°F) 

Flowrate {gallons min-I tube-I) 

-B.7-



Figure B.1-4 

Inside Tube Heat Transfer Coefficient Versus Flowrate For Mobiltherm Light 
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· Figure B.1-5 

In side Tube Heat Transfer Coefficient Versus Flowrate for 02-1132 (Silicone) ... ..... ... -- -._ .-
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Figure B.l-6 

Inside Tube Heat Transfer Coefficient Versus Flowrate and Inner Tube Diameter for Dowtherm 
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Inside Tube Heat Transfer Coefficient Versus Flowrate for Sun-Temp 
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Figure B.1-9 

Inside Tube Heat Transfer Coefficient Versus Flowrate and Inner Tube Diameter For Therminol 60 
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Where: 

Q - total system flowrate (gallons/minute) 

N· total number of tubes 

Qn - flowrate gallons/(minute tube) 

y> density of the fluid lb/ft
3 

Simple determinations of the inside tube heat transfer coefficients are 

shown .in Section 2. L 4. · 

Shell Side Heat Transfer Coefficient 

The shell side heat transfer coefficient within the heat exchanger (ht
0

) 

was determined for those fluids studied. hto is a function of: 

1. shell entrance flowrate 

2. temperature of operation 

3. fluid properties at the operating temperature 

4: characteristics of the heat exchanger 

a. Tube pitch 

b. Baffle spacing 

c. Outer tube diameter 

d. Number of tube rows 

A correlation was found frO'm Kreith"'& Kreider: 

0.33 Re' O.G (C )(/K)0. 33 K/D 
hto p o (B.1-4) 

Re' = 
G D max o 
~~~- = Reynolds number through minimum cross-sectional area 

/A- of heat exchanger 

Gmax - flowrate through the mini~um cross-sectional area of the heat 
2 

exchanger lb/ft hr 

G 
s G = ~~~,......~~~....,.. 

max A . (N + 1) 
min row 

G - total shell f lowrate lb/hr 
s 

Qs = total shell flowrate gal/min 

= 0.1247 G/f 
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A . - minimum cross-sectional area min 

5ba.f baffle spacing (ft) 

s . - tube spacing (ft) min 
(pitch -1) D 

. 0 

2 
Sb fS . (ft ) a min 

Pitch= equilateral triangular pitch = 1.25 

N row number of tube row.s across diameter .of shell. This is· a 

conservative estimate of the number of tube openings available 

for the fluid to flow through. 

Figure B.1-10 shows the exchanger.characteristics more readily. Computer 

analyses were conducted to determine the. shell side heat transfer coefficients 

for varying flowrates, temperature and exchanger characteristics. Figure 

B.1 .... 11 shows these results for several fluids. Correction factors follow 

in Fi.gure B.l"'.'12. The. temperature correction factor was the average change 

in shell side heat transfer coefficient for all fluids for varying temperatures. 

Overall ·Heat Transfer· Coeffici.ent 

The overall heat transfer coefficient of· a heat exchanger (.U · )_ · can be x 
determine·d from the following equation :Cy· Kays and London (.1964): 

Where: 

u 1 
x· 1 1 Do ·oa ·RWall -+ --+ + + 

hto h D.h . D.h. 
so i ti 1. is 

h - shell side scaling· coefficient (Btu/hr ft
2 

so 

(.B.1-5). 

0 

F) 

2 0 

his·- inside tube scaling coefficient (Btu/hr ft F) 

Rwall - tube wall heat transfer resistance (hr ft
2 

°F/Btu) 

R . 
wall 

D D 
0 0 

---ln 2 K D 
tex i 

2 0 
K - thermal conductivity of the tube wall (Btu/hr ft F) 
tex 
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Figure B.1-10 
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Figure B.1-12 

Temperature and Exchanger Characteristics Correction Factors For Shell Side Heat Transfer 
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In this study the scalinq coefficients were assumed constant for ail fluids 

and tube sizes and equal to 1000 BTU/hr ft2 °F. Normally scaling coefficients 

decrease with time due to increased scaling deposits oh the inner and outer 

tube walls, if maintenance is .not periodically performed. This can reduce 

the performance.of the heat exchanqer and increase the possibility of corrosion. 

For copper tubing within the heat exchanger,, the wall resistance is generally 

negligible, but the equation for the overall heat.transfer coefficient can 

not be reduced further. For type "L" (mediwn thickness>. copper tubing of 3/8" 

norminal outer diameter, Figure B.1-13 shows the variation of Uex versus _hti 

and hto". Since curves of this sort would have to be.generated for all differing 

tube wall thicknesses and outer tube diameters,' it is better to use equation 

(B.1-5) to det:ermine the overall heat transfer·coefficient. An example is 

shown beiow to 'determine the heat transfer coefficients and· the overall heat 
' 

transfer coefficients. 

Example of how to find Ux 

Find Inside Tube·Heat Transfer Coefficient of Heat Exchanger 

A rule of thumb was developed in Section 2.1.4 to .find an acceptable flowrate 

within the exchanger tUbes. It is: 

D· l. 

D. + 0.125 (gallons min~l tube-1) 
. J. . 

actual inside diameter (inches) 

·From Figure B.1-1 the inside tube heat transfer coefficient can be qbtained if 

the flowrate and tube inner diameter are known. 

·Example:· 

Assume 3/8" actual 1. D. tube is to be used 

then: 

Qn = 0.5 gallons/minute. By interpolation on Figure B.1-1 . 

... s. 19-



Figure B.1-13 

0-.erall Heat Transfer Coefficient (U ) Versus Inside and Outside Tube Heat Transfer Coefficients 
For Type "L" Nom~nal Outer Diameter Copper Tubing 
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then: 

If this design method is unacceptable, 

then: 
0.2493 GA 

c 

(C' + l)f>N. 

G = mass flowrate lb ft- 2 hr-l 

Ac collector area ft 2 

r density ~f water lb/ft3 

C' capacity rate ratio 

N No. of exchanger tubes 

Outside Tube Heat Transfer Coefficient of Heat Exchanger 

The capacity rates of the two loops are interrelated. To find the total shell 

side fl6wrate (Q ) , the capacity rate ratio, collector area, area flowrate, s . 

density of the ~~Hector· loop fluid (ff), and the specific heat ratio (CP~Cpf) 

must be known. Q can be found from: 
s 

0.2493 C' 
Qs = ----

1 + c'f 
f 

For example, if C' = 0.5, Ac 1000 ft2 , G = 16 lb/ft
2

, cpw 1 BTU/lb °F with 

a 50% ethylene glycol acqueous solution with ff = 65 lb/ft, and 

c f = a.as BTU/lb °F @ 150 °F then Q =· 24 gnl/min. p ··~ 

Assuming that all the heat exchanger characteristics are the same as those listed 

on Figure B.1-10, then hto becomes: 

BTU 

hr ft 2 °F 

From Equation (B.1-5) with Di = 0.375 in and D
0 

- 0.5 in. Ux becomes: 

1 

1 1 
-+-+ 
350 1000 

1. 33 

75U 

BTU 
144 818 

1. 33 hr Ft2 °F 
+-

1000 

With manipulation of the baffle spacing this could be higher • 

. -B.21-
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Overall Heat Transfer and Cost Characteristics of·the Heat Transfer Fluids 

Water and other aqueous solutions have good heat transfer because of water's 

low viscosity, high thermal conductivity and specific heat, and minimal cost. 

Other properties of aqueous solutions can reduce the cost effectiveness of 

these heat transfer fluids, i.e. inadequate freeze protection or increased 

corrosion and high vapor pressure at high temperatures. In the following 

sections, water and other aqueous solutions are compared versus other heat 

transfer fluids for heat transfer, cost, and overall cost effectiveness. In 

this study, the heat transfer fluids are compared under similar operating 

conditions. The capacity rates are assumed matched for the double loop 

systems for comparison purposes. rn order to keep the capacity.rates matched 

with the different specific heats of the fluids, the flowrate is determined 

from the following form of equation: 

= G ·water 
.'Ccplwater 

lCP) fluid 
(.B.1-6) 

For low specific heat fluids, the fluids flowrates can be over twice that of 

water. 

Computer i.terations were conducted· to deterroine the heat transfer characteristics 

of each of the flui.ds unde;r similar operati:n9 conditions (.see Appendix D and 

E for the computer listingsL Table B.1-1 shows one such calculation for each 

of the flu.tds versus collector area. The.· heat transfer properties are noon-
2 

time steady state calculations for the typical systems. For the !Om collector, 

a traced tank system was used with 20 meters of tubing in 2 helical coils around 

the storage tank and connected to the collector (.see Section 2.2 for other 

traced tank optimum design parameters used}. For the larger collector sizes, 

a double loop system utilizing a heat exchanger was used with an exchanger 

area equal to 8% of the collector area. The number of tubes was fixed at 

7/10 of the collector Un m
2

). for collector areas ~reater than 40 m
2

• Below 
2 

40 m , the number of tubes within the exchanger was constant and equalled 28. 

This is the minimum number of tubes currently available for off-the-shelf 

heat exchangers (.see Section B.3). Both the tube length for the helical coil 

and the heat exchanger area in the double loop system were slightly above 

optimum in size. 
\. 
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Heat 
Transfer 

.Fiuid 

Water 

Circulating 

From 

StoralJe 

Water 

Used as 

HTF Within 

Double loop 
or Traced 

Tank System 

50\ 

Ethylene 

Glycol -

50\ 

Propylene 

Glycol 

mobiltherm 

light 

Q2-1132 

Silicone 

fluid 

oowtherm 

J 

Sun temp 

Therminol 55 

Therminol 60 

collector 
'Area Cm2.> 

10* 

20 

40 

80 

10* 

. 20 

·40 

80 

10* 

20 

40 

80 

10* 

20 

4l' 

80 
10* 

20 

40 

80 

10* 

20 

40 

80 

10* 

20 

40 

80 

10* 

20 

40 

80 

10* 

20 

40 

90 

10* 

20 

40 

80 

Table B.1-1 

Effect of Heat Transfer Fluids on Heat Transfer and Cost for Typical Systems 

collector 
efficiency 

FR 

o. 7734 

o. 7739 

0. 7739 

o.7739 

o. 7734 

o. 7739 

o. 7739 

o. 7739 

0.7529 

0.7535 

0.7535 

0.7535 

0.7502 

0.7502 

0.7502 

0.7502 
0.6662 

o.6662 

'.6662 

o.··"1'2 

0.6837 

0.6837 

0.6637 

0.6837 

0.6766 

o.6766 

0.6766 

0.6766 

0.670 

0,670 

0.670 

'0,670 

0.6789 

0.6789 

0.6789 

O.G709 

0.676 

0.676 

0.676 

0.676 

Ux (Ex'er) 
FtUt 

(Traced) 
(Tank) 

1watts) 
2 0 

m C 

37C 

928 

1218 

1228 

331 

827 

1056 

1068 

331 

810 

1031 

1035 
267 

590 

725 

738 

165 

576 

581 

321 

686 

864 

870 

145 

542 

656 

670 

70.8 

54Y 

668 

G79 

274 

613 

757 

770 

Fex' (Ex'er) 
. Ft' 

(Traced) 
(Tank) 

0.94fi9 

0.9504 

o. 3618. 

0.9621 

0,9409 

0.9461 

0.9573 

0.9578 

0.9369 

0.9453 

0.9565 

0.9570 
0.9332 

0.9341 

0.9457 

0.9466 

0.884 

0.9309 

0.9428 

0,9435 

0.9445 

0.9420 

0.9534 

o •. '540 

0.8708 

0.9283 

0.940 

0.941 

0.7547 

0.9283 

0.9402 

0,9333 

0.9355 

O; 9471 

0.9180 

Rate of 
Heat 

Transfer 
Q(Watts) 

x104 

o. 4089 

o. 7171 

1.436 

2.891 

o. 3872 

0.6818 

1.380 

2.781 

0.3769 

0,6615 

1.360 

2. 720 

0.3745 

0.6582 

1.355 

2.710 
0.3419 

0.6071 

1.227 

2,456 

o. 3205 

0,6187 

1.251 

2.503 

0.3514 

0.6194 

1. 252 

2.504 

O. 31Sl 

0.6068 

1.227 

2.456 

0.2747 

0.6137 

1.241 

2.484. 

0.3481 

0.6154 

1.244 

2.489 

112..ater1 

(potable) 

Qfluid 

1 

1 

1 

1 

1. 0.561 

1. 0522 

1.0397 

1.0394 

1.0A5 

1.085 

1.063 

1.062 

1.092 

1.090 

1.067 

1.066 
i.195 

1.182 

1.178 

1.178 

1.276 

1.160 

1.155 

1.155 

1.164 

1.158 

1.154 

1.155 

1.298 

1.183 

1.178 

1.177 

1.489 

1.168 

1.164 

1,164 

1.174 

1.166 

1.161 

1.161 

Initial · 
Fluid 

Fillup Cost 
($/year) 

2.25 

3.33 

5.63 

10.13 

2.13 

3.17 

5.32 

9.58 
1.67 

2.42 

4.08 

7.33 

28.75 

42.58 

71.92 

129.42 

5,63 

8.33 

14.08 

25.32 

4.38 

6.50 

10.92 

19.68 

3.5 

'5,10 

8.75 

15.75 

a.5 

12.59 

21.25 

38:25 

Pumping 
Cost 

($/Jtear) 

0.1924 

0.005 

0.022 

0.044 

0.1924 

0.005 

0.022. 

0.044 

0.367 

0.015 

0.065 

o. 225' 

0.368 

0.017 

0.074 

0.945 
3.98 

0.156 

0.656 

2.31 

7.329 

0.698 

2.92 

lC.18 

2.292 

0,0462 

0.2067 

0.617 

2.873 

0.26 

1.11 

3.90· 

2.22 

0.48 

2.03 

7.10 

3.63 

0.144 

0.608 

2.12 

Total 
cost 

Ct 
($/year) 

125.19 

250.0 

500.0 

1000'.o 

137,69 

282,5 

552.5 

1092.5 

140.1 

2a5. -, 

557 .9 

1103,0 

140.0 

285.7 

557.9 

1103.0 
·1ua. 
29511 

557,2 

1102.1 

173.6 

325.8 

627.3 

1221.9 

145.4 

290.9 

566.8 

1118.5 

144.7 

289.3 

564.5 

1116.1 

143.2 

288.2 

563.3 

1115.3 

149.6 

295.2 

574.4 

1132.9 

*Traced tank single loo~ system. All other collector sizes utilize do~ble loop hP.a~ P.Yr.hanlJP.r sy9tems. 
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Table B.1-1 shows that two cases for water were included. One case allows 

the potable water to be circulated directly from the storage ~o the collector 

assuming freeze protection isfacilitatedby a reserve draindown system. For 

comparison purposes, water was also used as a heat transfe~ fluid ~irculating 

through the collector loop of the double loop heat exchanger system or 

circulating through the traced tank loop for the. smaller collector sizes. 

There would be no advantage in operating a system with water this way, since 

the pe~alty imposed by the use of the heat exchanger or traced tank would 

reduce the rate of heat transfer while still running the risk of inadequate 

freeze _protection. Water used in this fashion does show the best possible 

heat transfer and the lowest initial costs of any heat transfer fluid to be 

circulated through the double loop or helical coil systems. 

The potable water· case, for simplicity~ was assumed to have similar collector 

performance compar~d to the water in the double loop or single loop traced 

tank systems. Thus the only difference for the two cases is that the potable 

water case has no heat exchanger penalty· factor or traced tank penalty factor 

imposed. In reality, the heat exchanger or helical coil would also increase 

the operatin9 temperature of the collector and thus reduce the collector 

performance. This effect was ignored in this section. 

Heat·Transfer 

In _Table B.1-1, the effects of the heat transfer fluids upon the heat transfer 

of the systems are shoWn. Note that the collector efficiency (FR) varies 

little with collector area since the same type of collector was used for all 

cases and the number of collector tubes was a function of the collector size. 
2 

The number of collector tubes equalled twice the collector area (m ) to reduce 

the pressure drop within the collector and to keep all the fluids in the 

laminar regime within the collector. Some fluids, water and Dowtherm J, could 

easily operate in the turbulent regime within allowable pressure drops if the 

number of tubes was reduced. This would increase the collector efficiency 

by up to 10%. All of the heat transfer fluids had collector efficiencies 

within 15% of that of water. 

-B.24-



'• 
Also included for design purposes on Table B.1-1 are the overall heat 

transfer coeffic.ients {U ) fo~ the heat ·exchanger cases, and the helical 
. ex . . . 

coil efficiency-tank natural· convection coefficient product {Fttit) for th~ 

traced tank loop. 'For the aqueous solutions· at the larger collector ar·eas, 
. . -2 o. -1 

the overall heat transfer coefficients· are from 1000 to 1200 watts m C , 

while for the non aqueous fluids, the overall heat transfer coefficients lie 

between 650 and 850. The FtUt product for the traced tank case varies from 
-2 ° -1 370 for water to 71 watts m c for therminol 55. This large variation 

is due to the reduced efficiency of the traced tank when the fluids are not 

operating in-the turbulent regime within the helical coil. 

Also listed in Table B.1-1 are the exchanger penalty factor {F ') and the ex 
traced tank penalty {Ft'). As discussed above, the use of water within the 

single loop traced tank or double loop exchanger system reduced the amount 

of heat transferred by up to 5 1/2% over that possible if water was circulated 

directly from the storage tank to the collector. The other heat transfer 

fluids reducE'.'d the rate of heat transfer b~( up to 25% in comparison to the 

water circulating directly. 

To show the overall effect of the heat transfer fluids on the rate of heat 

transfer, the noon time steady state rate of heat transfer is included alorig 

with the ratio of the rate of heat transferred by the potable water to that 

rate of heat transferred by the other heat transfer fluids. Note that the 

use of Therminol 55 in the traced tank case reduced the rate of heat transfer 

by approximately 50% due·to its operation within the laminar region in the 

helical coil. Other fluids do not reflect this large of a drop .in performance 

wi.th aqueous solutions reducing the rate of heat transfer by less than 10%. 

Most of the non-aqueous fluids for the larger collector sizes reduce the 

rate of heat transfer by less than 20%. 
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Cost 

The effect of the initial and expected costs of each of the fluids on the 

total system cost was also considered. The collector cost for these cases 

were assumed to be $100/m
2

, with the exchanger costs similarly $100/m
2

, 

and the traced tank tubing costing $5/m. An extra pump : and tubing was 

required for the double loop exchanger system and was included at an additional 

cost of $100. All of the components, including the i~itial fluid fillup, 

were assumed to be paid on an annual basis of 12.5% •. This corresponds to 

a current money cost of 10% with the useful life of each of the components 
> 

being 15 years. Although some of the fluids could be expected to last this 

long (such as silicone fluids), others, such as glycols, will be ·subject. to 

further fluid and inhibitor addition to reduce the corrosion, and will have 

useful lives much less than 15 years. For purposes of comparison, it was 

assumed that the user. would continue to pay f~r the fluid on an annual basis 

for the entire system lifetime with additional costs for more fluid (if 

needed) paid in the later years. Note that the potable water case requires 

only the collector cost since neither a heat exchanger or a helical coil 

is used. 

The initial fillup costs were determined from Table B.2-2, assuming the 

amount of fluid required (in gallons). equalled one half the collector area 

(in m
2

) plus 5 gallons. This was slightly more fluid required than needed 

for the smaller collector sizes. 

The pumping cost per year of each of the fluids were estimated under the 

operating conditions. It was assumed that the pumping costs of the ~torage 

loop (water side) in the double loop system were.minimal. The pumping costs 

were calculated from: 

c . 
pump = 

c h d ~ p Q 
elec op op t 

2298. 7. :p eff 

\ 

(B.1-7) 
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Where: 

c - cost of pumping the fluid ($/year) 
pump 

c - cost of the electricity required = $0 •. 03/kilowatt-hr 
elec 

h hours of operation per day = 8 hours/day op 

·d - days of operation per year - 365 days/year op 

·AP - pressure drop through the collector loop (psi) 

Qt - flowrate through the collector loop {gallons/minute) 

Peff - pump"efficiency = 0.7 · 

Using the above assumptions, the pumping costs become: 

c - 0.0544 p Qt pump (J3.1-s> 

The pumping costs were calculated for each of the heat transfer fluids under 

· ·the operating conditio.ns and is shown in Table B.1-1. Note that the pumping 

'costs of the aqueous solutions are quite negligible (less than $1/year). 

Even for the higher.viscosity fluids, such as silicone fluids, which have 

higher pumping requirements, the cost of the additional needed pumping is 

generally less than $10/year. 

The total cost of the system· including the· initial fluid fillup costs and 

the estimated pumping costs for each of the heat transfer fluids is also shown 

in Table B.1-1. Q2-1132 Ca silicone fluid}_ with its higher initial arid pumping 

costs has the· highest estimated cost per year, with the. glycols and water the 

least. Other silicone fluids have lower initial fillup costs such as SF-96(50), 

but their heat transfer is lower due to increased viscosity. The net effect 

is similar to the Q2~1132 fluid. Other costs due to the use of particular 

heat transfer fluids are possible. The.effects of these additional costs are 

considered in the next section. 

overall cost·Effectiveness of·the Heat·Transf~r·Fluids 

As outlined in the above sections, certain fluids have properties other than 

heat transfer and initial cost worth considering before a heat transfer fluid 

is chosen to replace water. Water systems require draindown for both freeze 

and boiling protection to reduce the risk to the collector. If these draindown 

systems ~ere to fail, the additional cost of replacing part of the collector 

would be large.· corrosion also can be enhanced in aqueous solutions which 
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can increase costs in the long run due to reduced performance and the need 

to replace the damaged equipment. other fluids also require additional 

equipment which upon failure or lack of maintenance,· would reduce the 

performance and increase the risk of additional costs to the· users of such 

systems. Table B.1-2 lists the .fluids and additional possible equipment needed 

which could increase the total costs attributable to the heat transfer fluids. 

The silicone fluids are shown to have less expected additional costs in Table 

B.1-2 than th~ aqueous solutions. If the expected yearly additional costs of 

the heat transfer flu"ids can be estimated, then the overall cost~ef.fectiveness 

of the fluids can be determined. 

In comparison to potable water circulated directly from the storage tank to 

the collector, any other heat transfer fluid is as cost effective when· the cost 

to heat transfer ratio of each of the fluids for a particular system match, 

i.e.: 

Where: 

(Ct)water + Xw 

~ater 
= 

<ct,> fluid + xf 

Qfluid 
(B.1-9) 

(C ) ; total cost of system including initial water fillup 
t water . 

(Ct) fluid 

Qfluid 

x w 

($0) cost and water pumping costs 

total cost of system including initial fluid fillup 

cost and fluid pumping costs 

rate of heat transfer of potable water if wat"er is 

circulated directly from the storage to the collector 

(i.e. no heat exchanger or traced tank penalty) 

= rate of heat transfer of fluid 

additional cost of the potable water system to make the 

other heat transfer fluid as cost effective as water· 

($/year) could be due to inadequate freeze or corrosion 

pro.tection 

= additional cost of the fluid system to be expected ($/year) 

i.e. cost of inadequate freeze or corros.ion protection / 

maintenance, additional fluid or inhibitor required, 

expansion tank, etc. 
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Fluid 

Potable 
water 

water 
used as 

l!Tl' 

50% 
Ethylene 
Clycol 

50% 
Propylene 

Glycol 

Mobil therm 

Silicone 
fluids 

Oowthcrm J 

l:i\ll'l temp 

\' 

Table B.1-2 

Possible Requirements for HTF's Affecting Yearly HT and Cost 

Inhibitors 
(to reduce 
c.orrosion) 

Res~rve Drain Down For: 

Freeze Boiling 
Protection " Protection 

or 

Additional 

Fluid (due to 
decomposition) 

Required 

no 

yes 
if steel, 
AllllOiOUl"ii 

to be used 

yes 

yes 

no 

no 

no 

no 

yes yes 

yes yes 

no yes 

no yes 

no no 

no no 

no yes 

no no 

Expension 

Tank 

no 

no 

no 

no 

yes 

no 

yes 

no 

Inert Double 

Blanketing Wall 
to reduce Required 

decomposition (due to 
upon 

exposure 
to air 

no 

no 

yes 

yes 

yes 

yes 

yes 

yes 

toxicity) 

no 

yes if 
inhibitors 

used 

yes 

no* 

probably* 

no* 

ye~ 

no* 

Type of 

Maintainance 
Required 

cleaning, 
corrosion, 

freeze protection 
maintenance 

cleaning, 
inhibitor 
addition 

freeze protection 

inhibitor 
addition, 

cleaninq of 
tars, etc. 

inhibitor 
addition, 

-:! P.aning of 
tars, etc. 

cleaning, 

minimal 

cleaning of 
tars etc. 

minimal 

Comments 

Reduced HT if 
double wall 
required 

reduce-i HT if 
double wall used, 

or fluid 
decomposed 

reduced HT if 
fluid decomposed 

reduced HT if 
fluid decomposed 

reduced heat 
transfer if fluid 

decomposed 

Thei:minol 55 no no no no ]Jrobably• 

probably* 

c.i..eaning 

Therminol 60 no no no no yes cleaning 

,*Further ?tudy on code requirements should be made before final determination of whether double walls are 
required for a particular heat transfer fluid 
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The additional water system cost needed to make the heat transfer fluid as 

cost effective becomes: 

Qwater [(Ct) + Xf] (C ) '' -
xw = t water (B.1-10) 

Qfluid 

For each of the heat transfer fluids studied, all of the above quantities 

can be found easily except for xf. The ratio Q t /Qfl 'd can be the ratio .wa er u1 
of the total integrated amount of heat transferred for the entire year, but 

for this Section, it was simply the ratio shown in Table B-11-1.· · This is 

assuming that the ratio of the performance of the two competing systems 

would be constant throughout the year. Figure B.1-14 and B.1-15 were 

developed for the heat transfer fluids using equation (B.l-10) and the results 

of Table B.1-1 for varying possible additional heat transfer fluids costs 

(Xf). Figure B.1-14· is for the traced tank case, while Figure B.1-15 corresponds 

to the double loop heat exchanger system of 40 m
2 

For. a particular additional 

heat transfer fluid cost, the aqueous solutions are still the most cost effective 

fluids requiring the least additional yearly expense of the potable water system 

to be as cost effective. 

Since the silicone .fluids can be expected to have much less yearly additional 

costs than the glycols, it is possible that these fluids can be as cost 

effective as the'glycols. For example, if the silicone fluids can be expected 

to have additional costs.of $10/year for the traced tank case, then the silicone 

fluids are as cost effective as the 50% ethylene glycol solutions if their 

additional costs are $76/year. Although this would require a high annual 

maintenance or inhibitor and fluid addition costs, if the ethylene glycol 

solutions were to increase corrosion significantly due to inadequate inhibitor 

level or operating under high temperature stagnation conditions, it is very 

possible that the silicone fluids could be as cost effective as the glycols: 

Other low maintenance fluids such as Sun Temp could also be as cost effective 

as the glycols or water for small collector applications. For the traced tank case 

if the glycols annual expected costs were greater than approximately $45/year, 

then the Sun Temp flu1d could be as cost effective. 
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From Figure B.1-14 and B.1-15 it is apparent that the propylene glycol 

solutions are nearly as cost effective as the ethylene glycols. Since the 

propylene glycol fluids are much less toxic, there appears to be little 

incentive to use the toxic ethylene glycol solutions for most applications. 

Other fluids which require special precautions such as Dowtherrn J, due to 

its high toxicity. and.low flash point, would have higher expected annual 

costs. Thus it would-require h~gher glycol or water maintenance costs or 

inadequate freeze or corrosion protention costs to replace the aqueous 

solutions. 

Also included in Figures B.1-14 and B.1-15 are the annual replacement costs 

of the collectors. Thus if the silicone fluids require additional yearly 

costs in excess of $25/year, then the whole collector using potable water 

could be replaced and still be more cost effective than the silicone system. 
2 

For the large collector sizes, such as 40 m , the total collector replacement 

costs is much higher than the expected additional heat transfer fluid costs. 

Thus Figure B.1-14 and B.1-15 allow comparison of the cost effectiveness, 

of each of the heat transfer fluids and their possibility as replacements 

for the use.of water in solar energy installations, if the expected annual 

costs of these fluids can be determined. Although some fluids have major 

drawbacks, such as Dowtherrn J with its low flash point and high toxicity, no 

fluids should be ruled out if proper system design can reduce these effects. 

Further investigation of.the code requirements for the use of toxic and 

flammable fluids should. be conducted. 

At present, it .is not felt that any one fluid deserves special attention as 

a possible fluid candidate for solar energy applications. Many manufacturers 

are beginning to market products which are directly applicable to solar energy 

uses and these fluids should be considered. It is felt that in the next 

few years many fluids will be weeded out which are not cost effective or which 

present hazardous conditions under normal operating conditions, leaving those 

fluids which meet the solar energy industries' needs. 
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B-2 Determination of Heat Transfer Fluids Most Likely to Find Widespread Use 

Heat transfer fluids were studied in depth to determine possible fluids (other 

than water) for use in flat plate collectors. Because water corrodes many metals 

and expands upon freezing, other fluids have been investigated for use in:·collector 

systems. A brief discussion follows of several candidates along with a description 

of the characteristics of water as a heat transfer medium. After this introduction, 

a comparison of the fluids for the following fluid properties is listed; 

1. Thermophysical properties 

2. Flowrate 

3. Cost 

4. Toxicity 

5. Flammability 

6. Corrosion 

7. Vapor pressure 

8. Freeze protection 

9. overall heat transfer and cost characteristics 

Water 

Water is a readily available fluid with good heat transfer properties (i.e. , high 

specific heat and thermal conductivity and low viscosity). Its major drawbacks 

are a high freezing temperature, expansion upon freezing and its corrosive 

nature to common engineering materials (except copper). Also a low boiling point 

can cause large pressures within the collector system under zero flow conditions. 

Water has no adverse biological or environmental effects. 

Ethylene Glycol 

The heat transfer fluid most commonly in use, other than water, in flat plate 

collectors are water ethylene glycol solutions. The~e are common colorless, odor

less anti-freeze solutions used in many other applications. Ethylene glycol is 

relatively inexpensive and available from many manufacturers. A sample of the 

manufacturers marketing ethylene glycol is shown in Table B-2.1. With inhibitors, 

aqueous ethylene glycol solutions can reduce the corrosive nature and freezing 
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Table B.2.1 

~ Sample of Manufacturers Marketing Glycol Fluids 

Man~facturer, 

Dow Chemical-Corp. 

Union Carbide Corp. 

Jefferson Chemical Co. 

B .A. S. F. Wyandotte Corp. 

Specific Product 

Ethylene Glycols 

Dowtherm .SR-I 

Thermofluid 17 
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Propylene Glycols 

Dow frost 

UCAR Thermofl uid 35 



temperature of potable water. They are usually available in a wide range of 

concentrations and inhibitor levels. The thermal properties of these solutions 

(specific heat, thermal conductivity, and viscosity) are poorer than water. The 

boiling and flash point of aqueous ethylene glycol mixtures are low, and can be 

easily reached under zero flow conditions. Glycols can oxidize to organic acids 

(such as·glycolic acids) when exposed to air near boiling_ temperatures. The 

inhibitors used are designed to neutralize these extremely corrosive·acids. 

Periodic maintenance and addition of inhibitors must be done to use these fluids. 

Another major drawback to ·the use of ethylene glycol is its high toxicity.* 

Near potable water most plumbing codes require double walls to separate the two 

fluids. 

Propylene Glycol 

Propylene glycol has similar properties as· compared with ethylene glycol except 

for higher vis.cosi ty and being less toxic. With inhihi tors, propylene glycol 

can be used with most common engineering materials. Periodic maintenance and 

inhibitor addition must be performed to limit corrosion. Propylene glycol will 

also form acids at higher temperatures in oxygen-rich atmospheres. Because of 

its lower toxicity, propylene glycol has been widely used in the food industry. 

Most manufacturers who produce ethylene glycol also market propylene glycol 

as listed in Table B.2.1. .The higher viscosity of propylene glycol reduces the 

heat transfer properties of aqueous propylene glycol mixtures compared to ethylene 

glycol. 

Other Glycols 

Other glycol solutions have been used as heat transfer fluids in industry applica

tions. These include diethylene and triethylene glycol. With inhibitors, both 

of these flu.ids can be used with higher boiling points than ethylene· glycol. The 

thermal properties of these aqueous solutions are similar to that of ethy~ene gly

col at similar concentrations. The vapor pressure of each are slightly higher 

*The U.S. Federal Food, Drug and Cosmetic Acts of 1938, a big step in the formation 
of the U.S. Food and Drug Administration (FDA), was prompted mainly by a poisoning 
episode in 1937 involving at least 73 deaths and perhaps as many as.107 deaths due 
to diethylene glycol contained in a drug known as "Elixir Sulfanilamide." (Campbell, 
1938) Diethylene glycol is somewhat less toxic than ethylene glycol. 
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than that o_f ethylene glycol. The toxicity of these fluids are in between that 

of ethylene and propylene glycol. Cost of these glycols is slightly higher than 

that of ethylene and propylene glyco~~· 

Other glycol heat transfer compounds include polyalkylene glycols such as Ucon 

fluids (by Union Carbide) and Jeffox (by Jefferson Chemical Co.J. With inhibitors, 

the corrosion of common engineering materials is reduced. They are low in toxicity 

and are available in a wide range of viscosities. The price of these fluids ap

plicable to heat transfer purposes is higher than for the other glycol compounds. 

Petroleum (mineral) Oils 

A class of heat transfer fluids used in industry· applications is petroleum oils. 

They generally ·are fluids designed to operate at high temperatures with some able 

to offer lower temperature operation. As a group, they have poorer heat transfer 

than water with lower specific heat and thermal conductivity and higher viscosity. 

The flash point ~~d boiling points lie below possible zero flow temperatures of a 

collector. Upon exposure to air at high temperatures, these fluids are subject to 

oxidation and cracking, forming tars and other by-products which would reduce col

lector performance and increase corrosion. The toxicity of these fluids is generally 

low and their prices are .relatively low. Mobiltherm Light (by Mobil Oil Corpora

tion) was chosen in this study as a good representative of this class of fluid for 

low temperature applications. 

Silicone Fluids 

Some flat plate collector installations have used silicone fluids as the heat trans

fer fluid. Among others they are produced by Dow Corning and General Electric. 

These fluids have low freezing and pour points, low vapor pressure, low general cor

rosion, long term stability, and low toxicity. Their major drawbacks are high vis

cos.ity causing poor heat transfer and requiring higher flowrates, and high cost. 

Also, leakage through fittings can cre~te problems because silicone fluids have 

lower surface tension than aqueous solutions. Joints and fittings must be adequate 

to insure minimal leakage. 
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Other Fluids 

Another possible fluid to be used in flat plate collectors i.s Dowtherm J manu.

factured by Dow Chemical Corporation. It is an alkylated aromat~c compound with 

low vis.cosity, specific heat, and thermal conductivity. It is relatively inexpen

sive but has low flash and fire point. Oxidation at high temperatures upon ex-
. . 

posure to air can lead to formation of insoluble· materials and increased fluid 

viscosity. Also upon overheating, the flash point can be lowered and vapor pres

sure increased. Upon contamination by other fluids Csuch as waterl corrosion can 

be enhanced (in the case of water, steel). The toxicity of Dowtherm J is high. 

Like aqueous ethylene glycol solutions double walls would most likely have to 

separate the potable water from the Dowtherm J. 

Other possible fluids are manufactured by Monsanto Corporation. They include 

Therminol 44 (ester based), Therminol SS (_alkylated benzene)., and Therminol 60 

(hydr<>genated aromatic). They have low specific heat .and thermal conductivity 

and high viscosity with low freezing temperatures. The flash points of these 

fluids is at the upper range of possible zero flow temperatures. The costs of 

Therminol 44 and 60 are relatively high while Therminol SS i.s much less 

costly. 

Sun Temp fluid (a saturated hydrocarbon) marketed by Research Technology Corp

oration ~s another possible heat transfer fluid available to flat plate collector 

users. It has low specific heat and thermal conductivity and high viscosity. It 

has a low freezing temperature and a high boiling temperature. It·is of low toxicity 

and low corrosivity with aluminum. It is relatively inexpensive with low vapor· 

pressure. Because of its high viscosity, larger flow rates are required to produce 

turbulent flow and to increase the. ·heat transfer. 

Recently, inorganic aqueous salt solutions have been proposed as possible heat 

transfer fluids. According to Kauffman (1977) 23% so~ium ~cetate and 38% 

sodium nitrate aqueous solutions with suitable additives are. possible heat transfer 

fluids. The cost of these solutions is comparable to ethylene glycol, with low 

toxicity, and heat transfer properties similar to the glycols. Pumping costs 

would be low but like other aqueous solutions they are subject to boiling at lower 

temperatures with large vapor pressures. These fluids are still being investigated 

for solar energy applications. 
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In the above qualitative discussion of the heat transfer fluids, general character

istics of each fluid studied have been discussed. In the following sections, a 

more quantitative description of each fluid is presented. In order to choose a 

heat transfer fluid, the following characteristics of each fluid must be considered: 

(1) Thermophysical properties 

(2.) Fluid flow properties 

(3) Corrosion 

(4) Toxicity 

(5) Flanunability 

(6). Cost 

(7) Vapor pressure 

(8) Freeze protection 

(9) Overall heat transfer and cost characteristics 

(10) Maintenance requirements 

In the following subsections, the fluids are compared to offer a quantitative des

cription of probable performance in do.uble · loop heat exchanger collector systems. 

In some subsections, representative fluids were chosen for the comparison. For 

ethylene glycol.also a 50% aqueous solution with inhibitors· was used. Because 

most of the glycol properties are not drastically different from manufacturer to 

manufacturer, it .was not felt necessary to compare each available ethylene or pro

pylene glycol product in some subsections. A 50% solution for both ethylene and 

propylene glycols was chosen since this allows adequate freeze protection for most 

cases. For some applications, lower concentrations might be plausible, so these 

results will .be slightly conservati~e for heat transfer and flowrate properties. 

Also, since the properties of diethylene and triethylene glycol are close to 

those of ethylene glycol, it was not felt necessary in some of the sections to 

compare ~hese fluids. 

Thermophysical properties 

The thermophysical properties of the fluids were found from the manufacturers' 

specifications over the operating· temperature range of flat plate collectors. 

For heat transfer, water is the best fluid. It has a high specific heat and 

thermal conductivlty, and low viscosity. Water and the other heat transfer fluids 

are compared in.Figures B.2.1 through B.2.4 for the following thermo-physical 

properties: 
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(1) Viscosity 

(2) Specific heat 

(3) Thermal conductivity 

(4) Density 

Generally, aqueous solutions (such as ethylene and propylene glycol) have therrno

physiqal properties better than the rest of the heat transfer fluids with the ex

ception of Dowtherrn J. Dowtherrn J has a lower viscosity than glycol solutions but 

also lower specific heat and thermal conductivity. Qther simple comparisons of the 

heat transfer fluids can be made from figures B.2.1 through B.2.4. 

In section B.l, heat transfer coefficients for the flui~s are presented which will 
.... 

also show the applications of.the thermophysical properties of each fluid under 

operating condit"ions. In the overall heat transfer and cost section, the penalty 

imposed on heat transfer by each fluid will be discussed. 

Flowrate 

One of. the important parameters to be considered in selecting a heat transfer fluid 

is the operating pressure drop due to friction within the fluid channel. The pres

sure drop of the fluids was investigated for various flowrates and fluid channel 

sizes. From McAdams (1954) the pressure drop per tube length within tubes is: 

AP 
L 

f ,.2 G . (psi/ft) (B. 2.1) 

This is neglecting entrance and exit effects. This equation is applicable for 

collector, heat exchanger and traced tank tubes where: 

f friction factor 

f= 16/Re 
.• 32 

f= .0014 + .125/Re 

Re - Reynolds No. 

Re = G~' D .. h4( 
1 

Laminar flow Re< 2500 

Re> 2500 (.for smooth-walled tubes) 

A- f~~idviscosity [lb/(fthr)] 

G" - mass flowrate through tube [lb/(ft
2 

hr) 

D. - Inner tube diameter 
1 

g - acceleration due to gravity 

g = 4.18* 10
8 

ft/hr
2 

[ft] 
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Viscosity of the Heat Transfer Fluids Versus Temperature (°F) 
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fJ - density of fluid [lb/ft 
3

] 

Equation (B.2.1) can be reduced to the Darcy equation in the form: 

~~ = 
L 

Where: 

• 0216 f 
2 

Q 

Q - flowrate [gal/min] 

d - Tube inner diameter [in] 

(B.2.2) 

From Equation (B.2.2) it is easily seen that.the tube size greatly affects the 

pressure drop within the tube. For some fluids, because of their higher pressure 

drops, larger tube sizes than needed for water must be used. 

The pre_ssure drop was determined for the representative fluids versus inner tube 

diameter and flowrate from Equation (B.2.1) and are shown in figures B.2.5 through 

B. 2 .13. In these figures the transition region (2500<Re<7100) was not included. 

Temperature correction factors'for the laminar and turbulent regimes are included. 

From these figures, it is apparent that viscous fluids (such as silicone fluids or 

Sun Temp) have much higher pressure drops for the same operating conditions as 

compared with water. Also because of their increased viscosity, these fluids 

operate in the laminar regime over much larger ranges of flowrate than aqueous 

fluids. 

The shell side pressure drop can be found from the following equation from Process 

Heat Transfer, D.Q. Kern (1950). 

Ap= 
f G

2 
D (Nbaf + 1) 

max s 
(psi) (B.2.3) 

· 2 g ~ D
0 

144. 

G - Maximum flowrate through shell side [lb/(ft
2
hr)] See appendix B.l 

max 
Ds - Shell diameter [ft] 

Nbaf - Number of baffles within heat exchanger 

D - Outer tube diameter [ft] 
0 

f - friction factor 

f = .0014 +0.125/Re0 · 32 

·Re' - Shell side Reynolds Number 

Re' = G D max o/AC, 
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Figure B.2.6 
Pressure Drop Versus Flowrate Within Tubes for 50% Ethylene Glycol 
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. Figure B.2.10 
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No figures were developed for the shell side pressure drop within a heat exchanger 

but the following example will suffice to show the use of this equation. 

If Dowtherm J was circulated with a total shell flowrate of 50 gal/min through 

the shell side of the heat exchanger, with.: the mean operating temperature equal 

to 150°F then: 

p.. = 1.16 lb 

Fthr 

52 lb 

Ft
3 

50 gal 

min 

The heat exchanger had a baffle spacingcof 1 foot, 3/8" nominal O.D. tubing, 

tube length of 5ft and nominal shell diameter of 5". The tubes were spaced 

equilaterally with 10 tube rows. Then: 

A = .0104 Ft
2 

G 1.8226 x 105. lb f .0089 
min ·max 2 

Ft hr 

Then the total pressure drop· becomes Ap= .0024 psi 

This is a quite minimal pressure drop and is less than that exhibited within the 

collector. 

Cost 

In some applications, more expensive fluids can be more competitive with.their 

less costly competitors. In order to determine the relative cost of a heat trans

fer fluid, the volume of fluid required for a particular application must be 

known. For a flat plate collector, the vol~e of fluid required for tubes bonded 

t.n t.hP. r.ollP.r.tor surface with fixed spacing (.W} can 

2 
Volume of fluid 5.8748 D. Ac 

1 

w 

A - Collecto:r. area .[ft2] 
c 

D. - Actual inner tube diameter [ft] 
1 

W - 'T'11bP. spacing [ft] 

[Gallons] 

caoily be ohown to be: 

(B.2.4) 

For any other tubing (including that for the traced tank and the heat exchanger) 

the volume of fluid required is: 
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Volume of fluid 
2 

= 5.8748 Di L 

L - length of tubing [ft] 

(B~2.S) 

It has been assumed in this study that for small systems the voltime of fluid 

within the heat exchanger on the shell side is 1 gallon. As an example, Figure 

B.2.14 shows the volume of fluid required versus collector size with an inner 

tube diameter of .S69 inches, and a tube spacing of .33 ft. This system uses 

a heat exchanger with SO ft. of 2 inch pipe connecting the collector to the 
2 

storage system. For a collector of SOO ft , Figure B.2.14 shows the amount of 

fluid required is approximately 30 gallons. 

For some applications (such as domestic hot water heating) the amount of heat 

transfer fluid required will be small since the collector area needed is small. 

Using a traced tank system (see Section 2.2) more costly fluids can be used if 

their other properties are desirable. 

The following Table (Table B.2.2) shows the current costs of many of the fluids 

in single SS gallon drum quantities. Note for the glycol solutions the final 

costs wiil generally be lower since a 100% solution of the glycols is not neces

sary. Thus Mobiltherm·light .and the glycols are the least expensive heat transfer 

fluid for initial installation with the silicone fluids the most expensive. 

There are other fluid costs besides those of the initial fillup. If periodic 

maintenance and inhibitor addition is needed, this can add to the total cost of 

the fluid over a specific time period. Also, if corrosion and freeze protection 

is inadequate leading to collector failure, this additional cost must be consid

ered. Also, more viscous fluids will require higher flowrates and increased pump

ing costs. Thus the total fluid investment over a given time period is equal to 

the sum of the initial fluid cost plus any additional costs of added fluid or in

hibitor, increased pumping costs, maintenance, cost of replaced parts needed be

cause of inadequate freezing or corrosion protection, or cost of reserve draindown 

or expansion tanks needed by some fluids. 

These added costs will be further developed in the Overall Heat Transfer and Cost 

Section where the effects of those factors will be considered on the optimum per

formance of the double loop system. 
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TABLE B.2.2 

INITIAL FILLUP COST.· OF . HEAT TRANSFER FLUIDS 

FLUID COST 

GALLON 

(Single 55 gallon drum quantities) 

Water 

100% Ethylene Glycol 

100% Propylene Glycol 

.100% . Di.ethylene .Glycol 

100% Triethylene Glycol 

100% UCAR Thermofluid 

(Ethylene glycol & inhibitors) 

100% UCAR Foodfreeze 

(Propylene Glycol & inhibitors)· 

100% Dowtherm SR-1 

(Ethylene Glycol & inhibitors) 

100% Dow· frost 

(Propylene Glycol & inhibitors) 

Mobiltherm Li9ht 

SF-96(50) 

(Silicone) 

Q2-1132 

(Silicone) 

Dowtherm J 

Therrninol 44 

Sun temp 

55 

60 

2.56 

2.45 

2. 82. 

3.70 

3.81 

3.63 

3.65 

3.45 

1.29 

14.00 

23.00 

4.5 

7.65 

2.80 

6.80 

3.50 
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MANUFACTURER 

Union ~arbide 

Union Carbide 

.Union Carbide 

Union Carbide 

Union Carbide 

Union Carbide 

Dow Chemical 

Dow Chemical 

Mobil Oil 

General Electric 

Dow Corning 

Dow Chemical 

Monsanto 

Monsanto 

Monsanto 

~esource Technology 

Corporation 



Toxicity 

The toxicity of a heat transfer fluid can greatly affect the design and operation 

of a double loop flat plate collector system. Most plumbing codes require double 

walls or vented surfaces to separate a toxic fluid from potable water supplies. 

Also the possibility of poisonous fumes· escaping from the heat transfer fluid 

must be considered. These p.roblems r.equire different heat exchangers which will 

transfer heat less optimally than ones which operate without a toxic fluid. The 

following discussion describes the toxici'ty of the heat transfer fluids studied. 

The inforina~ion was obtained from the manufacturers. 

In a discussion of toxicity the followirig definitions are useful ·(from United States 

Codes Annotated, 1974) : 

Hazardous substance - Any substance or mixture of substances which: 

(1) is toxic 

(2) is corrosive (will cause destruction of living tissue by chemical action) 

(3) is an irritant 

(4) is strong sensitizer· 

(5) is flanunable or combustible 

(6) generates pressure through decomposition, heat, or other means 

Toxic - Any substance which has the capacity to produce personal injury or illness 

to man through, ingestion, inhalation, or absorption through any body surface. 

Highly Toxic - any substance which produces death within 14 days in half or more 

than half of a group of ten or more laboratory white rats each weighing between 200 

and 300 grams at a single dose of 50 milligrams or less per kilogram of body weight 

when orally administered, or when inhaled continuously for a period of 1 hour 

or less at an atmospheric concentration of 200 parts per million by volume or 

less of gas or vapor, or 2 milligram per liter by volume or less of dust or 

mist. 

Lo
50 

- Quantity of ~hemical substance which kills 50% of dosed animals within 

14 days. Dosage is expressed in grams or milliliters per Kilogram of body weight. 
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Single dose (acute) oral LD50 - Quantity of substance which kills 50% of dosed 

animals within 14 days when administered orally in a single dose. 

Because the primary hazard of the heat transfer fluids is the possibility of 

accidental ingestion of the heat transfer fluid due to leakage into a potable 

water supply, acute oral toxicity is the·prilriary concern in this section. Table 

·a·~~-·~j. lists the LD50 values for selected fluids for acute oral toxicity. From 

this table it is apparent that no substance is highly toxic according to the 

above definition, but several are still quite toxic •. From Table B.2~3 it can be 

seen that Dowtherm J is the most toxic fluid listed with the ethyiene glycol 

mixtures second. The least toxic fluids are silicone fluids, Sun-Temp and pro

pylene glycol. Propylene· glycol is routinely used in the food ipdust.ry. 

In deciding whether a toxic fluid should be used the other fluid properties and 

cost should be considered. 

Flammability 

The possibility of the heat transfer f°l'uid being a· fire hazard was considered. 

In a discussion of the flammability of a heat transfer fluid the following defini

tions are useful: 

Boiling point - the temperature at which the vapor pressure of a liquid equals the 

absolute external pressure at the liquid vapor interface. 

Flash point - the lowest temperature at which a combustible vapor above a liquid 

ignites and burns when ignited momentarily in air. 

Fire point - lowest temperature at which combustible vapors flash and burn con

tinuously. 

Self-i~nition point - temperature at which self-sustained ignition and combustion 

in ordinary air takes place independent of a heating source. 
0 

Extremely flammable - any substance which has a flash point at or below 20 F as 

determined hy the TOCT (Togliabue Open Cup Tester) 

Flammable - any substance which has a flash point between 20°F and 80°F as deter

mined by the TOCT 
0 0 

combustible - any substance which. has a flash point between 80 F and 150 F as 

'determined by the TOCT. 
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TABLE B.2.3 

Acute Oral Toxicities of Heat Transfer Fluids 

.. 
FLUID 

Water 

100% Ethylene Glycol 

(No inhibitors) 

100% Propylene Glycol 

(No inhibitors) 

100% Diethylene Glycol 

(No inhibitors) 

100% Triethylene Glycol 

(No inhibitors) 

100% Dowtherm SR-1 

Mobi.ltherm Light 

SF-96(50) (Silicone) 

Q2-1132 (Silicone) 

Dowtherm J. 

Therminol 44 

Therminol 55 

Therminol 60 

Sun temp 

-B.61-

Lo50 Cg/kgL 

8 

34.6 

30. 

30. 

4 

20. 

50 

50 

1.1 

13.5 

15.8 

13.0 

g/kg 

g/kg 

No test information available 



Table B.2.4 lists the fluids studied and their boiling or flash points which 

ever were supplied by the manufacturer. From Table B.2.4 it is apparent that 

none of the fluids are extremely flammable or flammable. Only·oowtherin J is 

combustible with a flash point of 14S°F.. With the exception of the silicone 

fluids,. Sun.Tern~ and Therminol 44, most fluids have flash points below possible 

stagnation temperatures. 

The HUD minimum property standards for FHA eligibility according t6 Kauffman 

(1977) precludes the use of fluids whose flash points are not at least loo°F 

higher than the highest temperature to which they· might be exposed.; Thus the use 

of fluids with low flash points is limited unless adequate safeguards limit· the 

exposure of these heat transfer fluids to high temperatures and exposure to the 

atmosphere. 

corrosion 

Butt and Popplewell (1970) state that general corrosion is usually slow in 

most ·systems, bµt that localized corrosion is the prime cause for corrosion prob

lems in flat plate collector systems. According to Popplewell (1975) there 

are four basic types of localized internal corrosion that can be affected by the 

heat transfer fluid. These are: 

(1) Galvanic 

(2) Pitting 

(3) Crevice 

(4) Erosion - corrosion 

Galvanic corrosion occurs when two dissimil.ar metals are joined together in an· 

electrolyte (a fluid which conducts electricity such as aqueous solutions). Depend

ing on the type of metals in contact, corrosion can occur quite rapidly at the in

terface. To avoid this problem, insulating couplings should separate any dissimi

lar metals in an electrolytic solution according to Popplewell (1975). 

Pitting corrosion is characterized by rapid localized metal loss which leads to 

perforation of metals in uninhibited aqueous solutions. For aluminum, the presence 

of chloride ions in the heat transfer fluid will aggravate this type of corrosion. 

Also, metal ions (copper and iron) will cause pitting to begin on aluminum surfaces 
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TABLE. B.2.4 

FLAMMABILITY OF HEAT TRANSFER FLUIDS 

FLUID 

Water 

100% Ethylene Glycol 

50% 

100% Propylene Glycol 

100% Diethylene Glycol 

100% Triethylene Glycol 

100% Downtherm SR-1 

50% Dowtherm SR-1 

100% Dowfrost 

Mobiltherm Light 

SF-96(50) 

Q2-1132 

Dowtherm J 

Therminol 44 

Sun temp 

55 

60 

BOILING POINT 

212 

388 

225 

370 

475 

550 

325 

230 

250 

425 

600 

650 

500 
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FLASl:I POINT (OF) .. 

(Cle.veland Open Cup) 

240 

225 

290 

330 

240 

214 

600 

450 

145 

405 

355 

310 



according to Popplewell. Steel is also susceptible to pitting corrosion in 

aqueous heat transfer fluids with chloride ions. 

Crevice corrosion, according to Popplewell, is similar to pitting corrosion in 

that rg.pid metal loss occurs in localized.areas (inside crevices). Crevices 

can occur in blockages within internal channels or gaskets through which the 

heat transfer fluid passes. Aluminum and carbon steel are more susceptible to 

this fonp. of corrosion in aqueous environments. This problem can be reduced by 

eliminating possible crevices by proper design. 

Erosion corrosion is caused by the joint action of corrosion coupled with mech

anical removal of the protective product film. It occurs under high velocity or 

turbulent liquid flow conditions. Partial oBstructions within the fluid channel· 

can cause localized high velocities and enhanced corrosion. Aluminum, copper, 

and steel are all subject to this form of corrosion. According to Popplewell 

a maximum velocity of 2 ft/sec. is considered relatively safe i.f the system is 

relatively free of abrasions. 

General Wastage 

Most of the fluid manufacturers show that the general wastage of common en~ineering 

materials by their fluids is small. Table B.2.s· shows a couple of examples of 

general wastage of metallic surfaces by different fluids. Thus, little is known 

at present of the possibilities of localized corrosion by the non-aqueous solutions 

Vapor Pressure 

Under zero flow conditions within the collectors, temperatures i.n excess of 300°F 

are possible. For aqueous solutions the vapor pressure under stagnation conditions 

can reach several atmospheres. Some collectors would not be able to withstand 

these pressures. Figure B~2.15 shows the absolute vapor pressure versus temperatur 

for several of the fluids. Other than the aqueous solutions and Dowtherm J, the 

vapor pressures of the fluids are quite low even under zero flow conditions. 

Freeze Protection 

. 0 
One of the major drawbacks of water is its high freezing temperature (.32 F). In 
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TABLE B. 2. 5 

GENERAL CORROSION OF VARIOUS METALS BY HEAT TRANSFER FLµIDS 

Silicone (Q2-1132) 50% Propylene Glycol 
Metal mg/cm 

2 
mg/cm 

2 
perday 

Aluminum .01 Bright .25 
Cast Iron .01 Bright 

Steel • 01 Bright .002 

Copper • 02 Medium Stain .124 

.. · .. • - .~ •••• •4 

Si.li.cone humidified fluid corrosion test results obtained as per SAE. xj 1705 

(from.Dow Corning Form No. 22-380A-76). 
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the continental United States tnere are few locations which have had no recorded 

below freezing temperatures. Figure B.2.16 Ruffner and Bair (1977) shows the 

record minimum t~mperatures for selected stations in the continental United States. 

This figure should be used as a guide only, since there are large local variations 

in minimum· temperatures due to terrain. From Figure B.2.16, it can be seen that 

there are no stations located at 'these major cities which did not have a record 

of freezing temperatures.· 

Anti-freeze solutions have been commonly added to water to lower the freezing 

temperature of water. In some cases these solutions can retard the expansivity 

of the water and create a slush which wiil not rupture the fluid vessel. Most 

non-aqueous fluids do not expand upon freezing and thus reduce the risk of damaged 

piping. 

Because some fluids become so viscous that the freezing temperature is not easily 

measured, the pour point temperature of the fluid is used ·as the ···lower operating 

limit 9f the fluid. The pour point temperature is the temperature of the fluid at 

which the fluid fails to flow when the container is tilted· to horizontal and held 

for 5 seconds. 

Figure B.2.17 shows the freezing and pour point temperatures (whichever was 

reported by the manufacturer) for the heat transfer fluids. For the glycol solu

tions the freezing temperature is shown as a· function of concentration~ 

In determining the possibility of damage to a collector system by the heat trans

fer fluid at.low temperatures,. it was assumed for consistency.that the fluids 

caused no damage at temperatures above the pour point or freezing temperatures. 

Figures B.2.16 and B.2.17 also allow a cursory determination of whether a par~ 

ticular heat transfer fluid can be used and whether it will allow adequate freeze 

protectlon. For example, a 30% ethylene glycol aqueous solution 

should allow adequate freeze protection for most low elevation locations in 

California and southern Florida. A.30% ethylene glycol solution would clearly 

not s_uffice in the upper plains states in the winter. 

The additional cost of backup freeze protection is considered in the next section. 
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B-3. Determination of Typical Collector and Heat Exchanger Characteristics 

Both the collector and heat exchanger characteristics can affect the performance 

and cost effectiveness of a particular system. In the following two subsections, 

design and: cost information is _presented for typical collectors and heat ex-:· 

changers. 

Typical Collector Characteristics 

The efficiency .and cost characteristics of collectors have a major effect upon 

system performance and total cost. As .shown: in· Section 2.1.4 and: Section 2·~·2, 

the cost of the collector and the FRU product ,(rate of change of collection· - c 
with increasing temperature) can affect the·optimum heat exchanger size for a 

double loop system or also affect the optimum tube iength of a single loop traced 

tank system. Typical collectors were compared for efficiency and cost in this 

study. 

Table B-3-1 compares the type of collectors, their basic design materials and their 

cost for various manufacturers' products. Most of the collectors were flat plate 

collectors with the exception of the polyethylene pipe coil and a re~resentative 

concentrating collector. Differing materials of construction were used in these 

typical collectors, with some all copper units while others used aluminum or steel. 

Most of these collectors were designed for use with a liquid heat transfer fluid 

with the exception of the Solaron Corporation unit which uses air as the heat 

transfer medium. Most of the units were compared for single. glazed collectors, 

if .available. Many manufacturers market collectors with other types or number 

of glazings. Costs vary widely depending on the materials of construction. In 

most sections of this report, the costs of the collector are allowed to vary to 

reflect the wide difference in prices available at present •. 

Figure B-3-1 shows the instantaneous collector efficiency (%) versus the collector

arnbient temperature difference per unit incident radiation for the typical col

lectors as specified by the manufacturers. Figure B-3-1 shows that most of the 

collectors have similar performance within roughly 40%, with major exceptions for 

the low efficiency polyethylene coil (Solar Energy, Inc.), the concentrating col

lector (Northrup, Inc.) and the Daystar flat plate collector. 
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The FRUc products for each of the collectors can be determined from Figure 

B-3-1. The _FRUc product is the slope of the performance curve. For example, 

the FRU product for the Garden Way Lab collector is approximately 5 watts 
-2 o -! -1 -2 o -1 

m C (0.95 Btu hr F F ). For those collectors with non-linear 
. t 

dependencies-on the temperature difference, the FRUc product should be 

detennined locally i.e. near the temperature of operation. 

For the purposes of comparison of other system parameters, in this study a 

copper absorber plate with copper tubes bonded to the collector with a tube 

spacing of approximately 0.2 meters was used. De Winter (1974, 1978)'" 

determined other needed design parameters for this type of collector. These 

other design parameters are shoWn in the computer programs in Appendices 

D and E.· 
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Number. 

1. 

2. 

3. 

4. 

s. 

6. 

7. 

8 •. 

. 9. 

10. 

11. 

Table B-3-1 
TYPICAL COLLECTORS AVAILABLE AT PRESENT 

Manufacturer 

Kennecott 

Solar Energy 

·p::r;oducts, Tnc. 

Product· .. 

Terra-Light 

Cu30 

Solar Energy, Inc. Sunburst Solar Coil 

Solar Energy, Inc. Sunburst Solar Col

lector 

Sunworks 

Chamberlain 

Garden Way Lab. 

Daystar corp. 

·PPG 

Solaron Corp. 

No;\'.'thrup, Inc • 

~ ..... - . 

Solector 

Solar Collector 

Panels 

SunEarth Collector 

Model 3290 

Daystar 20 

Baselin~. sb1ar 

Collector· 
- a' 

Series 2000· 

Solar Collector 

~B.72-

Type Price 

2.75 Copper Flat Plate 

Collector with 

Single glass cover 

Flat Plate Collec-

(Absorber 

Plate only) 

tor, Aluminum plate, 

Copper Tubing single 

glass cover 

Polyethylene Pipe 

Aluminum Flat Plate 

Collector single Ted

lar coated Fiberglass 

Cover I 
Copper Flat Plate Col- 12.00 

lector (single glazed) 

Steel Flat Plate Col-

lector. (one cover, black 

paint) 

.. steel Plate,· Copper Tube 

Flat Plate Collector with 

single glaz;ing 

Flat Plate Collector 

Single Glazing 

Aluminum Flat Plate 

Collector Single Glazed 

Cover 

Air Circulating Steel 

Flat Plat~Collector 

Double Glazed Cover 

Concentrating Solar 

Collector with copper 

absorber 

9.00 

7.20 
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Figure B.3.1 

Comparison_ of the Performance of Typical Collectors 

The numbers correspond to those listed in Table · 
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Typical Heat Exchanger Characteristics 

over fifty possible heat exchanger manufacturers were contacted to develop 

viable design procedures for heat exchanger selection applicable to those heat 

exchangers presently available. Table B-3-2 lists several heat exchanger manu

facturers interested in the use of their products for solar energy applications. 

Table B-3-3 lists typical chara~teristics of shell and tube counterflow single 

pass.heat exchangers available from several manufacturers. The choice of a heat 

exchanger can affect the following: 

(1) Corrosion 

(2) Heat Transfer 

(3) Cost 

In selecting a heat exchanger, corrosion enhanced by particular heat transfer 

fluids must be considered. In Table B-3-3, heat exchangers were chosen which 

would be applicable for the use of potable water to circulate through the tubes 

(i.e. copper or stainless steel tubing}. Such exchangers should reduce the pos

sibility of corrosion within the tubes. On the shell side, because several 

different heat transfer fluids are viable choices, various materials of con

struction were allowed. 

The effect of heat exchanger size on heat transfer was discµssed in Section 2.1.4 

As mentioned in that section, the ntnnber of tubes and lengths available for a 

particular tube size are important in determining the overall performance of 

the system. If too many tubes are u~ed, the.heat transfer within the tubes is 

reduced due to lower operating flowrates. If too few tubes are used, the tube 

lengths required to meet the optimum heat exchanger area can become too long. 

From Table B-3-3 it can be seen that the minimum ntnnber of tubes is approximately 

30. Also for the larger shell diameters, the ntnnber of tubes is similar for the 

different manufacturers. Tube lengths are generally available from 12 feet for 

the small shell diameters, to 20 feet for the larger shell diameters. 

The cost of many of the heat exchangers is also given in Table B-3-3. Note that 

the cost of the heat exchangers per unit area depends on both tube length and 

shell diameter. Thus the longer, larger shell diameter exchangers are less costly 

on a per unit area basis than the smaller units. Note also that the price listed 

is for single list price off the shelf heat exchangers. It is possible that cus

tom heat exchangers for solar energy applications could become available in sizes 
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' 
and costs other than ·listed in the above table. 

Because of.the availability of heat exchangers in a wide range of sizes and cost, 

the design procedures for s_electing heat exchangers were kept general so that 

they·would equally ·apply to most heat exchangers being marketed at present. See 

Section 2.1.4 for further discussion of the design procedures for heat exchanger 

selection. 
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Table B.3.2 

HEAT EXCHANGER SUPPLIERS INTERESTED IN DEVELOPING DESIGNS 

FOR SOLAR ENERGY APPLICATIONS 
... 

u Q) 0 ·zO O> ".Ex ~3 
c: 

Q) ·- "' ..... E ..... Ee :::> 0 
·oo 0 Q) 

" Q) 
ClIX IIX ...=:i: 

(I) Agric Machin~ry Corp. 
Madison, New Jersey 07940 

No Yes Yes 

(2) Atlas Industrial Mfg. Co. 
Clifton, New Jersey 07012 

No Yes Yes 

(3) American Heat Reclaiming Corp. 
New York, N. Y. 10020 

No No Yes 

~, I . .. ~-. . . . . 
(4) Chroma lox 

South El Monte, Calif. 91733 
No No Yes 

(5) Ecodyne, MRM Division 
Massillon, Ohio 44646 

Yes No No 

(6) Harris Thermal Transfer Products 
Tualatin, Oregon 97062 

No No Yes 

(7) R.W. Holland Co. Yes Yes Yes 
Houston, Texas 77041 

. (8) Richard S. Dawson Co • Yes Yes .Yes 
Los Angeles, CA 90026 
(Bell and Gossett) · 

·(9) Pack less Industries, Inc. Yes Yes Yes 
Mount .Wolf, Penn. 17347 

(10) Patters6n Kelley Compan{'f No No Yes 
East Strouds~urg, Penn. 8301 

(II) PEMCO, Inc. 
Elizabe.th, New Jersey 07201 

No· No Yes 

(12) Tranter Inc. Yes Yes Yes 
Lansing, Mkhigan 

(13) . WSF 1.ndustries Inc. 
Tonawanda, N .Y. 14150 

No No Yes 

(14) House of ~draulics Yes Yes Yes 
(Ametek itlock) 
Cerritos, CA 90701 

(15) C.H. Bull Company No Yes Yes 
So. San Francisco, CA 94080 

(16) Young Radiator Company Yes Yes Yes 
Racine, Wisconsin 53404 

(17) Airesearch Mfg. Company 
Torrance, Ca.lifornia 90509 

No Yes Yes 
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Company 

Bell & 

Gossett 

Fluid 

ldent, 
No. 

STH-310-1 

STH-320-1 

Handling STH-515-1 

Division 

Harris 
Thermal 
Transfer 

STH-530-1 

STH-620-1 

STH-650-1 

8F9 

24Fl8 

03008 

American 03024 

Standard 05014 

Pemco 

05036 

06024 

. 06060 

08024 

08072 

LL6-96 

LL6-240 

LL8-96 

LL8-240 

Young F301 

Radiator 
F303 

F502 

F504 

F602 

F608 

F802 

F810 

Ametek 2- W-8 

Whitlock 
2-W-48 

3-Y-8 

3-Y-48 

5-Y-14 

5-Y-48 

8-Y-24 

8-Y-72 

Table B~3.3 

TYPICAL HEAT EXCHANGER DESIGNS AVAILABLE AT PRESENT 

Materials Used 
Shell Tubes Heads Baffles O.D. O.D. Shell Tube Length No. Tofal Cost 

Shell Tubes Thickness Thickness of of Ar'.'13 {List P~ice) 
in. · in. in. Tubes Tubes Ft . $/Ft 

Copper Copper Cast Brass 3 
· .Iron 

II II II II II 

II II II II 5 
II II II II II 

II II II II 6 
II II II II II 

Carbon Copper Carbon Carbon 8 
Steel . . Steel Steel 

24 

Brass 
II 

II 

II 

II 

II 

II 

II 

Copper Cast Iron 
II II 

II II 

II II 

II II 

II II 

II II 

II II 

Brass 
II 

II 

II 

II 

II 

II 

II 

3 

3 

5 
II 

6 
II 

8 

8 

1/4 

1/4 

3/8 
II 

II 

II 

3/4 
II 

1/4 
II 

3/8 
II 

II 

II 

3/8 
II 

Steel StolnlessCgrbop C,grbQl'l 6 3/8 5/8 
:iteel :>tee :iteel 

II II II II II II 

II II II II 8 II 

. II II II II II II 

Brass 90-10 Cast Brass 311 3/8 
Cu Ni Iron 

II ;, 11· II II 3/8 
II II II II 5 II 

II II ·11 II II II 

II II II II 6 II 

II II II II II 

II II II II 8 II 

II II II II II II 

Brass lnhib. Cast Brass. 2 1/4 
Admiralty Iron 

II II . II II II II 

II II II II 3 3/8 
II II II II II II 

II II II II 5 II 

II II II II II II 

II II II II 8 II 

II II II II II II 
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1/16 .02 

II II 

II 

II II 

II ii 

II II 

1/16 II 

II II 

.02 
. II II 

II .03 
II II 

II II 

II II 

II II 

II II 

1/4 .03 
II II 

II II 

II II 

.02 

II II 

II II 

II II 

II. II 

II II 

II II 

1/16 .. 02· 

II II 

II II 

;, II 

II II 

II II 

II II 

II II 

in. 

12 60 4.2 48.6 

24 50 

18 80 

36 80 

24 140 

60 140 

7.6 ·26.8 

13. 23.3 

24 16.6 

28.2 16.0 

66 9.8 

108 51 89. 

216 479 1672 

8 
24 

14 

56 
56 

80 

2.4 .32.8 

7.4 i8.2 

9 .I 23.6 

.. 36 80 24 

24 115 23 

60 115 56 

24 210 41 

. 72. 210 124. 

96 37 47 

240 37 107 

96 64 82 

240 64 208 

9 35 3.6 

13.1 

13.I 

.10.0 

16.0 

8.8 

34.7 

27 35 

18 75 

36 75 

18 120 

7.8 30.8 

11.2. 31.9 

22.4 24.4 

17 .5 21 .• 2 

72 

18 

90 

180 70.2 

230 34. I 

230. 166.I 

18.2 

21.1 

12.I 

8 31 1.35 74.1. 

48 31 . 8~1· 

8 28 1.8 

48 28 II 

14 84 9.6 

48 84 33 

24 224 44 

72 224 132 

22.3 

92;8 

31.0 
. 35.7 

18.3 

23.0 

13.2 



B-4 Determination of Optimum Insulation Thicknesses 

The insulation thickness required for a particular component of the collector

.storage system depends on the cost of .the insulation and the amount of heat 

lost through the insulation. If the insulation is too thin, although the cost 

is low, the amount of heat lost can be large. For thick insulation, which 

is more costly, the amount of heat lost is reduced. Thus there exists some 

optimum insulation thickness for a particular applica~ion depending on the 

cost of the insulation and the cost of the lost heat. The optimum thickness 

of insulation occurs when: 

d 

dTins 

When T. - Thickness of insulation (ft.) l.ns 

= 0 

Ctotal - Total cost affected by thickness ($) 

= cost of heat "lost" + cost of insulation 
year year 

D h A K. [· T - T 
y op suf ins ·L a CB tu 

T. ins 

D - Number of operating days per year. 
·Y 

h
0

p - Number of operating hours per day. 

+ T. A fC. C ins su ins eqy 

2 
A - Surface area covered by insulation (Ft. ) • 

suf 
0 

K. - Thermal conductivity of insulation Btu/hr Ft F. ins 

(B-4-1) 

(B-4-2) 

T -'l' - Temperature difference between fluid. inside insulated system component 
h a 

and the ambient temperature [°F]. 

CBtu - Cost of Btu lost [$/Btu]. This is the cost of additional heating 

needed to compensate for the lost heat. 

c. - Cost of insulation installed [$/Ft
3
]; It is assumed to not be a funtion 

ins 

of insulation thickness. 

c - Yearly percentage cost of equipme.nt. eqy 

Substituting Equation (B-4-2) into (B-4-1) and solving for the thickness of 

insulation [T. ] yields: 
ins 

D h K. (T - T ) C y op ins h a Btu 
1
1;2 

T. = [ 
ins cinsceqy 

(B-4-3) 
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De Winter (1974) presents a simple scheme for determining the yearly 

percentage cost of equipment (C ) knowing the yearly interest rate (%) and 
eqy . 

the expected useful life of the equipment, based conservatively on a zero 

scrap value at the end of the equipment's useful life. This is reproduced 

as Figure B-4-1_.. For a typical system, with a useful life ·Of 10 years and a 

yearly interest· rate of 8%, the yearly percentage cost of equipment is 15%,, 

thus ceqy is .15.' 

The cost· (C. ) and thermal conductivity (K. ) of the insulation varies ins ins 
between the products of different manufacturers. Table B-4-1 shows a small 

( 

sample of present insulation avail~le. Obviously the best insulation is 
I 

one in which both the thermal conductivity and cost are low. Note that the 

cost of . insulation ($/Ft 
3

> is a function of insulation thickness especially · 
!? 

for pipe insulation. Assuming a constant cost of insulation will res.ult in 

slight off optimum design especially for small insulation thicknesses. 

The cost of Btu '.s lost (CBtu) can be determined from current costs of fossil 

fuels. A typical design value for ~t~ is $3/106Bt~. 

The temperature difference (Th-Ta) can be assume to be constant for varying 

insulation thickness.es for design purposes. In this study a: temperature 

difference of 75°F was assumed • 

. The number of days of operation per year (D ) should be 365 for design y 
purposes while the hours of operation (h ) vary depending on the component 

op . 
for which the insulation is to be sized. For a storage tank H should be . op 
24 'hrs/day while for piping from collector to storage .tank the hours of 

operation can be assumed to be 8 hrs/day. . 

Using the assumptions listed above Equation (B-4-2) .becomes: 

T. = 
ins 

T. ins 
= [ 

13.14 K. ins 
c. ins 

4.38 K. 
ins 

c. ins 

] 1/2 

] 1/2 

for storage tank. 

f.or collector, piping, 
heati~g exchangers 
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Figure B-4-2 shows the optimum insulation thickness 

conductivity of (Btu) _and the cost of the insulation 

tank case. Figure··. B-4-3 presents the same for the 

h~at exchanger case. 

(ip.J versus the thermal 

($/ft3) for the storage 
\. 

collector, piping or 

For example, assume that a-storage tank is to be covered by Johns-Manville 
0 

Thenno 12 block insulation. The cost and thennal conductivity (at 100 F) 

of this insulation is $10./ft3 and 0.0317 Btu/hr· ft °F respectively. Assume 

all the other parameters are the same as'above. From FigureB-4-2·the thickness 

of in.sulation needed is 2. 5. in. , Note it· was assumed that the cost of insulation 
. . 3 

was approximately constant above a ~hickness of 1.5 in. and equal to $10/ft • 
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<BASED ON ZERO SCRAP VALUE AT END OF um 
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YEARLY PERCENTAGE COST OF MONEY 

Figure B-4-1 How the Yearly Percentage 
Cost of Equipment varies Depending on 
the Annual Cost of Money (Interest) and 
on the Lifetime ,of the Equipment. 
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F.igure B-4.:..2 

Thickness of Insulation Required for a Storage Tank 

Versus th~ :Cost (C. ) and Thermal Conductivity of the lnsulatio~ 
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Figure B-4-3 

Thickness of Insulation Requireq for a Heat Exchanger.or Pipes 

Versus the Cost (C. ) and Thermal Conductivity of the Insulation ··ms · , . · . . . . 

-~. -----.----.-.,----"'---------'"'-'---
D = 365 days/y r y 
h = 8 hours/da 
op o 

Th-T = 75 F 
a 6 
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eqy, 
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I 
OJ . 
CX> 

t 

Manufacturer 

Johns-Manville 

Jo):ms-Manville· 

Johns-Manville 

Pittsburgh 
corning 

Table B-4-1 

Representative Thermal Conductivities and Cost of Insulation for avrious Insulation Products 

Product 

Thermo-12 

Thermo-12 

Flame-Saf 

Foam Glass 

Type of 
Insulation 

Block 

pipe 

pipe 

Block.· 

pipe. 

Standand 
Sizes (inches) 

12 x 36 inches 
Thickness 
1-4 inches 

Fit 36 inches, 
tube nominal 
O.D. 3/8 to 

6 inches 

1" 58 o.o. to 

l" 
129 O.D. 

l" to 3" 
2 

Thickness 

Thermal 
Conductivity· 
(Btu/hr Ft °F) 

0 

100 F 
0 

200 F 

0.0317 0.0342 

/ 

0.0317 0.0342 

0.02 0.0242 

12"xl8"xl! to 5 in 0.0333- 0.0359 
2 

l" to·36 in ·O.D. 
4 
in 24" lengths 

0.0333 0.0359 

Thickness 
(inches) 

1 

1.5 

2 

3" 
4 

O.D. l" 

tubes 3 

3" 
4 . o.o. 

Tubes· 

ll 
2 

5 

l" 

3" 

3" o.o. l" 
4 

3" 

Cost 
($/Ft3) 

13.1 

10.2 

10.1 

21 

5.66 

13.17 

4.26 

3.84 

3.88 

10 

a.a 



Appendix c Storage Tank Wal·l Thicknesses . 

C-1 Design of Pressurized Tanks 

The storage tanks analyzed in this section were assumed to be cylindrical, 

vertical tanks. The height to diameter ratio was assumed a constant. The 

volume of storage needed for most collectors is usµally known and here was 

assumed to be constant. Thus the tank diameter (Dt). is given by: 

1/3 
). [mJ 

where K1 = ratio of tank height to diameter = Ht/Dt 

Ht Height of cylindrical tank = KlDt 

Volume storage required/ft
2 

collector 

. 2 
A = collector area [m ] 

c 
in this report it was.assumed that ~i 

2 
K

2 
=-2 gal/(ft. collector) 

3 and 

Gal 
( ------------

Ft 2 collector 

[C•l-1] 

Figure [C-1-1] shows the tank diameter required versus storage ~equir:ed. per unit 

collector area and the collector area·for Kl equal to 3. 

The wall thickness needed for the cylindrical tank system.can be computed 

knowing the radius of· the tank and properties of the material.of construction. 

From Roark (1954] Formulas for Stress and Strain the wall thickness [Twall l ·, 

neglecting joints and end effects is: 

[in] [C-1-2] 

where p Design pressure of tank [psi] 

r = Radius [in.] 

<r = MaXimum· ·allowable hoop stress of wall material [psi] 

A more conservative estimate of the thickness taking into account joint efficienc 

ic: 

[C-1-3] 

('-Joint efficiency. In this study it is assumed to be .7 for longitudinal 

welded joints. 
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Figure C-1-1 

Storage Tank Diameter Versus Collector Area and Storage Required per unit collector area 
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For this study the.tank was assumed to be carbon steel. From The Standards 

of Tubular Exchanger Manufacturer's Association, Anon(l954) the maximum. 

allowaj:>le stress ( <I"' ) can be determined from the grade of the steel. For 

this study a design maximum allowable stress. ( (j') was assumed equal to 

12,000 psi with a joint efficiency of • 7 •. Figure [C-1-2] shows the tank 

wall thickness versus the radius of the tank and the design pressure of the 

tank. 

Thus the storage tank can be completely specified from equations C-1-1 and 

c-1-3 or Figures c-1-1 and c-1-2 • 
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Minimum Allowable Wall Thickness Versus Tank ·Pressure and Radius 
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c-2 Determination of the Effect of Storage Tank Pressure on Storage 

Tank Cost 

Except in_ those cases in which a heat exchanger produces a pressure isolation 

between· the collector and storage loop, ·the storage tank may have to operate 

at a pressure dictated by the hydrostatic head imposed by the collector level. 

Depending on the vertical distance between the collector and storage.tank, the 

hydrostatic pressure can easily be two or three atmospheres. The cost effect 

of this added design pressure is reflected in the increased wall thickness 

needed. 

As shown in Appendix c-i, the wall thickness (T 11 > is a functiQn of the ·design . wa 
pressure (p), the maximum allowable hoop ~tress (G° ), the joint efficiency 

I 

(€) and the radius of the. tank (rt). The cost of the tank increases with 

increasing thickness and radius of the tank and is a function of the cost per 

unit pound and weight (lbs) of the· .tank. 

To determine the effect of varying height.difference between the collector 

and the stor·age tank on the cost of the storage tank, the following assumptions 

were made: 

1. The tanks studied were cylindrical with a flat top and bottom. 

2. The length to diameter ratio of the tank was a constant. 

The increased cost of the tank (C. ) was determined from: inc 
c. inc 

cost
1 

- cost ($) (C-2-1) 

Cost1- cost of tank with increased tank wall thickness due to 

hydrostatic head 

Cost - cost of tank without increased wall thickness 

Another parameter developed was the percent increase in tank cost (P. ). 
inc 

This can be found from: 

P. 
inc 

Cost - cost . . . . . 1 . . . . x 100% 

cost 

.(c-2-2) 

using the relationships shown in Appendix c-1. and the aeove assumptio~s. 
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equations (C-2,-1) and (C-2-2) can be reduced to: 

c. inc 
= o' clb Gal..P z 

.) 1077 <l"~' I 

o' 3 ~ - Density of tank material (lb)/ft 

Clb - Cost of tank. ($/lb) 

Gal - Storage capacity of tank (gallons) 
lb 0 

- Density of water (lb) (61. 5 ~ a 150" F 

·cc-2-3) 

z ft. 
Difference in height b~tween storage tank and collector (ft) 

P - Design pressure of storage tank (Psi) 

<!""' - .Maximum allowable hoop stres (Psi) 

E.1 
- Joint efficiency 

K - Tank height to radius ratio 

and . ..p z 2 
f z 2 + iii:' + <f'" £I 144 +-

P. K 
inc 144 p 2 p 2 

+<t9€' + K 

For a typical steel tank with: 

9 I ... 8 r, c;r- 13000 Poi, ~· - o. 7 j Y. = 6 

The increased tank cost becomes: 
-3 c: = 7.6394 x 10 c1b Gal z 

inc 
And the percent increas~ in tank cost becomes: 

P. = 43.09 Z/P 
inc 

(C-2-4) 

(C-2-5) · 

(C-2-6) 

From (C-2-5) the effect of increased storage capacity, storage to collector 

height difference, and cost of the tank can be seen. For larger tanks, there 

is a lower cost difference between a tank with the collector and storage at 

the same level and one with a large collector-storage height ·difference. 

Figure (C-2-1) shows the increased cost ($) due to collector-storage height 

difference versus storage capacity and vertical height difference (ft) 

developed from Equation (C-2-3)~ 
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Figure c-2-2 

Percent Increase in the Cost of the Stor!Jge Tank 
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Equation (C-2-6) allows a simple.determination of the percent increase in 

tank cost due to col~ector~storage height-di~ference. For.large design 

pressures the percent increase will be smaller while for large height·differences 

the % increase is larger. Figure C-2-2 shows the % increase in cost versus 

height difference and design pressure from equation (C-2-4). 

An example of these .. two relationships follows. Assume the cylindrical steel 
-

tank has a capacity of 1000 gallons with a design pressure of 300 Psi. Assume 

also that the cost of the.tank is $0.75/lb with a collector to storage tank 

vertical drop of 40 ft. From the above relationships and figures the. increase 
' 

in cost is $239 which is a percent increase in tank cost of 5.75%. 
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APPENDIX D 

DOUBLE LOOP MODEL 

The following computer program modeled the performance of the double 

loop heat exchanger system. Most of this program and the input paramaters 

used have been discussed in other sections of this report. In this par

ticular case, it was used to show the difference in performance between 

several heat transfer fluids. Sample printouts of the results follow 

the computer program listing for the cases when water, 50% ethylene 

glycol and mobiltherm light were used within the collector loop. 
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OJ~fN~JQN ~J~CJDC24) 
OIMENSJON arACC24) 
~JMEN~JON AtCIS), A2CJS), A3CJ5), A4(15), ASCIS) 
DIMENSION F.tCl5),E2Cl5),E3Ct5),E4(15),ESCl5) 
DIMENSION F1CJ5),F2Ct5) 1 Fl(2S),F4(1S),F5Cl~) 
OJMF.NSJON OfNl(l5),DEN2(15) 1 0EN3Ct5),DEN4(t5),DEN5Ct5~ 
OI~fNSJON FUNCCIO),AREA(tO),G(tO) 
DIMENSION TEMP( 9, 24) 
OIMfNSJON TAMB(24) . 
DIMENSION TW(24),TLC24),Pl(24),Plt2,C24),P2C24) 1 Pl2(24)1GMIC24) 
OlMENSJON GM2(24),RfVN(24),PRAN(24),YH(24),Vl91(24) ,ECC24) 
OIHENSTON QcPC24),QCP2(24),QC3(2a),yts2C24),REVC24),XHl(24~ 
OI~ENSJCJN ~XC(~4) 1 UC24) 1 XL~C24) 1 XLDC24) 1 WLSC24),~ASC24),RLSC24~ 
OJ~ENSJON TH(24) ,EXA(24) 1 TRET(24) 1 UAR(24),AL0(24),~HP(24) 
DI~ENSJON TL1(24) 
PEAL NROW 
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c 

c 

I~ 
!C 
c 
c 
c 

c 

c 

c 

c 

- Rf AL ~JIHF 

Ater.: 'A. t ~EA 
·PI:1 J,tl.ltSq3 

DELTlM• INTERVAL OF TIME JN WHICH PROGRAM IS EVALUATEn JN HR 
OEL TJMa t 

CHAIHCTERISTICS OF CllLLECTUR 
IHA"lo· OUTSIDE nIAM, OF CnLLECTOI< TUBE IN M 

nIAMOs ,&25 * ,0254 
OIAMI• INSIDE DIAM, OF TU~E IN CULLECTOR I~ M ·• 

DlAMia .s&q * ,02SQ 
OJAMX~ l~SlDE DIAM, OF COLLECTn~ TURE IN FT, 

OIAMX1:1 ,S&q 11~ 1 
SIGMAQ FIN THICKNESS OF COLLECTUR IN M 

srr,MAO• ,0108 * ,0254 
XLENGT• FIN LENGTH OF COLLlCTOR IN M 

XLENGT= ,1 
CIJNO• C~NO, OF COPPER TUBING AND ~OLDER JN WATTS/M C 

COt-olO• 3Q&, 
CSllBS• f'OND CONDUCTANCE 

csu~s= "· * SIGMAO * CONDlntAHn 
W• ~PACING OF TUBING ON COLLECTOW IN M 

wm 2e * XLENGT + DIAMO 
USLOPE· HEAT LUSS COEFFICIENT Faw COLLECTOR~ ••• 

USLOPE: S, 

C CHARACTERISTICS OF FLUID WATER HEAT EXCHANGER 
C KEXC• CO~OUCTIVITY OF E~CHA~GER WALL IN WATTSIM C 

l<f)(t: 3Qh, 
C XEXC ts THE THIC~NF.SS OF THE EXCHANGER WALL IN FT 

XEitC= ,03/ t2, 
C SIZE• O,o, OF EX 1 E~ TUBf JN FT, 

517.E= ,31Slt2, 
C XO tS THE JNNER DIAMETER OF THf-: TlltiE JNTHE EXCHANGER JN FT 

xo= SIZE - 2. * XEXC 
xo= xo * ,3oas 
lCE: XD 

C XDP• I,O, QF EX'ER TURF. IN FT 
)'OP: XF.l,.JOIJ8 

c )(NUT- CRnSS•SECTim1AL AREA uF HIRE IN Ex'ER 
XNUT= u,1c pl • ( XO ** 2,)) 

c SSJ7E· o~n. uF EX 1 ER IN M 

SSIZE: SIZE * ,Jo~A 
C plTCH• PITCH nF TU~ING WITHTN EXHER 

PITCH: t ,25 
C SPACING BETWEEN TURES (FT) 

S~IN: CPJTCH • t,) * SIZE 
c OSHEL· I~o. oF EX 1 ER SHELL 

DSHEL: b~/l2e 
C CHARACTERISTICS QF WATER 
C At TtiR"\J BS ARE CONSTANTS FOR THE SPECIFIC HEAT F.:QIJATtnN 
C TMEY HAVE AEEN CALCULATED FROM HANDAOOK OF HEAT TPANSFER 

REAO !ORO, Rl 1 R2, R3, 841 BS . 
c ot - OS - co~FF. FUR CONOUCTIVTV EQUATIONR OF WATEP 

READ 1080, ot, 02, Ol, oa, OS 
C Rt • PS. COEFF, FUR OENSJTV EQUATION OF·WATER 

READ t oan, Rt' R2, R3, PIJ, RS 
c zt-zc; -CnEFF, FOR VISCusJTY oF lolATER EQll.ATION FOR TEHP, >bOF 
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t 
c 

c 

t 

c 

t 

. REAn_ tOAO, 71, z2, 11, z4, zr; 
CHAPACTERISTICS nF HEAT TRANSFER FLIJID 
N JS THF NUMHfH OF FLUIDS TO Rf COMPARED THRU THE COLLECTOR 

Illa 3 
At THRU AS ARE THE FLUID COEFF. fnR THE SPECIFIC HEAT fQUATJUlllS 

READ tOA0 1 (At(J),A?(T),AJ(J),A4(J) 1 A~(l),J: t,111) 
Et ·E5 .CoEFF. Fnp CONDUCTIVITY E~UATION OF FLUJO 

READ tO~O,Cft(I),E?(l),flCil1E4(J),~5(J),Js t1N) 
Ft.FS •CnEF. FUP VISCOSITY EQUATION OF FLUID 

REAO tOR0 1 (Fl(J) 1 F2(J),FJ(J),F4(J),~5(t) 1 1: 1 1111) 
llENt·DEN5• cnFF'. FOR OENSlTY El~UATION ()F THE FLUID 

READ tOAO,CnENt(J),DfN?(l),DENJ(J),UENU(J),DE1115(1), I= t,N) 
t080 FORMAT( 5E:I0 1 4) 

t QFAC• VApJARLE HOT ~ATER LOAD AR~AY 

c 

c 
c 
c 
c 

c 

READ tq7,(QFAC(J),J: t,24) 
FOIH4"T(t2F6,2) 

CHARACTERISTICS OF ENVIRQNME~TAL PARAMETERS 
~PHASE ANO XOMEGA •USEO JN DETtRMTNING AMRlENT AIR TEMP• 

iPHASE= • J~ * PI/2• 
XOMEGAa PI/ t2e 

LOOP TO READ IN INCIDENT RAD. ANO AMBIENT TE~P, 
DO 1 oqo Ja 1I24 . 

QINCID-AMOUNT UF INCIDENT RADIATION RECEIVED AT COLLECTOR SITF.,,.~. 
FOR THIS CASE IT JS SYMMETRIC AkOUNO 12100 

QJNCID(J): 750. •COS((PJ •J/12,)•PI) 
TA~B· AMRIENT TEMP, AT COLLECTOR IN C 
TAMA ts ASSUMED TO eE st111USQJOAL, WITH AMAX AT tA100 ANO MIN. AT 6100 

TAMR(J): s~+ s.• COS(XPHASE + J * XOMfGA) . 
lF T~E TNCJOF.NT RADIATION IS NfGATJVE IT JS A~SUMED TO Rf 0 

JF( QJNCID(J) .GTe O) GO TO 1090 
QINCJD(J): tie 
CUNTINUf 

I> A 1 E 

1090 
c 
c 

T~TAJ.IT.TEMP, OIFF. Rf'TWFFN WATf'.R TfMP, ANO FLllJD TF:MP 1 TN (lRl>F:R T(l TURN 
PIJ~P ON 

c 
c 

c 
c 

TSTAIH: 18, 
TSTOP •TEMP, OIFF• BETWEEN WATER TEMP. ANO FLUIO TE~P~ JN URDER TO TURN 
PLIMP OFF 

TSTOP: 3. 
TH1GH• MAX. ALLOWAALE FLUID TEMP~ OR ELSE BOILING ANO PRESSURE 
F.FFF.CTS will R~COME NOTICEARLE 

THIGH: 90• 
C NFLOW• NOe OF FLOWRATES TO BE USED 

NF'lOWz: t 
C G-APPAV wHJCH HPLDR VARYllllG FLV~kATfS QF FLUID 

QfAll t07A,(r,(JL),JL:1,NFLOw) 
1078 F'URMAT(FIO,a) 

C NSJZE• NO. OF DIFFERENT SIZES UF COLLECTORS 
NSTZEz: 1 

c AREA. AP.RAY WHICH HOLDS sIZEs UF COLLECTORS 
RF.AD 1077,(&REACJA),JA: 1 1 NSIZE) 

1077 F'ORMAT(4Fl0~4) 
C NTOP. NO. OF OlFFEHENCES BETWEtN CAPACITY RATES. 

NTOP: 1 
C FUNC• AN A~RAV ~HJCH HOLDS DIFF. RETwEEN CAPACITY HATfS 

READ t07A,CF'U~C(JL1,Tl:t,NTUP) 
PRINT fqtJ 

J9t3 F()RMATC'50x,•CllLLECT!IR TllRE CHARACTE'IHSTICS'ltox, 1 0.o.Tllllf(M)•,1ox, 
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I 

1•1.n,TllHE(''4,•,1ol(, 1 SPAC1NG OF TURJNt;(M)f) 
PRTNT 101u,0JAMO,DIAMJ,w 

l'>lll ·FllRMAT( 7JC,FlO,ll,tlX,Fl0 1 ll 1 1bX,Fl0,4/) 
C LOClP FOR .THE DIFFE~f.NT FLIJIDl' 

c 

c 
c 

c 

c 

c 

DO _ASO JK:i t, N 
'LOOP rn yARV SlZE f)F COLLE'CTOR 

DI) IAQO JA11 l, NSllE . . 
AREACO• AREA ~F COLLECTOR \N ~**2 

AREACO• ARE4CJA) . 
I<• RATIO OF THE TANK HEIGHT 'TO RADIUS 

I( II b 
nlAMT • olAM, UF tANK IN.M 

OJAMTa CCZ,R18t •AREACn/(~ • Pt>>••(t,13,)) * 2, 
DIAMTc OJA~r· ,304A 

TANKH• HEIGHT OF TAN~ IN M 
TANKH: K * nJAMT/2 1 

!JAt:IEAT• TflT4L SIJRF"ACE AREA OF TANK IN M**2 
ClAREAT: Pl * OIAMT * TA~K~ + PI * COJAMT••2,~/2 1 
PRJNT 1<111 . . . . 

1011 FQRMAT(50l(,•TANK OIMENSI8NS•11ox,•HtJGHT(M)l,tOX,•OIAMETER(M)I, 
llOX,'TOTAL SURFACE AREACM••2)1) 

PRINT t<>12 1 TANKH,DIAMT 1 0ARfAT. 
1'>12 FORMAT(hl(,F10,a,1x,F10,u,11x,F10,u/) 

C XNTIJBE• NO, OF TURES IN COLLECTO~ 

c 

c 

c 

c 

c 

c. 

c 

c 

c 
l Ob?. 

c 

c 

c 

c 

YlllTU~E= ,5 * AREACO 
XLCOL•LENGTH OG COLLECTnR TU8ESC~T) 

XLCOL: AREACO/(W * XNTUBEl 
CcrJL• COLLECTOR UNIT COSTS ... 

CCOL= 100, 
CCOST= CCOL * AREACO 
tzr.ONT: t 

XNEX• Nn: OF TU~fg JN EX'ER 
YNEX= JO, 
IFC ApEACO .r.E, llO) XNfX: ,7 * AR[ACO 

AREAEX Is THE AREA OF T~E EXCHANGF.R IN M••2 
AREAE~: ,OA * AREACU . 

TU~LEN• LENGTH 0F TIJbES 1111 EX 1 ER 
TUBLEN : A~fAEX/CPI * SSIZE * XNEXl 
CF.X:: .. 110~ 
CTEx: CEX * AREAEY 
TCnL= CCOST + CTEX 
CRA T= CCOL I (El< 

LnoP FUR VARYlNG THE MATCHEn FLQkOATES 
~o 79~ TL• ,,NTOP 

JL. COUNTER FO~ NU~~ER OF FLOWhATFS 
.fl= l 

ICUIJNT•CollNTER FOR KEEPING TRACK oF FLowRATES 
JCOIJlllT= 0 

LOUP To yARY FLOWRATE oF FLUIO ThRU COLLECTOR 
CONTI NlJE 

TWAT• STARTIN~ TEMP~ OF WATER IN TANKe 
TWAT: &0 1 

TLIQ IS THE TEMP OF FLUID ENTERING EXtHfR IN C 
TLJQ: Tf'IAT 

TLIQIN Is THE TEMP OF FLUID LEAVING EXCHANGER 
TLl<HN: TLJQ 

-D.5-

Cl ATE 

• c,. 



c 

c 
c 

lObl 
c 

l0h4 

t 

lObS 
c 

c 

c 

c 
c 
c 

c 
c 

c 
c 

c 

c 

c 

c 

c 
c 
c 

c 
c 

c 
t f\54 

c 

bO 

pc~ CIHINTfR FnR crwvf. llGENCE IJ)()P FOP "4UL TIPLE OAY RUNS 
TX• 0 
- AN ITERATTON REGlNS WHICH WJLL CllNTJNllE UNTTL THE DAY'S TF.~P. ANO THE 

PREVIOUS DAY 1 ~ TEMP ARE WITHIN AN ACCEPTARLE LJMJT •• ,~. 
CONTINUE 

IF JT TAKES HOHE THAN 1 ~AYS TU CONVERGE IT IS TOO LONG 
tFC IX .GE. 7) GO TO lR22 
CONTJNIJE 
IX:. IX + ! 

ICflllNT•CoUNTER FUR KEEPING TRACK OF FLO"RATES 
JFC JCOUNT ;NE. 0) Gn TO lOb~ 
JL: t 
CONTINUE 

QTTRIM• TOTAL RATE OF HEAT TRANSFfRRED /DAY FRUM FLUID TO TANK WATER 
QTHH~:s 0 

QTINC• TOTAL INCJDF.NT RA~. FOH l DAY 
~TJNC11 o. 

ATLUAD•TOTAL LOAD FOR HOME HEATING FOR ONE DAY 
ATLOAO: Oe 

QcOL·TOTAL RATE AT WHICH HEAT Is COLLECTEOCWATTS/D 
acoL• o, 

PUMP• CONTROLS wHEfHER PUMP IS ON OR OFF. 
PUMP: 0 

IC· COUNTER FOR NOe OF HOURS PUM~ IS ON PER DAY 
TC;; 0 

LOOP TO VARY TIME OF DAY 
STARTING WITH 1100 TO 24100 

no t~:\O J= ,,24 
CJC2: t • 

TEMP •• AN ARRAY WHICH HOLDS ALL D~JLY TEMPERATURES UNTTL THE TEMP, 
CONVERGE:••.·•• 

TEMP( tx, J; : TwAT 
wJNCID Is JNCTOENT RADIATION REClEVF.D RY CnLLECTOR JN WATTS/~••? 

IJJ: Ql"JC.JIHJ) . 
TAMAC~· AMBTENT Al~ TEMP. FOR GIVEN IN C 

TA"1BCf\I: HM~(J) 
pUMP•JJGNTFJES ~HlTHER PUMP IS ON OR OFF, 

IF( Pij~P .N~. 0) GO TU tasa 
TllQ·TE~P, OF FLUID WHEN PUMP IS OFF,ASSUMING ISOTHERMAL COLL~CTO~ 

TLIQ=<PI IUSLnPf)+ TAHftCN 
THIGH• MAX. ALLOWAULE FLUID TE~P. UR ELSE BnILING AN~ PRESSURE 
EFFECTS will RECOHE NOTJCEA~LE 

IFC TLIQ ,GF, THIGH) TllQ= THIGH 
TLIQIN· TEMP. uF FLUID AT ENTRANCF To COLLECTOR 

TLHHN: TWAT 
TENTl: TLin • TwAT 

U A TE 

IF THE TfMP. OF THE FLUTO IN ThE CPLLECTOR rs MUCH GREATER THAN THAT ~F 
THE WATER IN THE STORAGE TANK THlf\I THE PUMP IS TURNfO ON. 

JFC Tf.'NTl .LE. TSTART) GO TO lOqq 
LOQP TO Fl"ID FLOWRATE FOR TUQ~UllNT FLOW 

COf\ITINllf 
IF PU"lP IS 1 PUMP IS UN.PU,..P=O,l'UHP OFF. 

PIJ"4P: t 
TllUit: t,8 * TLIQIN + 32. 
SH&b: Rt + R2 * CRJ + TLIQJtl+ 84 •l~S+ TLIQJt) ••2, 
SH77: AtCJ~;+ A2CJK) *CAl(JK)+ TllQit)+ AQ(JK)•(ASCJK)+TlIQll)**?.• 
SH&: SHb& * 1.to2 
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. ~H7:.SH77 * t,1b2 
C . C A 'p fl P T • ME A N n PE k A T T NG C A P A C I TV k A Tf 

·cAPOPTa SHb • GCJL)• AREACO 
C CAPt• CAPACITY HATE OF COLLECTOR LOnP 

CAP!: CAPOPT •( t, + FllNCCIL)) 
C Gt • FLUIO FLIJWRATE IN KG/HR 

GI= CAPI/ ~M7 
C GI I• FLOWRATE OF FLllID THRU COLll:.CTOR JN KG/HR•M**2o 

Gtt: CAPl/(SH7 * AREACO) 
GACT:1 t.:APllSHb 

C Gllt•FLOw~ATE OF FLUID IN EACH T~BE UF COLLECTOP,ASSUMING FLOW JS 
C EVENLY !>ISTRIRUTF.D THRU COLLECTO~ 

Gitt~ o, •Gt/CPI * XNTUBE •CDIAMl••2,)~ 
C GI I 2•FLUWRATE UF FLUID THRU TU~F.S JN COLLECTOR IN LB/FT**2 1 •HR 

Gll?.: r.ttlla,8113 
C OETfHMINATtON OF COLLECTOR EFFIC!ENCY 

coH: SQRT(lJSLOPF./(CONO • SIGMAO)) 
F.TAJi; TANH(Crlf..F * XLENGT)/fCQEF * ltLENGTl 
YPARTt: t,l(Ct, • DIAMO/W)• ETAl). 
YPART2:1 1 1 /(((W * USLOPE)/CSUBS)+ YPARTI) 
YPART3:1 l,/(CDIAMQ/W)+ YPART2) 

C ITERATION TO OETERMINE TEMP, DISTRIIWTION OF FLUID IN EX'fR. 
C TLJ•WALL TEMP, OF FLUID IN EX'ER TN C 

TLh TlllAT 
C TWA•WALL TEMP~ OF WATER IN EX 1 E~ IN C 

TlolA: TLIP 
C TWAFTN• TE~P, UF WATER lfAVING EX 1 ER 

TWi\FIN: Ti>IAT 
C TCS•C•JUNTER FlW Nl1, IJF TIMES LOi.ip PER~ORMED 

tee:;: o 
720 CUNT lNUE 

IC5:: IC5+ I 
C TWMEAN• MEAN RULK TEHP OF WATE~ l~lX'ER 

TWMEAN: (TWAJ + TWAFTN)/2~ 
c TWMfAt •TWMEAN JN F 

TwHEAt: t,8 * Tw~EAN+ 32, 
C TLMEAN • MF.AN TfMp OF FLUID WITHIN EX 1 ER 

TLHfAN: (TLJQ + TLIQIN)/2 1 

C TLHEAt• TLMEAN TN F 
TL~EAt: t,R. TLMfAN+ 3Z, 

C TlJl• TLI IN F 
TLTt: l,R•TLl+ 3?, 

C TWAI• T~A IN F 
T~At: TwA * t,q+ 3~ 1 

c vT5FLt• vJSCOSITy OF FLUID JN LB/FT•HR 
VlSFL1:Ft(JKl+F2(JK)•(F3fJK)+TlMEAt)+ F4(JK)•(FS(JK)+TLMfAt)•~2 1 
VI5FLI= t,I llI5Fll '.' 
SH55: At(JK~+A2(JK)•(~3(JKi+TLMEA1)+A4(jK)•(AS(JK)+TLMEAl)**2 1 • · 

SH5: SHSS * 1,tb2 
c CONFLt·CoNDUCTlVITY oF FLUIO IN hTU/HR-FT-F 

CONFLt~ ~1(JK)+E?(JK)•(t3(JK)+TLMEA1l+f4(JK)•CE5CJK)+TlMEAt)••2, 
DENFLt: OENtCJK)+DEN2(JKl•COEN~(JK)+TLMEA1~+nEN4(JK)•(DENS(JK)+ 

1TL"IEA1) ••?., 
C. QEY~Ql • COLLECTOR QEYNOLDS NCl,. 

REYNOL : Gtt2 * DlAMX/VISFLl . 
JFC REYNOL :LT, 2500) GO TO 157 

c FRICI• FRJCTOON FACTUR IN cnLLtCTOR TUAE~ 
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I 
i 
I 

c 

16& 
c 

l '5 7 
c 

c 
1 '5 A 

c 

c 

c 

c 

c 

c 
c 

c 

c 

·c 

c 
,.. 
: .. 

. FHtt~• e0014 + el2~/(RfVNUL ••.3~) 
PAANnTm SH55 * VTSFLl/CONFLI 

·1FC WEVNOL .GTe 7100) GU TO 166 
TRANSITlnN REGION 

DJPRIMa e116*(((AEVNOL)tt(2.13e))•IZ5e)/ REVNOL 
WHCW• ( P~A111DTttC•2el3.)) * SHSS *Gil? * DJPRfM 
XHCwa XMCW * S~b78 
GO TO 158 
CONThlUE 

TURBULENT REGiflN 
x~r.wa CONFLt * .023 •CREVNOL ••.A) * ( PRANDT••.4)/D!AMX 
GO TO 158 
CONTINUE 

LAMINAR REGION 
FRICt: t&.IRF.VNOL 
Gt21• Gt/(XNTU~E * .451&) 
TUBECO: AREACO/<CC2 t XLENGT + OlAMUh XNTURE)• e3048) 
CPARTts Gl2t * SHSS/CCONFLl * TUBfCU). 
CPART2• t.7S * CPARTI ttCl.13e) 
lFC CPA~T2 ~LEe 3ebb) CPART2: 3eb& 
XHCw: CONFLt * CPART2 I DIAM)( 

XHCW· INslOE TUBE HEAT TRANSFER LnEFf. IN COLLECTOR 
XHCW: XHCW * s.o78 
CON TT NUE 

XPD• PRE~SllAE DROP IN EACH COLLEl:TOR TURE 
XPD: FAIC1 * XLCOL •(Gl12tt2~)/C2.•bTAMX t ACCG• DENFLI •144.) 

CXPD• TOTAL PRESSUHE DROP IN CULLECTUR 
CXPO: XNTURr t XPD 

vFLnwt- FLUWRATE oF FLUID fHHU CuLLECTUR IN FT••3/SFC 
VFLlJWt: Gt t 2.20Ub/(OENFLI t 1b00e) 

XHpt. liOASEPOWER REQUIRED TO CIRlllLATE FLIJll) THEU COLLECTClR 
XHPt• CXPO * VFLOWt * 1u4.15so. 
ETA2= 1.1cccw * llSL(JP.E)l(pJ. MAHJ * Xl1Cw))+ VpART3; 

OETERMINATION OF fTA3 
Axt: .(ETA2 * USLOPE)/(G1l * SH5) 
AX?.: l • EXP(AXt) 
ETA3: <Gil * SHS/USLOPE) t AX2 
XPAp: fTA' * A~EACO t QI 
flC: XPAR • 11SLOPE * AJ.lF.ACO t EU3 t ( TLIQIN • TAMBCN) 
TLJQ: TLJAlN + ~r/CAPt 
JF( TLIU .r.e. nllGH)-TLIQ = T~HGH 

JF TE~P. nF LlWllIO E~TlRING EX'E~ IS LESS THAN THAT OF WATER ENTE~ING 
E~•fR.THfN THE PUMP WTLL NOT 8E TURN~D ON 9 

TENT~: TLIQ • TwAT 
IF( TE~T2 •LE• T~TOP) GO TO 1100 . 

sH22 Is THE SPECIFIC HEAT IN RTU/(LR F) 
SH~?: B\+ ~2 t (TWMEAt + ~3) + R4 * (TWMEAl+ RS) ••2 

SH2 IS THE SPECIFIC HEAT OF WATEH IN WATT HR/( KG C) 
SH2: telb2 * SH2?. , . 
nENwt: Rt + R2 •CR3+ TwMEAt)+RQ•(RS+ TWHEA1)••2. 
COMOW: 01+ n2 •CTwMEAt+ D3l + Oq•(Tw~EAl+ 05) ••2 

vISB2 IS THE VISCOSITY OF WATER AT THE WATER TEMP~ IN LB/CFr HR~ 
Vt~R2: 11+ 7.2•( 13+TWHEAl) + ZUtCZ~+TWMEAll••?. 

VIS~ Is THE vrscusITY oF WATER IN CENTIPoISES 
Vl5R2: ·t./ vlSR2 

CAP2·C~PAr.ITV RATE OF WATER AS A FUNCTION UF THE CAP• RATE OF FLUID 
CAP2 JN WATTS/ C 
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CAP?.: CAPUPT * ( 1 1 • FllNC(JL)) 
C r.? JS THF. WATFR FlOWIUtE JN KG/HI( 

G?a: CAPUSH? 
C G222 IS THE WATER FLUWRAT~ IN KG/ HR• M••2 

G?~?s G2 * XNUT/XNEX 
C G22 IS CONVERTED TO L8/(HR * FT••2) 

G2~• c;nua ~iteJ 
C DETF.RHINATION OF WHICH FLUIO FLOWRATE IS SMALLEST 

IFC C4Pt ,Gf 1 CAP2) GO TO 72~ 
CAP11IN• CAPt 
CAPMA)(111 CAP2 
GO TO 75tl 

725 CAPMJNs CAP~ 
CAP,..AlCs CAPt 

750 CONTINUE 
DEL~= C ~C • ~C2)/ ~C2 
DEUJs AAS( nEL~> 

IF ( bELQ :LE, ,OOll GO TO 715 
C CONVERSION nF LENGTH MEASURES TO METERS 

RXDi: XD/2 1 

c xExc- THICKNESS OF EXHER WALL IN M 
ICEXC: ,3048 * 1 03/12, 

C OX IS THE OUTSIDE DIAMETER IN METERS 
DX: SSJZE 
ROlCi: OX/2 1 

C HOS IS THE SHELLSYC'IE SCAL TNG CIJEfF 1 IN WATTS/ C 11••? 
HOS: 5b7~ 1 .. 

C OF.TfRMJ~ATION OF SHELL SIDE HEAT TRANSFER COEFFICJENT 
C r>EN, •l'>fNc;•COEFF, FOR DENSITY OF F-'l.UID THHU Cl11.LECTOR 

OENFLS: DEN~(JK)+DfN2(JK)•COENlCJ~)+TLMEAl~+DEN4(JKl~C0ENSCJK)+ 
t TLMfAt h•2, 
CONFl.5: Et(JK)+ E2(JK)•CEJCJK)+TL~EAt)+E4(JKl•CE5CJK)+TLM£Atl•*2• 
VJqFL5: FtfJK)+F2CJK)•CF3(JK)+TLMlA1)+F4(JKJ•CF5CJK)+TLMEAt)••2, 
VJSFL5: t,/yISFL5 
SHQP.: AtCJK)+A2(JK)•(AJ(JK)+TL11FAtj+A4(JK)•(A5(JK)+TlMfAt)••2 1 

C RAF• BAFFLE SP~CING JN FT 
RAF: '• 

C NRAF• Nn~ QF RAFFLES IN HEAT EX'tR / 
NBAF: TUqLEN /( BAF * 1 3048) 
NQQW: ( 7 1 /40 1 ) * A~EA(Q 

C AMIN• MTN, AREA THRU WHICH FLUID FLOWS 
A"1h1: F!AF * SMJN 

C GMO• "4A)(, Al.lrJWAHLF: f:'Ll'jl'iRATE l1F ~LU!~ ON SHELL SiDf 1 
GMAX11 ( Gt * 2,20<11))/(AMJN • ( NR(IW + t>l 

C OREY• REy~oLOS NO. ON SHELL SIUE FOR FLUID IN EX 1 ER 
OREY: GMAX * SIZE/VISFLS 

C OPRAN• PRANTDL NO, ON SHELL SIUE FOR FLUID JN EX•ER 
OPRAN: SHqs * VISFL5/CONFL5 
IFC OREY ,LT, 2500) GO TO tb3 
FRIC?.: 1 0014 + 1 125/(0PEY••,32) 
GO TO lb4 

lb3 CONTINUE 
FRJC2: lb./OREV 

lb4 CONTINUE 
c sPo. SHELL SIDE PRESSURE OROP 

~PD: FRIC2 •(G"'AX**2,)•DSHF.L•(NRAF + l,)/C?.,•ACCG•OENFL5•SIZF.•t44) 
C HO IS THE SHELL SIDE COFF~, JN W~TTS/ C M••2 
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11nc .• 33*(0REY** .6)*(0PRAN'!*(l ./3.)*~,0~fl;:5/,SIZE 
c vI~FLR·VJ5Cn~TTV nF FLUTD AT WA\.L TEMP. 

VISFLR• Fl(JK)+F?.(JK)•CFJ(JK)+Tltl )+F4(JK)•Cf~(JK)+TLJt)••2. 
VJSFLRa telVJSFLR . 

C . VPRt~•FAr.TOR ACCOIJNTlNG FfJR VARIATION OF IJISCOStTV WITH. TEMP• 
VPRJMa ARS(VJSFLR/VISFLS) 
VPRJMa VPRIM ** •.ta 
HO• HO * 5eb78 * VPRtM 

c HIS ts THE INSIDE TUBE ~CALING CuEFF tN WlTTSIC M••2 
MJSa 5678• 
HIS• HIS * ~OIDX 

C RWALL• RESISTANCE OF WALL TO HEAT TRANSFER 
RwALL• ( ROX * ALUG( OX/ XO),/ KE~c· 
RwALlc RwAlL * DX/iO 

C nETERMINATION UF INSIDE TURE HEAT TRANSFER COEFFICIENT 
TURLEU TllRLENl.3048 

C 1 R~YNO ~ REYNOLDS NOe wtTHIN EXHlR TU~ES 
REYNO• G22 * XDPIVIS82 
IFC REYNO eLTe 2500) GO TO t6l 
FRIC3m .oota+ .t25/CREYN0••.12) 
PRANDm SH22 * VlSB2/CONDw 
IFC REYNO eGTe 7t00) Gn TO 167 

C TRANSITION REGION 
PJPRlM• el16 * ((REYNO ••C2.13.)) • 125,)/REYNO 
His (PRAND **(•2.13,)) * SH22 * G22 * PJPRIM 
GO TO 162 

t 67- ·. CONUNUE · 
C . TIJRRULENT PEGION 

111: CONOW * e023 * ( REYNO••:&~ •(PHANO **~4~/XOP 
GO TO to2 

l bt . ·CONT h11JE 
C LAMI~AR REGION 

~RTC3• tb 1 /~EVNO 
G2t2= r,2/(XNEX * ,453b, 
DPARTt• (G2t~ * SH22)/CCONOW * TU8L~X) 
DPART2• t,75 * COPARTt) ••Ct,/],) 
IFC DP4RT? ~LE, 3,&b) DPART2= 1.&6 
Him CONOw * OP4RT2 I XDP 

162 CONTINIJE 
C Hl.tNSIOE TUBE HEAT TRANSFER COE~F, 

HI: 111 * XE 1D>t 
TBEPD= FRIC~•Cr.22••2,)•TUALEX/(2,•ACCG•DENWt•XDP •144,) 

C TBEPD• PRESSURE DROP WITHIN EXtR TUBES 
T~EPD• TB~PO * XNE~ 
VFLOW2• G2 * 2,2oa&/COENWl • l&oo,;. 
XHP~= TBEPD * VFLOW2 * 1aa~1 550, . 

C VISBA• VISCOSITY OF WATER AT WALL TEMP,CLB/FT HR) 
VtSBA= zt+ Z2•Cz3+ TwAt>+za•(ZS+TwAt)••2. 
VIS~A: t,/ VISRA 

C VPPIME•FACTnR ENCOMPASSING INFLUlNCE OF VISCOSITY 
VPRJME: CVISBA/VJSB2>•••,t4 
HI: HI * 5,~78 * VPRIME 

C llX• OVERALL HEAT TRANSFER COEFf, TN EX•ER IN WATTS/MU2 C 
ux=· t,1cc1.1~I>+Ct,/HIS)+ <t./HOS)+(t,/HO)+ RWALL~ 

C DETERMINATinN OF EXCHANGER EFFECTIVENESS 
I~C CAPMIN ;NE. CAPMAX) GO TO 680 

C IF THE CAP• PATES MATCH THEN THE EX'ER ~FFECTIVfNESS IS THE FOLLOwlNG 
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bA2 
c 

c 

c 

7'51 
c 

c 

c 

c 
c 

.c 

·C 

752 

: 735 
I 73b 
c 
c 

c 

".XC'.HfF.~ t.l(t,+(CAPMIN/(llX * AREAf.X))) 
~fl.TD f,~? 
CONTINUE 

JF TMf CAP. RATFS DO NUT MATCH THF FX'ER EFFECTIVENESS JS THE FnLLOWJNG 
7= t,· • (CAPMJN/CAPMAX) 
Y: .(A~EAEX* UX/CAPMJN) •Z 
xa t,•<<CAPMIN/CAPMAX) * EXP(Y)) 
EXCHEFa Ct,. EXP(Y))/X 
COl\ITI~ll•E 

TWAFIN• TEMP• OF WATER LEAVING. EXCHANGER. 
TWAFJN: T~AT + EXCHfF•CCAPMJN/CAP2)• CTLIQ • TWAT) 
TLt~JN: TLIQ • EXCH~F * .(CAPMtN/CAPt) *( TLIQ • TWATl 
QC?: XPAR. USLOPE * AREACO * ETAJ * C TLIQJNe TAMSCN) 
TLMfANs CTLJQ + TLJQJN)/2e . 
TLMEAt: '•~* TLMEAN+ 32 1 
$H55= At(JK;+A2(JK)•(A3CJK)+TLMEAl)+A4(JK)•(A5(JK)+TLMEAt)••2 1 

SH~: SH55 * t,tb? 
TLT~: TLIYIN + UC/CAPt 
JFC TLTn ,GE. THIGH) TLIQ s THIGH 
TENT3: TLIQ • TWAT 
IF CTENTJ ,LE, T~TOP) GO TO 1100 
DELQ: C QC• QC?)/ QC2 
DELn= ARS( nEL~> 
IF ( OELD ~L~. ,001) GO TO 735 

OETERMINATION OF EXCHANGER EFFECTIVENESS 
JFC CAP~JN ~NE, CAPMAX) GO TO 751. 

IF THE CAP. RATES MATCH THEN THE Ex•ER EFFECTJVfNESS IS THE FOLLnwtNG 
EXCHEF= t,/(t.+(CAPMIN/CllX * A~EAEX);) 
GO TO 75~ . 
CONTINI.IE 

IF T~E CAP, RATES DO NOT MATCH THE EX'ER EFFECTJVENES~ IS fHE FnLLO~JNG 
l: 1, • CCAPMJN/CAPMAXl 
V: .tARfAEX• UX/CAPMIN) •Z 
~= 1,-<tCAPMI~/CAPMAX) * EXP(Y)) 
EXCHEF: Ct,. lXPCYl)/X 
Cot.iT hJIJE 
TWAFIN= TwAT + EXCH£F•CCAPMJN/CAP2)• CTLTD • TWAT) 
TLIYIN= TLJn .• EXCHEF * CCAPMlN/CAPll •( TLin • TWAT) 

OETE~~INATION UF ETA4 
v= (CAPt1CCaPMJN * EXCH~F)). t, ~. 
vt2 I+ (( ETAJ * U~LOPf * A~EACO)/ tAPt) * V 

ETA4.Flt.IAL PENALTY IMPOSED RY HtAT ~x•ER ON HEAT TRANSFE~~ 
(H,4: ETAll VI 

QCFIN• RATE oF HEAT TRAN~FE~RE() ~RO~ CoLLECTQR TO TANK ASSUMING 
NO HEAT L0S$fS IN PJPES ONLY IN THE TANK ITSELF~ 

QCFIN: ETAIJ * AREACQ * ( QI • USLClPl •CTWAT • TAMBCN)) 
TWA•W~LL TfMP. OF WATER !N EX 1 E~ IN C 

TWA: TW~EAN+ QCFIN/CHI * ARfAEX) 
Tlt-~ALL TEMP, OF FLUID IN EX'ER IN C 

TLT: TLMEAN • QCFIN/CHO * AREAEX) 
GQ TO 720 
CONTI NllE 
CONT hJl.IE 

IF CONTPoL HAS PASSED TO THIS LOCATION THEN THE PUMP HAS, 8EEN ACTIVATE.O 
AND HEAT IS TRANSFERRED TO THE TANK 

PUMP2 I 
IC• COUNTER FnR N0 1 OF HOURS PUMP IS IJN PER DAY 
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t 
c 

t 

c 

c. . ' . " 

It I 0 
c 

c 

t 

TC: .JC + I 
DFTfRMINATJnN oF FTAU 

TCPO• ToT4L COLLECTOR LOOP PRlSSllRE l)RrJP 
TCPO:a CXPD ·+ SPO 
XHP3• TCP!) * VFLOWI * 1aa.1sso. 

COPI• TUTAL COST TO PUMP FLUID FUR ONE VEAR 
CoPI• .01 * e. * 3b5. * .7457 * X~Pll.7 
Vs (CAPt/CCAPMTN * EtCHEF)l• le 
Vta t+ CC ETA] * USLOPE * AREACO)/ tAPt) * V 

ETA4•FINAL PENALTY IMPOSED BY HtAT Ex•ER ON HEAT TRANSFER, 
EFJN:a t.IVt 
ETAIUI ETA]/ Vl 
DCFt"'I: ETA4 * AREACO * ( QJ • USLOPt: •CTWAT • TAMRCN)) 
GO Tll I~ t 0. 

CONTINUE 
JF CONTROL HAS PASSED TO ~HJS LOCATYON THEN THE PUMP WASN'T ACTIVATED••• 

~LANKtNG OUT VARJARLES ~1T USED IF PUMP JS OFF 
REVNOL= o. 
,...'. 'o .. 

s~ .. 1= n. 
ETA§: O. 
PRANOTs 1) 1 

XHCW: o. 
·PC• o. 

QC2: o. 
CONTI NllE 

re .. cnUNTER FOR NO. oF HQIJRS PllMp IS ON PER DAV 
JC: IC 
PUMP: 0 
QCFTN :: Oe 
VISH~: o. 
G222= o. 
HI= o. 
lh,.ALL: o. 
ux= o. 
ExCHEFa o. 
ETAQ: o. 
REVNO: Cle 
G?.2: 0 • .· 
O~EV= 0 1 

1-10= n. 
CAPt: n 
CAP2= 0 
TLMEAN: 1) 1 

TWMEAN: o, 
TWA: 0 1 

TLJ11 Oe 
CO"'ITINUE 

QTTRIM. TOTAL HEAT TRANSFERRED FUR l DAY 
~TTRJM: DTTRIM + QCFIN ~ DELTIM * ]~00 1 

QTINC• TOTAL INCIDF.NT'RADe FOR l DAY 
QTINC: QTINC + QJ * DELTIM * 3600, * AREACO 
DENSW: Rt + R2 •CR3+ T~AT) + Ra• ( k5 + TWAT) **2• 

DENSW• O~NSJTV OF WATER IN KG/H~•] 
DENSW: t~.05212 * OENSW 
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c 

c 
c 

c 
c 

e 

1~30 

SH~5: Rt + R? •( H'+ T~AT) t ~Q *CR~ + TWAT) ••2, 
5H5. SPECIFIC HfAT nF WATER 

~~5= SH55 * t,lb~ 
PFAC11 QFACC,f) 
R~AqEa 50, * AREACn .. . .... 

PLnAO• VARIA~LE HOT WATER L'oA'o 
PLOAD# PFAC * R8ASE 

ATLUAD•TOTAL LOAD FUR HOME HEATING FOR ONE DAY 
ATLOAna ATLoAO + l&on, * PLOAD * DELTIM . 
FEX= TCOL/ QTTRIM 

VOL"'• VOLUME OF WATER INSJDE TANI!. ASSUMING NO EXPANStrlN llF WATE.R WJTM 
TE~PERATuRE AND FtLLlD TU THE TO~ oF THE TANK 

vuLw= Pl * c<DtAMT ••2,)IQ,) * TANKH 
ALPHZ ( yCFtN • PLOAD) /(SHS * OE~Sw * VOLw) 
TW(J)I: TWAT 

TWATNE• TEMP oF WATER AT END nF 1 HnUR 
TWATNE: TWAT + DELTIM * ALPH 
TWMAX: 70 1 

Tl'IAT: TwATNf 
IFC TwAT ,GE, TWMAX) TWAT: TWMAX 
TL(Jh: TLIQ 
Pl (.J): (l(PO 
Ptt2(J\i: TCPD 
P2CJh Tlt~EAN 

P22CJ): TW"1fAN 
G!.11 (J): XHPt 
GM2(J): )(HP;? 
REYN(J): ()(FIN 
PIHN(J): EFJN 
XH(J): OHIFL '; 
VIS1'.Jl: ETAl 
Er:<Jh CAP? 
QCP(J): TBEpO 
QCP~(J):t G, 
QCl(J):: Gt12 
VIS2CJ):i CApt 
REY(J): G;? 
l!IH CJ)• G22 
fXCCJ): 'ExCHEF 
1.J(Jl: REYNO 
TL! (J): XHCw 
lCUHJ): 111 
lll11CJ):: HO 
WLS(J): ux 
wAS(J): OREY 
RLS(J): REY~10L 
TH(Jh COPt 
EXA(J): VlSR2 
TRET(J): CONOW 
fJAR(J): fTA? 
Al 0 ( .J ) : V I SF l 5 
fJHP C Jh CONFL5 
cnNrJNUE . 
IFC IX ,LE. t> GO TO 1D&1. 
J: t 
CONTINUE 
JF( J ~GED ?5) GU rn lA22 
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1C1 fp()A(li' l);lq,AAAM!\f:Ml non~l),S 

ntFF:: fE'4P(TX,.Jl • TE"1P(Jlt•1,J) 
A~~': A~~( nlFF) 

c JF ALL TEMP. MATCH WITHIN A CERTAIN TOLERANCE RETWf.EN THnsf nF ON~ 
C OAV ANn THO~E OF THF. PREV1UIJS THEN THE PROGRAM CONTINUES TO THE 
C NF.XT ITERATION 

JFC A~St 0 GT 0 2) GO TO t0b3 
J: J + l 
GU TO tA2l 

1 A22 CONTINUE 
PRINT ? . 

2 FnRMAT(lHo,aQx,•Ex ER CHARACTERISTlts•13x,•o.D~TU~E(M)•,ax,•1,D.TU 
t~E.(Ml•,bX, 'NO.TIJRES•,5x, 'TUBE LENGTH(M)•,2x, 'EXER AREA(M2)1) 
PRINT J,Ssizf,xD,XNEX,TU~LENiAREAEX 

3 F'URMATCft2.5,a(aX,El?,S)//) 
PRINT tocn 

t043 FORMAT( tX, 1 COLLECT0R AREACM••2)•,2x, •FLUID FLOWRATECKG/HR~•,2x, ··. 
l!lllATER FL11 1~RATECKG/HR)•2X,•CAP,RATE RATIOt). 

PRINT tOU4 1 ARfACO,Gt,G~ 1 CXVRAT 
1oaa FuR~ATCSx,2cE10.a,~x>,Ax,E10.a,1ox,Eto.a1 

PRTNT toa2 
lOIJ2 F'ORMATfSOX 1 tHEAT TRANSFER CHARACTfRlSTICS(JOULES/DAV~I) 

PRTNT toao 
toao FORMATC3X, •INC.RAD~,2x, •HEAT COLL.•,2x, 'HEAT TRAN;•, 2x, 

l 1 HfATING LOA0 1 ,2x, 1 cnsr TO HEAT T~ANSFERRED RATI0 1 l 
PRJNT 1oa1.~TINC,QCOL,QTTRJM,ATLOAO,FEX 

lOUl FURMATCE10.a,1c2x,E10.a),b~,Et0.4/////) 
PRJNT 4 1 (J,TW(J) 1 TL(J),TLt(J),XLS(J) 1 XLOCJl,WLSCJ),~JS1(J),EXC(J), 

lPRAN(J),REVNfJ),J: l, 2U) 
4 FUR~ATC?x,12,10E10.a> 

PRTNT 5 
5 F'ORMAT(tHt) 

JF( JL ,GE, NFLOW) GO TO 7q5 
JL= JL t t 
JCOUNT: JCOuNT + l 
GU Tll tOb2 

7q5 CONTINUE 
1?3a CONTJNIJf 
1234 CONT I ~JlJE 
1Aqo CUNytN11E· 
850 ·COl>JTINllE 

ENO 
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07/1~/77 1?rLl.Stl11 f~DAO?. O?Q,AA/.llSE"MI OO(li>_q\ ,, n 

e'M A P , S Y. , N A "1 f 
M~P2~~tC ~I 1?•P. 07/lr:../77 Pt1Jat1b 

I. IN tPF~, 

ADO.RESS LIMITS ootono 015bbt 
o'lnooo o5ooor; 

STARTING AO.URESS Ot?aSb 

b57P. tAANK WORDS OECIMAL" 
LltO? OijANK WUROS DECIMAL 



•XQT NH1E 
COLLECTOR TU~E CHARACTERISTICS 

o.o.TURE(M)" I.n.TllBE(M) SPACING flF TUBING(M) 
.otsq ,Otll':i .21sq 

TANK Dlt1EN~IONS 
HEIGHT("1) DTAMfTER(M.l TOTAL SURFACE AREA(Mi.;,2) 
'.\.1a2q t.tt43 n.&sn 

EX ER CHA~ACTERISTtCS 
o.o.TU~ErMl l.D.TURE(~) NO. TURES TURt. LENGTH('"°') EXER AREA(M2; 
.q'>l'50•02 .Aootn•o2 ~28000•02 ~38t'n+o1 ,12000+01 

COLLECTO~ AREACH••2) FLUID FLOWRATE(~Gl~R) WlTER FLOWRATl(KG/HR) CAP.RATE RATIO 
.taooo+o.?. ·'200+0ll .1201+oa 1.0000 

MEAT TRANSFER CHARACT~Rl~TICSCJOULES/DAVl 
INC.RAO HEAT COLL. HEAT TIUN• HEATING LOAD cnsT TO H~AT TRANSFERRED RATIO 

.s201+oq .oooo ~~1.1.?.R+OQ .112e+oq • , 7'l2•0ll 

HEAT TRANSFER FLUID ~ WATER 
I TWAT TLIQ XHCW HI HO ux ETA3 EXCHEF EFIN: QC FIN 0 l eb523+02 ~3711b+Ot .oooo .oooo .ooon .ooon ~0000 ~0000 .q1>13+00 .oooo . 
°" 2 .&'52'\+02 .2soo+ot • 00(')0 .oooo • oo·oo •. oooo .oooo .oooo .q&t 3'+00 .oooo I 

3 • b'523+Cl2 el4bU+Ot .nooo .ooon .q,,n+oo .oooo .oooo .oooo .onon .onoo 
4 .&52~•02 abbqQ+OO aOOO!' .oooo ,oooo .oooo ,onoo .oooo ,qbtl+OO .onoo 
5 .1>a70+02 .t70IJ+OO .oooo .onno .oooo .oooo .oooo .ooon .Qf)\3+00 .oooo 
b ebUt7+02 .oooo .onoo • ()0 0 (I ,oooo .ooun .oooo ,oooo .qf>t~+OO .oooo 
7 eb3t>5+02 .38QQ+(\2 .oo~n .ooon ,oooo .onol' .onoo .onoo .q&l,+00 .ooon 
8 .&lt;»+o2 .75&7+02 .ol)OO .oooo •. oooo .oooo .oooo .oooo .q&t'3+nn .oono 
q abi'5q+02 :ollSi>+02 .Ll34'J+03 .oooo ~oooo .ooon .1qqz+on .oooo ,CJ&11+on .oooo 

to • b20.b +02 eb7b7•02 .aoAc;+o3 • u2ac;+oL1 ,.50bO+n4 .1211+01& .1q&q+OO .s11q+nn .CJb07+00 .1077+05 
tt .b~32+02 .1010+02 ~t1tt12+n3 .02q2+01& ,5oq"•O" .122,+04 .7Q7'5+00 .snn+no eqbOQ+OO ,1'307+os 
t2 .t>'51Q+o2 .723&+02 .at«H>+Ol 1 1J3Ub+04 ,5t3Hn4 el2ln+nu ,1q1q+oo . ,5143+(10 ,CJ&tn+oo ,1377+ns 
1 .3 .&Rt\Ll+02 ,7537+02 .ci271J+03 a443R+04 .5t8l)+Oti .12110+04 .7CJ8bt00 ~5tb3+01) .q&t3+00 .t2b4+05" 
l" .1000+02 ~753b+02 .a2ac;+n3 ·""52+0Q .s1a&+o11 11241+011 .7Q87+00 :stt>s+oo .q613+00 .to35+os 
15 .1ono+o2 .73bo+n2 .a25ll+03 eLlll.OS+Oll ,5t7q+Oll .12uo+oa .1ql\u+oo .5163+00 .qb13+00 .b~47+04 
lb .1000+0;> ~72.S0+02 • 112'5 Ho 3 .oooo .oooo .oooo • 7qA1uoo ~0000 .CJ&t3+00 ~ooon 
1 7 .&qa1+02 ~48&5+02 ,ol)OO .noon .oooo ,ooon .ooon .oooo .CJf>t '5+1)0 .oooo 
tB eb788+02 :1000+02 .ooon .unoo .oooo .ooun ,onoo .onno .qbt3+0I) .onoo 
lq ,bb2Q+02 .CJ83o+nt .1>000 .onoo .noon 10000 ,oooo .onoo .CJfit 'J+OO .ooon 
i'O ,b'52,+02 .qnn+ot .1>000 .ooon .oooo 10000 ,oooo ,on on ,CJbtl+no ,nnoo 
21 .,,523•02 a853b+Ot .noon 1.onlil) .oooo .oooo .oooo .oooo ,CJ613+01) .oonn 
22 • b521+1)2 .7Sof'+Ot .oooo .f)oon. .oooo .oouo ,onoo .ooon .1J&t1+no .oooo 
11 eb523+02 .b2q4+0l 1nooo eOl'On .oooo ,oooo ,oooo ,001)0 eqbtl+OO . • onoo . ,u . f)Ci:»,+n;> .Sollt1+nt .nt\nn • noon. .onno eOl'.IUO .oooo .oonti .Qbt 3+no .oooo 



OJA"lETERC"t) 
t." 43 

TANIC DIMENSIONS 
TOTAL SIJIH· ACE AREA(Mu2) 

t3,b527 

EX ER CHA~ACTERISTICS 
O.D.TU8E(M) 
.q52so-02 

t.D.TURE(M) 
eA0010•02 

NO, TUBES 
~28000+02 

TUBt LENGTH(M) EXER AREA(Ml) 
~1s1q2+01 ,12000+01 

COLLECTOR AREA(M••2) 
.aooo+o2 

FLUtn ~LOW~ATE(~G/HR) WATER FLOWRAT~(KG/HR) CAP,RATE RATin 

I 
b 2 

3 
-;-i 4 

5 
0 

7 
8 
q 

to 
tt 
12 
ll 
t a 
t ') 
to 
t 7 
1 8 
lq 
10 
21 
n 
23 
24 

HEH COLL, 
,onoo 

TWAT 
• tt523+02 
.0523+02 
eb5lH02 
.0523+02 
.0470+02 
.o4t7+02 
eb1b5+02 
.ei,1;>+02 
eb25C1+Q2 
eb20b+02 
• b330+02 
,b'528+0}. 
,bAQf'+02 
• 701)0+02 
,7000+02 
,7000+02 
,oqu1+02 
,o7R8+02. 
,bb2'>+02 
,b523+1)2 
,o5Z3+02 
,b523+02 
,b523+02 
,0523+02 

TLIQ 
, 370o+O I 
,2500+01 
e14bU+Ol 
,boQChOO 
~t70U+OO 
.ooon 
.JAC1q+02 
~75o7+02 
,bU')7+02 
~b8tQ+02 
:7o7A+o2 
.1101+02 
·,7btn+n2 

· , 758H02 
,7JQ1+02 
,725A+02 
,48b'5+02 
,1000+02 
,9630+01 
,qBO+Ol 
:as1b+o1 
,7501)+01 
.o29a+ot 
.5000+01 

,3717+04 ,3201+04 11001)0 . . 
HEAT TRANSFER CHARACTERISTICSCJOULES/DAY) 

HEAT TRAN, HEATING LOAD COST TO H~AT TRANSFERRED RAlIO 
.2a~c;+o9 ~t728+oq ~17hb•OU 

HEAT TRANSFER FLUID - 50% ETHYLENE GLYCOL 
XHCW 

• ono-o 
,onoo 
,ooon 
.oooo 
,nooo 
.oooo 
•. OflOO 
.oooo 
, QOQJ,+O 3 
,1UtJ1+1\~ 

, 7Aocho 3 
,R173+03 
•A 7 f).tl +O 3 
• ~ b f).(l +I) 3 
,AtJtJJ+oJ 
,l:.ltJUtJ+OJ 
.oooo 
• 0001\ 
,001)0 
.ooon 
,nooo 
,oonn 
.onoo 
,onoo 

HI 
,oooo 
,ooon 
,oooo 
,O'lOO 
.oooo 
.oooo 
.oouo 
.oooo 
.oooo 
,u?45+ou 
,u2'1a+oa 
,a1so+oa 
,uuu2+oa 
,411su+oa 
,aas1+ou 
.oooo 
.noun 
.oooo 
.oooo 
.oooo 
,oooo 
.oooo 
.onon 
,ooon 

HO 
,oooo 
.oooo 
.oooo 
.:ooon 
.oooo 

~,ooon 
,noon 

.• oooo 
,oooo 
,3113+04 

·,1tao+o4 
,3tf>'5+04 
,3202+ou 
.HoJ+ou 
• 3 t Qo •ll.4 
.onoo 
.oooo 
,oooo 
.oooo 
,oooo 
,·oooo 
,ooon 
,000(\ 
,0001' 

ux 
,onon 
,ooon 
.oooo 
,ooon 
,ooon 
.onoo 
.nooo 
,ooon 
,ooon 
110SA+04 
.1oou+na 
.tl)7t+ou 
• t l)t.i0+04 
.1n~t+nu 

.to~n+ou 

.oooo 
10000 
,onoo 
,oooo 
,ooon 
.oooo 
.ooon 
.00011 
,oooo 

ETA3 
,onon 
,onoo 
.ooon 
,ooon 
,onoo 
.ooon 
,oooo 
.oooo 
,At81+00 
,1q41+nn 
,8t5o+OO 
1815<HOO 
,8171+00 
,8t7o+OO 
,Btb'i+OO 
,Atb5+00 
.oooo 
.oooo 
.onno 
10000 
,onoo 
.oooo 
,nooo 
,oonn 

EX CHEF 
~000(1 
.oooo 
~·oooo 
.oooo 
~ l)Onn 
.oooo 
~ooon 
~0000 
,ooon 
,·U1bQ+OO 
,Ll782+00 
,tJ7Q7+00 
,tJ8fChl)0 
•. uAt<Hoo 
~aBtb+OO 
,oonn 
,ooon 
~ooon 
•· 0000 
,ooon 
~0000 
~ooon 
~ooon 
~0000 

EFIN 

,9549+00 
,9549+1)1) 
,95tJQ+OO 
,q549+01) 
,·9549+00 
I ql)tJ'hOO 
,q54q+nn 
,qc;uq+no 
,q54q+oo 
,qi;41+00 
,q54HOO 
,qc;45+00 
,q5u<hllO 
.95LIC)+OO 
,q5u9+00 
,9'5UQ+OO 
,954q+oo 
,9549+00 
,q54q+oo 
,9549+1)0 
,9549+00 
,q54q+l)O 
,Q549+01) 
.·q549+1l0 

QCFIN 
.oooo 
,0000 
~onoo 
• 0000 
~0000 
,0000 
,0000 
,OOO(I 
,0000 
, t 0'1J+11c; 
,132b+05 
• t JQ~+O':> 
, t ?~J+nr; 
,1052+05 
, bq5'5+ (\LI 
,0000 
.oooo 
.oooo 
,0000 
.oooo 
,oooo 
.oooo 
.;0001) 
,0000 



HElGHT(H) 
1.1a2q 

DTA~ETEA(Ml 

t.tt"' 

::·'. 

bO 

HNK OlMEN~IONS 
TOTAL SURFACE AREA(M••2) 

13,1>527 

EX ER CHAHACTERISTICS · 
o.o.TUBE(M) 
.95250•02 

I.l').TUAE(M) 
• .-ontO•C\2 

NO.TURES 
.2soon+o2 

TUR~ LENGTH(M) £X£R AREA(M2) 
.38\92+01 .12000+01 

COLLECTOR AREA(~••2> 
.0000+02 

FLUYI') FLOWRATE(KG/HR) ~ATER FLOWRATE(KG/HR\ CAP.RITE RATIO 

I 
0 1 

2 
'f' 3 

4 

5 
b 
7 
8 
9 

to 
t 1 
t2 
tl 
1 u 
t5 
tb 
t 1 
t8 
t9 
20 
2t 
22 
23 
24 

HEAT COLL. 
.oooo 

TWAT 
• &523+02 
ebS23+02 
ebS23+02 
.&S23+02 
.b070+02 
ab4l7+02 
.&~b5+02 
.b3t2+02 
eb25C1+02 
ab20b+02 
• b32hl)2 
ebSot+02 
ebR5b+02 
.1000+02 
.1000+02 
.1000+02 
.b947+02 
eb7R~+CJ2 

,bb29+02 
,b523+02 
• bS23+02 
.bS23+02 
• b523+02 
ab523+02 

TLIQ 
.·3706+01 
.2soo+ot 
.lUbG+Ol 
.ob99+oo 
.1704+00 
~0000 
.·3899+02 
.75&7+02 
.oas2+02 
.b923+02 
.7t96+02 
.7420+02 
.7&9ll+02 
.7bRb+02 
.74&2+02 
.12s~+o2 
~48bS+02 
.1000+02 
.·9830+0 t 
.9HO+Ol 
e8536+0t 
.1soo+o1 
,b?94+0t 
.sooo+ot 

.1s92t04 .1201+oa 1.nooo . 
HEAT TRANSFER CHARACTERISTICS(JOULES/DAY) 

HEAT TRAN• HEATING LOAD COST TO H~AT TAA~SFERRED RATIO 
.23&4+09 ~172Rt09 .tA4t•04 

HEAT TRANSFEF: FLUID ~ MOBIL THERM LIGHT· 

XHCW 
,01)00 
.oooci 
,onoo. 
,ooon 
~oooo 
.ooo~ 
:oooo 
, OOOfl 
, a "J2c:;+ I\ 3 
,3btl:J+03 
,,79HOl 
,3CJr;o+o3 
~1JtS7+0J 
.1JtC1;+03 
,0002+03 
~4014+01 
,ooon 
,oooo 
,0001) 
•. ooon 
.,nooo 
.oooo 
, i\OOO 
.oooo 

HI 
,onoo 
.oooo 
.oooo 
.oooo 
.oooo 
,ooon 
.oooo 
,01)00 
,ooon 
• a2us+oa 
,a2~R+oii 

1 4l40+0CI 
.uu3o+ou 
.cM5;+oii 
•""S:.\+04 
,oooo 
,ooon 
.nooo 
,oooo 
.oooo 
.oooo 
.oooo 
.oooo 
,OGOO 

RO 
.onoo 
.oooo 
,·aooo 
.oooo 
.·aooo 
,aooo 
~noon 
,nooo 
.oooo 
,11s.-+oa 
el'lbl+OCI 
• t.372+04 
• tn8Cl+l)(I 
• tn85+04 
.nat+o4 
.cooo 
,cooo 
• C·oon 
.cooo 
, C•OOO 
, C•OOO 
,oooo 
.oooo 
.eiooo 

ux 
,ooon 
,oooo 
,ooon 
,ooon 
.oooo 
,oooo 
.ooon 
.oooo 
,oooo 
,7352•03 
,737R+01 
,74tQ+03 
• 7Cl8:H03 
,749t+03 
.7aHn+o3 
,ooon 
,oooo 
,ooon 
.oouo 
.oooo 
.oooo 
.onoo 
.oouo 
.oouo 

ETA3 
.oooo 
.oooo 
,oooo 
,oooo 
,oooo 
,oooo 
,oooo 
,oooo 
,1qq5+00 
,7924+00 
,791!?+00 
.7958+00 
,797R+OO 
,797'i+OO 
• 7Qbi.'+00 
.79b'!+OO 
~ooon 
,oooo 
,ooon 
.onoo 
, 01)00 
.ooon 
, onoo 
.oooo 

EXCEIEF 
,0000 
,oooo 
,0001) 
,0001) 
.·ooon 
.·oooo 
,OOtH\ 
.·oooo 
.oooo 
,387At00 
~3885+00 
.389~+00 
,391 A+l'.10 
,3q1q+oo 
;39\6+01) 
•. oooo 
•. onoo 
,0000 
~oooo 
,·oooo 
,0000 
,oooo 
.onoo 
.oooo 

EFIN 
,fl37&+on 

. ,9376+00 
,q37b+OO 
efl37b+OO 
,q11&+00 
,fl37b+OO 
,fl376t00 
aq'576+00 
,937b+OO 
,fl3bl1+00 
.fl370+00 
,q372+1)0 
•q'H'5+1)0 
,q"J1b+OO 
,q37b+no 
• 9376+1')0 
,q376+00 
,9376+00 
,9376+00 
,9376+00 
a937b+OO 
.9371>+00 
,fl37ft+OO 
• 9371:1+00 

QC FIN 
.• oooo 
.oooo 
.oooo 
.·oono 
,0001) 
,0000 
,oooo 
,oooo 
,0000 

I 

, 11)4Cl+0'5 
,t270+0S 
,1342+0'5 
,t23b+ns 
,t008+0~ 
,&bSQ+nu 
.ooon 
,0000 
,0000 
~0000 
.ooon 
.·OtlOO 
,·o,,oo 
~0000 
,0000 



APPENDIX E 

TRACED TANK MODEL 

The following computer program ~odeled the performance of the single loop 

traced tank system. Most of this program and the input parameters used have 

been, discussed in other section$ ,of- this report. In this particular case, 

it was used to show the difference in performance between several heat trans-
. 2 

fer fluids for a collector of !Om. Sample printouts of the results follow 

the computer program listing for the cases when water, 50% ethylene glycol 

and mobiltherm light were used within the heat transfer fluid loop. 
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0Jt.1fNsJON T>t(2) 
OI"4£NSJON TMCZ4),C0(24),CXC?U),Cl(24),DJl(24) 1 PLC2U),FA(?4,,FP(24) 
D~MENSION SH(lU) ,CQN(?O),Vl~C?a>,AlC2U),0£(24~,coc?4),9(20) 
Dl"4ENSJON VJC24) 
DIMENSION OJNCl0(2U),TMEAN(2) 
DIMENSION AtCtS), A2Cl5), AlCts),· AaCt5), A5(15) 
DIMENSION EtCt5),E2Ct5),ElCl5),EQCt5) 1 f5(t5) 
DIMENSION FtC15),F2Cl5),Fl(l5),FQ(t5) 1 F5Ct5) 
DIMENSION TEMP( q, 24) 
DIMENstON fjMB(24) 
01"1ENSJON Gctol,APF.AC10) 
DIMENSION TwC2a),TLC2U),REYN(24),XHlC24),REYC24),XH(24;,uc2a; 
DIMENSION Ex<2a>,EtC2Q),OCSC29),QC&(20) 
DIMENSION 0FACC2Q) 
REAL JC , 
DJ~ENSION DENtCtS),DEN?C15) 1 0ENlCt5) 1 0ENU(tS),OEN5Ct5) 
PI:s J.ttJt593 . 

ACCG• ACCELERATION nF GRAVITY IN FT/ HR••2 

-e.2-· 
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.., ·; 

... 

ll~5 FR0A02 02Q~AAARqfMJ 0002Q3 525 "0 

c 
c· 
c 

c 
c 

c 

c 
c 
c 

c 
c 

c 
c 

c 

1078 
c 
c 
c 

c 
c 
c 

c 

1080 
c 
c 

c 

c 

c 

c 

c 
c 

ACCGs: tJ.t7EA 
nEL TJ"'• JNTE~VAL IJF TTME JN WHICH PROGRAM IS .. EVALUATED JN HR 

0 EL T J M • I , . · .. .. , .,. · ·• •. . , 
. P

0

ROPERTJ ES nF CnLLE.C TOR 
DIAMO• OUTSTDE DIAM~ OF CO(LfCTO~ TU~E IN M 

OIAMOa .&25 * 1 0250 
OJAMJ• INSIDE DIAM• OF TURE JN CULLECTOR TN M 

ntAMT= 1 5&9 • .02so 
)(f'.IUT-CRnss-sE.CTJQNAL A~EA OF TllBt:: IN COLLECTOR IN .. M••2. 

lCNUT: 4 1 /(Pt * DJAMI••2 1 ) 

ntAMX•INsJD~ DI(M. OF TUBE IN FT. 
nJAMlC: 1 5t>9 lli' 1 

SIGMAO F'fN THIC~NESS OF COLLECTlJR IN M 
SIGMA()• .0108 * .02su 

XLENr.T. FIN LENGTH OF COLLECTOR lN M 
XLENGTll 1 1 

CONO• COND 1 OF COPPER TUBING AND SOLDER IN WATTS/M C 
COND: 3Qb 1 

csu~s- BoND CONDUCTANCE 
CSU~S= U~ * SJGMAO * COND/DIAMO 

W• $PACING OF TUBING ON COLLECTO~ IN M 
w: ~. * XLENGT + DIAMO 

LISLQPf• nVERALL HEAT TWANSFER COlFF 1 FOR COLLECTOR WATTS/M**2 C 
USLllPf: 5 1 

l~SI7E• No. OF DIFFERENT SIZES UF r:r.lLLECT(lRS 
NSTZE: I 

AREA• ARRAY WHICH HOLDS SIZES (JF COLLECTORS 
READ t07A,tAREA(JA),JA:J,NSIZE) 
FQRt-14'1'(FI 0 1 4) 

PROPERTIES OF WATER 
Bt THRU 85 ARE CONSTANTS F'QR THE SPECIFIC Hf AT EQUATION 
THEY HAVE REEN CALCULATED FROM HA~DBOOK OF HEAT TRANSFER 

REAO tOAO, Rt 1 R2 1 R3, R4 1 ~5 
.1>1 • 05 • CnEFF I FnR C()NDIJCTIVTY F.QllATIQNS OF WATER 

R[AO tORO, nt, 02, 03, DIJ, n5 
Rt • RS • CllffF 1 FUR OE~STTV ECHJATllJN OF WATER 

Rflll) 10fl0, RI, u~, rn, RU, RS 
SI • sc; • CQEFF. FOR BETAF EC~IJHltH'4 FOR wATER 

REAn toRn, !!11 s~, SJ, SIJ, S5 
zt-lS ·CoEFF, FOR VTSCoSITV oF WATfR EQl.IATION FOR TEMP. >&OF 

~EAIJ ,,,Rn, 1t,·l;!, l31 la, 15 
FORMAT( 5Etn 1 1J) 

PWOPERTIES oF HEAT TRANSFER FLUIO 
N• NO~ OF FLUIDS CIRCULATED THRU COLLECTOR 

N: q 
Al THRU AS ARE THE FLUill CoEFF. FnR THE SPECIFIC HEAT E~UATIONS 

REAo.toeo,CAt(J),A2(1),A3(J),41JCI),A«;(f~,I= t,N> 
Et •ES .cuEFF. FOR CONDUCTTVITV EQUATION OF FLUID 

READ l~AO,CEtCI),E2CJ),E](J),EiJCI),t5Ct),I: t,N) 
FS-~5 -coEF, FoR VISCOSITY EQUATION OF FLUID 

READ tOBO,CFl(J),F2CI>,F3Ct),FUCI),~5Cl),I: t,N) 
DENt•DENS• CUEFe FOR DENSITY EOUATION OF THE FLUID 

READ tORO,CoENt(I),OEN2CI),DENJCI),UFN4(T),DEN5(I), I= t~N~ 
nETERMINATJON uF ENVIRONMENTAL PARAMETERS 
XPHASE AND XOMEGA •USED IN DETERHINING A~8IENT AIR TEMP~ 

XPH~SE: • 3; * PI/~ 1 
lfi)MEGA: PJ/ 12~ 

-E.3-
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c 
c 
c 
c 
c 
c 

525 40 

LOOP TO READ IN INCIDENT RAD. ANO AMBIENT TEMP• 
DO tOQO J• t 1 2li 

QlNCID•AMOUNT OF INCIDENT RADIATION RECEIVED AT COLLECTOR SITE.~••• 
FOR THIS CASE IT IS SYMMETRIC AWOUND 12100 

QINCIDCJ): 7~0•* COS((Pl •J/12 8 ) • ~I) 
TAMA. AMBIENT TEMP, AT COLLECTOR TN C 
TAMS IS ASSUMED TO RE SINUSOIDAL, WITH AMAX AT t8t00 ANO MIN, AT ~100 

TAMR(J~• t5; + to. * COS( XPHASE + J * XOMEGA) 
IF THE INCIDENT RAOIATION IS NEGATIVE IT IS ASSUMED TO RE 0 

IFC QINCID(J) ~GTe 0) GO TO 10QO 
QINCID(J)i: o. 

1oqn 
c 

CONTINUE 

TSTART•TEMP~ OIFF. RETwEEN WATER TEMP. AND FLUID TEMP~ IN OROER TO TURN 
PUMP ON 

c 
c 
c 
c 
c 

c 

c 

c 

TSTARTS 18~ 
TSTOP •TEMP~ DIFFe BETWEEN WATER TEMP~ AND FLUID TEMP• IN ORDER TO TURN 
PUMP OFF 

TSTOPm 3e 
THIGH• MH 8 ALLOWAALE TEMP• OF FLlllD 

THIGHi: Q0 1 

NFLOW• NO, OF FLOWRATES TO BE USED 
NFLQW: t 

G•ARRAY WHICH HOLDS VARYING FLowwATES OF FLUID 
READ 1078 1 (G(JL) 1 JL=t 1 NFLOW) 

QFac. ARRAY WHICH HOLDS VARYING HOT WATER LOAD 
READ tQ7 1 (QFAC(J) 1 J: 1 1 24) 

IQ7 FORMAT(t2Fb~Z) 
PRINT 1Qt3 

1Qt3 FORMAT(50X,•COLLECT0R TUBE CHA~ACT~~ISTICs•1to•,•O.D~TUOE(M) 1 ,1ow, 
t•r.o.TUBf(M) 1 ,tOX, 1 SPACING OF TUBIN~(M)I) 

PRINT tq\q 1 DIAM0 1 01AMI 1 W 
tqta FURMAT( 7x,Fto,a,11x,Fto.a,1&x,Ft0.4/) 

C LOOP TO VARY FLUIDS IN COLLECTOR 

c 

c 
c 

c 
c 

c 

c 
c 

c 

c 

c 

c 

DO tQOO Jc 1 ,N 
LOOP TO VARY SIZE OF COLLECTOR 

oo 1aqo JA= t, N~IZE 
AREACO• AREA OF COLLECTOR IN ~**2 

AREACQ: 6REACJA) 
. XNTUBf· Nn. oF CULL~CTOR TU~ES 
~NTUAE: a. * AREACO 

LENGTH IF CnLLECTOR TUBES IN FT 
XLCOL• LENGTH UF COLLECTOR TURf.S 

XLCOL: AREACO/(XNTURE * W * 8 30U8) 
XPANEL• NO. OF SEPERATE HELICAL LOILS 

IF( JA .EQ. t) XPANEL= 2 
PROPERTIES OF TANK AND Coll AROUND TANK 
K• RATIO OF TANK HEIGHT TO RAOlUS 

!<= b 
DIA~T • DIAM• OF TANK IN M 

OIAMT:C(2 1 A7Rt * AREACO /(K * Pl))••Cle/3el)•2~ 
DJAMT: OJAMT * 1 3048 

TANKH• HEIGHT OF TANK IN M 
TANKH: K * DIA~T /2 1 

~CQNO CONDUCTIVITY OF CnPPER TUBlNG ANO COPPER WALLS IN WATTS/~ C 
TCCIND: 3~b~O 

SC(V>IO• CQNOllCTIVITV QF !;TEEL TANI\ IN WATT~/M C 
-E.4-



.SCOND : '50 • 
C T~ALL• THICl<Nf SS OF TANK IN M 

TWALL= .Ot7t43 * DIAMT 
RWID• eb25 

C 8WJ0TH • OUTSIDE DIA~. OF TURING AROUN~ TANK IN M 
BWIOTHs e&25 * .nz5q 
yo ,oot25 

C T• HELICAL COIL TUB~ THJCKNE~S' 
T: YK + .oz * AWID/12. 

C HWIOX•OtAM• OF TUBE IN FT~ 
RWIOX: AWJ0/12• • 2e * T 
T: T * al04A 

C HWJnIN• INSIDE DIAM~ OF TURING AkOUNO TANK IN M 
RWtOIN: R~IDX * e3n48

1 

c )(NllTt•CRnss-sECTIONAL AREA OF TU~E AROUND TANI< IN" Mu2. 
XNUTI: 4a/CPI• BWJDIN••2,) 

C AONOCO• ~ONO CUNOUCTANCE OF TANK AONO TO THE TURING 
BONOCO: 4 1 * TWALL * Sr.OND/BWIOTH 

C OAREAT• TOTAL SURFACE AREA OF TANK 
OAREAT: Pl * OJAMT * TANKH+ Pl •(OIAMT ••2,)/2~ 
PAREAT: PI * OIAMT * TANKH 
PRINT t 
F'(lRMATCtHO) 
PRINT tQlt. 

lQll FURMATCSOx,•TANK DIHENSIONS 1 /10X,•HttGHT(M)',10X1'DJAMETERCM)I, 
· t10X 1 1 TOTAL ~URFACE AREACM••2)1~ 

PRTNT lQ1~ 1 TANKH,DJAMT,PAREAT 
1Qt2 F'QRMAT(hX,Ft0 1 4,7X,Ft0~4,t3X 1 F10e4/) 

c ctnL- COST OF COLLECTOR SYSTEM 
CCOL= too, * AREACO 

C TllAEL •LENGTH-OF TUBING IN M 
TUBEL: 20 ~ 

FTUBEL: TUREL I .3048 
C CTURE• COST UF TUBING AND SOLDER/METER OF TUBING 

CTUHEs s. 
C RMAX • SPACING BETwEEN TU~ES IN M 

9MA): 2a75 * a0254 
C TlfNGT. FIN LFNGTH OF TANK JN M 

TLENGT: C RHAX • BWIDTH )/2 1 

C AREAT• AREA OF HEAT TRANSFER IN H**2 
AH~AT: ~~Ax • fUREL 

C Tl• FRACTION OF TANK COVERED RY TUBING 
Tt: ARf.AT/ PAREAT 
PRINT t 'H 5 1 Tl 

lQt~ FORMATCSOX,•COIL CHARACTERISTICs•1sox,•AMUU~T OF TANI< COVERED BY 
lTUBING'1F7~1/ sx,•o,D,TUBE(M)t, sx,11,0,TUBE(M;•, sx,•TOTAL LENGTH 
20F TUAJNG(M~•,tox,•SPACING BETWEEN COILS•,tox,•FIN.LENGT~I). 

PRINT 1Qtb,9WJOTH1BWJOifll,Tllf3EL1BMAX,TLENGT 
sqth FoRHATCJX,Fto.a,sx,Ft0~4,1tx,Ft0,4,17X,Fl0~4,l~X,Ft0.4/) 

C JL• COUNTER FOR NUMRER OF FLOWkATES 
JL= t 

c ICoUNT· COUNTER TO DETERMINE Huw ~ANY FLOWRATES TO USE 
ICOUNT: 0 

t Ob2 CUNTh1llE 
C TWATF• STARTING TEMP OF WATER 

TWA-TF: bOe . 
C TWAT • TfMP OF WATER IN TANK 
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c 
c 
c 
c 

lObl 
c 

c 
c 
c 

lObtl 
c 
c 
c 

c 
c 
c 

c 

c 
c 

c 

c 

c 

·c 
c 
c 
c 

c 
c 

c 
c 

c 

c 

.TwAT a tWATF . 
TLIDIN• TEMP, OF FLUID ENTERING cnLLECTOP ~ 

TL tCIN• TWAT 
IX• COUNTER-FOR CONVERGENCE LOUP FOR MULTIPLE DAY RUNS 

I Xi: O 
AN ITERATION AEGINS WMICM WILL CCJNTTNUE UNTIL THE DAVIS TEMP, AND THE 

PREVIOUS DAVIS TEMP ARE WITHIN AN ACCEPTABLE LIMIT.,,;, 
CONTINUE 

IF IT TAKES MORE THAN 7 DAYS TO CONVERGE IT IS TOO LONG 
tFC TX ,GE, 7) GO TO 1822 
TlOI Ix + l 

FOR MULTJPLE DAV RUNS, FLOWRATE tOUNTER IS SET BACK TO l 
so THAT THE FLOWRATE rs JUST TUR~ULENT 
JCOUNT• COUNTER TO DETERMINE How MANY FLOWRATES TO USE 

IF( IcOUNT ~NE~ 0) GO TO 10b4 
JL• I 
CONTINUE 

TBEG• 8EGINNING TEMP 1 OF WATER IN TANK FOR. EACH DAV 
TREG= TWAT . 

JC•COLINTER OF NUMBER UF MOURS PUMP tS TURNED ON 
JC: 0 

QTPRIM• TOTAL RATE OF HEAT COLLECTED AND TRANSFERED TO FLUID/DAY 
QTPRIM: 0 

QTTRIM• TOTAL RATE OF HEAT TRANSfFRRED /DAY FROM FLUJO TO TANK WATER 
DTTRI'°'• 0 

~TLnSS•ToTAL LOSS FRUM TANK FOH l DAV 
QTLnss= o, 

nTLOAO·ToTAL LUAD FROM TANK FOR l DAY 
r.ITLOAD1:1 0, 

QTTNC• TOTAL INCIDENT RAD. FOR 1 DAY 
QTINC= o. 

E•vF- ~VE. COLLECTOR FFFJCTFNry 
EAvEc o. 

FPAvE. AvE. ~IN EFFICIENCY OF TUhE-TANK SYSTEM 
FPAVE: <', . 

fXAVE• AvE, EFFICIE~CY OF TUBE TANK SYSTEM 
EXAVE: 0 1 

TMAX• MAX, TEMPe OF WATER FOR A GTVEN DAV~ 
T"IAX: TWAT 

TMI~· MIN 1 TEMP, OF WATER FOR A ~!VEN DAV 
TMIN: TWAT 

PUMP·~JGNIFJES WHETHlR PUMP IS ON OR OFF, 
IF PUMP tS t PUMP ts ON,PUMP=o.~UMP OFF, 

PUM·p: · 0 
LOOP TO VARV TIME OF DAY 
STARTING WITH ltOO TU 2qt00 

no 1~30 J= 1,2u 
TEMP.·AN ARRAY.WHICH HOLDS ALL DAILY TEMPERATURES UNTJL THE TEMP~ 
cm.1VERr.E~ ~ • •· • • . 

TEMP( tX, J) : TWAT 
QINCID 1S INCIDENT RADIATION RtClEVED BY COLLECTOR IN WATTS/M••2 

CH: QINCJO(J) 
TAMRCN• AM~JENT AIR TEMP, FOR GIVEN IN C 

TAMl3CN: TAMR(J) 
PUMP•SIGNlFTES WHETHER PUMP IS ON OR OFF, 

IFC PUMP 1 NEe 0) GO TU lR54 
TLJQ•T~MP 1 OF FLUID WHEN PUMP IS OFF 1 ASSU~ING ISOTHERMAL COLLECTOR 
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TLln•C~I IU~LOPE)+ TAMBCN 
IF TEMP• OF FLUID IS GREATER THAN THE MAX~ ALLOWABLE TEMP• ABOVE 
WHICH PRESSURE ANO ROILING F.FFECT~ ARE SIGNIFICANT.IT IS ASSUMED 
THAT THERE IS A RELEASE VALVE cnuLING FLUID TO THE MAW. TEMP, 

IF( TLIQ ,GF.e THIGH) TLIQa THIGH 
TLIQIN• TEMP, OF FLUID AT ENTRAN~E TO COLLECTOR 

TLl<HNa TWAT 
TENTls TLIQ • TWAT 

DAT 

JF THE TEMP. OF THE FLUID IN THE COLLECTOR IS MUCH GREATER THAN THAT OF 
THE wATER IN THE STORAGE TANK THlN THE PUMP 18 TURNED ON, 

tFC TENTl .LE. TSTART) GO TO 1399 
LOOP TO FIND FLOWRATE FOR TURBUL~NT FLOW 

CONTINUE 
IF PUMP JS l PUMP IS ON.PUMP=011-'llHP OFF, 

PUMP::::i l 
TLtQit • TLJQIN IN F 

TLI~Jtm t.A * TLIQIN + 32. 
SHtll• SpECJFIC HEAT OF.WATER AT LIQUID TEMP, 

~Hitt= Bt+ R2 •CR3+ TLJQill + 84• (~5+ TLIDIS)••2, 
SHtt• SPECIFIC HEAT OF FLUID IN ~TU/LB F 

SHtt= AtCI)+ A~(I) •C A3CI) + TLJQl1) + A4CI) *( TLlQil+ A5CI))••2 
SHI• SPEclFIC HEAT OF FLUID IN WATT ~;R/KG C 

SHiii ~Hl1 * t.tb2 
Gt • FLUID FLOWRATE IN KG/HR 

Gt: G(~L) * AREACO •(SHltl/SHll) 
Git• FLOwRATE OF FLUID THRU COLL~CTOR IN KG/HR•M••2. 

Gtl: f,(JL) * CSHtll/SHtl> 
Gttt•FLOwRATE OF FLUID THRU COLL~CTOR IN LB/FT••20FTURE HR 

Gt1t: GI * wNUT/~NTURE . 
r.ttt: Gtttlu.RAl 

VISFLl• VISCOSITY OF FLUID JN lR/FT•HR 
VISFLI= Ft<t>+ F?CJ)•CF3CJ)+ TLIGll)+F4(l)•(F5CJ)+TLJQll~**2~ 
VJSFLt: t.1vISFLl 

CONFLl·CnNDUCTIVITY oF FLUID IN hTU/HR·FT·F 
CoNFLt• ElCJ)+ E2Ct)•Cf3(1)+TLIQll)+E4Cil•CE5CI)+TLIQJl)••l, 
OENFL1: OENt(l)+DtN2Cll•COEN3(J)+TL1Dlt)+OEN4(t)•(DENSCI;+TLIQJl; 

1••2. 
. CAPI • CAPACITY RATE OF FLUIO IN WATTS/C 

CAPt: Gt • 5Hl 
DETERMINATION OF ETA2 

coEF: SQRTfUSLOPE/CCONO ~ SIGMAO)) 
ETAt: TANHCCOEF * XLENGT)/CCoEF * XLENGT) 
YpARTt: 1.1cc1 •• OIAMQ/W)• ETAl) 
VPART2= 1.1c<cw * USLOPE)/CSUBS)+ YpARTl) 
VPART]: t.l(CDIA~O/W)+ YPART2) 
REYNOLD Gill * OIAHX/VISFLl 
IFC REYNOL ~LT~ 2500) GO TO 151 
PRANDT: SHlt * VtSFLl/CONFLl 
FRIC= ~0014+ .t25/REYNOLi•~32 
IFC REYNOL ~GT. 7100) GO TO lb& 

TRANSITION REGION 
QJPRIM: ~llb*(((REYNOL)••C2 1 /3~))•12~ 1 J/ 

XMCW• INSIDE TUBE HEAT TRANSFER tnEFF. 
~HCWI= (PRANDT**(~?.I~~)) * SHll * ~tit * 
r.o TO 158 
CON Tl NUE 

TURRULENT REGION 
-E.7-
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. XHCW1•CONFL1 * 1 023 •C REYNOL •• 1 8) •CPRANDT ••,4)/DIAMX 
GO TO t~R 

CO"iTtNUE 
LA"4!NAR REGION 

FRtCc lb 1 /REYNOL 
Gl2t• Gl/(XNTUBE * ,45Jb) 
TU~ECO• AREACO/CCCZ * XLENGT + DIAHU)• XNTUBE)• ,3048) 
CPARTts G12t * SHll/CCONFLt * TUBECU) 
~PART2• 1 1 75 * CPARTt ••Cl,13;) 
IFC CPART2 ~LE; J,bb) CPART2• 1,bb 
XHCWI• CONFLl * crART2/ DIAHX 
CONTINUE 
XHCWI= XHCWt * 5 1 018 

PRESSURE DROP IN EACH TUBE OF COLLECTOR 
XPOc FRIC•XLCOL•CGlll••2,)/(2,•0IAHX•ACCG•DENFL1•taa;) 
CXPOm XNTUBE * XPD 
ETA2= l,/(((W •USLOPE)/(Pl •DIAM! * XHCWl))+YPARTJ) 

DETERMINATION OF ETAl 
ETAJ • CoLLECTUR'EFFICIENCY 

Axt= .c FTAz * USLOPE)/( Gll * SHl) 
AX2• t • EXp(AXt) 
ETA]: ( Git * SHI/ USLOPE) * AX2 

QCOLL AMoUNT OF HEAT COLLECTED BY COLLECTOR 
~COLL= ETA3 * A~EACQ •C QI• USLOPE •<TLIQIN • TAMBCN;) 
YFC QcnLL .LE. 0) GO TO t3qq 
QTPRTM• QCOLL * OELTIM * 3&00, + QTPRIH 
CONT hJIJE 

TLJQF• TEMP OF LIQUID LEAVING COLLECTOR ASSUMIM~ CAP, RATE AT TEMP, OF 
FLIJJll ENTERING COLL~CTOR 

TLIQFa TLJQyN + ~COLL/ CAPt 
cm•vE~GENCE LnOP TO DEVELOP MEAN CAPACITY RHE TN ORDER TO CALCllLATE 
THE TEMP~ OF FLUID LEAVING COLLECTOR,;,,, 

ICl• COUNTER TO DETERMINE NUM.BER OF ITERATIONS,,,, 
JCl• 0 
CUNTINUE 
JCt : TCt + I 
TtNCR: TLJQF • TLI~IN 
TLIQF1: 1 1 8 * TLJQF + 32 1 . 

SH77: At(J\ + A?.(l)•(AJ(I)+ TLJDFt)+ A4(1)•(TLtQFl + A5(I);**2~ 
SH7• SPECIFIC HEAT OF FLUID IN W4TT•HR/~G•C AT TLI~F 

SH7: 5~77 * t,lb2 
CAP7• CApAClTY qATE AT .TLJQF IN WATTSIC 

CAPi: SH7 * Gt 
CAP~· MFAN CAPACITY RATEUSE~ IN uETERMINING THE FINAL TEMP, OF FLUiD 
LEAVING cOLLECTOR 1 ,; 

CAP8= ( CAP7 + CAPI) /2, 
TLJQ• TEMP, OF LIQUID LEAVING COLLECTOR IN C 

TLIQ: TLJQJN.+ ~COLL I CAP8 
TVAL: CTLIQF • TLIQ)/TINCR 
TVAL : A~SCTVAL) 

IF TVAU ., ( Of TEMP~. THEN LOOP HAS cnNvERGED 
r~t TvAL',L~. ;ooot> GO TO ll4t 
TLJQF: TLIQ 
GO TO tsao 
CIJf\ITI NUE 

TLIQ• TfMP OF FLUID LEAVING COLLtCTOR 
TLJnt: TLIQ * 1,8 + 32~ 
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IF THE TfMP: OF FLUID IS LESS THAN THAT OF THE TANK WATfR , THE 
PUMP WILL NOT BE TURNED ON AND NU HF.AT WILL BE CnLLECTED,:,, 
IF TEMP, OF FLUID IS GR~ATEP THAN THE MAX~ ALLOWARLE TEMP, ABnVE 
wHICH PPESSll~E AND ROILING EFFE:"CTS ARE SIGNIFICANT, IT IS ASSUMED 
THAT THERE IS A RELEASE VALVE COULING FLUID TO THE MAX TEMP, 

JFC TLJD 1 GE 1 THIGH) TLIQa THIGH 
TENT2c TLIQ. TwAT 
IF( TENT2 1 LE 1 TSTOP) GO TO 1400 

Glttt•FLQWRATE IN LR/FT••2•HR 
Glttt• Gt * XNUTl/XPANEL 
Gtltla Glttt/4,883 
VISFL2: Ft(J)+F2Cl)•CF3(I)+TLIDl)+F4Cll•CF5(I)+TLIQJl••2: 
VISFL2c t,I VISFL2 
OENFL2: DENtCil+DEN2CI)•CDEN3(1)+TLIDI )+DEN4(1)t(DEN5CI)+TLtQt ) 

t••2, . 
~H4a= Alfi) + A2(1) t(Alfl) + TLIQl) + AU(J) •_CA5Ct)+ TLJQt) ••2, 

SH4• SPECIFIC HEAT OF FL0JD 1T TLJQ 
SH4m t,.162 * SH4U -

CAP3• CApACITY RATE OF FLUID AT TLIQ 
CAP3= SHU * GI 
CONFL2= EtCJl+E2CI)•CE3CI)+TLIQl)+E4CI>•CESCJ)+TLIQt)••2: 
REYNO: Gtttt * HWIOX/VtSFL2 -
IF( REYNO •LT• 2500) GO TO 161 
PRANDc SH44 * VISFL21CONFL2 
FRTC= ,onta + ~125/REYN0••.32 
IFCREYNO ,GT, 7100) GO TO 167 

TRANSITION REGION . · 
TJPRIM:,tt6*((CREYNO)t•C2,13:);.12S,l/REYNO 

xHCW· INslOE HEAT TRANSFER co~FF OF FLUID IN TUBES . 
xHCw= (PRANO ••(•2,13,l)• ~HU4 * Gtltl •. TJ~RIM 
GO TO t62 
CONTINIJE 

TuRBULENT REGION 
xHCwa C0NFL2 * ,023_ •(REYNO ••,8) •CPRAND ** 1 4)/BWJOX 
GD TO 162 
CONTINUE 

LA~1t111AR pf.GIUN 
FFHC= t&,/RfYNO 
Gt121: f.l/CxPANEL * e4536) 
TURELi : TIJREL/(,3948- * XPANEL) 
OPARTI: Glt2t * SHU4/CCQNFL2 * TUDELI) 
0PART2= t.75 * OPARTt ••Ct,13.) 
IF( Op4RT2 ~lE. 3,&&) OpART2 : 3 1 b6 
XHCw= CoNFL2 * 0PART2/AWIDX 
CONTINUE I 

FOR HELICAL CoIL,THE INSIDE TUBE HEAT TRANSFER COEFF. IS JNC~EASED BY 
EFFF.CTS oF CURVATURE ACCORDING TU MCADAMS BY THE FOLLOWING 

XHCw= XHCW * s;&78 
XHCw: XHCW • ct. + 3,5 * ( DJAMI/DIA~T)) 
WXPD= FRIC•FTU~EL•(Glll1••2.;1c2 •• ~wIDIN•ACCG•DENFL2•t44;) 

IC2• COUNTER TO DETERMINE NUMBER OF ITERATinNs,~.~ 
lC2: 0 

BEGJNNING oF CONVERGENCE LonP TO DETERMINE THE HEAT T~ANSFER COEFF,CUL) 
FROM FLUID TO TANK WATER 
TX• Tf~p; oF WALL OF TANK 

Tl<Clh TLIQ 
"'= l -E.9-
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CONTINUE 
TMEAN(M). MEAN TEMP• OF WATER 

TMEAN(M)a ( TX(M; + TWAT) I z. 
IC2• IC2 + l 

4 0 

BETAC• Vol. COEFFe OF EXPANSION JN t/C . . 
BETACa Sl + S2 •( SJ + TMEAN(M)) +S4 •(TMEAN(M) + SS) **2• 

BETAF• VOLUMETRIC COEFF~ OF EXPANSION AT WALL TEMP 
AETAFa S~ * BETAC/ 9• . 
TMEAN(M): TMEAN(M) * le8 + 32. 

OENSW3 • DENSITY OF WATER AT WALL TEMP 
DENSW3• Rl + R2 •(R3+ TMEAN(M); + R4 •(TMfAN(M) + R5~ **2• 

C0NDW3• cONDtJCTJVITY OF WATER AT WALL TEMP 
CONDW3• Dl + 02 •(D3+ TMEANCM); + 04 •CTMEAN(M; + D5; **2• 

SH33• SPECIFIC HEAT OF WATER AT WALL TEMP~ 
SH33 : Rl + 02 •(83+ TMEAN(M)) + 84 •(TMEAN(M) + BS) **2• 
SH3= SH33 * 1.lb2 

VISW3• VISCOSITY OF WATER AT WALL TE~P 
V!SW3• Zl • 12 •< Z3 + TMfANCM)) + za •C Z5 + TMEAN(M)) ••2. 
VISW3a 1.1v1sw1 

TANKH• HEIGHT OF TANK JN FT 
TANi<Ha u.5 

APARTt.,ApART2,APARTJ, ARE PARTS UF NATURAL CONVECTION HEAT TRANSFER 
EQUATION FOUND JN MCADAMS; FOR TURBULENT CA$EC7•UA),LAMINAR(7•4R) 

APARTta (SH]3 * VJSW3/CONDW3) * TANkH **]• 
TWATlm TWAT * t.8 + 32~ 
TXPs t.8 * TX(M) + 32 •. 
APARTZ• APARTl * ACCG * BETAF * CTXP 
APART?m ABS(APART2) 
APART]: APART2 /(VJSW3 **2;) 

SEPERATYnN FOR TUR~ULENT AND LAMINAR RANGES 
IF( ApART3 ;LT. tE9) GO TO 1170 

TURnULENT NANG( 
CCONa el3 
DCON= 1.13~ 
GO TO t200 

LAMINAR RANGE 
ccm~= .sq 
DCON• .25 
CONTINllE 

UL• NATURAL CON~ECTION COEFF. OF WATER FOR A VERTICAL CYLINDER 
UL: CONOW3 * CCUN •CAPART3 ** OCON)/TANKH 
UL: UL * 5.b78 
TANKH= K * OIAMT/2• 

AHALF,ARGEF,ETASO,ELE1,ELE2,EL~J, ARE PARTS OF EQUATION TO DETERMINE 
FPRJME AS FOUND IN 

AHAL'= SQRTCULICSCOND * TWALL>) 
ARGEF: AHALF * TLENGT 
ETASO: TANH(ARGEF)/ARGEF 
ELEt: 8MAX/C BWIDTH + 2, * TLENGT * ETA50) 
ELE2= 8MAX * UL/ BONDCO 
ELE]: ~MAX * UL /(PJ * BWIDTH * XHCw) 
FPRIME: ti( ELEt + ELE2 + ELE3) 
TMEAN(~)a (5.1~.) •(TMEAN(M) •32e) 
EXETA: le • EXP(~UL * AREAT * FpRJ~E/ CAP3) 

TLIQW• TE~P. OF FLUID LF.AVING TANK 4T ~OTTO~ IN C 
TLJQ~: TLIQ • EXETA *( TLIQ • TWAT) 
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C LOOP TO oETEHMJNE MEAN CAPACITY kATE OF FLUID IN ORDER TO DETERMINE 
C AMOUNT OF HEAT TRANSFEHRED TU TANK•••• 
C IC3• COllNTfR TO DETERMINE NUMBER Of· ITERATIONS•••• 

JOm 0 
t 220 CONTINUE 

JC3: IC3+. l 
TLJQW1• t.8 * TLJQW + 32. 
SH&&= Alfi) + A2(1) •C A1Cl)+TLIQwt)+A4CJ)•CASCl)+TLYQWt;•*2~ 

C SH~· SPECIF HEAT OF FLUJO AT TLJYW 
SHb: SH&~ * t.tb2 

C CAP&• CAPACITY FLOW RATE AT TllQW 
CAPfl: SHb * Gt 

C CAP4.MEAN CAPACITY RATE OF FLUID 
CAPa= t CAPJ + CAPb)/2e. 

C EXETA• EFFECTl~ENESS OF HEAT TRANSFER F~QM TUBES TO TANI< 
EXETAm l~ • EXP(•UL * AREAT * FPRJH~/CAP4) 

C TLMIN"' TEMP. OF FLUID LEAVING TANl<e 
TLIQTN• T~I~ ~ EXETA * (TLIQ • T~Ai) 
TA~Stm TLIQ • TLTQIN . 
TABS=CTLJYIN • TLIQW)/TABS1 
TABS= ARS( TABS) 

C IF TARS ; .t< THEN THE LOOP HAS tONV~RGED 
IFC TARS elEe .0001) ~~TO 1230 
TLTQWi:: TLIQJN 
GO TO t 2?.0 

1230 CONTINUE 
l= UL * BMAX * FPRJME I CAP4 
EITA: (Ct.jEXETA) • te) 

C FACTOR• PENALTY IMPOSED BY JAC~ETfD TANI< SYSTEM ON HEAT T~ANSFER 
FACTOR• 1.1ct. + (AREACO * ETA3 * USLOPE/CAP4) * EIT~) 
TPD: CXPD + WXPD . 
VFLoWt: Gt * 2.2046 IC DENFLt * 3b00e) 
XHP3• TPD * vFLowt * '""· I sso. 
CuPt= .o3 * A. * 3&5 •• • 1as1 * XHP3/.7 

C QTOTAL • AMOUNT OF HEAT TRANSFERtD FROM FLUID TO WATER IN TANK 
l.lT•lTAL: FACTOR * 6REACO * ETA3 * (QI • USLOPE •(TWAT • 'TAMBCN)) 
M: '4+1 
TXCM): IHOTl'L/(IJL * AREAT; + TWAT 
AARn: TXtM) • TX(H• t) 
AARIJ: A~S( AARD) 

C TF TH£ OJFF~ RET~fEN THE NEW AND OLD WALL TfMP.) ~IC THEN THE LOOP 
C HAS CO~VERGEO~•• 

Ire AAQn .LF- •• 1> Go To tsoo 
1.1111 t 
TlCCMh T)((Mt l) 
GO TO t t 20 

13qq CONTINllE 
C IF CONTROL HAS PASSED TO THIS LOCATTON THEN THE PUMP WASN'T )CTtVATEn 0 ,. 

REYNOL: 0 
XHCWh 0 
!)COLL= 0 
ETA Ja 0 

tuoo cn111TJ NllE 
Pl.IMP:! 0 
DTOTAL: I)• 
REVNO: 0 
lOH~\11: 0 
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c 

c 

llL• 0 
EXETAs 0 
FACTOR11 0 
OC• O 
IC• OC + IC 
GO TO t5t0 
CONTINUE 

S25 40 DA 

IF CONTRnL HAS PASSED TO THIS LOCATION THEN THE PUMP HAS REEN ACTJVATED 
AND HEAT IS TRANSFERRED TO THE TANK 
IC•COllNTER OF NUt-IRER OF HOURS PllHP IS TURNED ON 

IC• IC+ 1 
EXAVE• AvE. EFFICIENCY OF TURE TANK SYSTEM 

EXAVE: EXAVE + EXETA 
FPAVE• AvE. FIN EFFICIENCY OF TUbE•TANK SYSTEM 

FPAVE= FPAVE + FPRIME 
EAVE• AVE. COLLECTOR EFFICIENCY 

EAVE• ETA3 + EAVE 
FINAL DETERMINATION OF FACTORS FOR GIVEN HOUR 

CO"ITINUE 
QTTNC• TOTAL INCIDENT RAD. FOP 1 DAY 

QTTNC= QTINC + QJ * DELTIM * 3600. * AREACO 
QTTRJM: QTTRIM + UTOTAL * DELTIM * 3600• 
OENSW: Rt + R2 •(R3+ TwAT) + R4• ( R5 + TWAT) ••2, 

OENSW• DfNSJTY OF WATER IN KG/M**3 
OENSW: t6 1 052t? * OENSW 
SH55: Rt + ~2 •< 83+ TWAT) + 84 •(AS + TWAT) ••2 1 

SHS• SPECIFIC HEAT OF WATER 
SH5: SH55 * t,tb2 

VOLW• VOLUME OF WATER INSIDE TANk ASSUMING NO EXPANSION OF WATER WITH 
TEMPERATURE AND FILLED TO THE TO~ OF THE TANK 

VOLW: PI * (CDIAMT **2;)/4~) * TANKH 
rco~- TOTA~ CQST OF SVSTEM 

TCOL= CCOL + TUREL * CTUBE 
FEX: TCOL/QTOTAL 
GEX: TCOLIQTTRTM 
zeal= CCOL/ CTU8E 
PFAC: QF°ACCJ) 
RBASE: &O, * A~EACQ 

PloAO• VARIABLE HOT WATER LOAD 
PLOAO: PFAC * R~ASE 
QTLoADm OTLoAD + 3h00, * PLQAD * OELTIM 
T W (.I) : T w AT 

TWATNE• TEMP OF WATER AT ENO OF 1 HOUR 
ALPH= (QTOTAL • PLQAO)/(SHS * OENSW * VoLw) 
TwAT~E: T~AT + DELTIM * ALPH 
TWO :a TWA TNE 

TW~AX• MAXe ALLOWABLE TANK WATlR TEMP. 
TW"'AX: 70• 
IF( TWAT 1 GTe TWMAX) TWAT: TWMAX 

TMAX• MAXe TEMP• OF WATER FOR. A GIVEN DAY. 
TFC TWAT 1 Gf e TMAX) TMA)(: TWAT 

TMJN. MTN. TEMP, OF WATER FOR A GIVEN OAY 
TFC TWAT ,LE. T~IN) TMt~: T~AT 

TLCJ>= TlIO 
REVN(J): RF.yNQl 
1rn1 cJ;a XHCwt 
REV(J): REYNn 

-E.12-



Y.H(Jh XHCW 
IJ(J)c I.IL 
F.llCJh EHTA 
E'CfJh ETA3 
QC5(J):1 FACTO~ 
r1C6(J;a DTOTAL 
TM(Jfc TMF.AN(l) 
Cll(J)ll CAP4 
CXCJ): wXPO 
CZCJh G1111 
Q 11 ( J) • C l)P t 
PlfJh TPD 
FALT): FACTOR 
FP(J)I: FPl(lME 
SH(J):I SHll 
CON(J)= C(INFL2 
VISUl= VISFL2 
Rf(J)r: BETAF 
Of(J): DEN~w3 
COCJl= CONOwJ 
SC.Jl: SHH 
VICJ): VISWJ 

tR~O CONTINUE 
TFC JX .LE. 1) GO TO lObl 
.J: 1 

1 ~ ?.t r. (JN Tl ~!UE 
TFC J .Gf. ;?5) GO. TU tR2i? 
DIFF: TEMP(JX,J) • TEHP(JX•t,J) 
AR~I= AF",S( {'llFF) 

40 

IF ALL TEMP~ MATCH WITHIN A C~RTAIN TULERANCf 8ETWEEN THOSE OF ONE 
DAY AN[\ THOSE OF THE PREVJUUS TH~N THf PRnGRAM CONTINU~S rn THE 
NEXT ~ATF.R tNLET TEMP• 

IFC A~S1 ,Gr, 2., Go To 1063 
J: J + l 
r.o TO 11'21 

18?2 CONTINUE 
TFC IC .EQ. 0) Gn ff) 1A2l 

FXAVE• AVE, EFFICIENCY OF TURE TANK SYSTEM 
EXAVE: EXAVE I IC 

FPAVE• AVE. FIN EFFTClENCY OF Tlll<F.'•TANIC SYSTEM 
FPAVE: FPAVf/IC 

EAVE• AVE. EFFICIENCY OF COLLECTUR 
F.AVf: E~VE/JC 

1823 CUNT JNIJE 
1qto CONTINUE 

PRINT 1917 
1Qt7 FORMATCSoX,•PERFORMANCE CHARACTERISlICS•11ox,•coLLECTOR AR[A',tOX, 

l'FLOWRATE OF FLUIDCKG/HR)•,sx,•No. UF HOURS PUMP IS 0N 1 ) 

PPJNT 1Q18rAREACo,r.1,1c 
lQt8 Fo~~ATCtOX,~lO~ll,lbX,E10,ll,17X,Fto.a1) 

P~INT 1832 
lR32 FoRHAT(JV,• J 1 ,1x, 1 T~AT 1 ,hV, 1 TLIQ 1 ,5X, 1 REYNOL',SV, 1 XHCWt 1 ,5V, 

l'REyNO•,~x,•xHCw 1 ,7x, 1 UL•,7x,•ExETA',5X, 1 ETAJ 1 ,5X,•F~CTOR',4X, 
? I UTllHL I I) 

PRINT 1~33,(J,Tw(J),TL(J),RfYNCJl,XHl(J),REYCJl,XH(J),U(J), EXCJ~ 
t , f. C f .J l. LJ C C, ( J l , rH: '- ( ,f) , J : t , 2 Q ) . 

l~'' F(lP~AT(t~,T;?,tlEt0.4) 

-E.13-
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"n 

- PRH.iT lqtq 
1q1q FORMAT(U'5)(, •HF.AT TRANSFER CHARACTt:Rl~TIC~CJOIJLF.S) '/I nx, I INC.IUD 

!/OAY',SX,'HEAT cnLL 1 ,Sl<, 1 HEAT TRAN~.IOAY•,c:;x,•HEAT LnAO/nAY•, 
2'5x,•COST TO HEAT GAIN RATIO•~ 

PRINT fQ20 1 QTJNC 1 QTPRIM,QTT~IM 1 QTLOAn 1 GlX 
1q20 FORMATf SX,Et0.4, 9X,El0~4,15X,E10.4,lnx,Etn:4,l0X,E!0.4/) 

PRINT 1 Q2l 
1921 FORMAT (lHl~ 

IF( JL .GE. NFLOW) GO TO A39 ., 
JL• JL + l 
tCnUNT:a ?COUNT+ 
GO TO t0&2 

839 CONTINUE 
820 CONTINUE 
1eqo CONTINllE 
t 900 CONT H1UE 

END 

PILATIONI. NO OIAGNUSTTCSe 
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0'7 /15177 1111~145 ERDA02 ozqJAAARgEMI ooozq3 S25 4 0 

IMAP,SX ,NAME 
MAP28RtC Rl 72.8 07115/7'7 11111134 

l. JN TPFSe 

ADDRESS LIMITS 001000 0 I 53J2 b3b3 I BANK WORDS DECIMAL 
040nOO 047576 3qu DRANK WORDS DECIMAL 

STARTING ADDRESS 01?317 

SEGMENT $MAJ NS 001000 015332 040000 04757~ 

NSwTC~/FOR&9 s Cl) 001000 001032 
NRBLl<i/FOR•E2 s Cl) oo 1 on 00tl50 S(O) 040000 040001 

s ( 4) 040002 040054 
NRWNDS/FOR•E2 $(1) 0011'51 001232 S(2) 040055 0400bb 
NW~F!/FOR•F2 S(I) 0012:n 0014bb S(2) 0"00&7 040106 
NCLQSS/FOR•E3 s (I) 001467 001732 S(2) 041\107 040136 
NWBLl<S/FOR&8 $( t) 001733 002121 S(O) 040117 040140 

S(4) 01.10141 0402U! 
NBS8LS/FOR•E3 l(t) 002112 on2111.1 S(O) 04n213 040?-IJ 

$(4) 01io214 040251 
.NUP0Ai/F0Rb8 !(I) 002175 002230 
N8DCVS/FOR•E3 $( t) 002231 0023&1 $(2) ·01.102s2 040327 
NFCHKS/FOR•E3 S(I) 002Jb2 003352 S(2) 040330 040501 

~(3) 00'3353 003353 $(4) 040~1\2 040553 
NBFOOS/ISD S(2) 040554 0427bl 
NFTVS/FOR•E2 s (I ) OOJ3c;4 OOB7b 
NCNVTs/FQRb8 S( t) 0033 77 003b20 JC2> 04?.7&2 043057 
NOUU/FOR•E.3 '<t) (I03b2l 005377 U2) 0430&0 043123 
Nl0ERSIFOR•E3 'Cl) 005400 005627 1(2) 04Jl24 O'H273 
NFMTS/FQR•EJ Ut) 005&30 00b5l2 JC2) 043274 043347 
Nir-.PU/FOP•El $( l) OOb5l3 oto121 Hz> 043350 04340] 
NTAfU/ISD U2) 043404 043443 
FORCOMS/FURFTN H?.> 04 '444 043451 
NERRS/FOR•fl s (l) Ol0t22 0104&5 SC2) Otl3452 043642 
ERUS/SYS n-e 
NF.RCOH$/FOP .. TEl ' ( t) 01n111t*' 0 t O'if.15 $ (i?) nu3hll3 04Jlt'i~ 

fQRVCO~~/FQR•TE3 $(2) 043b57 04l6bb 
NSTOP,/FOR•TE3 ' ( 1) 0105116 otOl>ll H2> 043&b7 04!&7S 
EXPSIFOR59 Ht> 011)(,12 010701 S(2) 041676 041716 
TANHS/FOR59 $(I) 010702 011005 S(2) 043717 043744 
NEXPbSIFOR•El $ c I) 011nnb 011203 SC2) 04HQS 0440 lb 
NOSYMSIFOR•El Ut > Ot1;>0Q 0 t 144& S(2) 044017 0114020 
SINCOSS/fOR•E3 $(1) 011!147 011603 $(2) 041.10?1 044043 
NIERS/FOR•El 'Ct) 0 It b04 0117&1 S(2) 04UOllQ 044160 
NISYt-IS/FOR•E3 s ( l) 011762 012135 SC2) 044165 0114166 
SQRTS/FORS9 5( t) 012t3b Ol217b S(2) 044167 044200 
NINTIU/FOR•E3 $(!) 012111 0 I 233ft S(2) 04lJ20l 044231 
8LANKSCOMM0N(COHMON8LOCK) 
MAIN s (t) 012J37 015332 $(0) 041J232 047576 

$(2) 8LAlllOCUMHUN 

SYSS*RLJBS• LEVEL 72•8 
END '1.\P 

-E.15-



HEAT TRANSFER FLUID - MOBIL THERM LIGHT 
TANK D!MENS!ONS 

HEIGHT CM) OtAMETER(M') TOTAL SURI-' ACE AREA(M**2) 
2.1osq .1020 a.,,llat 

COIL CHARAr.TERISTtCS 
AMOUNT CJF TANK ~~VEREO 8V TUSING ~301 

o.D.TllBE(M) i.o;TuREtMl TOTAL LENGTMOF TURING(~~ SPACING BETWEEN COILS 
.015q .01as 20.ooco .o&qs 

PERFQIH'ANtE CHARACTERISTICS 
COLLECTOR AREA FLO~RATE OF FLUIOCKG/HR) ~n. OF HOURS PU~P IS ON 

10.0000 .tC137+04 s.oooo 

J TwAT TL!Q REV NOL XHCW1 REV NO XHCk UL EXETA ETA3 FACTOR 

l .5b25•02 .12111+0? .oooo ~0000 ,oooo ,oooo ,oooo ,nooo ,oooo ,oooo 
? .5b?5•02 ,tooo·+o? .oooo .oooo ,oeioo .ooou .oono .onoo ,0000 .oooo 
~ .5t>25•02 .1q2Q+ot .01)00 ~0000 ,oeioo ,oono ,oono .oooo ,oooo ,0000 

I (j .5b?.5+0~ eblUO+Ot .nooo ~0000 ,nooo ,oooo ,oooo ,oooo ,oooo ,oooo rn 
__. 5 .S5b2+02 .s311t+ot .01)00 ,oooo ,oooo .oooo ,001)0 .nooo .oooo ,oooo 
°' b e5UQ8+02 .sooo+ot .ooon ,oooo ,oeioo .oooo ,oooo .oooo ,oooo ,nooo I 

7 .5435•02 ,44tb+02 .oooo ,oooo , OCil)O ,oooo .001)0 .oono ,oooo ,no no 
A .5371•02 ,st111+02 .3217+03 ,78~b+02 ,oeioo , oo·oo ,oooo .oooo ,&bb3+00 ,no no 
q ,5308+02 ,'552b+02 .3tSt+03 , 71H8+02 .oeioo ,oono ,nooo • llono ,&fl64+00 ,0000 

to ,s2cis+o2 1 555A+o2 .3oJ\c;+o3 .1s20+02 .&&53+04 .anq+o3 ,s100+03 .2qn+on ,&bb4+00 ,q2os+no 
~ 1 , SBA+02 • 5833+02 ,B1'5+0'S ~78\lh02 • 7~27.+04 .t1Sb+Oll ,ii;cioB+n3 .Ji'IJ9+00 ,bbb3+00 .qJ\O+OI) 
t? .sa11s+o' ,&0SQ+o2 • ~527+o3 .·1aoR+o2 .7&9o+oa .t1A1.1+oa .c;soJ+o3 .32C11+1)0 .6b62+on .9322+00 
'.' .se1.1q+o? ,fl2112+1)2 • ''\730+0~ ~7803+02 .R257+0ll .t?.05+04 .ss1a+o3 • 3322+1)1) 1 bhl>1+0n .q332+00 
t LI ebl?.~+02 .&112q+o2 • vn~+o3 \ 77'H+02 .11622+011 , t22!:i+Oll ,5<124+0:\ . ,330t+OO ,&bbO+OO • C13?5+01'.1 
t " .b355+02 .&Sbl+02 ,a1C1t+n3 .7Hl+02 eOCIOO .oooo ,oono ,oooo ,bb59+00 ,oooo 
t b .b2112+02 ,6<120+02 .llt53•o3 :11q2+02 .oooo .oooo .nooo ,nooo ,&b59+on .nnno 
t7 1 bt'?8+0? .b31J8+02 ,oooo .oooo .oooo ,oooo ,oono ,oooo ,nooo 1 001)0 
\A .b03b+02 .2soo+o2 , 1)000 .~oooo ,oooo ,oono .oooo .oooo .oooo ,1)000 
tq ,58lld+02 ,2cibb+o? .1)000 .oooo .oooo .oooo .oooo .oooo .oono ,oono 
20 .s121+02 ,23ob+n2 .oooo ~0000 ,oooo ,oooo ,oooo. ,0000 ,oooo ,oooo 
21 1 572t+02 ,2201+0? ,oooo .oono ,oooo ,oooo ,oooo .oooo ,oooo .01)00 
22 .sn1+02 .~000+02 , 0001) :oooo ,oooo ,oooo ,oooo .nooo ,001'.\0 ,nono 
2~ .sn1+02. ·· ,11sq+o2 ,oooo ~0000 .oooo ,oooo .oono ,noon ,onoo ,oooo 
2G • 5721+02 ,1500+02 eOOl)O .oooo ,oeino .oooo 1 001)0 ,0000 ,oooo ,oooo 

HEtT TRANSFER CHARACTEPYSTICSCJOULE9) 
!NC,SUD /DAV HEAT Coll. HEAT TRAN~e/DAV HEAT LOAD/DAY cnsT TO HEAT GA IN RAT IO 

,zost+oq .At5r;+08 .ss12+0R ,St81J+08 .iqqb•04 



-. .,,. '! 

lttt0t45 ERD402 02Q'5AAARsEMt 0002C13 S25 40 

HEAT TRANSFER FLUID - 50% ETHYLENE GLYCOL 

TANK DtHENSIONS 
HEIGHT(14) DtA14ETER("1) TOTAL SUR~AtE AREA(M••2) 
2,1osq ,7020 4.bllll\ 

COIL CHARACTERISTICS 
AMOUNT OF TANK COVERED BV TUEi ING ,:sot 

0,D,TUBE(M) I~D~TUBE(M) TOTAL LENGTHOF TU~ING(Hl SPACING BETWEEN COILS 
,0159 ,Ot4'5 20. f'\000 .o&qa 

PERFOR14ANCE CHAHACTERI STICS 
COLLECTOR AREA FLOWRATE OF FLUIOCKG/HR) NO, OF HOURS PtJMP IS ON 

10,oouo .Q3b0+!\3 4~0000 

J T11AT TLID REV NOL XHCwt REV NO XHCW UL EXETA EH3 FACTOR 

t ,5Q3t+02 1 '2CI t +n2 ,oooo ~0000 ,oooo .oooo .oooo .oooo ,OtlOO .oooo 
? .5C13l+02 .tooo+o2 • CIOOO ,oooo ,oooo ,00'>0 ,oooo .oooo ,001)0 .oooo 

I 
l'T1 3 , 159~ 1+02 ,1qzq+ot .oooo ,oooo ,oono .oooo ,oooo ,onoo .oooo .nooo 
_. a ,5931+02 ,f>34o+ot .000'9 .oooo .oooo .oooo .nooo .oooo • n·ooo .oono 
-...J 
I 5 ,58&8+02 ,S34t+ot ,oooo ~0000 ,oooo .oonu .oooo ,oooo .oooo ,oooo 

" -• 51304+02 ,sooo+ot .oooo ,nooo .oooo .oooo .oooo ,oono .oono ,oooo 
7 .5741+02 ,44tb+o2 • 0 0 01) ,nol\o ,oooo .oooo .nono .oooo ·, 001)(1 .no no 
8 e5b77+o2 .5777+('1?. • :nb.1i+o1 ,1802•03 .oooo .oooo • on no ,nooo , 7S27+on , o I) 0 0 
Q .5bt4+02 1 58llR+Q2 ,B1.:i+o' .1sot+o3 ,oooo ,oooo ,oooo .oooo • 7527+00 , oooo 

10 .sss1+02 ,58Q2+02 • '~b.2+0J ~tl'ot•o3 .1oqh+04 ,2obS+o4 e53t4+o3 .3blJ8+on ,752b+OO ,9342+0(1 
tt ,Sa7u+o2 ebt7t+02 .3111Ji+o3 .·, P.o3+o3 ,7SSS+o4 e21J7b+OiJ e5b7C1+oJ ,38b/J+OO .7528+00 1 Q397+oo 
! ., .5A'5<>+o2 ,6404+02 ·'ht~.•oJ • t81)b+l)3 ,7Q37+oll e252q+OiJ • c;Rnb+o 3 ,3q13+00 ~7529+00 ,quoq+nn 
t3 .b2ss+o2 ,1,5qA+o2 .37A!>+o3 ."1808+03 , A24q+OIJ .2s11+oll .sqo3•o' ,'\Q'50+00 ,75JO+OO 1 Q1Jt7+oo 
I a .b5hC1+o;> ,eiAoq•o~ •"on7•o3 .·ts12+03 .oooo .oooo ,onoo • 00 (\ 0 ,7531+00 • 0001) 
t '5 .bSOt>+O? ,b7bt+02 ,lJ041+03 ~\812+03 .oooo .oooo ,oooo ,oooo ,7531+CIO ,oooo 
1 f, .auQ2+02 ,b51jt+(l2 ,3qqo+o'.'I .tAl1+03 ,oooo ,oooo .onoo ,oooo ,753\+00 ,oooo 
\7 .b37Q+02 1 b3U8+0.2 .oooo ."0000 ,oooo .ooou • 0000 ,0000 ,oooo ,oooo 
t8 ,bl88+02 ,2500+02 ,oooo ~0000 ,oooo ,oooo I OC'IOO ,oooo .o~oo .oooo 
tq ,5QQ8+02 ,24&b+02 .oooo .. oooo .oooo .oooo .oooo ,oooo ,oooo ,oooo 
20 1 51H1+02 ,23&b+02 .oooo .oooo .oono .oooo .oooo ,0000 ,oooo ,0000 
?! ,587!+02 ,2201+02 • 0000 .oooo .nooo ,nooo .oono ,0000 ,oooo ,0000 
n .s1u1+02 02000+02 .oooo ,OOllO ,onoo ,oooo ,oooo .oooo ,oooo ,oooo 
23 ,5871+02 ,175Q+o2 ,oooo ,nooo ,oooo .oooo ,nooo ,noon ,oooo .oooo 
?O .5A7t+02 .1soo+o2 .nooo ."oooo .onoo .oooo ,oooo , 0000 .oooo ,oooo 

HEAT TRANSFER CHA~ACTERtSTICSCJOULES) 
tNC,RAD /DAY HEAT COLL HEAT TRANS,/OAY HEAT LOAO/DAV COST TO HEAT GA!N RATIO 

,2os1+oq .AA7U+08 ,aqA0+08 ,'5184+08 ,22oq.oa 



I 
rri . ..... 
co 
I 

J 

O,D.TU~EC"'l 
,otsq 

I,n,TIJRE(M) 
,Ot'lS 

O!A"'ETER(M) 
,1n20 

COLLECTU~ TURE CHARACTERtSTICS 
SPACING nF TUH!NG(M) 

.2159 

HEAT TF:ANSFER FLUID ~ WATER 

TANK Dit-IENSIONS 
TOTAL SURFACE AREACH••2) 
a,bua1 

COTL CHARACTERISTICS 
AMOUNT nF TANK CQVEREO RV TUBING ,301 

o.O,TURE(M) 
.oisq 

I~D,TIJBECM) 
,0145 

T~TAL LENGTHOF TURING(M) - SPACING BETWEEN COILS 
20.0000 ,ooqs 

COLLECTOR AREA 
10,nooc, 

TwAT 

.5q11•n2 

.'5Q77•o2 

.5q11+ol 
• 5q11+0? 
• 5q, "•02 
."1iB5n•o2 
.'57A7+o? 
.5723•01. 
.St>bo•o2 
.'5SQ7+02 
.'57?Q+o? 
.5Q?t>•02 
• bl 3'5+02 
.bb'5h+O? 
.f1'5Q2•02 
eb52q+o2 
eblih'5+02 
.b275•02 
eb08ll+O? 
.i;q57+02 
.c;q57+0? 
.c;qs7+0? 
.sqc;1+02 
.5qs1+02 

Tl.IQ 

,1241•02 
.tooo+o2 
.7929+n1 
•"3Uu•ot 
.53llt•ot 
.'5ooo+ot 
,4e&tb+02 
• 58i!li+02 
,58119+02 
.squh+o1 
,h2t8+o2 
eft4'50+n2 
1 bh44+02 
,b8be&+o2 
,b8St+o2 
,booB+o2 
1 &3liA+02 
,2500+02 
,?4bb+02 
,?3bb+O? 
,2201+02 
,?000+02 
,11sq+o2 
.tsoo+o2 

t~C,RAn IOAY 
.,20'51+0Q 

PERFOR"'ANCE CHARACTERISTICS 
FLOWRATE OF FLUIO(KG/HR) NO, OF HOURS PU"'P IS ON 

,t1000 
.nooo 
,oooo 
,noon 
,nooo 
• 01)01\ 
.nooo 
,to?.7+nu 
.toto+oe& 
, t oot-+nta 
,to3Q+nu 
et072+'0U 
.ttob+oa 
,tt52+oa 
,ttb5+0ll 
,tt5e&+oa 
,oooo 
.oooo 
,oooo 
,oooo 
.noon 
,oooo 
.nooo 
,oooo 

,aooo+o3 a,oooo 

XHCwt 

:oooo ' 
• l'.l{IO.O 
~0000 
• oono· 
~oono 
,nooo 
,noon 
.2e&'58+0l 
~2456+03 
.2a'i'H03 
,2Llb0+03 
,2Ubb+OJ 
.._2Ll72+03 
'\2LIH+0.3 
.?.LIRt+OJ 
~2CIR0+03 
~nooo 
.oooo 
~0000 
:oooo 
~0000 
.oooo 
:oooo 
:oono 

REYNO XHCw UL EXE TA 

,oooo ,ooou ,oooo ,nooo 
,oooo .oooo ,oooo .oooo 
,naoo ,oooo ,oooo .oooo 
,oaoo .ooou ,oo.no .oooo 
,oooo .oooo .oono .nooo 
,oaoo ,oooo ,oooo .oooo 
,oaoo ,ouoo ,oooo .oooo 
,oaoo .oooo .oono .nooo 
,oaoo .oooo ,onoo ,oooo 
.21?0+05 ,ta9JS+ota ,537S+o3 .uos~~oo 
,22ob+o~ .~o2H+ou ,57,s+o3 .uiqu+oo 
.?2~0+0'5 ,510b+ou .sq1a+o:s .n2bt+oo 
,23u1+os .s11o+ou .sq~2+03 .u2~1+00 
,nooo .oooo ,oooo .oooo 
,oaoo ,oooo · ,oooo .oooo 
,oaoo .oooo ,oooo .oooo 
,nooo ,oooo .oooo .nnoo 
.o~oo ,oooo ,oooo ,oono 
,oooo .oooo ,oooo .nooo 
,nooo ,oooo ,oooo .oooo 
,oooo ,ooou .nooo .oooo 
,oono .ooou ,oooo .oono 
,oono ,oooo ,oooo ,oono 
.oaoo .ooou .nooo ,oooo 
HEAT TRANSFER CHA~ACTERTSTICSCJOULES) 

F.TA3 

,oooo 
• 0000 
,oooo 
.oooo 
,·oooo 
.oooo 
• 0000 
• 7732•00 
,773t+on 
,7731+1'.ln 
,7732+on 
, 773U+OO 
• 7735+00 
,7137+00 
• 7738+00 
• 7737+00 
,oono 
,oono 
,oooo 
,oono 
,oooo 
,0000 
,oooo 
.oooo 

FACTOR 

,oooo 
,nooo 
,oooo 
,nooo 
,no no 
,oooo 
• 0000 
,oono 
,onoo 
.qta?5+00 
.qu55+oo 
,qtabq+on 
,qll?Ll+l)I\ 
,oooo 
,oooo 
,oooo 
,oooo 
• 0000 
,nooo 
,onoo 
• 01)00 
• 01)0 0 
,nono 
,onoo 

HEAT CnLL 
~qo51+oij 

HEAT TRANS,/OAY HEAT LOAn/OAY COST TO HF.AT GAIN RAT!O 
e21U9•0LI ,s11q+o~ ,5tAU+OA 



This program is designed to model the following system. A flat plate collector 

of variable size (on the order of Sm
2

) is connected to a hot water tank by a 

single ·copper tube. The tube follows a serpentine path over the collector and 

as a continuous helical coil around the tank, in the tank is water assumed to 

be nonstratified subjected to a variable hot water load corresponding to an 

average home's use of hot water. The tank and coil are of known dimensions and 

the heat transfer characteristics are determined. 

In the pipe is a heat transfer fluid at varying flow rates. A pump is used to 

pillnp the fluid when the fluid telli>erature in the collector is sufficiently greater 

than that of the water in the tank. Due to proper positioning of tank and col

lector density difference will not induce natural circulation. 

As incident radiation is received on. the collector, covered by a single glass 

plate, the collector and fluid are heated. Since the pump is off until a certain 

temperature difference is achieved, the rate at which heat is transferred is O. 

T.he c~llector fluid system is assumed isothermal, until the pump .is turned on, 

wh~re· upon heat is transferred to the tank with the temperature of the. fluid in 

the collector falls below that needed to keep the pump going. This process is 

continued for a one day period; evaluating the temperature properties of water 

and ·fluid every hour. 

Initially many variables pertaining to the collector must be given. Most of 

these variables have been determined in previous Altas studies. For this case 

a variable size collector (in the program the size is held in spray "area" and. 

variables "areaco") is used and the effect collector size has on the system is 

studied. The metal tube is in a serpentine path to effectively utilize the 

area of the collector .which maintains turbulent flow and a realistic pressure 

drop. The spacing between bends. in the tubing ("w"), fin length ("xlenct"), 

fin thickness ("sigmao"), tube outer diameter ("diamo") and collector tube inner 

diameter ("diamt") were optimized in previous_Altas studies and the values 

determined are used in this program. See the program for the actual values. 

-E.19~ 



The cylindrical tank characteristics, diameter ("diamt") and height ("tankh"), 

were determined for holding 80 gallons of hot water. The thickness of the tank 

wall ("twali") needed to hold the water was determined for a water pressure of 

300 psi within a stress of 20,000 psi. It is assumed at present that there is 

no heat loss from the tubing from· the collector to the tank. Later various 

insulation types will be used to optimize heat transfer to cost. 

The tube coil ·characteristics were determined from flow rate and heat transfer 

considerations. The optimum spacing ("BMAX") between successive coils for 

maximum heat transfer/cost tubing was determined from "BMAX" the length of 

tubing ("TUBEL"), and the total surface area covered by the coil ("DREAT") were 

determined knowing how much of the tank was covered by the coil ("XM"). 

The heat transfer fluid properties were determined from the manufacturer's 

specifications. Equations were determined from tables and graphs to approximate 

these ·properties within an error of 1%, for the thermal conductivity (CONFLI") 

and specific heat ("SHS") and within 5% for the liquid viscosity ("VISFLI," 
0 

"VISFL2") for the temperature range 50-80 c. The large viscosity error is due 

to inadequate methods to approximate the rapid variation with temperature. At 

this time three fl~ids are used. One is a 40% propylene clycol, 60% water solu

tion. This has adequate freeze protection (0°C), with high specific heat and 

thermal conductivity but a high viscosity which results in larger flow rates needed 

for turbulent flow. It is nontoxic with a low boiling point (105°c). The 

second fluid is a 40% ethylene glycol, 60% water mixture, with similar properties 

to the propylene mixture but it is very toxic with a somewhat higher boiling and' 

freezing point. The third product is Dowtherm J, a fluid with low viscosity, 

low specific heat, and low thermal conductivity. Although the flow rate needed 

for turbulent' flow for Dowtherm J are much lower the heat transfer characteristics 

are very poor. 

Water properties were determined from the HANDBOOK OF HEAT TRANSFER by Ceiringer 

pg. 105-110. These are correlated for thermal conductivity (CONDW3), specific 

heat (SH3), viscosity ("VISW3"), coefficient of volumetric expansion (BETAF) and 

density (DENSW3). Water is a good heat transfer fluid with low viscosity, high 

thermal conductivity and specific heat but is inadequate for use in the collection 

when freezing temperatures are possible. 
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At present environmental parameters are covered by sinusdidal variations. 

Later the ambient all temperature (array "TAMB" and variable TAMBLN") and 

incident radiation received on the collector (array "QINCID", variable , "QI,") 

will be for actual locations throughout the U.S. for the time being the 

sinusdidal variations are adequate. For "QI," the radiation is a maximum 

at noon tapering off to 0 at 6:00 and 1800. "TAMBLN" is a minimum at 6:00 

and maximum at 1800. 

A variable load of hot water was determined for the average home. According 

to consumer reports an average of 100 kg of hot water/day is used in a 

typical home. For this study 110 kg/day was used with the following pattern: 

After the following types of parameters are determined the actual iterations 

of the program begin: 

1) Collector Variables 

2) Tank Variables 

3) Coil Variables 

4) Fluid and water characteristics 

5) Environmental parameters 

The first iteration of the main program is to vary the fluids used in the 

collector. It begins with: "DO 1900 I=i,N" and ends with statement "IEOn 

continue." All processes within the loop are done until all "N" fluids have 

been used. The next iteration is to vary the collector size as follows: 

"DO 1890 JA=l, Nsize" where Nsize is the number of different collector sizes 

to be used. 

The, following iteration j_::; mut:h more complex beginning with statement 11 1062 

continue". The flowrate of the fluid ("Gll" in kg/rrm2 ) is varied by, assuming 

the flowrate is the first segment of the array "G" which holds all of the 

flow rate to be used in the study. When the pump is turned on this assumption 

governs the pump until turbulent flow results. This will be explained more 

later. Within these loops the water temperature within the tank ("TWAT") is 

initilized for the first hour uf the first day. The value chosen is of little 

effect since the program continues until a steady state condition exists. 
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.. 
At s~atement "1063 CONTINUE" another loop begins. This is a 

convergence loop for the steady state case, where the program 

will run up to seven days until the temperature of on~ day 

match those of the previous day within a given tolerance. 

Many variables are initialized for each day and before the 

actual hourly iteration begins at statement "DO 1830 

J = 1, 24. '.' 

Within this loop many variables previously determined for 

each hour are evaluated for.the particular hour such as the 

incident radiation and ambient temperature. An array 

"TEMP" holds the temperature history of.the tank so.that the 

convergence of successive days can be determined later. 

The first major statement for the day is a control statement 

t.n determine whether the pump· is on or off. PUMP is a 

variable which shows whether the pump is on '(PUMP - 1) , or 

off (PUMP = 0) . If the pump is off then no heat is being 

transferred and the temperature of the collector is determined 

from the following relationship for an isothermal collector: 

TLIQ (QI / USLOPE) + TAMBCN, 

where QI is .the rate at which radiation is received on the 
-2 -2 . -1 

collector (W.m ) , USLOPE is the heat loss .coefficient (W.m· .C. ), 

TAMBCN is the ambient temperature in degrees C, and TLIQ is the 

temperature of the fluid in the collector in degrees C. 
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Thus "TLIQ" temperature of fluid can be obtained if the other variables 

are determined. If the difference between the fluid temperature and the 

water temperature exceeds the difference needed to turn the pump on (TSART) 

then a flowrate is determined for the pump on. If nqt then control will 

pass to statement "1400 CONTINUE" which will evaluate the performance for 

the pump off. If the pump was already on there was no need to recalculate 

the fluid exit temperature (TLIQ) and control would revert to "1854 CONTINUE". 

Variou' relationships for the flowrate are needed for different equations. 
2 Thus "GII" is the flowrate of the fluid in (kg/hrm ) , "Gl" is the flowrate 

in (kg/hr m
2 

of tube 'in collector)·, and "GLLLL" is the fluid flowrate in 
. 2 

the tube around the storage tank in (kg/hrm ). 

The viscosity of the fluid is determined next in (lb/ft hr) in order to de

termine the minimum flowrate needed for turbulent flow ("GMINll) in the 

collector tube. If the flowrate "Glll" is greater than "GMINll" then the 

flow is turbulent and control goes to statement 11 i8SS CONTINUE." Otherwise, 

a new flowrate is used if turbulent flow does not occur by 1200. This is 

used so that early morning flow does not affect optimum collecting hour 

operation. 

When the flow is turbulent then the other fluid properties are determined 

at the fluid inlet temperature (TLlQlN). This results in some error since 

the fluid properties should be evaluated at some mean fluid temperature but 

this effect on the efficiency estimate of the collector is negligible so 

further refinement is not necessary. The heat transfer coefficient for the 

collector fluid (KHCW) is determined from these fluid properties and it can 

be ~hnwn·that a 100% chanqe in the heat transfer coefficient would result 

in a 1 or 2% change in the collector efficiency factor (ETA3). "KHCW" is 

determined by a correlation Pg. 219 of McAdam's Heat Transmission. This 

correlation is for smooth tubes with fully developed turbulent flow for the 

collector loop this correlation is adequate. 

After the collector efficiency (ETA3) is determined, the rate heat is trans-

. ferred from the collector to the fluid (QCOLL) can be determined. An iterati'On 

is then performed to find the actual temperature distribution through the 
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collector starting with "1112 CONTINUE". The temperature of the fluid 

entering the collector .<TLIQ) is known, which along with "QCOLL" can be 

used to determine the exit temperature of the fluid (TLIQ). Since it is 

assumed at present that no heat loss occurs in the pipe the temperature 

leaving the collectbr of the fluid is the entering temperature of the fluid 

of the coil around the tank. 

Also after "TLlQ" is known, the wat~·i:: .to 'fluid temperature difference is 

checked so that heat will be transferred from the collector to the tank. 

If "TLIQ -. TWAT (Water temperature)'"' is -greater than TSTOP then the pump is 

left on othe:rWise the pump is shut off and control reverts to "1400 CONTINUE" 

The flowrate through the coil is determined as are the fluid properties at 

"TLIQ". Thus will give erroneously high vales since "TLIQ" is greater than 

the mean temperature of the fluid but this effect is not great as long as the 

temperature drop is not excessive. The heat transfer coefficient for the 

fluid in the helical coil is increased over that of a horizontal tube by the 

correlation Page 228 McAdam's Heat Transmission. An iteration begins at 

statement "1120 CONTINUE" to determine the natural convection coefficient 

("UL") for water inside of the tank. The wall temperature of the tank must 

be known in order to calculate ("UL") according to Page 124 of McAdams. The 

efficiency of the coil-tank system ("FPRIME") is then determined assuming the 

,flowrate of the water in the tank due to natural convection is small compared 

to that of the fluid. An iteration to determine the temperature at which the 

fluid leaves the coil is then started similar to that of the collector exit 

temperature of the fluid. The rate at which heat is transferred to the water 

(QTOTIAL) is determined and a new mean wall temperature of the tank is found. 

This loop continues until .the mean wall temperature converges. After conver

gence control passes to statement "1500 CONTINUE" which determines the final 

characteristics when the pump is on. 

The temperature of the water· is then determined after evaluating the rate 

heat is lost to the environment (XLOSS), and the rate heat is removed for 

the home's hot water use (XLOAD) by UMLIZINL as simple euler method. This 

final temperature of the water for the particular hour is then the beginning 

temperature of the water for the next hour for the 24 hour period. The program 

continues until all iterations are complete while printing of results needed 

for further evaluation. 
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APPENDIX G. SIMPLIFIED METHODS OF DETERMINING 

HEAT EXCHANGER SIZE 

One of the objectives of the program was to produce an abstracted version 

of the conclusions of the study, for the benefit of those preparing hand

books or other compendia. 

During the course of the study such a section was prepared for inclusion 

in the "Design and Installation Manual for Thermal Energy Storage," 

Report ANL-79-15 of the Solar Ene_rgy Group of Argonne National Laboratory, 

February 1979, which was included as Appendix D in that repor.t. In 

Appendix G of the present report this section is reproduced in its entirety. 
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SIMPLIFIED METHODS OF DETERMINING HEAT EXCHANGER SIZE 

Using a· heat exchanger either as a means of separating antifreeze 

solution ·from the storage water or as a means of separating potable 

water from nonpotable water requirea choosing a heat exchanger of the 

proper size. For purposes of calculating heat exchanger size there 

are two main types of heat exchanger. systems, double-loop and single

loop. A double-loop system, illustrated in Figure G-1, requires two 

pumps (forced convection) to maintain positive control of the flow 

on both sides of the heat exchanger. A single-loop system has only 

one pump and typically features either a coil inside the tank or a 

coil fastened to the outside of the tank. Single-loop systems rely 

on bouyancy of the heated water to maintain flow on the tank side of 

the heat exchanger (natural convection). ·Forced convection is main

tained on the other side of a single-loop system by a pump. 

The use of a heat exchang~r leads to a collection penalty, as shown 

in Figure G-1· The efficiency of collection decreases with increasing 

collection temperature, as shown in the curve in the lower part of the 

figure. The presence of the heat exchanger increases the collection 

temperature and hence produces the collection penalty. 

DOUBLE-LOOP HEAT EXCHANGER SYSTEMS 

De Winter first analyzed the case of a double-loop heat exchanger 

system and found that if capacity rates were used in the two loop 

so that: 

(WC ) ll < (WC ) p co p sto 

where: 

W .is the mass flow rate, 

C is the heat capacity, p 
coll is the loop through the collector, and 

G-1 

sto is the loop through the storage tank, as shown in Figure G-1, 

then the heat collected by. the collector-heat exchanger combination was 

simply reduced by the factor: 
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1 
G-2 

= 

where: 

FR is the standard collector efficiency factor of the,Hottel-Whillier 

. flat plate collector model. 

FR 
I is the same factor modified by the heat exchanger effect. 

A is the c area of the collector. 

u is c the collector heat loss coefficient. 

e: is the heat exchanger effectiveness. 

Klein, Beckman, ~nd Duffie extended th;f.s. to sy·stems fn which Equation G..,l 

does not hold and determined that for ~his more general case: 

1 =---------=-.,..-----:-----= 
1 + FRUcAc_ [(WCp)coll - l]. 

(WC ) ll e: (WC ) . p co p min 

G-3 

Equation G-3, which is completely general, is shown in Figure G~2- In 

the general case, the heat e·~c.hanger effectiven~ss .is an expo~ential 

function of the'parameters NTU = (U A )/'(WC ) . and of {WC ) · as 
x x p min · p max 

shown in Equations G-4a and G-4b. · (/\ is the heat exchanger heat x 
transfer area ·and U ·the associated overall heat· ·tr·ansfer coefftcient.) x 

1 - e-N G-4a e: = 

with 

G-4b 

The effectiveness increases as the heat exchanger heat transfer area 

increases. This reduces the collection penalty--it increases FR'/FR' 

bringing it closer to 1--so that heat collection is increased. However, 

increasing the heat exchanger size increases ~he system cost. By doing 
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a computer simulation the designer can find an optimum heat exchanger 

size as illustrated in Figure G-3. 

For the specific case in which: 

de Winter found that: 

since: 

(WC ) - (WC ) p coll- p sto 

F ' R -- = 
FR 

£ = 
1 + 

1. 
FRU A c c 

l + U A 
xx 

1 

G-5 

G-6 

G-7 

When the cost per unit area of the collector (C ) and the cost per unit 
c 

area of the heat exchanger (C ) are constant, de Winter further found x 
that if the heat transfer coefficient U did not vary with the area A x x 
the optimum heat exchanger area A could be calculated from the equation: 

x 

A x G-8 

According to Borel and de Winter, with a given average WC product, the 
p 

optimum heat exchanger invariably had a storage capacity rate (WC ) p sto 
higher than its collector capacity rate (WC ) 

11
, so that Equation G-1 

. p co 
was invariably satisfied and Equation G-2 applied. For typical values 

of the collector capacity rate (WCp)coll' they found that the value of 

C' = (WC ) · 
11

/(WC ) ranged from 0.5 to 0.6 and that, for all 
p co p sto 

practical purposes, Equation G-8 could still be used to find the 

optimum heat exchanger area, since this was only about 1 percent 

different from that found for the optimum (unmatched capacity rate) case. 
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SINGLE-LOOP HEAT EXCHANGER SYSTEMS 

An analysis for a single-loop system, using a traced tank or a coil in 

a tank, was performed by Horel and de Winter. They found that the same 

heat exchanger factor determined for a double-loop system in Equation G-2 

could be used for the single-loop system. Again the designer can 

determine an optimum heat exchanger area using the methodology shown in 

Figure G-3. The main difficulty in this case lies in the fact that the 

heat transfer coefficients used to determine U are no longer straight-
x 

forward forced convection coefficients, since on the water (storage) side 

there is a natural convection coefficient that is harder to det"ermine. 

This area is addressed in the next section. 

FORCED CO:l'.'VECTION IN HEAT EXCHANGERS 

Using heat transfer coefficients will ~nable the designer to optimize 

the heat transfer of a collector-to-storage system. They also allow 

easy comparison of heat transfer fluids. Heat transfer coefficients 

within the tubes and outside the tubes (i.e., shell-side heat transfer 

coefficients) as well as overall heat transfer coefficients must be used. 

In the tollowing sections, each uf L!Jt'sl::' Lueffi.:iE:nt:::i i.G diccuE>li"d. 

Inside Tube Heat Transfer Coefficients 

For a double-loop heat exchanger system, inside tube heat transfer 

coefficients must be specified for the collector tubes and the exchanger 

tub~s. For a traced tank, the inside tube heac transfer coefficientG 

must also be determined for the helical coi1. 

The inside tube heat transfer coefficient is dependent upon: 

Flow rate through the tube 

Cross-sectional area of the tube 

Temperature of operation 

Properties of the fluid at the operating temperature. 



Depending on the state of the fluid (~~e., laminar, transitional, or 

turbulent) different correlations must be used to determine the inside 

tube heat transfer coefficients (hi). For the laminar region (Reynolds 

number < 2500) the following correlati9n from McAdams can be used: 

where: 

~ 1/3 ~ )1/3 > c2 = 1.75 ( KL ) for 1.75 ( KL 3.66 

G'C 1/3· 
for 1.75 ( _,_.E) < 3.66 

KL 3.66 

hi inside tube heat transfer coefficients (Btu/hr·°F·ft2) 

K . = thermal conductivity of fluid (Btu/hr· °F. ft) 

Di inside tube diameter (ft) 

G' flow rate (lb/hr) 

C heat capacity of fluid (Btu/lb:°F) 
p 

L tube length (ft) 

Thus, in the upper laminar region, the inside tube heat transfer 

coefficient also depends upon the tube length. 

G-9 

For the transitional region (2500 <Reynolds number< 7100), h. becomes: 
1 

h. 
1 

where: 

(C µ/K 
p 

J' 0.116 (Re213 :125)/Re 

and 

Re = Reynolds nwnber 

= G"D ./µ 
1 

).J = viscosity of fluid (lb/ft·hr) 

G" = flow rate per tube (lb/ft2.hr) 
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For the turbulent region (Re> 7100), the inside tube heat transfer 

coefficient from McAdams is for values of L/D greater than 60. 

h. 
l. 

0.023 K ReO.B 0 4 
(Cp µ/K) ' 

Di 
G-11 

Since, i.n general, the transitional region should be avoided, it was 

included only to provide continuity from the laminar to the turbulent 

regimes. Also note that, at the interface between transitional and 

turbulent (Re = 7100) and the interface between laminar and trans

itional (Re= 2500), the equations do not predict similar inside tube 

heat transfer .coefficients. For Re = 7100 there is a 10-percent 

difference between the two equations, whereas around Re = 2500 the 

error is larger. The selection of the transitional region between 

Reynolds numbers 2500 and 7100 was completely arbitrary.· It was chosen 

to minimize the errors at the two bo~ndaries and to allow reasonable 

heat transfer in the lower turbulent region. 

For the traced tank system, the effect of the fluids operating in the 

laminar .regime is greater, since the heat transfer coefficients can 

affect the helical coil efficiency. Heat exchangers operating in 

laminar flow have much lower effectiveness than those operating in the 

turbulent regirr.e. 

Some simple relationships between the flow rate in gallons/(minute.per 

tube) and the other flow rates follow. 

Q Q N 
G-12 = n . 

Qn 
0.1247 G' 

pN 

G" 4G' 
-2-
D.Nir 

l. 
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where: 

Q = total system flow rate (gallons/minute) 

N total number of tubes 

Q
0 

= flow rate per tube (gallons/minute) 

P density of the fluid (lb/ft3) 

Shell-Side Heat Transfer Coefficient 

The shell-side heat transfer coefficient within the heat exchanger (h ) 
0 

was determined for those fluids studied. h is a function of: 
0 

Shell entrance flow rate 

Temperature of operation 

Fluid properties at the operating temperature 

Characteristics of the heat exchanger 

(1) Tube pitch 

(2) Baffle spacing 

(3) Outer tube diameter 

(4) Number of tube rows. 

A correlation was found from Kreider and Kreith. 

h 0.33 Re' 0 · 6 (C µ/K)o. 33 K/D 
0 p 0 

Re' Reynolds number through minimum cross-sectional area of 

heat exchanger 

G 
max 

flow rate through the minimum cross-sectional area of the 

heat exchanger (lb/ft 2 ·hr) 

G 
s 

Amin (Nrow + l) 

~ total shell flow rate (lb/hr) s 
.· Qs total shell flow rate (gal/min) 

0.1247 G /p 
s 

A . 
nun 

minimum cross-sectional area (ft 2) 

Sb fs . a min 

sbaf baffle spacing (ft) 
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s = 
min 

= 

Pitch = 

= 

tube spacing (ft) 

(pitch -1) D 
0 

equilateral triangular pitch 

1. 25 

number of tube rows across diameter of shell. This is a 

conservative estimate of the number of tube openings 

available for the fluid to flow through. 

Figure G-4 shows the exchanger characteristics more clearly. 

Overall Heat Transfer Coefficient 

The overall heat transfer coefficient of a heat exchanger (Ux) can be 

determined from the following equation by Kays and London, 

where: 

h so 

u x 
1 

l+_l_+Qo__+~+R 
h h D.h. D.h. wall o so i i i is 

shell side scaling coefficient (Btu/hr·ft 2 ·°F) 

h 
is 

=inside tube scaling coefficient (Btu/hr·ft 2 ·°F) 

R wall = 

K 
tex 

tube wall heat transfer resistance (hr·ft 2 ·°F/Btu) 

D 
0 

2 K tex 

D 
0 

ln D. 
i 

thermal conductivity of the tube wall (Btu/hr·ft·°F) 

G-13 

The scaling coefficients can be assumed constant for nearly all fluids 

and tube sizes and equal to 100 Btu/hr·ft2 ·°F. If the water is very 

hard (over 15 grains/gallon), a scaling coefficient of 330 Btu/hr·ft 2 ·°F 

can be specified. The reciprocal of the scaling coefficient, known as 

the fouling factor, is frequently specified instead of the ~caling 

coefficient. Normally, scaling coefficients decrease with time if 

maintenance is not periodically performed because of increased scaling 

deposits on the inner and outer tube walls. This can reduce the per

formance of the heat exchanger and increase the possibility of 

corrosion. 
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' Since the wall resistance for copper tubing within the heat exchanger 

is generally negligible, the equation for the overall heat transfer 

coefficient cannot be reduced further. 

NATURAL CONVECTION IN TANKS WITH INTERNAL COILS OR IN TRACED TANKS 

One difficulty with coils in tanks or with traced tanks involves the 

natural convection heat transfer coefficient on the tank side. Forced 

convection beat transfer coefficients.are normally determined entirely 

by the flow conditions. Natural convection coefficients, however~ are 

determined by the geometry of the h~~ting (or cooling) surface, by the 

temperature difference between the surface .and the fluid, and by the 

fluid properties. 

Natural Convection Equations 

The conduction problem between the inside tank wall and the fluid in 

the tubes is analogous to· that obtained in a flat plate collector 

with the tubes bonded below the plate. The heat transfer rate is given 

by ·the product of inside water film coefficient ~t, inside tan~ heat 

tranofcr area At, Ft, and fluid to water temperdtm:e difference. 

According to Duffie and Beckman: 

1 

where: 

B spacing between tubes (ft) 

D
0 

outside diameter of the coil tube (ft) 

h. heat transfer coefficient of fluid .circulating through 
]. 

the cqil (Btu/hr.ft 2 ·°F) 

G-14 

C = conductance of tank to coil bond ~ 
bond . 

4T k 
wall wall (Btu/hr·ft·~F) 

D 
0 

This value of the bond conductance was determined by de Winter. 
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Twall = thickness of tank wa~l (ft) 

k wall 
F 

=conductivity of tank wall (Btu/hr•ft·°F) 
;. .. 

= fin efficiency of tank wall between the tubes, for heat 

losses to the water. 

Figu.re .G-5 shows the relationship among the parameters of the traced 

tank. 

The natural convection coefficie~ts are given by McAdams. Equations 

7-4a and 7~4b
0 

in his book pertaining to vertical.plates are reproduced 

here as Equa~ions G-17 and G-~O. Equation 7-6a in his book pertaining 

to_ horizontal cylinders can be replaced with Equation G-20 if the tube 

diameter is replaced by a "flow length" L equal to half the tube 

perimeter: 

L = n 

For the turbulent regime, defined by 

D 
0 

2 

109 < ( KL~6T ) < 10 12 , 

G-15 

G-16 

the heat transfer coefficient is given by McAdams's Equation 7-4a for 

vertical plates: 

or, in a simplified form, 

For the laminar regime, defined by· 

-G.15-
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the heat transfer coefficient for both vertical plates and horizontal 

tubes is given by 

h L 
. ~ = 0.59( KL36T )l/4 

G-20 

or, in simplified form, 

G-21· 

It should be noted that tubes are almost certain to stay in the laminar 

natural convection regime in solar applications unless the tank is 

stirred up. 

In the above equations: 

L is the natural convection flow length along the surface (ft) for 

vertical plates and vertical tubes, and L must be calculated from 

Equation G-15 for horizontal· tubes. 

D is the outside diameter of the tube (ft) 
0 c lJ 

( -{--- ) See Table G-1. K 

Sis the fluid thermal expansion coefficient (ft3/ft3·°F). 

6T is the temperature difference between the wall and the fluid (°F). 

ht is the natural convection heat transfer coefficient (Btu/hr·ft 2·°F). 

p is the fluid density (lb/ft3). 

g is the acceleration of gravity = 4.17 x 108 ft/hr 2 • 

C is the heat capacity (Btu/lb·°F). p 
lJ is the viscosity of the fluid {lb/hr·ft). 

k is the thermal conductivity of the fluid (Btu/hr·ft·°F). 

The values of K, of k, and of Ai and A1 used in Equations G-18 and 

G-2lare given in Table G-1 for water as a function of temperature 

T in degrees Fahrenheit. 
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Table G-1. Convection Factors for Water 

T K k Ai Al 

60 .337 x 109 0.338 30.58 27.02 

80 .557 x 109 0.351 37.54 31.81 

100 .959 x 109 0.363 46.54 37.69 

120 1.453 x 109 0. 372 54. 77 42.85 

140 2.189 x 109 0.379 6J. 97 48.37 

160 2.785 x 109 0.385 70.42 52.18 

180 3.660 x 109 0.390 78.13 56.60 

Recoilllllended Iteration Procedure 

Since the natural convection heat transfer coefficient is a function 

of the temperature difference, it is necessary to iterate to determine 

the final heat transfer situation. The recommended scheme below will 

lead to convergence to within about 1 percent within 4 or 5 iterations. 

(1) Calculate the heat transfer coefficient h. on the forced 
1 

convection side (usually Equation G-11, but possibly. 

Equation G-9 or G-10). 

(2) Assume a natural convection heat transfer coefficient 

(3) 

ht of 100 Btu/hr·ft 2 • °F to 'start the calculation process. 

Calculate U x 
geometry. 

(4) Calculate NTU = UxAt. 
we 

p 
(S) ~Rlculate t~e effectiveness for the coil or tidce~ Ldnk 

-NTU from E = 1 - e . 

(6) Calculate FR' I FR. (Use Equation G-2, G-3, or G-6.) 

(7) Calculate the collected heat Q from the collector performance 

(8) 

map. 

With 

/\T 
avg 

Q and ht 

= .JL 
h A' 

t 

and the natural convection area, calculate 

(9) Calculate the natural convection heat transfer coefficient 

ht obtained with this temperature difference. (Use Equation.G-20 

or G-21.) 
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(10) Go back to Step 3 and go through the ·calculations until the 

numbers in successive i t~t·~ tions no longer change appreciably. 

It should be noted that this calculation applies to two types of systems: 

The case in which an antifreeze loop heats a traced storage_ 

tank or a storage tank with a coll. This involves water being 

heated by natural convection. 

The case in which a domestic water .line is being heated by a 

storage tank with a coil or by a traced Storage tank. This· · 

involves water being cooled by natural convection. 
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