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\ SUMMARY

A étudy was made of the methods available to transfer heat
from the collector to, the water storage tank in water heating
systems. In counterflow heat exchangers 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 WCP (mass flowrate-
specific heat) products in the loops. ‘It was shown in this study
that the water WCp.product should be about twice as large as that
of the heat transfer fluid. It was found that neither the heat ex-
changer type nér the size was very critical, so that very simple
criteria were adequaﬁe in determining optimum'heaf.exchangér size.
It was found that there is a definité 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 -

Acutoff-

Amin -

Collector Area.

Collector area at which traced tank and heat exchanger systems

are equally cost effective.

Minimum cross-sectional area on shell side of heat exchanger

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 exchénger systenm,
heat of fluid.

Total cost of gystem.

Exchanger cost per unit area.

Capacity rate ratio.

Inner tube diameter (inches).

Inner tubexdiameter (Ft or meters).

Outside tube diameter (Ft or meters).

Outer shell diametef of heat exchanger.

Diameter of storage tank.

Friction factor.

Section efficiency of thé collector,

Collector heat removal factor.

Helical coil efficiency factor.

-iv=

specific



Traced tank penalty factor.

Heat exchanger penalty factor.

Deviation from mgtqhed capaqity rates.

Acéé}eration due to graviFy.

Mass flowrate per unit célléctor area.

Total mass flowraté £hrough ;hgll side of the_heat_exchanéér.

Total mass flowrate.

‘Total mass flowrate per unit tube cross-sectional area.

Total mass flowrate per unit minimum cross-sectional area on
tﬁ; sheli side of the.heat exchange;.

Inside tube scaling coefficient.

Outsidé ﬁube scalipg éoeéfiéienf.

Insidé tube h;at transfer coefficient.

Outside tube heat transfer coefficient.

Height of the storage tank.

Thermal conductivity, storage iank height to radius ratio.
Collector, exchanger or helical coil tube length.

anntity of chemical substance which kills 50% of dosed animals
within 14 days.

Ngmber of colleétor or heat exchanger tubes.

Number of exchanger bé;ﬁles.

Number of heat transfer units.

Design pressure of the storage tank.

-Pressure drop.

Rate of heat transfer, total flowrate (gallons/minute).
Flowrate within each collector or exchanger tube (gallons/minute
Radius of the storage tank.

-\

tube).



R.wall - Resistance to heat transfer by tube wali within heat exchanger.
»Re | - Reynglds number . | ﬁ |
T, - Ambient temperature.

Tci - Temperature of the fluid entering the collector.

Tco‘ - Temperatufe of the fluidyleaving the coliecfor.

Tsi - Temperature of the water entering the collector.

Tso - Tempe;ature of the water leaving the .collector.

Tw -.Wall temperature of the fluid.

Teube .-,Thicknéss of the tube of the helical coil.

Toall Thickness of the sforage tank wall.

u, " < Collector heat loss coefficient.

Ut - Natural convection ;oefficient within the storage tank.

Ux' - Overall heat transfer4coefficien£ of the heat exchanger.

W - Mass flowrate (same as G'), tube spacing of the collector.
(ch)c - Capacity rate of the collector 1loop.

(ch)min-Greater of the two cap§c1ty rates.

(wcp)s - Capacity rate of the storage loop.

ﬁaﬁ - Mean-éapacity rate of heat exchanger system.
°(T - Absorptivity - transmissivity product of the collector.

- Exchanger or traced tank effectiveness.
- Joint efficiency of the storage tank.

- Volumetric coefficient of expansion.

- Density.

é

e‘

2!

M - Viscosify,
e

(« f

- Maximum allowable hoop stress of the storage tank.



1.0 Introduction

Invlow ﬁemperature useage of solar energy one can use an air heating

collector with a roék pile storage system, or a 1iqdid 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 méterials to.
achieve long lifetimes. | ‘ '

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

in the collec;or.

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 susceptible tropical plants can be kept outdoors
unprotected year-round. Outside of the southern part of Florida, the low
lying areas in Hawaii, and very narrow coastél 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 opération»despite freezing
weather. One can use a separate beat 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 above freezing.

A draindown system must be designed, specified and constructed well

enougﬁ so that it is totally foolproof. When it is supposed to drain, air
or some other gas must be able to get into the system, and the water in all

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

gravity.

A system using 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

-1.1-




corrosion. If the fluid is toxic it must be kept from contaminating
drinking water. Finally, the heat exchanger must be optimized. It must
be large enough so as hct'to impcse an excessive collection penalty
through a large temperature 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 w1th antlfreeze, one. loop through the
storage tank with water) with a heat exchanger between the two pumped loops.
One can use a single pumpedﬁloqp whlch features a coil in the storage tank or
coilsvfastened to the outside of the\tahk, or one can use a- 11qu1d—to-11qu1d
heat exchanger, using a fluid immiscihle in water anduof a dlffereht dens1ty,
sprayed throughAthe water tarik in droplet form to exchange the heat..;In all
cases the loops could be of the thermosyphon type rather thah pumped, 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.collectién 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 add1t10na1 advantage that when the collector cools down at night the
fluid does not cool down with it in the collector. In the morning theeempty
collector hence warms up faster and can hegin 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, and found that if capacity rates were used in the two loops so that:

W) o (wcp)sto ' (1.1)

*Included in full in Appendix A.
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Figure 1.1 Heat Collection Decrease Due to a Double—Loop Heat Exchanger
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{where W is the mass flowrate, Cp the specific heat, coll refers to the loop
through the collector and sto to the loop through the storage tank, as shown
in Figure 1.1) then the heat collected by the collector-heat exchanger

combination was simply reduced by the factor:

1
FR_ 1 (')
= 1.2
F F *
R RUcAc ' 1
1 + Yizrj————- [ =-11]
: P coll €

In this ééuafibn Fe is the standard collector efficiency factor of the Hottel
. Whillier flat plate collector model, FR' is the same factor modified by the
'f heat exchanger effect, Ac is the area of the collector,Uc the collector heat

loss coefficient, and éithe heat exchanger effectiveness. Klein, Beckman
and Duffie (1976) extended this to systems in which Eguation (1.1) above does

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

: . (1.3)
F - FUA : (wcp)coll : ,
(wcp)coll G (wcp)min

1]

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 . d W i

P X x)/( p)mln and of ( Cp)min/(wcp)max as shown in
Equation (1.4 a) and (1.4 b) (it should be noted that Ay is the heat exchanger

heat transfer area and Ux the associated overall heat transfer coefficient):

1 - e_N :
& = - = (1.4 a)
(1- (ch)min/(wcp)maxe ]
with
N =NrU [1-~- (Wwc) . / (WC) 1. (1.4 b)
P min p max .

The effectiveness increases with thé heat exchanger Ax, and this reduces the-
collection penalty (it increases FR'/FR, bringing it closgr to 1), so that
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,

-1.4-
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Figﬁre 1.3 Typical Heat Excharger Optimiz,atioh: plot, showing the Heat Exchanger
. Factor, Total System Cost, and Effective System Cost as a function of Heat
Exchanger Size or Area.



For the specific case in which:

) cory = MC) oo (1.5)

de Winter (1975) found that:

1
= (1.6)
R FRucl_\c
1+ -
U A
X x
Since.
. ' 1 ‘ .
€ - e | 4 | 1.7
. coll : )
1l + :
. UA
X X

When the cost .per un1t area for the collector (C ) and the cost .per unit
area of heat exchanger (C ) are constant, de Wlnter (1975) further found that
if the heat transfer coeff1c1ent U did.not vary with the area A the optimum

heat exchanger area A could be calculated from the equatlon-

FRUCC ; ) ’ .
X (o] U cC
- X X _
In the present study it was found that with a given average WCp product, the

optimum heat exchanger invariably had a higher storage capacity rate (WCP)sto

than a collector capacity rate (wcp) » so that Equation (l.1) -was invariably

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

. B . . - v = - -
co11” it was found that the value of C (wcp)coll/(wcp)sto

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

capacity rate (WCP)

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 2.2). It was found that the
same heat exchanger factor determined 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 using the methodology shown in Fiqure 1.3. The main
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difficulty now lies in the fact that the heat transfer coefficients used
to determine Ux are no longer straightforward forced convection coefficients,
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 one can uée. One éan use an
unpressurized storage tank filléd with water. This can feature inert gas
(instead of air) above the water sé 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 A
the domestic water system so as to heat the water on a once through basis.
There are too many design permutations to pgrmit generalizations on such

a design without a thorough_design study.

The conduction problem between the inside tank wall and the fluid in tracing
tubes 1is aﬁalogous tO'thét obtained in a flat plate collector with the
tubes bonded below the plate. The heat transfer is given‘gy: (inside water
coefficient Ut)(inside tank area At)(Ft)(Fluid to water temperature 4iff.),

According to Duffie and Beckman (1974) Ft is given by:

F =

t BU B .
BU, t : - @ 2
D1 " p + (B -D I
n ol Lbond o ¢ lo} )
o Outside diameter of the coil tube (m)
- Heat transfer coefficient of fluid circulating thrbugh
. wWatt
the coil [ 2—05 ]
m
- 4 Toa11 X watt
C - Conductance of tank to coil bondas wa S [ — s ]
bond D

o m oC
(This value of the bond conductance was determined by de Winter (1978).)
. T - Thickness of tank wall [m]
wall -
Ks — Conductivity of steel tank - | EEEEE ]
: 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

o~ — o —
Q f
Water Side ‘\ .

Work on the liguid-to-liquid heat exchanger concept at the Colorado

State University (Buchan et al, 1976) Ward et al, 1977) has revealed that .
these heat exchangers can be.-very efficient and can lead to very low
collection penaltles. There is however as yet no quantltatlve understand-
1ng of thelr performance. ’

hlS is the final report on a DOE- sponsored prOJect to perform an analytlcal
study on the different alternatives existing in this area. Seqtlon 2 deals
with the behaylor of systems us1ng a heat exchanger with.segregated fluids.
Section 3 deals with direct contact liquid-te-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 heet transfer and fluid characteristies and ‘computer

programs used in the study.
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2,0 HEAT EXCHANGER SYSTEMS WITH SEGREGATED FLUIDS

In double loop solar water héating systems the physics 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
studiéd 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 single 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 tﬁat one is

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

2.1 ' 'Heat Transfer Analysis and:Optimization of Double-Loop Solar Water
" "Heating Systems '

In double loop water heating systems, much of the basic analysis
had\aIre;dylbeeh performed by de Winter (1975) and by Klein, Beckman and
Duffie (1976). It remained to do_systématic sensitivity studies on>the
model to find out what parameters, if any, were important, to determine ‘
what was the simplest way to~determine'a reliable optimum, and to determiﬁe
what was the minimum size at which a ful} fledged double loop (also doublg
pumped) system with a heat exchanger should be used. Below this minimum
size it would become better to switch to a single loop system, using a
" traced tank or-a coil to trgnsfer'the'heat to the water. These questions

are treated in-the following subsections.

=2.1-




2,1.1 Criticality of the Matched Capacity Rate Concept

The capacity rates (mass flowrate—speéific heat broducts) on either exchanger
side are important in determining the opfimum performance characterisﬁics

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.l1.1-1. De Winter (1975) assumed the optimum counterflow
exchanger would be one operating at a ?épacity ratg ratio (C!#(WCé)min/(WCp)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 collector-exchanger system witht
capacity rate ratios other than one, it“was assumed that there existed a
fixed average capacity rate (WEP) at which the.exchanger operated. The
storage and collector loop capacity rates were aliowed 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:
— . o
Wc.) = WC (1.0 + F) (Wwatts/ “C) 2.1.1-1)
( %’e p ! / (
F - deviation from the mean capacity rate -1 F(1
and the storage side capacity rate becomes:
(WC. ) =WC_ (1.0 - F) (Watts/ °C) ‘ (2.1.1-2)
p s P

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

If one wants to limit the fotal pumping power one would be concerned about
some weighted average capacity rate (or flow rate). 1In any,case‘onegis
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 0, and the capacity rates both equal the mean

capacity rate. Note when:

-2.2-
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Figure 2.1.1.1 Heat Collection Decrease due to a Double-Loop Heat Exchange?
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(WCP)C> (WCP)S, then C' (1 - F)/(1 + F) while for

(wcp)c <:(wcp)s, c' (1 +F)/(1 - 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 faetor-collect0r=efficiency product F_'. From

R
Section 2.1.4 this becomes:
F
F' o= - 2 2.1.1-3
R -~ FUA (wc Yo (2:1.1-3)
1+ Ree -1
Wi
( Cp)c (ch)mlne

This term depends on the capacity rates through the variables (WC ) '

(WC ) min’ and é: From Equation (2. l 1-3) it can be seen that 1ncreas1ng
(WCP) and’ (WC ) in will reduce the penalty to heat transfer producted by the
heat exchanger, i.e. it will produce higher heat collectlon. Similarly, FR
increases with increasing capacity rates which also increases the heat

collection,

The effect of the capacity ratée ratio on the exchanyer effectlveness Lullouws.
In Section 2.1.3 the exchanger effectiveness is presented for a counterflow
exchanger. Figure 2.1.1-2 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 )/(WC ) ]. For a given NTU, the efficiency of the

min
counterflow exchanger 1nc§eases with increasing (WCP)max It is only when
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 :0f 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
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To considei the effecffof the capacity rate ratio on collection, éonside:‘“ 3
Equafions (2.1.1-4a), (2.1.1-4b), (2.1.1-5;) aﬁd (2.1.1-5b), which_déscribe
the exchanger effectiveness.‘ The effectiveness is simply the rﬁtio of the
heat transfered to tﬁe maximum heat transfer the second law of thermodynamics
will allow. Equations (2.l.1-4a) and (2.1.1-4b) show this definition of the
effectiveness. In the first equation, the storage side has the minimum

capacity rate, in the second equation the collector side

=(wcp)s(Tsi B Tso)

p min " co so
1f (wcpv)s < (wcp)c
(wcp)c (Tco - Tci)i 4 : .
(ch)min(TcOT Tso) . (2.1.1-4Db)
if (W) <‘ch’s
Where:
T307 temperature of the water leaving storage - °C
Tsi—-témperature of the water entering storage - °C
~'Tco- temperature of the leat transfer fluid leaving collector-°C
Tci- temperature of the heat transfer fluid entering collector - °C
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In the above equations the WCp'products can of course be cancelled out,
They are left in becéuse in this way the heat quantities are more easily
identifiable. O

The effectiveness as a function of heat exchanger parameters is given by:

s

3 - _.—l—WC— A - . . (2.1.1-5 a)
, L rga
if (WCp)s =(WCp)c )
and ] , . ' o
e -0 "y (2.1.1-5b)
[1- ¢ e NTUL - €Ny

if (wcp)s§ (We )

! .
Equations (2.1.1-5 a) and (2.1.1-5b) are represented by Figure 2.1.1.2, with
the temperature profiles in the exchanger repfesented 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 considefing these v
three cases, a, b, and ¢ 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
that in all cases Tso is the same, and that (WCP)s (T'si - Tso)'is the same.
The upper line repregents the temperature of collepti?n as well as the
temperature of the collector fluid in the heat exchanger.v It is quite easy
to see, in considering cases a, b, and ¢, that if one goes from b to ¢ the
average tempefature 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 expect that the collection
temperature will be pulled down somewhat, so that 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 at 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:

(We_) . :
c' = ?EEETS- which from Equation (2.1.1-1) (2.1.1-2) reduces to:
p s . N L
ol = 1+ F
l1~-F

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

- S
ar " Q

Where:
Cp = CA_+CA
Q = Fex' FRQO
Q, # E(F)

Equation (2.1.1-6) reduces to:

” UAaA (wc ) '
d . 1 cc
EE“{[CcAc * CxAx][F—.f(WC ) [(WC )_. € 1]} _}
.. R pc 1n

Solving this for F reduces to:

X C

Where:

o s, T
1% . . .

+ o
H

- eXp [_—

F, = gection efficiency of the collector
as
x|=__1+ dF
€ 6;1

L =2,7-

(2.1.1-6)

(2.1.1=7)

ar !
R Uc X

da 1 U S ‘ V 1
Cx a-F——[-F—;‘ + m [-é- - l]] + [CCAC + -CXAX] [- -

R

2

aF g, (1 F)?

(2.1.1-8)

b
J =

0



Figure 2.1.1.3

dpﬂmum Heat Exchanger. Area Versus fhe Capaclty Rate Ratlo and Mass Flowrate
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dF e ' dy!' '
5 = XEY 5 [ - di + (1 -expy") ( 2 3 ) + 1+FPdy ]
€ (1 - expy') 1 -F 1 -Fadr
Axe : 1l +F
y' = ——mg————— [ ] - S——]
ACGCp(l +F) 1-F
. 2u dAa . 2
dy' ~T°x [ X ( F 1+ F
aF A oE 'GF ) +A ]
c p - X - 53?2

This series of equations could not be reduced much furfhér and was solved by
iteration. I-\.x was determined from equation (2.1.4-3) by iteration, but for
simplicity dAx/dF was found from the matched optimum heat exchanger area:
F UC
R cc
U C
X X
It was found that the optimum capacity rate ratio C' was a function of
.Cc, Cx’ GCP' F2, Uc, and Ux’ where ch is the mean cap§c1ty rate per unit |
collector area. In order to keep the overall heat transfer coefficient
constant for varying exchanger size, the number of tubes within the exchéanger
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 (WCP)C/(WCP)S deviates from matched, the
optimum heat exchanger area goes down. Note that for normal mean capacity

L -2 -1
ratec (operating mass flowrates of 80 kgm - h

, the effect of the capacity
rate ratio on the optimum heat exchanger area is quite small. For C'=1,
Ax=5.69 m2, while for C'=0.5, Ax=5.62 m2. This is a 1.25% change in the
optimum heat exchanger area while the capacity rate ratio decreased by 50%.
Note also that Figure 2.1.1.3 has no direct cost effectiveness implications.

If with a constant average capacity rate one begins working with exchangers
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Figure 2,1.1.4
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Correction Factor

Figure 2.1.1.5
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Figure 2,1.1.6
Cost to Heat Exchanger Factor Ratio Versus Capacity Rate Ratio and Mean Mass Flowrate
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in which the capacity rates aré 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 the optimum capacity rate ratio versus mean capacity
rate per unit collector area for typical design parameters. From this figure
it can be seen that the optimum capacity rate ratio lies between 0.5 and 0.6
for typical systems. Note that for matched capacity rates to be optimum,
the meén capacity rate must be small. For an optimized system with small
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

2
other terms, mean correction factors over representative values are shown

terms Cc’ Cx’ Ux’ F. and Uc are not completely independent of EEP and the

in Figure 2.1.1.5 From this it can be seen that the controiling parameter
is EEP' with the other terms causing less than 10% changes in the optimum

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 1b ft_2 hr-l) the effect of off optimum capacity rate ratios is very
small, For smallér 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 ovefall heat transfer coefficient fixed. To use even a

8 1b ft-.2 hr“l mass flowrate under these conditions requires the tube length

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

Figure 2.1.1.7 presen%s the percent penalty due to off-optimum capacity

rate ratios for a mass flowrate of approximately 16 1b ft-2 hr_l. This

figure reiterates that the capacity rate ratio can be vgried from approximately
0.25 to 1.1 with the per cené 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 capagity rates would not lead to a
considerable penalty to the rate of heat transferred. Note capacity rates
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. 1In many instances 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 Exchanéer Design

As discussed above, the optimum heat exchanger design is a counterflow heat
exchanger with a heat trahsfe; area picked so as to minimize the total invest-
ment cost per unit heat collected. There are many possible ways in which an
other-than-optimum heat exchanger may end up in a solar system. Some of these
‘include: .

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

2. | No exchanger models available w1th prec1sely the same size as requlred for
. optlmum 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 capac1ty rates are matched leads to an optimum heat exchanger area slightly
hlgher than required 1f the actual capacity rate ratio is less than one. Thus,
using Equatlpn (2.1.4.5) to determine the optimum heat exchanger leads to a slight
. of f-optimum reeult 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 of f-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»siée or'characteristics as is required by
Equation (2.1.4.5). As noted in Section 2.1.4, not only is the exchanger area
1mportant but the number-of tubes requlred is also critical. If the number of
tubes used greatly exceeds the number determined by Equation (2.1.4.9), the heat
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Figure 2.1.2.1
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transfer within the heat exchanger will suffer. If too few tubes are used, the
length of the exchahger 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 7m2 instead of 5.63 m2 (an increase of approximately
25%), the cost to heat transferred rafio will increase by less thén 1%,

Thus there is room to vary the exchanger area slightly to meet the standard
exéhanger 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 pérformance. 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. Figure 2.1.2.1 shows the effect on the cost to heat transferred ratio

if the unit exchanger cost (Cx) or overall heat transfer coéffiqient (Ux) are
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
parameters CC=$lOO/m2 , FQU =4 watts m~2 °c7T, cx=$110/m2, U =1100 watts n 2 °c71,
and C'=0.5. This yielded an exchanger area of 5.75 m". With Ax fixed, Cx and Ux
were then allowed to vary to show the effect if these parameters were mis-specified
initially. For example, if the actual exchanger -cost was $150/m2 rather than
$110/m2, then the exchanger would be too large for the optimum case énd the cost

to heat transferred ratio would be increased by approximately 2% due to the
increased costs. If Ux was actually lower than the design value of 1100 watts

m_2 OC—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 trénsferred 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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Figure 2.1.2.2
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of the heat exchanger. Also if Ux is underpredicted or CX is overpredicted
then the system will have increased performance due to increased heat transfer

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

The effect of mié;specification initially of the collector design_parémeters on
the overall system performance is shown in Figure 2.1.2.2. Similar .to the
>exchahger 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 alloyed to vary. The heqt loss coefficient (Ué) not only .affects

the heat exchanger penalty factor but also the rate of heat transferred even

if water were to circulate directly through the collector (see Appendix D, for
this term) for this case design values of 750 watts m_2 for QfXQ:and 45°¢C for
Tin -2T-a were'uséd. For example, if~tﬁe unit collector cost was increased from
$100/m~ to 150 the cost to heat transferred ratio would increase by approximately
47%.‘vFor this case, the heat exchanger area used was too small and would have to
be increased in order to reduce the effects of the increased collector costg.
Similarly, if the heat loss coefficient increased (for example, if no cover .
plates were used) from 5 to 7 watts m-2 oC_l, 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 collector'parameters affect the cost to heat transfer
ratio more than changes in the exchanger terms. Since for a given collector,
the FRUC product and Cc are quite readily obtained, ;hese large initial errors
in the design parameters listed above should not occur. In contrast, Ux and

Cx 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 1n1t1a1 parameters used in the heat exchanger
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 sliéhtly 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, parallel flow, crossflow (one fluid mlxed), and parallel-counter—
flow heat exchangers were compared. See Figure 2,1,3-1 for the flow patterns |
through these exchangers. The penalty impoeed on heat transfer by the diffeféﬁt

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 effectlve—
ness of a‘single tube and shell pass counterflow exchanger (€ ) from Kays and

London (1964) is:

r we ) o we ) o (wc ) i
exP[-NTU 1= ]] 1 - eXP[—NTU [ (we ) ]]]
p max - p max p max

NTU. -~ Number of heat transfer units

€-1

A ,U ' X ‘ (2,1.3-1)
NTU = X X
(wc )
« Pp'min
- . 2

Ak = Surface area of heat exchanger (m )}
= Overall heat transfer coefficient of the Heat exchanger watts

’ ' , . ° . m2 oC o
(WCP)mln = smaller eapac1ty rate watts/ C .
(WCP)max = larger of the two capacity rates watts/ C

Equation 2,1.3-1 reduces to the following for matched capacity rates:

€

(ch)min - (ch)max o (2.1.3-2)

For the parallel flow single tube and shell paee heat exchanger the effectiveness

of the exchanger according to Kays and Londen(l964) is:

T (WC ) i (WC ) . oot .
€ - 1- exp[-m[l , pomin ] [1 ; ma)_m__] (2.1.3-3)
‘ ' P max P max :

which reduces to the following for matched capacity rates:

P max

€ = 1-exp [ E-ZNTI‘U] /_2~ ‘ (‘ch)-min ="(wcl . (2.1.3”-4)
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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:

€ - (We ). . ' (WCp) . 2‘ 1 +expl-L1] (2.1.3-5)

p’ max 1l ~ exp [—r

For the matched capacity rate case equation 2.1,3-5 reduces to:

0 - . o
€ - 2 + /-2-\ [ 1 +exp [~ fj (_2:1.‘:;—6')_.

1-exp [-.D1

where ,f_' = NTU JZ

For the cross flow exchanger (1 fluid "mixed," the other "unmixed") with (ch)max‘

WC
( P)unmlxed’(w P min p mixed

(WCP)maX (2.1.3-7)

e=l-exp[ (WC)

= (WC ) The effectiveness becomes:

(we ) .
. where: =1 - exp[ NTU ____p__m_l_g_]
. : ‘ ' p’max
For matched capac1ty rates the effectiveness of the cross flow heat exchanger

becomes

a Ae oo expl:_r'] (2.1.3-8)

f.= l( - eXP[-NTU]. o : -

The jp_e‘na;l'ty imposed by these different hedt exchangers on heat transfer was

deté’i;mined by usiﬁg equation 2.""1,1-3 ‘1.e.:

F_U A’ (wc )
.R c C _ ]]
(wcp)c e(wc )

p'min
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where Fex' = penalty imposed on heat transfer due to the heat exchanger.
o
(WCP)c - capacity rate of collector fluid [ watts/ C ]

For comparison of the heat exchanger types, the capacity rates of the heat
transfer fluid and water were assuméd 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 variation of the heatrgxchanger penalty
factorj[Fex!]_versus heat exghanger type.., NTU, and‘collectorﬂéerﬁ(wcp)c/(FRUCAC)
From these figures it is apparent that the single tube and shel}.pass counterflow
heat exchanger is more effective in transferring heat between twé streams of
matched flow rates than the cross flow, parallel flow or parallei—counterflow
heat exchanger . Note the laréer difference in performance between heat ex-
changers for lower collector term values, while for lafge collector term values
the relative difference in performance is less. Thus for less efficient
collectors [where (WC )C .is small], .the heat exchanger type becomes most

F_UA ) ‘ ;

. Rcc
critical in optimizing heat transfer.

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

system follows. :
Assume: A = 100 n° FU =5 wattsm 2 °¢c !
e “Ro

o
(WCP)c = 5000 watts/ C

. . . =2 .
An optimum heat exchanger size for this collector, assuming U* = 1200 watts m oC
2
from equation 2.1.4-5 is: Ax = 8.4 m
Therefore . AU _ for this matched capacity rates case.
"NTU = —% X _ 2o ‘ )
wWc ) _. :
P 'min : .

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

exchangers becomes:

Fex‘ = .,9524 Counterflow

Fex' = .9060 Parallel flow

Fex{ = .9263 . Parallel-counterflow
Fex' = .,9322 Cross flow
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Thus the use of a parallel £1ow heat exchanger rather than a counterflow ex-

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

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

while thedpafallel—counterflow heat exchanger will reduce the heat transfef by 3%.
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2.1.4 Determination of ‘Simple and Complete Procedures for Establishing the

Specifications of Optimum Heat Exchangers

An 1mportant part of this study was to establish a method to determine the
optlmum heat exchanger area for applications to solar energy design. De Winter
(1975) (1ncluded as Appendlx n) determlned the optimum heat exchanger 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. Following this, a discussion of
the terms affecting the optimum exchanger area is presented. Lastly, simple

procedures for establishing specifications of the optimum heat exchanger are

further discussed.

Determlnatlon of Optimum Heat Exchanger Area’ for Mlsmatched Capacity Rates

Within Double Loop Heat Exchanger Systems

The optimum heat exchanger area is one for which the total cost to heat trans-
ferred ratio is a minimum. If the heat exchanger area ekbeeds this, then the
cost increases more rapidly than the amount of heat transferred and the

overall performance diminishes. If the heat exchanger area is less than optimum,
although.the'total cost is reduced, then the heat transfer suffers. As shown in
Section 2.1.1, the optimum oountcrfIOW‘cxoﬁgngcr should opcratc with the
capacity rate ratio (C' = (WCP)min/(WCpl;maxL less than one (matched) for all
typical applications. De Winter (Ref. C-a-1) assumed tlie 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, it is

investigated thoroughly in the following section.

The optimum heat exchanger area (Ax] occurs when:
¢
[Ji]: 0 o (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 = CcAc +-CxAx
2 . .y
Cc = collector costs/m  of collector (includes additional cost of
the second pump required for the double loop system)
Ac = collector area (m2)
2
x = heat exchanger cost/m of exchanger
- Q = rate of heat transferred (watts)
- ' 7z - -
Fex FRAC[QiFRFt Uc(Twin Ta)]
F__' = heat exchanger penalty factor'” - ( See Section 2.1 for: -
ex . . .
derivation of this term.)
_ 1
- FRUP. (wqp)c
1+ . -1
(we ) [(wc ) . ]
pc  pmin
€ = exchanger exchanger effectiveness
. CCRIN
€E = ———— for C' = —2 WD _ (matched case)
. wWe) (WC_)
1+ p c P max
U A
X X
1 - expl~ ey (1 --C')]‘
€ = . i.ﬁln for C' # 1 (mismatched case)
el ______}_(___X___ - '
1-C' expl we ) . (1 C )],
P min

See Section 2.1.3 for a discussion of the heat exchanger effectiveness.

collector efficiency factor

R N
e = collector heat loss coefficient (watts/m2 oC)
U, = overall heat transfer coefficient of counterflow heat exchanger

2
(watts/m” °¢)
A discussion of the capacity rates is included in Section 2.1.1

For this section let:

(W) = A, GC, (1 +F)
(We )y = A  GC, (1 -F)
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C'-1

F = Deviation from the mean capacity rate =

C'+1
-EE; = mean'capacity rate per unit collector area(watts/m2 oC)
.Equation (2.1.4.1’ from the above definitions becomeé:
F_UA (we )
d R'c ¢ p'C
—— A + + - oL ete
da ( Cc c CxAx) L (we ) [ (we ) l]:} 0 (2.1.4.2)
x ‘ pc P mln
Solvipg Equation . (2.1.4.1) leads to: ., -
" min _ Cplmin | L + x [ Pl +a ] expy [ —=x1? =0
(WCp)c RU A e (ch)min Cx P 1l - expy
(2.1.4.3)
AxU
where Y = —-TWE—7§~— (1L -¢")
p'min

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

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

= 1
Ax F(Ac, Uc, FR, UC, Ux, Cx, chf c')

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

(_1975) is:

F_U

-—ﬁ—g—c— ' ©(2.1.4.4)
X X

.
¢}

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

]
rate per unit collector area (ch) and the capacity rate ratio (C:). Actually,
even the matched optimum heat exchanger area is slightly dependent on the mean

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

(wec ) : F.UA

- . pc _ 2 ¢cc
Fp= A (L-exw (- (We_y Ty 13
cc
Where F2 = Section efficiéncy of the collector.
Figure 2.1.4.1 shows the optimum exchanger area versus the capacitylrate ratio
— , 2 2
C' and GCp for a typical collector (Ac= 100 m, F2 .8, U =5 watts/m oc,

= $110/m2) and exchanger (Ux = 1100 watts/m2 ° c, CX = $llO/m ).

-2 03|"



The overall heat transfer coefficient corresponds to an aqueous héat 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 rafios:greater'than one the
optimum area may decrease, but the capacity rate ratio 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 impl§ that lower f10wrateé are péﬁter or more cost éffectiQe, 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 cépacity rate ratio on the

optimum heat exchanger area is markedly reduced.

Figure 2.1.4.2 shows the increase in the cost to heat transferred ratio (in-
percent) veisus exchanger area for capacity rate ratios of 1.0 and 0.5. The
operating conditions are similar to those of Figure 2.1.4.1 with the mean mass
flowrate G = 80 kg/hr m2 (Cp was assumed to correspond to water and equal to
1.162 watt hr/kg OC. Note that the optimum 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% cémpared 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 are similar.
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3 A

Figure 2.1.4.1

Optimum Heat Exchanger Area Versus fhe.Capocify Rate Ratio and Mass Flowrate
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i f‘igure 2.1.4.2°
Percenf Increase in_the Cost to Heat Exchonger Factor Ratio Versus the Exchanger Areo :

“and the Ccpacnfy Rate Ratios of .5 and | for a Typical System
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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
difference between the optimum heét éxchanger area predicted by the matched
case developed by de Winter (1975) and that predicted by Equation

(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 performénqe 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 Terms Affecting the Optfmum ‘Heat Exchanger Area

As shown by de Winter (1975), the‘optimum Heat exchanger can be found if the
collector area (AC), cost (Ccl,'and performance characteristics (FRUC) and the
exchanger cost (Cx) and performance characteristicsb(ﬁx) are known. As noted

before, Ax becomes:

(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.

Increasing unit collector costs.(Cél-make'larger'exchanger areas more cost
effective. Since the collector costs vary widely due to the materials of
construction and size (see Appendix B=3], it is felt that the unit collector costs
should be determined for eagh_collector for which a heat exchanger is to be sized.
In many pafts of this study, a constant unit collector cost of $100/m2 was used
to allow simple comparisons of the cost effectiveness of tHe other components.

For many collector types and sizes, this value would Be clearly unacceptable.

The FRUc product is a critical component of the heat exchanger sizing. For a
manufactured collector, this quantity is- not difficult to determine from the
manufacturers' specification sheets for a given temperature of operation. Appendix

B-3 further discusses. the determination of the FRUc product.

The unit exéhanger costs (Cxl aiso affect tﬁélbptimum lieat exchanger area.
Unfortunately, Cx is not completely independent of the exclianger size. Generally,
the unit exchanger costs are lower for longer, larger shell diameter exchangers
than their smaller counterparts (See Appendix B—;Li Also there is a wide

variation iﬁ exchanger costs-depehding on Bétﬁ.O.E.M. 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. In many parts of this study, a design cost
of $110/m2 was used. This value sﬁggld not be cqnsidered as a viable 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 effect 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 (Do), tube
length (L), and tube number (N) are known. Based on the outer surface area of the

exchanger, Axbecomes:
a_ =1 b N | (© 2.1.4.6)

Not only is the heat exchanger area important but the components“Do, 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 coefficient, tﬁe'shellnside heat coefficient, and
the tube diameter, thickness and tHeirmal conductivity. Most importantly, the water
within the tubes must be circulated at a ﬁigh‘enqughfflbwrate through each tube

S0 that the water is kept within the turbulent regime and U, high.  The shell side
coefficient can be maintained at a ﬁigﬁ.enqugh level By -manipulation of the baffle
spacing ‘and is independent of‘theAexChenger'area. Figure B.l-1l shows the inside
tube heat transfer coefficient for water. From figure B.l—l,‘ah empirical
relationship was determined to find acceptable flowrates: as a function of the inner
tube diameter to maintain the water withih tHe turbulent regime. ‘It was found that

the following relationship allowed a quick determination of plausible flowrates.

= + . .
Qy = Dy + 0.125
where ’ .
Qq = flowrate through each éexchanger tube (gallons/minutel’
- inner tube diameter(in.,). ’

i
Q can be expressed in terms of the mean flowrates operating in the double loop’
system byfthe expression:

0.2494 G A

o = e e _ -
T NErTD - bt 0.125 (2.1.4.7)
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where -

G - mean mass flowrafe (lb/ft2 hr)

A = collector area (ftZX

'@ - density of water = 61.3 1b/ftS at 150°F
© N = number of exchanger tubes .

C'- capacity rate ratio

The number of tubes needed to maintain turbulent flow within the exchanger'tubes
becomes: ' - '
0.2494 G A

N = - T (2.1.4.8)
(€' + 1) (D, + 0.125) ) o

If the number of tubes used is much larger than the above formula would determine,’
the heat transfer within the tubes would suffer, resulting in pooref heat ekchanger

performance.

Using equations (2.1.4.6) and (2.1.4.8], the tube length required to meet the
optimum heat exchanger area'required‘ahd to keep the flow within turbulent flowl

in the tubes becomes:

FUCo .Q(CT F 1L @y +.0.125)

u L U U.24vd B
X X 0]

b
1l

If tube lengths largef 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 solar energy applications since the space

available for the heat exchangers is usually quite small.

Equations (2.1.4.8) and (2.1.4.9] can be reduced using typical water properties
and characteristics of the tubing. For typical tube thicknesses with Do expressed

in fget:

. D, +.0,125 .
1 :j 12,
D
o
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From Figure 2.1.1.4, the optimum capacity rate ratio versus mean mass flowrate

. . . , 2 .
for a typical system is given. For that example, with G=16 1lb/ft hr, the optimum

capacity rate ratio is approximately 0.5 with‘Xkachc/(UxCx{‘equal'to 0..0568.
For these conditions with 3/8" nominal 0.D. tubing, the number of tubes and tube
lengths become:

0.0868 A, (ftz) L =5 ft.

0.9343 A (m ) ' —1.5_ﬁ

N

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 m2). If

(NS

the flowrate was reduced, C' would increase slightly while the number of tubes
would decreasé and the tube length increase. For G=8 lb/ft? hr (C'=0.6), the
following would be true: »

N = 0. 4380 A (in m ) L=3.2m = 10.5 ft
Although exchangers are avallable with tube lengths of this length (see Appendlx B-3)
the reduction in tube number would reduce this type of heat exchanger's use for
smaller collector sizes since Fhe~minimum number of tubes available for off the
shelf héat exchangers is approximately 30. Thus the minimum collector area below
which the heat transfer would be reduced would be 32.m2 for the first case and
70 m2 for the second. This would either eliminate many possible applications for
home heating or reduce the performance of the‘doﬁble loop system in comparison to

one using a higher flowrate.

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

adequate heat transfer from the heat exchanger, not only the optimum heat exchanger
area but the number of tubes'and tube Iéngths'required should also be calculated.
When Qx does not depend on the heat exchanger area, U; cén be calculated as shown
in Appendix le. With the inside tube heat transfer coefficient fixed for a given

tube diameter, Ux‘is most affected by the heat transfer fluid circulating.

Heat Exchanger

On the shell side.' As shown in Table B-2-7, U can vary for typical systems from

1000-1200 watts/m, 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 determined 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
detefmining the opﬁimum 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'explbres this pdssibility. In Figure 2.1.4.3, the ratio °
Ax/Ac'was calcuiated from Equation (2.1.4.5) for typ%éal variations of Ux/(FRpC)
and Cc/Cx. It is clear from Figure 2.1ﬂ4.3 that to assume that AX/Ac is a constant

would lead to large off optimum resuits.

In this age of pocket calculators, Equation (2.1.4.5) should present little problem,
in determining the optimum heat exchanger area. Collector manufacturers can readily
supply the unit collector costs and QRUé p;oducts for each of their products.

Since the overall heat transfer coefficient can Be assumed constant for design
purposes with values depending on the heat transfer fluid ;irculating through the
collector loop, and‘ﬁnit excﬁapger'cost are gvailaﬁle from exchanger manufacturers,

the optimum exchanger area can Be‘determihed.
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Eigure 2.1,4.3

Ratio of the Optimum Exchanger to Collector
Area Versus the Performance Term (U / FRUc)
and the Cost Term (CC/CX) as Calculated
by Equation '

L]
(=]
N

Optimum Heat Exchanger Area per unit collector area (A)/Ac)

'| C i

-0l 100 200. 500.
Performance Term (U)/FRUC)

-2.41-

1000.



a Traced Tank System should be ‘uded

For large collector systems such as used for heating 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 traced 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 Section 2.2). From this condition the optimum heat exchanger area

)

and optimum total coil length can be determined. The collector area (Acutoff

" (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 coét to heat trans-

ferred ratios on the two competing sysﬁems are equal.

Thus: ' : ' ' " (2.1.5-1)
'ccAc +CA + CR - ' CA_ +CL

n_Ta)] Ft"[Qi'FR Ac - FRpcAc(Twin-'Ta)]"

F _'[Q.F A - .
ex [Ql R c FRUcAc(TWJ.

Assuming the heat exchanger and traced tank systems have similar collector per-.
formances this reduces to:

+ +C cA +
ccAc 'CxAx i Cp cc CLL (2.1.5-2)

] - F !
Fex t

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

A computer program was developed to solve equation‘(2.1.5—2) fér Ac = By toff 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 performahce.

Using the relationships for Fex' and Ft' the cutoff collector area (Ac

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

utoff) can
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= £ (Fp, U, B, GC

ot chex,'F v, Ux, cc,-cp,'cx, cL ).

Acutoff tt

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

F, ='0.8U_ = 5 watts m™2 %!, B =0.0699m = 2.75 inches
GC . = 80 watts m 2 o1, ac = 80 watts m 2 %¢c7!
pt : pex
Thus for this analysis:
Acutoff = £ ( FtUt' Ux' Cc' Cp' ?x' CL?

As an exaﬁple of the relative performancelbf thé heat exchanger Yersus“a‘traced
tank system, Figure 2.1.5-1 éhows the total cost.to penalty factor ratio versus
collector area for several unit collector costs with the other variébles fixed

at representétive values. This Figuré was developed‘from the computér analyéis
and shows that the traced tank performs Better at lower collection areaé (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 coéts is to reduce fhé cuﬁoff collector area. For the
$50/m2 case, A equals 16.8 m2 while for C = $150/m2, A is 11.26 m.

_cutoff cutoff
Thus at’ hlgher collector costs, the heat exchanger can operate optlmally to

2

1ower collector areas.

Remember for collector areas above a glven A gr @ heat exchanger should be

cutof
used Whlle for 1ower collector areas a traced tank should be used.

The effects of U and FtUt on Acut £F

sentative cost parametérs. For fixed FtUt'

Thus increased heat exchanger performance

is shown in Figure 2.1.5-2 for repre-
Figure 2.1.5-2 shows the effect

of ‘increasing U is a lowe .
- g x 1% wer Acutoff

allows the heat exchanger to be used to lower collection areas more effectively.

For fixed Ux and increased FtUt (better performance of the traéed 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 2,1,5.1 )
Cost to Penalty. Factor Ratio Versus Collector Area and System Type (i.e. Traced Tank or Double loop Heat Exchanger

System ) for . Typical. Design Conditions With Varying Unit Collector Costs
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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.

2
Figure 2.1.5-3 shows A {m") versus unit collector costs ($/m2), unit heat

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

cost of the double loop heat exchanger system is kept fixed at $100, while the
heat transfer parameters (Ftpt and Ux) are fixed at 250 watts/(m2 oC) ;nd
1100 watts/(m? °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 A as

cutoff’
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 A can be determined

cutoff
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. =0). Since the

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

tank system is most cost effective,
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. Figure 2.1.5.4 E .
Change of Cutoff Collector Area Versus The Cost.
of the Extra Exchanger Pump
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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 heatiexchanger may be cost effective to transfer
heat from the collector fluid to the water circulating in storage. For smaller
- system, ,particularly domestic hot water heating systemé, 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 storage 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 piping needed in the heat exchanger unit are
eliminated. .

2,) For smaller collector‘systems optimum heat exchanger areas are difficult

to design due to the lower operating flow rates.

3.) Because two walls (tube and tank) separate the heat transfer fluid from the

storage water, toxic fluids can be used and meet code reguirements.

The components of the traced tank ﬁnit affecting Heat transfer are:
1.) Storage tank

2.) Water within tank

3.) Heat transfer‘fluid within helical coil

4,)  Helical coil honded to' the tank

-2,49-



Figure 2.2.1

Possible Traced Tank Designs
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Storage' Tank

Typical storage tank configurations and optimum parameter values were determined
in Appendix c-=1. 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 analyéis.
The water was heated by the tank walls and subjected to a‘variable hot water load.

The rate at which heat is addgd to the tank water is:

Qt - UtAt [ Tw - TB 1 (2.2.1)
Q. =~ Rate of heat transfer (watts) ‘
Ut - Natural convection coefficient of water within tank [ Wgt;s }
’ m c
2
A, - Area of heat transfer (m") = BL
i .
T, - Wall temperature c)
T = Bulk tenmperature of water (PC)

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

cylinder according to McAdams (1954) is :

%

U, = 0.13 = [ X 11/3 10° < x < 1012 : (2.2.2)
3 2 C A . .
where . X = L ?F gBFAt [ b ] (2.2.3)
,sz - K F , A
B
Ut - in _EEL—TET;—
, “hr ft F.
o 1t e e 'BTU-
KF - Thermal conductivity of fluid at film temperature p
: hr £t F
L - Height of Cylindrical tank (ft)
. — Density of fluid at film temperature ib_
113 ‘ 3
ft
. ‘ . 8 2
g - Acceleration due to gravity = 4.18 x 10 ft/hr
1
BF‘ - Volumetric coefficient of expansion of fluid at film temperature .
F
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At -  Dpifference in temperature between tank wall and fluid.[oF]

C l“ .
[ —i%—- ]F - Prandtl number at film temperature of fluid
. . . . . 1b
u - Viscosity of flu}d at film temperature ft he
tF - Film temperature
For water then: Ut =F [ A t, heat transfer properties of water at tFj

Figure 2.2.2 shows Ut as a function of 4 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. Thé fluid has little effect

on pérformance within the helical coil if the flow is turbulent. Since the
coil can bé oné single tube turbulent flow can be 6btained'for some fluids
within allowable pressure drops. Higher viscosity fluids (such as silicone
fluids) will have reduced 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-~1l 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.
‘- 1 1
.ht = ht I1+ 3.5 5 ]
t
' . - . . s “watts
ht » Inside tube heat transfer coefficient in helical coll [-—57;-]
m C
ht - iﬁSide tube heat transfer coefficient from Figures Appendix B-1
Di » Tube inner diameter (m)
D, = Diameter of storage tank (m)
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Figure 2,2.2

Natural Convection Coefficient Inside the Storage Tank Versus the Film

Temperature and the Difference in Fluid and Tank Wall-Temperatures
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Helical Coil - Heat Transfer

To optimize the heat transfer and properties of the helical coil, an analysis
similar to that deveioped 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. - R P - 2.2.
Q QlFRot"rAc FRUA L T, - T.] ( 4)

c R

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

-T_ 1 ‘ - ) 2,2.,5
0 . N

.. (o
o wcpE' out B

Where wcé - Capacity rate of fluid within coil |
€ - Effectiveness of the helical coil to! transfer heat.
Tout - Temperature of the fluid leaving the collector. Assuming -
there is no heat loss between the collector and the helical

coil, To is the temperature entering the helical coil.

ut

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

e _ Tout T “in ' A 4 (2.2.6)
Tout . TB
F UA .
also €=1-exp [ - twtc: £ ‘ (2.2.7)
P

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

is essentially isothermal at ahy 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:

L ,
= - > - . 08
Q [ ) [QF AT A -FUA (T;-T )] (2.2 )

c FUA ;
14+ Re C-(_L -1)
(we ) €
pc

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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FR' ' 1
F_ F UR (2.2.9)
R 1+ Rcc [ l'_ 1]
(we ) €
p cC

The second t€mm in pérentheses is the rate of heat transferred if no traced

" tank systém 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 heat transfer.is given by: (inside watér
coefficient Ut)(inside tank area At)(Ft)(Fluid to water temperature diff.),

According to Duffie and Beckman Ft is:

1l
Ft(” BU, BU, B : (2.2.10)
+ +
mtDh C D + - D F
“'Do bond o (B o )

D, - .Outside diameter of the coil tube (m)
- Heat transfer coefficient of fluid circulating through
“the coil [ E%E%i ] _
| i ) 4T 11 Ks Watt
. Cbond - Conductance of tank to coil bondas- gé [ S ]

o
0 m C

This value of the bon@ conductance was determined.by de Winter_ (1978).

T - Thickness of tank wall [m]

wall _

K, - Conductivity of steel tank - [ EEE%E 1
m C

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.

. TL
Figure 2,2.3 Specification of
Several Coil Parameters )
}4._._5_._'
-2.,55-
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Specification and Optimization of Coil Variables

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

e) are known.

tube outside diameter (Do), and tube thickness (TTub

Tube Thickness

For a coil of fixed outéide tube diameter (Do), the effect of increased tube
wall thickness is to increase the heat transfer (because of larger operating
velocities) but alsd increases the preséure drop. Table 2.2,1 shows the effect
of tube wéll thickness on'the traced tank penalty factor (FR'/ FR) and pressure
drop for a tube diameter (Do) of 0.625 in. . This case was for a 50% ethylene
glycol agueous solution. Note that the.increased wall thickness -increased
the performance by 0.1% whereas the pressure'dr0p increased 75%. In order to
keep all fluids operating 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 0,625 inches (i.e. 1/2 inch nominal diameter)

' ' Thickness of copper tubing
i "M" [0.0275 in] "L"[0.0425 in] "K"[0.0575]
FR'/FR - Traced tank penalty factor 0.940 0.940 0.941
A P - Pressure drop [psi/100 ft] 0.328 0.425 0.564

Outside Tube Diameter

For a coil of fixed tube thickness, the effect of decreased tube outer diameter
(Do) is to increase the heat transfer of the coil but also increase the pressure
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 for the various fluids.
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Table 2.2.2

Effect of Outer tube Diameter on traced tank performance.
Tube thickness: Type "M".
| ‘ Actual outer tube diameter (inches)
- 0,375 0.5  0.625 0,75 . 0.875
Fp'/Fy 0.947 0.944 0.940 0.935 0.930
p [psi/100 £t] 5.0 1.06 0.324 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 smail (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 several 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 - bcost/heat transfered
. Area s R ' : ' - . )
.(mS) Fluid (m) . (in) $/joule day

.5 .water . 11 1 - . 0.1748
2 : 0.1710
, e - 0.1706
2.75 0.1705 --gumm
3 0.1706
3.5 0.1707
4 0.1708
4,5 0.1710
5 B 0.1711
5 water -9 1 . 0.1777
3 0.1710 -
5 0.1717
5 Dowtherm J 11 1 0.1910
3 0.1873
S 0.1877
5 propylene . 1 ’ 0.1806
glycol 40% 11 3 0.1766
60% water . 5. L 0.1771
1 ' 0.1854
10 water 9 3 " 0.1720 ==
5 051726
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Optimum Total Coil Length

The most important parameter of the helical coil is the total tube length
reqﬁired.  if thé tube length is too short the heat transfer is poor, whereas
for long -tube lengths, the cosf becomes too high. To optimize the &o%al 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 minimum. For the traced tank this becomes:

a

d T,
aL [ 5 ] =0 (2.2,11)
c
'Ct = Total cost of system = CcAc + CLL =C + CLL ()
C - Total cost of collector system ($)

C,. - Cost per unit length of tubing and solder ($/m)
Substitution of equation (2.2.8) into (2.2.11) yields:

\

F U A '
d - Rcc 1 _
daL [[C +c L1+ e, € - 1] =o (2.2.12)

Solving this equation leads to:

2 [cosh (ZL) - 1] + = [ 1 - exp ( -ZL)] - L = ===~ (2.2.13)
Y.z o Z2 CL

Z FtUt /ch traced tank term (m ™)
ACFRUc

Y = —WE;T— = collector term

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.
FRU

It reduces to Y = =L

since WC_ = AdGC
Go _ P p
P

G - Flowrate through collector (kg/hr m2)

Cp— Specific heat of heat transfer fluid [watt - hr/(kg °o)

As long as the flow is turbulent within the traded tank ch has little effect on
the optimum tubhe length‘ . -2.59-
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Typical design parameters which can be used for the collector term are:

FRUC=4y-3—t§—S—, Gc=801%30t~s—, Y = 0.05
m- °c p mn” °c

The cost ratio C/C depends on collector size and cost and tube and solder
costs. This must be determlned using up-to-date cost parameters to insure

optimum cost effectloness of the traced tank system.

The traced tank term (Z) is more complicéted than the other terms. The natural
convection cqefficiept (Ut) must be determined knowing the temperature of tﬁe
water 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 2.2.8 shows the relation-

ship between U' and F for typical design parameters. Figure 2.2.2 and

t

Figure 2.2.8 can be used to determine the F U product. For conservative design

t

purposes the FU product can be assumed to be 250‘watts/m °c. Using the optimum
tube spacing B = 2,75 inches and GCp = 80 watts/m C, the traced tank term (2)

.becomes Zz = 0,2183/A [lﬂ
g c m

Thus for design purposes the optimum tube length required‘fof the traced tank can
be determined knowing the cost and size of the collector and the csst 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 traced tank unit versus the tube length as determined
'by-cpmputer analysis., For this case Y = 0.08 and 2 = 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 1U.25 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 héat: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 Type "M" copper tubing

2.) Helical Coil outer tube diameter 0.625 in, actual O0.D. 1/2" nominal 0.D.

3.) Helical coil tube spacing 2.75 in.
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Efficiency of the Traced Tank (F.)

Figure 2.2;8

Efficiency of the Traced Tank Versus the Tank Natural Convection Coefficient

For a Typical System

Design Parameters

T =.0076 m

w

Ks e 50 watts m-l OC-I )
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2 oC-l

~ h= 2000 watts m™

J
300

T 1T 7T 1T T 1 1
' 400 500
Tank Natural Convection Coefficient (Ux)
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Traced Tank Penalty Factor

T

Figure 2,2.9

Traced Tank Penalty Factor, Total System Cost, and Cost to Heat Transferred T
t -
Ratio Versus the Total Tube Length of the Traced Tank Coil 3
(C = $100/m”, C, = $5/m Y= .08,Z= .07/ m) T,
' >
Traced Tank Penalty Factor o ;%
9= — 0
.8 580 |.74
—60 | 73
P
=540 1.72
520 1.71
.
0.8 T T 1 T T T© T 1T T 1 500 1.70
7.0 8.0 9.0 10.0 1.0 12.0 13.0

Total Tube Length (m)

-2,65-



The optimum total coil length (Lopt) was determined. It is a function of the

total cost of the collector systeﬁ (C ="’WCCAL), cost of copper tubing and solder

. AF U : F UB
: Y = ——— Yol =
per metex (CL), collector term We ) ,.and the traced tank term Z c_

A closed form solution was not found. Computer runs developed Figures 2.2.5 -
through 2.2,8 to determine the optimum tube length as a function. of C/CL' Y,
and- 2.
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3 Direct Contact Liquid to Liquid“Heat Exchanger

In 1974 G.0.G. Lof proposed the use of a "direct contact" liquid to liquid
heat exchanger. This requifes an antifreeze fluid which is immiscible in
water, and of a different density. This is then circulaﬁed in the collector
loop, and sprayed into the water storage tank in such a way that a siream 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 befween the two

’

fluids.

Mﬁch 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 exchanée
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 direqt'contact exchanger were:

(a) There is no direct cost associated with the heat transfer surface, as
there is with units involving metal walls. Henée a cheaper and more
efficient exchanger might be possible.

(b) One circulation pump is eliminated.'

(c) If the fluids were  indeed immiécible, if it was easy to separate out
all the water, and if the cbllector fluid were non-corrosive, it mighﬁ

bé possible to avoid any corrosion problems in the collector.

For several years, research work has been performed on this scheme at CSU
under ERDA contract E(11-1)-2867, which has been reported by Buchan et al
(1967) - and by Ward et al (1977). A number of heat trénsfer fluids have beenl_
examined. Three phthalates were identified which seemed to have good heat
transfer properties, were denser than water and immiscible in it, which had
low toxicity and low cost. They were dietﬁyl phthalate, butyi 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

-3.1-




of the CSU houses.

The program seems to be giving promising results, but it is as yet impossible
to perform accuraﬁe 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 quantitative
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'understqod 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 higﬁ

effectiveness.

An accurate description of the heat transfer is probably quite difficult. 1In
the normal heat exchangef analysis a constant heat transfer coefficient is
assumed. Tﬁis leads to linear differential equations, with the well known
exponential solutions. Application of these equations 1s made sumewhat
questionable by the fact that the heat transfer coefficients close to the
fluid entrancé vary considerably; and by the fact that in the exchanger the
fluid properties change, and that one has neither ﬁhe constant heat flux nor
the constant wall temperature case for which results are normally available.
Despite~these factors, the expoﬁénfial results are q&ite useful, since they
are not that farhoff. 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—295. Any effort to force this behavior into an
exponential heat éxchanger 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 performance.

A
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It is not only the CSU material which is of limited usefulness in the charaéf
terizatibn 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 pemmit generalized correlations to be made." As a
result, although it can be said that thé 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. Beyond heat transfer tests, it seems
desirable to conduct tests specificallyfaeSigned to verify that the water ‘
carryover in' the cOlleétor looﬁ is indeed small enough to ensure that corrosion
problems are thdeed 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 between 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 demonstratic:n
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,
causing damages tar 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 Lo arrange things also so that on filling it is

e



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 fiqgures 4.2 and 4.3 below, taken from de Winter (1974).

Figures 4.2 and 4.3 constitute an éxercise in heater plumbing logic. The
objective is twofold: ‘ o
(1) The heater should empty completely when the éump stops and the one-way
valve lets air into the plumbing." Otherwise fréeziné damageimay 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 tu.‘pes should .
end up carrying water; Otherwise part of the heatér could have no water

flowing through it, and do no useful work.

Some examples follow. Conside; the undésirable arranéementé (Figure 4.2).
Note that all the heatérs are drawn so that the top of the heater is at the top .
in the figure. Undersirable arrangement B will function, but it will never
empty completely. Undersirable arrangements A, C, D, and'E will empty, but’

might end up with some dry tubes during operation.

By contrast, the 3 desirable afrangement (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. AHEADERS IN COUNTERFLOW

8. HEADERS IN COUNTERFLOW

C. HEADERS IN PARALLEL FLOW D. HEADERS IN PARALLEL FLOW

One-Way Emptying

Valve T

\

€ ) _
E. HEADERS IN COUNTERFLOW

EQUATOR IS TOWARDS THE BOTTOM OF
THE PAGE

ROOFS DRAIN TOWARDS THE EQUATOR

Figure 4.2 Undesirable 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 located 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 apd,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 re@uction 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 ihvolve 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
hermetic. 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
as to.avoid or mininlze Vapor‘tlashing 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 té empty the system), one can use a failsafe way to fill
the system with air (or 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 requirements 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 normal operation and one to assist in filling the syphon. If the
syphon can .be made hermetic all that is needed iska‘small vacuum pump, If the
return linéais 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

notéd that the syphon action is limited by the flashing behavior of water.

If vapor flashihg is to be avoided in the collector, only a limited use should
be expected of the syphon "pull-down" action of the descending leg of the
collector circuit., Unless the pressure drop in this leg is made to be high
enoﬁgh, or unless Fhe leg is short enough, or unless the storage tank is
pressurized, or unless the water in the collector is cold enough, the water
cangflash in the collector. ‘Figufe 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 noisyAsyétem, 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 considerétions requi;e circulation
even on days (or in seasons) when no useful heat can be collected or is desired.
In this case a drain down and a bypass system may be desirable. If this is
done, then it must be ensured that during operation of thé bypass line it is
impossible for the collector lineshto fill with stagnant water due to slow
leaks in the bypass valving. This can only be ensured if there are failsafe
draining valves in the c¢ollector 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
coullector. 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 completely 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 wgter is at maximum tank temperature. After a:
while of operatiqn, a temperature difference becomes egtablishedbin the heat
exchanger. The hot first slug‘of water may be useful for preheating the cold
pPlumbing. ‘ |

In many of the plastic swimming pool heéters on the markef, there is litéle'

or no concerﬁ with freezing. There are a number of reasons which may be
responsible for the'fact tﬁét this seems to work. On freezing, water does

not bond wéll to most plastics (witness plastic ice trays) so that high
stresses produced by water freezing can be relieved by sliding. Most

plaétics 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 afe éloéed off with solid ice. Whatever the reason(s), freezing does
hot 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, and one or more to drain it. (Note that this is not
the case in a hermetic system with a p;essurized gaéécharge in which the water
being 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 syétem in which
things happen more or less automatically. It should be noted that the one way
vaives need not open fully nor close fully 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 uéed
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 valves 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 breakers and backflow preventers by the American Society of: ..

Sanitary Engineers (see ASSE 1970-ASSE 1974).
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5 Recommendations for Further Study

gix areas of further concern are discussed below.
5.1 Further Analysis and Investigation of Heat Transfer Fluid Properties

Most of the fluid properties used in the discussion of the ‘heat transfer fluids
were those obtained from the f£fluid manufacturers. In most cases, this was
éufficient 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 flammabiliﬁy and localized corrosion),
independent analysis and investigation of the fluids' properties when operating
within typical co;lector 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 nof 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 property 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 1oop 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 system 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 tubg 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 Investigaﬁion of Plate and Fin Heat Exchangers for Use With Toxic Fluids

Altas Corporation is already continuing its study on the viability of toxic
fluids in double loop heat exchanger systems. In particular, plate and fin
heat exchangers are being considered for the double loop system which would
allow tﬁe use of toxic fluids and still meet code requiremehts. Using plate.
and fin heat éxchanger 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 purposeé these
buffered exchangers were developed. Possible manufacturers of plate and

fin exchangers have been contactéd to develop prototype modéis and.preliminary
performance 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 sdch 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 contactzheat exchangers. At present it is
only known there is a hiéh rate of heat transfer, there is no knowledge as
to how high it is.‘ Up to now at CSU all ﬁhe wofk has invoived fluids
denser than water. In Viéw 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 Exchénger Workshop

Whén 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 there has been an cnormous expansion in the use of heat exchangers}
and many people have'had the occasion té choose optimum models, to choose heat
transfer flﬁids, or to adapt the equations or optimization criteria. The
present study is the first formal éttempt to explore questions on heat exchanger
in solar energy systems. There is however an enormous amount of other.woka
going on, and it seems most desirableyfo arrange a workshop in this area so
workers can get together and cwap notes. There does not seem to be any
specific group in the country which is doing a large share of the Qork. It
may well be desirable to have the Americaﬁ Section of the International Solar

Energy Society organize the workshop.
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Appendix A .Heat Exchanger Penalties in Double-~Loop Solar Water Heating Systems

On the' following three pages is giyen in full tfe paper in Solar Energy which

originally led to:the study described in the present report.
paper, several things should be kept in mind: :
While the matched flowrate case is interestingly simple,
This .is discussed further in section 2.1.1.

)
)

‘optimum.

In Equation(7), 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 performance 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.

INTRODUCTION

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 lower thermal conductivity and specific
heat. Finally, the use of a heat exchanger between the
storage tank and the collector raises the collection
tcmperature, hence lowering the collection efficiency.
This effect is analysed below.

" ANALYSIS

A simple linear expression was proposed for a flat-plate
collector by Whillier(1] in the form

Q: = QFratA; - FRUA(T\n— T,). 1)

In this equation

Q. is the rate of heat collection in W

Q is the incident solar heat flux in W/m?®

- 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.
tAssuming zero heat loss in the piping.

-A.]-

a is the solar absorptivity of the collection plate
7 is the transmissivity of the glazing system
A. is the area of the collector in m’
U. istheheatloss coefficient of the collector in W/m*C
Tin is the fluid inlet temperature in C
T, is the ambient temperature in C

The linear equation is an approximation, in part because
U. is a function of T, and T. (Fk is also a function of
U.). U. increases with increasing temperatures, so that at
high temperatures collector efficiencies are poorer than
eqn (1) might suggest. Since one can always linearize an
equation over small regions (see below), an equation such
as (1) is adequate for present purposes.

The exit temperature from the collector can be obtained
from a simple heat balance:

-7 4+
Tou= Tt g @)

In this equation

Touw is the fluid exit temperature in C
W s the fluid flowrate in kg/s

C, is the fluid spccific heat in J/kgC

Combining eqns (1) and (2)

1
Q= [1 B FRUCAE]
W,

[Q[FR(ITA; -Fr UcAc(Toul - Ta )]
3

The outlet temperature of the collector is the inlet
temperature of the heat exchanger.t If in the heat
exchanger, the WC, 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_C = WCPEITM— Tyl 4

In reading the

it is not the
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Note that the heat transfer in the heat exchanger equals
the heat collection Q..t Other terms in this equation are:

¢ is the heat exchanger effectiveness
Tuin is the temperature at which water flows into the
heat exchanger, in C :

Now we cansolve for T, in eqn (4) and substitute in eqn

(3), with the result
1

i)

[QIFRQTA;:

- FRUcAc(Twin - Ta)]~ (5) .

The last term in brackets is the collection rate if water
were used directly in the collector, with no heat

exchanger.i The first term is a penalty factor imposed by

the exchanger in the double loop system:

1

)]
1+ (-

Heat exchanger factor = [ 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 WC, 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
WC, products, one gets more heat transfer (or lower
temperature differences) in the same heat exchanger, and
the heat exchanger effectiveness becomes simply[2]:

1 7
—_—, )]
WG,
(U:A:)

€=

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 WC, products becomes
simply:

1
Fr(U:A.)
1 +_—_(U,Ax)

Heat exchanger factor =

®

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

tAssuming zero heat loss in the piping.

It would have to be circulated at a (WC, ) 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.

=A 2~
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C., 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 -

dA-‘f—x[(Acc: +AC) (1+Fkg—ﬁ-j->] =0, 0
we get

As _ \/ (Fn Uccc>
4 - V\{ue ) (10)
Two sample calculations are shown below.

Sample calculation with constant cost factors. Consider
a flat-plate collector system with the following parame-
ters:

A =100 m’ Fr=08
U. =4 W/m*C U, = 1320 W/m*C
C. =$50/m’ C. = $109/m?,

Assume that the collector and exchanger have 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 m’, 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 1-0 is certainly close enough to unity. One must
merely take care to use as U, a value obtained from the
slope of the 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.§

200

Cost per unit area, $m 2
8

i 1
F 1
0 " L . " " s 2 s s "
[} 5 10
Exchanger area, m2
Fig. 1.
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g Cost/Factor
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g 3
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»
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[¢] 5000
[¢] 5 10

Exchonger area, m?

Fig. 2.

Water, circulated at 40C and 1-2m/s through the Gin))

tube side (according to McAdams (3], eqn 9-19) leads to a
heat transfer coefficient of 6700 W/m’C. 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/m’C.
Dowtherm J circulated at 65C at a maximum velocity of
0:-6m/s through the shell side yields (according to
McAdams[3], Fig. 10-21) a heat transfer coefficient of
2320 W/mZC. The overall U, value then becomes approxi-
mately equal to

S
1 1 1
700 T 5678 T 2320

U.= =1320 W/m’C.

It is quite reasonable to keep the overall heat transfer
'coefﬁcient fixed while changing the heat exchanger area.
In 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 results are shown in Fig. 2. The
optimum heat exchanger has a heat transfer area of about
4m’ 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 exchangér 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.1 Determination of Heat Transfer Coefficients Page B.2
B.2 Determination of Heat Transfer Fluids Most Likely to
find wWidespread 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.1l 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. 1In this study, heat transfer coefficients within the tubes,
outside the tubes (i.e., shell-side heat transfer coefficients) and overall
heat transfer coefficients were used. 1In 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 tube

3. Temperature of operation

4, Properties of the fluid at the operating temperature

Depending on the state of the fluid (i.e., laminar, transition, or turbulent)
different 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 from McAdams (1954). was used:

2 S : ' (B.1-1)

heiy T
vy 1
Where: .
GIC . GIC
_ 2 -Yp 1/3 p ,1/3
c, =1.75 ( —=) for-1.75 ( —==) > 3.66
G'C
c, = 3.66 for 1.75 ( —==) < 3.66
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- inside tube heat transfer coefficient: (Btu hr_.l ft-2 F )

- - o -
- thermal conductivity of fluid (Btu hr 1 ft 1 F l)

by

Di - inside tube diameter - (ft)
G' - flowrate (lb/hr)

-]
Cp - .specific heat of fluid (Btu/lb F)

'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<CReynolds number<:7100),hti becomes:
-2/3

= n ] . . - -

hti~ (CP/l/K) CpG J (B.1-2)
Where: . .

J' = 0.116 (Re2/3 -125)/Re
and

Re = G"Diéu = Reynolds ﬁumpfr

M = viscosity of fluid lb/ft hr

G" = flowrate 1b/ft2 hr tube

For the turbulent region (Re$»7100) the inside tube heat transfer coefficient

from McAdams is:

‘ 0.8
L = 0:023 K Re (CpAL/K)O'4 , (B.1-3)

ti D,
i

Since in genéral, tﬁeltransition region should be avoided, it was included
only to prpvide cohtinuity 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
énd 7100 was completely arbitrary. It was chosen to minimize the 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,
computerianalyses 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 coeéfficients. The results of these runs

are showﬂ in Figures B.1-1 through B.1-9. Note that the transitional reéion
results were qmitged since it was decided not to design systems to operate
within this region. Correction factors for Yarying temperatures are included
along with a tube length correction factor for laminar flow with C2>>3.66.
Also inclpded is‘an acceptable upper limit to flow within‘tubes i.e. 5 ft/second.
Flow above‘this'sﬁould be avoided dué to increased chance of erosion-corrosion-
and limitations of the tub;ng.' 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 double loop heat exchanger system operate within
tubes only in the collector, the éffect of the fluids operating in the laminar

regime is reduced. This is further discussed in Section B.2.

For the traced tank system, the effect of the fluids operating in the lamihar
regime is greater since the heat tran;fer coefficients can affect the he;ical

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:

=QN
Q .. Qn
- 0.1247 G°
Qn ‘ 5) N
Gll a— i 4G'
) nD.2 N
i
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Figure 3.1—1
Inside Tube Heat Transfer Coefficient Versus Flowrate for Water
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Figure B.1-2

Inside Tube Heat Transfer Coefficient Versus Flowrate For 50% ethylene glycol
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' figure B.1-3
Inside Tube Heat Transfer Coefficient Versus Flowrate for 50% propylere glycol
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Inside Tube Heat Transfer Coefficient Versus Flowrate For Mobiltherm Light
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Inside Tube Heat Transfer Coefficient Versus Flowrate for Q2-1132 (Silicone)

=
- 3
=3 —
1 Temperature and Tube Length Correcﬂgﬂi Factors .
B 1.3 =
10000. F— - -
- sl L S
[~ - Lamingr . -
5000 .| o
L o e R 7 i
o d '
- 5 - S -
Y
2000 }— s .7
—~ - “ ube L¢ngth (Jaminarjonly) -
_'u. : 5 é I? t5 @ 25
o 1000.— 00 120 140 160 180 200 —* N
'« - Temperature CF) A
's 5004
pos | a—
3 =
= | -
o
‘s 200
m ’ pm—
‘C .
0
O 100.
8 -
g -
o
= 50
§ p—
I e
11}
2 20
-
/4 tual 1
8 /4Y Actua /
£ o —
° / ———
= 12 ) / -
s;g_—.—_.— / -
p— -
2
[ - Lt et | {1 iitil 11111
.0l .02 .05 N 2 .5 1. 10.

- Figure B.1l-5

Flowrate (gallons min-I fube_!)

-B.9-



Figure B.1-6

Inside Tube Heat Transfer Coefficient Versus Flowrate and Inner Tube Diameter for Dowtherm
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Figure B.1l-7
Inside Tube Heat Transfer Coefficient Versus Flowrate for Sun-Temp

Flowrate (gallons min
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Inside Tube Heat Transfer Coefficient Versus Flowrate for Therminol 55
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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:

total system flowrate (gallons/minute)

- total number of tubes

0 Z 0

- flowrate gallons/{(minute tube)

n
density of the fluid lb/ft3

9

Simple determinations of the inside tube heat transfer coefficients are

shown .in Section 2.1.4.’

Shell Side Heat Transfer Coefficient

The shell side heat transfer coefficient within the heat exchanger (hto)

was determined for those fluids studied. h is a function of:

1. shéll 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 from Kreith“& Kreider:
0.6 0.33

= | ' : -
h o 0.33 Re (cp,u/K) K/Do (B.1-4)
®nax Po
Re' = ———— = Reynolds number through minimum cross-sectional area
M of heat exchanger
Gmax - flowrate through the minimum cross-sectional area of the heat
2
exchanger 1lb/ft hr
G
G . = =
max a . (N + 1)
min = row .
s - total shell flowrate 1b/hr
s = total shell flowrate gal/min )

= 0.1247 GSQD
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Amin - minimum cross-sectional area = Sbafsmin(ft )
Sbaf - baffle spacing (ft)
Smin - Fube spacing (ft)
.= (pitch -l) Do
Pitch= equilateral triangular pitch = 1,25
N__ = 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 B.1-10 shows the exchangerAChafacteristics more>readily. Computer
analyses were conducted to determine the shell side heat transfer coefficients
for varying flowrates, temperature and exchanger characteristics. Figure
B.l—il shows these results for several fluids. Correction factors follow

in Eigure B.1-12. The temperature correction factor was the average change

in shell side heat transfer coefficient for all fluids for varying temperatures.

Overall Heat Transfér'Coefficient

The overall heat transfer coefficient of a heat exchanger (le‘can be

determined from the following equation by Kays and London (1964):

U, = L ——— (B.1-5)
X 1 1 Doy Do Ryall

h " h D.h . D.h,

to SO iti i 1is

Where:
[+

- 2
hﬂo- shell side scaling ' coefficient (Btu/hr ft= F)

o
o

. 2
h; - inside tube scaling coefficient (Btu/hr ft F)

. 2 °
- tube wall heat transfer resistance (hr ft F/Btu)

Rwall

R - = ——EEL——ln ES

wall 2 Ktex Di

K,., - thermal conductivity of the tube wall (Btu/hr ft° °F)
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Fiéufe B.1-10
Shell Side Exchanger Characteristics

e
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Figure B.1-11

She }l Side Heat Transfer Coefficient for the Heat Transfer Fluids Versus
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Correction Factor

Temperature and Exchanger Characteristics Correction Factors For Shell Side Heat Transfer

Figure B.1-

10.r—— Coefficients
+—_'.
— Témp rature (° F)
5 N - 120 190 - . 225 3pO
2 -
I,
r—-
4
.2
[ Baffle Spading (inches) 3 9 1} 18 24 36
Number of Jube Rows 9 7.5 19 15 ZP 30
| | | T | 1
Actual Tube O.D (inches) .25 .375 .5 75 . 1.5
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In this study the scaling coefficients were assumed constant for all fluids
and tube sizes and equal to lQOO BTU/hr £t2 oF. Normaily scaling coefficients
decrease with time due to increased scaling aeposits on the inner and outer
tube walls, if maintenance is .not periodically performed. This can reduce

the performance of the heat exchanger and increase the possibility of corrosion.

For‘?ppper tubing withiﬁ the heat exchange?h.the wall resistanqe is generally
enegligible, but the equation for the overall heat transfer coefficient can

not be redﬁced further.v For type "L"‘(medium thickﬂess)_copper tubing of 3/8"

. norminal outer Aiameter, Figure B.1-13 shows the variation of‘Uex versus hti

: and hto“ Since curves of.this sort WOuld have to be generated for ail differing
tube wall thicknesses and outer tube diameters,'it.is better to use equation
(B.1-5) to detefmine the overall heatvtr;nsfer‘coefficient. An example.is

shown beiow to determine the heat transfer coéfficiénts aqd‘thevoverall heat

- transfer coefficients.

Example of how to find Uy

~Find Inside Tube Heat Transfer Coefficiéht 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:

_l)

on Di + 0.125 (gallons min~1 tube

D; - actual inside diametef (inches) .
" From Figure.B.l—l the inside tube heat transfer coefficient can be obtained if
;the“flowrate and tube inner diameter éfe known. |

" Example::

| Assume . -3/8" actual 1.D. tube is to be used

then:

Q, = 0.5 gallons/minute. By interpolation on Figurc B.1l-1.
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then:

he; = 750 BTU hr™} ££72 op71

If this design method“is unacceptable,

then:
, 0.2493 GaA_
Q, can-be found from Q, = ‘
(c' + 1N
G = mass flowrate 1b ft 2 hr !
Ac = collector area ft2

f’ = density of water lb/ft3
C' = capacity rate ratio ) o

N = No. of exchanger tubes

Outside Tube Heat Transfér Coefficient of Heat Exchanger

The capacity rates of the two loops are interrelated. To find the totai shell
side flowrate (Qs), the capacity rate ratio, collector aréa, area flowrate,
density of the collector loop fluid (S’f), and the specific heat ratio (pr/cpf)
must be known. Qs can be found from:

_0.2493 cCc' _ C

Qg = ————— G _Bvw -
= a
c
1+c'@ Cof
f
For example, if C' = 0.5, A, = 1000 £t2, § = 16 1lb/ft?, Cpy = 1 BTU/1b °F with
a 50% ethylene glycol acqueous solution with ?f = 65 1lb/ft, and

Co¢ = 0-85 BTU/Ib °F @ 150 °F then Q = 24 gal/min.
Q.

Assuming that all the heat exchanger characteristics are the same as those listed
on Figure B.1-10, then hto becomes:

h = 350 BTU
to ~

hr £t2 °F

From Equation (B.1-5) with D; = 0.375 in and D, ="0.5 in. U, becomes:

_ 1 BTU watts
Uy = = 144 ——— = 818
1 1 1.33  1.33 hr Ft2 °p n2 oc

+ + —_—
350 1000 750 1000 )
With manipulation of the baffle spacing this could be higher.
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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 agqueous solutions can reduce the cost effectiveness of
these heat transfer fluias,i.e. inadequate freeze protection or increased

- corrosion and high vapor pressure at hiéh‘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. 1In
this study, the heat transfer fluids are compared under similar operating
conditions. The‘capacify rates are assumed matched for the double loop
systems for comparison purposes..'In order to kgep the capacity rates matched
with the different specific heats of the fluids, the flowrate is determined

from the followihg form of equation:

G =G “(Cplwater
fluid “water (_Cp)f1uid

For low specific heat fluids, the fluids flowrates can be over twicé that of

water.,

Computer iterations were conducted to determine the heat transfer characteristics
of each of the fluids under similar operating conditions (see Appendix D and

E for the computer listings). Table B.l-1 shows one such calculation for each
of the fluids versus collector area. . The heat transfer properties are noon-
time steady state calculations for the typical ‘systems. For the 10m2 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 Qith an exchanger

area equal to 8% of the collector area. The number of tubes was fixed at

7/10 of the collector (in m2) for collector areas greater than 40 m2. Below

40 m2, 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
Fluid

Water
Circulating
From

Storage

Water
Used as
HTF Within

Double loop

or Traced

Tank System

50%
Ethylene
Glycol

50%
Propylene
Glycol

mobiltherm
light

Q2-1132
Silicone

£luid

Suntemp

Therminol 35

Therminol 60

Table B.1l-1

Effect of Heat Transfer Fluids on Heat Transfer and Cost for Typical Systems

,Collector Collector
Area (m“) efficiency

FR
" 10 . 0.7734
20 0.7739
40 0.7739
80 - 0.7739
w0* 0.7734
- 20 . 0.7739
‘40 0.7739
80 .  0.7739
10% 0.7529
20 0.7535
40 0.7535
80 0.7535
10* 0.7502
20 0.7502
4 0.7502
80 0.7502
10+ 0.6662
20 0.6662
40 .6662
80 0.78F2
10% 0.6837
20 0.6837
40 0.6837
80 0.6837
10* 0.6766
20 0.6766
40 0.6766
80 0.6766
10% 0.670
20 0.670
40 0.670
80 0,670
10% 0.6789
20 0.6789
40 0.6789
80 0.6789
10* 0.676
20 ©0.676
40 0.676
80 0.676

Uy (Ex'er) Fg,' (Ex'er) Rate of (Qwater)v Initial -
FeUp ‘F¢'! Heat (potable) Fluid
(Traced) (Traced) Transfer Qfluid Fillup Cost
(Tank) (Tank) 0 (Watts) ($/year)

(w_:toﬁ) . x10% .
m %
- - 0.4089 1 -
- - 0.7171 1 -
- - 1.436 ° 1 -
- - 2.891 1 -
376 0,9469 0.3872 1.0561 -
928 0.9504 0.6818 1.0522 -
1218 0.3618 1.380 1.0397 -
1228 0.9621 2.781 1.0394 -
331 _0.9409 0.3769  1.08s 2.25
827 0.9461 0.6615 1.085 3.33
1056 0.9573 1.360 1.063 5.63
1068 0.9578 2.720 1.062 10.13
33 0.9369 0.3745 1.092 2.13
810 0.9453 0.6582 1.090 3.17
1031 0.9565 1.355 1.067 5.32
1035 0.9570  2.710 1.066 9.58
267 0.9332 0.3419 1.195 1.67
590 0.9341 0.6071  1.182 2.42
725 0.9457 1.227 1.178 4.08
738 0.9466 .  2.456 . 1.178 7.33
165 0.884 0.3205 1.276 28.75
576 0.9309 0.6187 1.160 42.58
581 0.9428 1.251 1.155 71.92
590 0.9435 2.503 1.155 129.42
321 0.9445 0.3514 1.164 5.63
686 0.9420 0.6194 1.158 8.33
864 0.9534 1.252 1.154 14.08
870 0..340 2.504 . - 1.155 25.32
145 0.8708 0.3151 1.298 4.38
542 0.9283 0.6068 1.183 6.50
656 0.940 1.227 1.178 10.92
670 0.941 2.456 1.177 19.68
70.8 0.7547 0.2747 1.489 3.5
549 - 0.9283 0.6137 1.168 5.18
668 0.9402 1.241 1.164 8.75
679 0. 5412 2.484 1.i64 15.75
274 0.9333 0.3481 1.174 8.5
613 0.9355 0.6154 1.186 12.59
757 0.9471 1.244 1.161 21.25
770 0,9480 2.489 1.161 38:25

*Traced tank single loop system.

All other colleCCOt‘siZGS utilize double
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Pumping
Cost

($/year)

0.1924
0.005
0.022
0.044

0.1924
0.005
0.022
0:044

0.367
0.015
0.065
0.225"

0.368
0.017
0.074

0.945
3.98

0.156
0.656
2.31

7.329

0.698

2,92
16.18

2.292
0.0462

0.2067

0.617

2.873
0.26
1.11
3.90:

2,22
0.48
2.03
7710

3.63
0.144
0.608
2.12

Total

Cost

Ce
($/year)

125.19
250.0
500.0

1000.0

137.69

282.5

$52.5
1092.5

140.1
285.7
5§57.9
1103.0

140.0
285.7
557.9

1103.0
1143:1

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

loop heat ewchanger systems.




Table B.l-1 shows that two cases for water were included. One case allows
thevpotable Qater to be circulated directly from the storage to the collector
assuming freeze protection is facilitated by a reserve d;aindoun system. For
' comparison purposes, water was also used as a heat transfe%-fluid circulating
through the collector loop of the double loop heat exchahger system or
circulating through the traced tank lcop for the,smallet collector.sizes.
There would be no advantage in operating a system with weter this way, since
the penaity imposed by the use of the heat exchanger or traced tank would
reduce the rate of heat transfer while still running the rlsk of inadequate
freeze érotectlon. Water used in this fashion does show the best p9551ble

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 comparedAto 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 operating 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 (F ) 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 51ze.
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 :egime‘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.
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Also included for design purposesldn Table B.l-1 are the overall heat
transfer eoeffiEients (U ) for the heat ‘exchanger cases, and the hellcal
coil eff1c1ency—tank natural convectlon coeff1c1ent product (F U ) for the
traced tank loop. ‘For the aqueous solutions at the 1arger collector areas,
the overall heat transfer coeff1c1ents are from 1000 to 1200 watts m =2 C-l,
while for the non aqueous fluids, the overall heat transfer coefficients lie
between 656 and'850.. The F U, product for the traced tank case varfee from
370 for water>to:7l'Watts m oc-' for therminol 55. This large variation
is due to the reduced eff1c1ency of the traced tank when the fluids are not

operatlng in.the turbulent regime w1th1n the helical coil.

Also listed in Table B.1l-1 are the exchanger penalty factor (Fex') and the
traced tank penalty (F '). 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 c1rcu1ated
directly from the storage tank to the collector. The other heat transfer
fluids reduced the rate of heat transferlby_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 along
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 apprqximately 50% due to its'operation within the laminar region in the
helical coil. Other fluids do not reflect this large of a drop .in perforﬁance
.with agqueous 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 coét for these cases
were §ssumed to be $100/m2, with the exchanger costs similarly $100/m2,

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 initial fluid fillup,
were assumed to be paid on an annual basis of 12.5%. ., This corresponds to

a cufrent money cost of 10% with the useful life of each of the components
beihg 15 years. Although some of the fluids could be expected to last this
long (such as silicone fluids), others, such as glycdls, 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 for 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 m2) 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 storage
loop (water side) in the double loop system were minimal. The pumping costs

were calculated from:

d P
_ Celechop opA Qt

pump 2298.7 P

(B.1-7)
£f
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Where:

C - cost of pumping the fluid ($/year)

pump pumping /Y

celec_ cost of the electricity required = $0.03/kilowatt-hr
hop - hours of operation Per day = 8 hours/day

'dop' - days of operation per year = 365 days/year

"APp - pressure drop through the collector loop (psi)
o - flowrate through the collector loop (gallons/minute)

Pogs = pump ‘efficiency = 0.7
Using the above' assumptions, the pumping costs become:
- - 0.0544 R  (B.1l-
Coump™ ©0-0544 P % (B.1-8)

The pﬁmping costs were calculated for each of the heat transfer fluids under
‘the operating conditions and is shown in Table B.l-1. Note that the pumping
:costs of the aqueous solutions are qgjte negligible (less than $1/year).
Even for the higher'viscosipy fluids, such as silicone f;uids, which have
higher pumping requiréments,: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. 02-1132 (a silicone fluid) with its higher initial and 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 Transfer 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 reduée the risk to the collecﬁbr. If these draindown
systems were to fail, the additional cost of rep}acinq part of the collegtor
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 rquire additional
equipment which upon failure or lack of‘maintenance,‘wouid 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 possiﬁie equipment needed
which could incxease the total costs attributable to the heat transfer fluids.
The silicone fluids are shown to have less ex?ectea addifional costs in Table
B.1-2 than the aqueous solutions. If the expected yearly additional costs of
the heat transfer fluids can be estimated, then the overall cost-effectiveness

of the fluids can be determined.

In comparison to potabie 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.:
(c,.) + X (C )y .o + X
Tt water W t_fluld £ (B.1-9)
Qwater Qfluid
Where:

(Ct)water = total cost of system including initial water f£illup

($0) cost and water pumping costs
- . . c s id4 Fil

(ct)fluid total cost of system including initial fluid fillup

cost and fluid pumping costs
g .

0 = rate of heat transfer of potable water if water is

water
circulated directly from the storage to the collector
(i.e. no heat exchanger or traced tank penalty)

. _ £1us

Qf1uid rate of heat transfer of fluid

Xw " = 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
protection

Xg = additional cost of the fluid system to be expected ($/year)

i.e. cost of inadequate freeze or corrosion protection,
maintenance, additional fluid or inhibitor required,

expansion tank, etc.
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* . [

Fluid. Inhibitors Reserve Drain Down For:
égir2222§? Freeze Boiling
L Protection " Protection
or ¢
: : . Y
. Additional -
Fluid (due to
decomposition)
_Required
. P
Potable no yes T yes
water
water _ ~yes yes yes
used as if steel,
. TP Aluminuiit
C to be used
50% yes no yes
Ethylene
Clycol
50% s yes no yes
Propylene
Glycol
Mobiltherm no no no
Silicone no no no
fluids
Dowtherm J no no yes
Suh temp no no no
Thexminol 55 no no no
Therminol 60 no no no

Table B.1-2

Expension

Tank

no

no

no

yes

no

yes

no
no

no

Possible Requirements for HTF's Affecting Yearly HT and Cost

Comments

Reduced HT if
double wall
required

reduced HT if

double wall used,
or fluid
decomposed

reduced HT if
fluid decomposed

reduced HT if
fluid decomposed

reduced heat
transfer if fluid
decomposed

Inert Double Type of
Blanketing Wall Maintainance
to reduce Required Required

decomposition (due to
upon toxicity)
exposure
to air
no no cleaning,
’ corrosion,
freeze protection’
maintenance
no yes if cleaning,
inhibitors inhibitor
used addition
freeze protection
yes yes inhibitor
addition,
cleaning of
tars, etc.
yes no* inhibitor
addition,
~Yeaning of
tars, etc.
yes probably* cleaning,
yes no* minimal
yes yes cleaning of
tars etc.
yes no* minimal
yes probably* cieaning
yes probably* cleaning

#*Further study on cecde 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:

Q ((c.) + x_.1 _ :
x = water t f (Ct)water (B.1-10)

Qf1uid

For each of the heat transfer fluids studied, all of the above quantities

can be found easily except for Xg+ The ratio Q can be the ratio

.watgr/Qfluid
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-1-1,  This is
assuming that the ratio of the performance of the two competing systems

would be cohstant throughout the year. Figure B.1-14 and B.1l-15 were

developed for the heat transfer fluids using equation (B.1-10) and the results
of Table B.l-1 for varying possible additional heat transfer fluids costs

(xf). Figure B.l-14 is for the traced tank case, while Figure B.1l-15 corresponds
to the double loop heat exchanger éystem of 40 m2 . For a particular additional
heat transfer fluid cost, the agueous solutions are still the most cost effective
fluids requiring the least additional yearly expense 6f 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 tracéd 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 fluid could be as cost effective.
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From Figure B.1-14 and B.1l-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 rquire special prgcautions such as Dowtherm J, due to
its high toxicity. and.low flash point, would have higher expected annual
costs. Thus it would-.require higher 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/yea;, then the whole collector using potable‘water
could be replaced and still be more cost effective than the silicone system.
For the large collector sizes, such as 40 mz, the total collector replacement

costs is much higher than the expected additional heat transfer fluid costs.

Thus Figure B,1-14 and B.1l-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 Dowtherm 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 whigh
present hazardous conditions under normal operating conditions, leaving those

fluids which meet the solar energy industries' needs.
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AN b
Additional Yearly Water Costs($/year) .

Figure B.l- 14
The Additional Yearly Costs of A Single Loop System With Water Circulating Dlrecfly from Storage Required to Make a

Traced Tank Single Loop System as Cost Effective Versus the Expected Additional Yearly Costs of the Heat Transfer Fluid Used
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. .Figure B.1l-15

The Additional Yearly Costs of A single Léop System With Water Circulating Directly from Storage Required to Make a
Double Loop Heat Exchanger System as Cost Effective Versus The Expected Additiondl Yearly Costs of the Fluids Used
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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:

. Thermophysical properties

. Flowrate

. ©Cost

. Toxicity

1

2

3

4

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. There are common colorless, odo;-
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 ihhibitors,

aqueous ethylene glycol solutions can reduce the corrosive nature and freezing

-8034‘-



Table B.2.1

_A Sample of Manufacturers Markeﬁﬁg Glycol Fluids

Manufacturer. .

Dow Chemical-Corp.
Union Carbide Corp.
Jefferson Chemical Co.

B.A.S.F. Wyandotte Corp.

Specific Product

Ethylene Glycols

_ Dowtherm :SR=|
Thermofluid 17

-B.35-

Propylene Glycols

. Dowfrost
UCAR Thermofluid 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,temperétures. 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 viscosity and being less toxic. With inhibitors, propylene glycdl

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 réduces the
heat transfer properties of agqueous 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 fluids can be used with higher boiling points than ethylene glycol. The
thermal properties of these aqueous solutions are similar to that of ethylene 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 of 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 glycols.

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 pricé 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 higherAviscosity.
The flash point and 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, ﬁorming'tars and other by-products which would reduce col-
lector performance and iﬁcrease corrosion. The tokicity of these fluids is generally
low and their prices are relatively low. 'Mobiltherm Light (byAMobil 0il Corpora-
tion) was chosen in this study_és a good representative of this class of fiuid 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-
cosity causing poor heat transfer and requiring higher flowrates, and high cost.
Also, leakage through fittings can create 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 is Dowtherm J manu-
factured by Dow Chemical Corporation., It is an alkylated aromatic compound with
low viscosity, specific heat, and thermal conductivity. It is relatively inexpen-
sive but has low flash and fire point. Oxidation at high temperatures upon ex-
pbsure to air can lead to formation of insoluble'materiéls and increased fluid
viscosity. "Also upon overheating, thé‘flash.point can be lowered and vapor pres-
sure increased. Upon contamination by other fluids (such as water] corrosion .can
be enhanced (in the case of water, steel). The toxicity of Dowtherm J is high.
Like agqueous ethylene glycol solutions double walls would most likely have to

separate the potable water from the Dowthexrm J.

Other possible fluids are manufactured by Monsanto Corporation. They include
Therminolh44 (esterx based), Therminol 55 (aikylated benzene), and Therminol 60
(hydrogenated aromatic). They have low specific heat .and thermal conductivity
and high viscosity with low freezing tempeiatures. The flash points of these
fluids is at the upper range of possible zero flow temperatures. The costs of
?hermihol 44 and 60 are relatively high‘while'Therminol 55 is.ﬁqgh less

costly.

"Sun Temp fluid (a saturated hydrocarbon) marketed by Research Téchﬁology Corp-
oration is another possible heat transfer fluid available to flat plate collector
users. It has low specific heat and therxrmal conductivity and high viscosity. It

has a low freezing temperature and a high boiling temperatufe. It -is of low toxicity
and low corfosivity 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 agqueous salt solutions have been proposed as possible heat
transfer fluids. According to Kauffman (1977) 23% sodium acetate 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 préssures. 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 mus£ be considered:
(1) Thermophysical properties |

(2) Fluid flow properties

(3) Corrosion

(4) Toxicity

(5) Flammability

(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 double loop heat exchanger collector systems.
In some subsections, representativé'fluids were chosen for the éomparison. 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 conservative 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 these 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 conductivity, 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—physiéal

properties:
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(1) Viscosity

(2) Specific heat

(3) Thermal conductivity
(4) Densify |

Generally, aqueous solutions (such as ethylene and propylene glycol) have thermo-
physieal properties better than the rest of the heat transfer fluids with the ex-
ception of Dowtherm J. Dowtherm J has a lower viscosity than glycol solutions but
also ioﬁer specific heat and thermal conductivity. Other simple comparisons of the

heat ﬁransfer fluids can be made from figures B.2.1 through B.2.4.

In sectlon B 1 heat transfer coeff1c1ents for the fluids are presented whlch will
also show the appllcatlons of the thermophy51ca1 properties of each fluid under
operating conditions. 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 pressﬁre 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:
2
AP fG"

= - (psi/ft) - (B.2.1)
L " 7p;5g 144 ;

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 © " Laminar flow Re < 2500

f= .0014 + .125/Re'32 Re > 2500 (for smooth-walled tubes)
Re - Reynolds No. -

Re = G" D.i/ﬁ(

A - fluid viscosity [1b/(ft hr)]

G" - mass flowrate through tube [lb/(ft2 hr)

Di - Inner tube diameter [£t]

g - acceleration due to gravity

g = 4.18* 10° ft/hr’
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Figure B.2.2

Speciﬁc Heat of the Heat Transfer Fluids Versus Temperature (oF)
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" Figure B.2.3

.Jhérmllc;andi:cﬁvity of the Heat Transfer, Fluids Versus Temperature (°F) . ..
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Density of Heat Transfer Fluids (lb ff-a)

_ Figure B.2.4
Density of Heat Transfer Fluids Versus Temperature (OF)
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3
€ - density of fluid [lb/ft’]

Equation (B.2.1) can be reduced to the Darcy equation in the form:

2 o .
AP _ .0216 £ O . . (B.2.2)
L JE
Where:.

Q - flowrate [gal/min]

d - Tube inner diameter [in]

From Equation (B.2.2) it is easily seen that the tube size greatly affecté 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 pressure drop was determined for the represeﬁtative‘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 figureé ﬁhe transition region‘(2500<:Re(f7lOO) was not included.
Témperature correction féctors'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'pressurg 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 flowraté than aqueous

fluids.

The shell side pressure drop can be found from the following equation from Process

Heat Transfer, D.Q. Kern (1950).

2

£G D_ (Nbaf + 1) ' (psi) (B.2.3)
& p Z max s
. | "2.9@ Do 144, A
Gmax ~ Maximum flowrate through shell side [lb/(ftzhr)] See appendix B.1l

Ds - Shell diameter [ft]

N ~ Number of baffles within heat exchanger

baf
Do — Outer tube diameter [ft]
f - friction factor

£ = .0014 +0.125/Re®"

Re' - Shell side Reynolds Number

32

o 5
Re Gmax Y/ 71
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Pressure Drop (psi/100. feet of tube)

Flowrate (Gal. min—I tube—l)
-8146_ ’

Figure  B.2.5. .
Pressure Drop Versus Flowrate Within Tubes for Water
. , . < o~ g
—_ Temperature Correction Factor N ]
1.5 . R _
b ‘FJ ‘ o
pum b, .n-‘
« "
| 1.3 \ Y/ | .
AL i N /‘
10 . .— 2 *'\%IbU'en
-~ 5 .9 _ A N - 3
T \
. U. : ’
2 ) .5 '
i00. 120. 140, 160._ 180/ 200.
o Temperature (°F)
l . 7
q Y
54—
L \ \/
- QA \ .
.05 s
h
B \/ )
.02 /\\ ' '
al A4 \ |
71 A
.005[ %
| :\\W —
.002 s
_ v A \
PN s
.00] | L L1 1idd 1 | 111 | el
.0l .02 .05 . .2 .5 2. i0.



Pressure Drop (psi/100. feet of tube)

. Figure B.2.6 .
Pressure Drop Versus Flowrate Within Tubes for 50% Ethylene Glycol
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Pressure Drop (psi/100. feet of tube)

Figure B.2.7

* Pressure Drop Versus Flowrate Within Tubes For 50% Propylene Glycol
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Pressure Drop (psi/100. feet of tube)
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Pressure Drop Versus Flowrate Within Tubes for Mobiltherm Light

I

1

= >

- I Temperature Correction Factor ;

—— 1.5 \

B 1.3 N\ N

9L —h N .

£ r“,l'bulen, = 1

S N 3

E ‘6 09 3 A Y ; - . ﬁ

L. @ - M : \ .

— ) -
00. 120. - 140. 160. |89. 200. : s/

r— Temperature Cr Lo \Q’

= /3

. \ Yod. —

o2
el x/\ w—
25, s
- o n)\"‘
A ~,

R / \ /\J

—~ 7 =

= ls/” \ﬁ

[}

0N

N
N,

| —< l

/

"

BREPE el

-B.49-

= A /),/’
— <
‘/ N A4 /
i / / .
- - S -
o\ ‘//,/”
/ / ’ =
- / / < | \ =
1 1 ‘:’A il g Lo A0l ) Nt 11
.0 .02 . .05 a2 .5 L2 5. 10.
Flowrate (Gal. min  tube )



Pressure Drop (psi/l100. feet of tube)
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Pressure Drop (psi/100. feet of tube)

. Figure B.2.10
Pressure Drop Versus Flowrate Within Tubes for Dowtherm J
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Pressure Droo (psi/100. feet of tube)
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Pressure Drop Versus Flowrate Within Tubes for Sun Temp
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" Pressure Drop (psi/100. feet of tube)
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Figure  B.2.12
Pressure Drop Versus Flowrate Within Tubes for Therminol 55
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Pressure Drop (psi/100. feet of tube)
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Pressure Drop Versus Flowrate Within Tubes for Therminal 60
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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
o : :

to 150°F then:

p=liel Q=521 ~ and @ =50 gal

Fthr : Ft min

The heat exchanger had a baffle spacing of 1 foot, 3/8" nominal 0.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° G =1.8226 x 10> ® £ = .0089
min “max :
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 volume of fluid required for tubes bonded

" to the collector surface with fixed spacing (W) can cagsily be schown to be:
‘Volume of fluid = 5.8748 Di2 Ac (Gallons] (B.2.4)
W

AC - Collector area {ftzl
D, - Actual inner tube diameter [ft]
W - Tuhe spacing [ft]

For any other tubing (including that for the traced tank and the heat exchanger)

the volume of fluid required is:

-B.55-



Volume of fluid = 5.8748 DizL ' (B.2,5)

L - iength of tubing [ft]
It has been assumed in this study that for small systems the volume of fluid
within the heat exchanger on the shell side is 1 gallon. As an example, Figure
B.2.14 shoys the volume of fluid required versus collector size with an inner
tube diameter of .569 inches, and a tube spacing of .33 ft. This system uses
a heat exchanger with 50 ft. of 2 inch pipe connecting the collector to the
storage system. For a collector of 500 ft2, Figure B,2,14 shows the amount of

fluid required is approximately 30 gallons.

For some applicatibns {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 55 gallon drum quantities. Note for the glycol solutions the final
costs will generally be lower since a 100% solution of the glycols is not neces-
sary. Thus Mobiltherm light and the glycols axe the least expensive heat fransfer

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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Figure B.2.14

Volume of Fluid Required (gallons)

Volume of Fluid Required in the Collector .Loop Versus Collector Area

with Tube Spacing = .33 ft.
Tube 1.D, = .569 in.
Length of 2 inch Extra Tubing Required= 50 ft.

IJo | ) | 5’50 2)1 1 1 ] T 1 1

Collector area (ft
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TABLE ~ B.2.2
INITIAL FILLUP COST OF HEAT TRANSFER FLUIDS
FLUID A COST ' MANUFACTURER

~ GALLON
(Single 55 gallon drum quantities)

Water _ —_— ' -

100% Ethylene Glycol 2.56 ‘ ~ Union Carbide
100% Propylene Glycol 2.45 Union Carbide
JLOO%,Diephylepe‘Glycol ‘ , 2.82 .Union Carﬁide
100% Triethylehe Glycol 3;70 : Union Carbide
100% UCAR Thermofluid - 3.81 Union Carbiae

(Ethylene glycol & inhibitors) . . _

100% UCAR Foodfreeze . 3.63 ' Union Carbide
(Propylene Glycol & inhibitors)~"' . '
100% Dowtherm SR-1 : 3.65 Dow Chemical

(Ethylene Glycol & inhibitors) .

100% Dow frost 3.45 Dow Chemical

(Propylene Glycol & inhibitors)

Mobiltherm Light ‘ 1.29 Mobil 0il
SF-96 (50) 14.00 General Electric
(Silicone) ,
02-1132 23.00 : Dow Corning
. (Silicone)
Dowtherm J 4.5 ‘ Dow Chemical
Therminol 44 ?.65 - Monsanto
55 . 2.80 Monsanto
60 6.80 Monsanto
Suntemp 3.50 3esource Technology
Corporation
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Toxicitx

The toxicity of a heat transfer fluid can greafly 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 fumés'escaping from the heat transfer fluid
must be considered. These problems réduire different heat exchangers which will
transfer heat less optimally than ones which operate without a toxic fluid. The
following discussion describes the toxicity of thg heat transfer fluids studied.

The information was obtained from the manufacturers.

In a discussion of toxicity the followfﬂg'definitions are useful (from United States

Codes Annotated, 1974):

Hazardous substance - Any substance or mixture of substances which:

(1) 1is toxic

(2) is corrosive (will cause destruction of living tissue by chemiéal action)
(3) 1is an irritant

(4) is strong sensitizer

(5) 1is flammable 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 gramé at a single dose of 50 milligrams or -less per kilogram of body weight
wheh_éf;lly administered,.8£‘hhen inhﬁiéd cdntinﬁously for a period of 1 hour

or less at an atmosphefic 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.

LDSd“- Quantity of chemical 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 1D - Quantity of substanée which kills 50% of dosed

50
animals within 14 days when administered orally in a single dose.

Because the primary hazard of the heat transfer fluids is the possibili;y of
accidental ingestion of the heat transfer fluid due to leakage into a pétablé
water supply, acutg oral toxicity is the primary concern in this section. Table
”“ﬁ;?f3_iisfs the LD, values'for selected fluids for acute oral toxiéity. 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 ethyiéne glycél
mixtures second. The least toxic fluids are silicone fluids, Sun-Teﬁp anadﬁro-

pylene glycol. Propyléne glycol is routinely used in the food ihdu;fry..

*

In deciding whether a toxic fluid should be used the other fluid-properties and

cost should be considered.

Flammability

The possibility of the heat ﬁ;ansfer fluid beiﬁé a'fi;e hazard was céﬁside;ed.'

In a discussion of the flammability of'a héat transfer fluid the following defini-
tions are useful:

Boiling point - the temperature at which the vapor pressure'of a liquid équals 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-ignition point - temperature at which self-sustained ignition and combustion A
in ordinary air takes place independent of a heating source.

Extremely flammable - any substance which has a flash point at or below 20°F as
determined by the TOCT (Togliabue Open Cup Tester)

Flammable - any substance which has a flash point between ZOOF and 800F as deter-
mined by the TOCT _ '

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%'ﬁ;hy1ehe Glycol
(No inhibitors)
100% Propyléne Glycoll
(No inhibitors)
100% Diethylene Glycol
§ (No inhibitérs)
100% Triéthylene Giycol
(No inhibitors) '
100% Dowtherm SR-1
Mobilthérﬁ Light
SF-96 (50) (Silicone)
Q2-ll§2 (Silicone)
Dowtherm J. .
Therminol 44
Therminol 55
Therminol 60

Suntemp

-B.61-

LD, (g/kg?*

'8
34.6
30.
30.

4
20.

50 g/kg
50 g/kg
1.1

13.5
15.8
13.Q

- No test information available



Table B.2.4 lists the fluids studied and theiffboiling 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"bowtherm J is
combustible with a flash point of 145°E. With the exception of the silicone
fluids,'Sun,Temp and Therminol 44, most fluids have flash points below possible
stagnatiqn temperéﬁures.

The HUD minimum property standards for FHA eligibility according to Kauffman
(1977) precludes the use of fluids whose flash points are not at least 100°F
higher than the highest temperature to which they'mighf 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 aﬁd expoéure to the

*

atmosphere.
Corrosion

Butt and Popplewell (1970) state that genéral corrosion is usually slow in

most systems, but 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) Cfevice

(4) Erosion - corrosion

Galvanic corrosion occurs when two dissimilar 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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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)
02-1132
Dowtherm J
Therminol 44

55

60

Suntemp

TABLE. B.2.4

BOILING POINT

212
388
225
370
475
550
325
230

250

425
600
650
500
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FLASH POINT (°F)
(Cleveland Open Cup)

240

225
1290
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 rapid 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 form of corrosion in aqueocus 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 if thHe system is

relatively free of abrasions.

General Wastage

Most of the fluid manufacturers show that the general wastage of common engineering
materials by their fluids is small. Table B.2.5 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-agqueous solutions

Vapor Pressure

Under zero flow conditions within the collectors, temperatures in 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

3
. o
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 FLUIDS

silicone (Q2-1132) 50% Propylene Glycol
Metal mg/cm2 ' mg/cm2 perday'
Aluminum .01 Bright .25
Cast Iron .01 Bright -
Steel .01 Bright .002
Copper .02 Medium Stain .124

Silicone humidified fluld corrosion test results obtained as per SAE xj l705

(from Dow Corning Form No. 22-380A-76).
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the continental United stayes there are fewvlpcations which have had no recorded
below freezing temperatures. Figure B.2.16 Ruffner and Bair (1977) showsrthe.
record minimum temperatures 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‘tempefatures 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 w&i1¥n6£ 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 of the fluid. The pour point temperature is the temperature of the'fluid at
which the fluid fails to flow when the confainer is filted<£o 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
protection. For example, a 30% ethylene lecol aqueous solution

should allow adequate freeze protection for most low elevatiop locations in
california and southern Florida. A 30% ethylene glycol solution would clearly

not suffice in the upper plains states in the winter.

The additional cost of backup freeze proteétion is considered in the next section.
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Figure B.2.17

Freezing and Pour Point Temperatures of the Heat Transfer Fluids (Versus Concentration,

30 for Aqueous Solutions)
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B-3. Determination of Typical Collector and Heat Exchanger Characteristics

Both the collector and heat exchanger characteristics can affect tlie performance
and cost effectiveness of a particular system. In the foilowing two subsections,
design and cost information is presented for typical collectors and heat ex-- v

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 22,
the cost of the collector and the F

R
with increasing temperature) can affect -the optimum heat exchanger size for a -

Uc product : (rate of change of collection-

double loop system or also affect the optimum tube length 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
cosf for various manufacturers' products. Most of the collectors were flat plate
collectors with the exception of the polyethylene pipe coil and a representative
concentrating collector. Differihg 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 séctions 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-
ambient 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, Iﬁc.), the concentrating éoli

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
m-2 o -2 o_~-1

C ~ (0.95 Btu hr:"'l Ft F 7). For those collectors with non—linear'

dependencies on the temperature difference, the F Uc product should be

R
determined 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 Eo'
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Table B-3-1
TYPICAL COLLECTORS AVAILABLE AT PRESENT

Price

Number . Manufacturer Product " .. Type
1. Kennecott Terra-Light Copper Flat Plate 2.75
Collector with (absorber
Single glass cover Plate only)
2. Solar Energy Cu3o ' Flat Plate Collec- ‘
‘P;oducté,'Inc. ' ) tor, Aluminum plate, ~
‘ Cééper Tubihg single
glass cover
3. Solar Energy, Inc. | Sunburst Solar Coil Polyethylene Pipe
4, Solar Energy, Inc. | Sunburst Solar Col- Aluminum Flat Plate
A lector Collector single Ted-
lar coated Fiberglass
Cover
5. Sunworks | solector Copper Flat Plate Col- 12.00
lectgr (single glazed)
6. ~ Chamberlain Solar Collector Steel Flat Plate Col- + 2.00
. Panels lecto% (one ébvef, black
. paint)
7. Garden Way Lab. SunEarth Cbllector .;éteel Plate,‘cépper'TuBe
Model 3290 Flat Plate Coilector with
' single Qlazing 7
\_é.' Daystar Corp.A4 Dafstar 20 Flat Plate Collector
» o Single Glazing
-9, ‘PPG ) Baseliné.salér Aluminum Flat Plate 7.20
o Collecﬁo;“ Collector Single Glézed
» ) Cover
_1o. Solaron Corp. Series 2000 Air Circulating Stéel
Flat Plate Collector
) ‘ Double Glazed Cover
11.‘ No;thrup; Inc. Concentrating Solar

Solar Collector
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Figure B-3-1
Collector Efficiency (%)
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Comparison of the Performance of Typical Collectors
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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 characteristics 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 exchangér size on heat transfer was discussed in Section 2.1.4
As mentioned in that section, the number 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 used, the heat transfer within the tubes is
reduced due td 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 number of tubes is approximately
30. Also for the larger shell diameters, the number of tubes is similar for the
different manufacturers. Tube lengths are generally available from 12 feet for
the small shell diametérs, 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. Thué the longer, larger shell diameter exchangers are less costly
on a pef 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 cusé

tom heat exchangefs 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 avallablllty of heat exchangers in a wide range of sizes and cost,
the deS1gn procedures for selecting heat exchangers were kept general S0 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

~ () Agric Machinery Corp.
~ Madison, New Jersey 07940

(2) Atlas Industrial Mfg. Co.
Clifton, New: Jersey 07012

(3) American Heat Reclaiming .Corp.
New York N Y. 10020

(4) Chromalox
South El Monte, Calif. 91733

(5) Ecodyne MRM Division
Mossullon Ohio 44646

(6) Harris Thermal Transfer Products
Tualatin, Oregon 97062

(7) R.W. Holland Co.
Houston, Texas 77041

-(8) Richard S. Dawson Co.
. Los Angeles, CA 90026
(Bell and Gosseft)

(9) Packless Industries, Inc.
. Mount Wolf, Penn. 17347

(10) Patterson Kelley Compan
East Stroudsburg, Penn. {830l

(1) PEMCO, In¢c.
Elizabeth, New Jersey 07201

(12) Tranter Inc.
Lansing, Michigan

~ (13) WSF Industries Inc.
Tonawanda, N.Y. 14150

(14) House of Hydraulics
(Ametek Wrutlock)

Cerritos, CA 9070l

(15) C.H. Bull Company
So. San Francisco, CA 94080

(16) Young Radiator Company
Racine , Wisconsin 53404

(17) Airesearch Mfg. Company
Torrance, California 90509
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Table B.3.3

TYPICAL HEAT EXCHANGER DESIGNS AVAILABLE AT PRESENT
Materials Used

Company Ident, Shell  Tubes Heads Boffl;es.O.D.O.D. Shell Tube Length No. Totol Cost
No. . S!‘lell Tubes Thif:kness Thiﬁkness of of ao (List Pf'ce)
. in. . ©in. in. Tubes Tubes Ft $/Ft
m.
Bell &  STH-310-| ~  Copper Copper Cast Brass 3 I/4  1/16 02 12 60 4.2 48.6
Gossett - lron )
Fluid $TH-320- " " n "1/4 " W 24 50 7.6 -26.8
Handling STH-55-1 n " " " 5 3/8 n " 18 & 13 23.3
Division STH-530-1 " " " L " .3 8 24 6.6
STH-620-1 u " " L w24 140 28.2 16.0
STH-650-| n n " " oo 60 140 66 9.8
]l-_i:rris | 8F9 Carbor|1 Copper Cgrg:ln C‘s’{f&" 8 3/4 |/6 C " . 108 51 89. A
Trometor  24FI8 | : 24 v " " 26 479 1672
03008 Brass Copper ﬁg%f Brass 3 /4 1/16 02 8 5 2.4 .32.8
American 03024 " " n " 3 "o 24 56 7.4 8.2
Standard 05014 - weoo " " 5 38 " .03 14 80 - 9. 23.6
05036 " n wooe L " w3 80 24 13.1
06024 " Wl " 6 v - w24 415 23 3.
- 06060 " oo n wooow " " 60 115 56 .10.0
08024 " " " " 8 38 " "o 24 20 4l 16.0
- 08072 " " n g v “ mo. 72210 124 8.8
Pemco LL_6-96 Sfeel Stg:nlcisng;’ggP Cgf bc\n 6 3/8 5/8 /4 03 96 37 47
LL6-240 " " "o 240 37 107
LL8-96 " " wooooeo g " n T 96 64 82
LL8-240 e " neooow w240 64 208
Young  F30I Brass 90-10 Cast Brass 3" 3/8  I/16 02 9 35. 3.6 34.7
Radiator CuNi fron ‘ .
F303 " i " " 3/8 " " 27 35 7.8 30.8
F502 " neoow o5 " " v 18 75 2 39
F504 " oo " weoooom " " 3 75 22.4 24.4
F602 " " u n é " " 18 120 7.5 2.2
F608 " " L " " " o 72 180 70.2 8.2
F802 " u " " 8 " " " I8 230 34.1 2l.I
F810 L N " W w90 230 166.1 2.1
Ametek 2-w-8 Brass Inhib. Cast Brass. 2 i/4 /16 .02 8 3l 1.35 74.1.
Whitlock - Admiralty [ron : A i '
' 2-w-48 " L " W n 48 31 8. - 22.3
3-Y-8 . “w 3 38 v “ 8 28 1.8 92.8
3-Y-48 weoom e e " . " 48 28 1I 3.0
SY-l4 v w w5 " 14 84 9.5 357
5-Y-48 Wew e e e e " 48 84 33 183
8-Y-24 " L " " 24 224 44  23.0

g_Y_72 " [ " . " n " ] " 72 224 |32 . 13.2
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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 application depending on the
cost of the insulation and the cost of the lost heat. The optimum thickhess
of insulation occurs when:

d

T drT., [VC
] ins

total ] = .° . o (B-4-1)

When Tins - Thickness of insulation (ft.)

Ctotal - Total cost affected by thickness ($)
c - cost of heat "lost" cost of insulation
total year year
Dh A K. [[T. -T 1C
y op suf ins L a Btu +T7 A c. ¢ (B-4-2)
T, ins suf ins eqy
ins
Dy - Number of operating days per year.
hOp - Number of operating hours per day.
. . 2
Asuf - Surface area covered by insulation (Ft.").
o
Kins - Thermal conductivity of insulation Btu/hr Ft F,
Th-Ta- Temperature difference between fluid inside insulated system component

and the ambient temperature [oF].

- o . T . . 0 . i .
Cheu Cost of Btu lost [$/Btu] h1§ is the cost of additional heating

needed to compensate for the lost heat.

, . . 3,. . .
cins - Cost of insulation installed [$/Ft”]. It is assumed to not be a funtion

of insulation thickness.

ceqy - Yearly percentage cost of equipment,

Substituting Equation (B-4-2) into (B-4-1) and solving for the thickneés of

insulation [T, ] yields:
ins

gyEppKins(Th ~ Ta) CBtu ]1/2

. C
ins eqy
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De Winter (1974) presents a.simple scheme for aetefmining the yearly
percentage cost of equipment (Ceqy) kgowing the yearly interest rate (%) and
the expected usefu; }ife 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-l,i For a typical system, with a useful life of 10 years and a
yearly interest rate of 8%, the‘yeafly percentage cost of equipment is 15%;

th is .15.
U Ceqy )

The cost'(Ciné) and thermal conductivity (Kins) of the insulapion varies
between the products of different manufacturers. Table B-4-1 shows a, small
sample of present insulation available. Obviously the best insulation is
one in which both the thérmal conductivity and cost are low. Note that the
cost of insulation ($/Ft3)‘is a function of insulation thickness espeqially‘
for pipe insulation. Assuming a constant cost of insulation will res/lt in

slight off optimum design especially for small insulation thicknesses.

The cost of Btu's lost (C ) can be determined from current costs of fos51l

fuels. A typlcal design value for CBt. is $3/1O Btu.

The temperature difference (Th—Ta) can be assume to be constant for varying
insulation thicknesses for design purposes. In this sﬁﬁdy a temperature

difference of 75°F was assumed.

.The number of days of operation per year (D ) should be 365 for de51gn
purposes while the hours of operation (h ) vary depending on the component
~ for which the insulation is to be sized. For a storage tank Hop should be
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).becom§s:

13.14 K,
. ins

o 1/2 S ‘
Tins = [ o ] for storage Fank, (B-4-~4)
ins . . ‘
4,38 K,
T. = [-—-————5E§-]l/2 for collector, piping, : (B~-4-5)
ins C. . :
. ins heating exchangers
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Figure B-4-2 shows the optimum insulation thickness {in,). vefsus the thermal
conduct1v1ty of (Btu) .and the cost of the 1nsulatlon ($/ft ) for the storage
tank case. Figure 'B-4-3 presents the same for the collector, ‘piping or

heat exchanger case.

For example, assume that a-storage tank is to be coveredrby Johns-Manville
Thermo 12 block insulation. The cost and thermal conductivity (at 100 °F)

of this insulation is $lO./ft3 and 0.0317 Btu/hr. ft °F respectively. Assume
'ail.the other parameters are the same as’above.. From FigﬁreB—4-Zthe thickness
of insulation needed is 2.5 in. :Note it was assumed that the cost of iﬂsulation

'was- approximately constant above a thickness of 1.5 in. and equal to $10/ft3.
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Thickness of Insulation Required for a Storage Tank
Versus the Cost (C. ) and Thermal Conductivity of the Insulation

Figure B- 4-2
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Figure B-4-3 .
Thickness of Insulation Required for a Heat Exchanger or Pipes
Versus the Cost (Cins) and Thermal Conductivity of the Insulation
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Table B-4-1

Representative Thermal Conductivities and Cost of Insulation for avrious Insulation Products

Méhﬁfacturer Producf " Type of - Standand Thermal Thickness Cost .
: Insulation Sizes (inches) Conductivity" (inches) ($/Ft3)
(Btu/hr Ft 'F) .
o 100°F 200°F
Johns-Manville Thermo-12 Block " 12 x 36 inches 0.0317 0.0342 1 13.1
Thickness -
1-4 inches . / 1.5 10.2
2 10.1
Johns~Manville Thexrmo-12 pipe Fit 36 inches, 0.0317 0.0342 3" ‘ '"
. - 0.D. 1 21
- tube nominal 4
‘ . . ’ 0.D. 3/8 to tubes 3 5.66
6 inches
- i Flame-Saf - i " "
Johns @énv1ll§ 2 | plpeb 5%_ 0.D. to 0.02 0.0242 %_ 0.0. 1" . 1 13.17
1" . . . . :
123 0.D. . - Tubes = 3" 4.26
lll to 3" .
2
Thickness
Pittsburgh Foam Glass Block 12"x18"xl—§- to 5 in 0.0333- 0.0359 1% 3.84
Corning . ' *
5 3.88
pipe 1" to-36 in 0.D.  0.0333  0.0359 3" o.p. 1" 10
4 ‘ 4
in 24" lengths 3" 8.0



appendix C Storage Tank Wall Thicknesses.

c-1 Design of Pressurized Tanks

The storage tanks analyzed in this secfion 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 usually known and here was
assumed to be constant. ‘Thus the tank diameter.(Dt)‘is givgn by:
.0519 K2Ac 1/3 ‘ s
D = (———————— )~ [m] [Chlfl]

t. K].

where K, = ratio of tank height to diameter = Ht/Dt

1
'Ht = Height of cylindrical tank = KlDt
. 2 - _ Gal
K., = Volume storage required/ft. collector { - )
2 2
Ft collector
A_ = collector area [m’]
in this report it was assumed that Ki = 3 and
5 .
K, =-2 gal/(ft.” collector)

Figure [C-1~1] shows the tank diameter required versus storage required per unit

1 equal to 3.

. collector area and the collector area for K
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]}

neglecting joints and end effects is:

- BT L ‘ _
wall = @ [in] [c-1-2]
where p = Design pressure of tank [psi]
r = Radius [in.]
. @ = Maximum ‘allowable hoop stress of wall material [psil

A more conservative estimate of the thickness taking into account joint efficienc
iG:
[C-1-3]
T = _pr_
wall ea

£’- Joint efficiency. In this study it is assumed to be .7 for longitudinal

welded'joints.
—C.]-
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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(1954) the maximum .

allowable stress ( ¢ ) can be determined from the grade of the steel. For
this'study a design maximum allowable stress. ( OV) 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 storagé tank can be complefely 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 Tank Wall Thickness (inches)
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Figure C-1-2

Minimum Allowable Wall Thickness Versus Tank ‘Pressure and Radius

o =12000.
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€ =.7
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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'theicollector 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-1, the wall thickness (Twall) is a functiqn of the'design'
pressure (p), the maximum allowable hoop stress (8 ), the joint efficiency

(63 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 storage 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 (Cinc) was determined from:
C. = cost, - cost ($) (C~2~1)
inc 1 .
Costl- cost of tank with increased tank wall thickness due to -
hydrostatic head

Cost - cost of tank without increased wall thickness

Another parametér developed was the percent increase in tank cost (Pinc).

This can be found from:

...... l. xloo%
ine cost

Cost., - cost » o . ' (6_2_2)

Using the relationships shown in Appendix C-1 and the above assumptions.
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equations (C-2-1) and (C-2-2) can be reduced to:

b GalPz p ez 2 «
= — C-2-3
Cine b carfz Torraer gt oe 144 T X )
\ . . 3
f’ - Density of tank material (1lb)/ft
Cib - Cost of tank. ($/1b)

Gal - Storage capacity of tank (gallons)

§> - Density of water (lb) (61.5 l&g a 150“°F

Z - Difference in height betweenfgtorage tank and collector (ft)
P - Designvpressure of storage tank (Psi)

G"' - Maximum allowable hoop stres (Psi)

€ - Joint efficiency
K

- Tank height to radius ratio

and . P Z 2
p £z 2T deria T (C=2-2)
inc 144 P = 2 + P, 2
TE' K

For a typical steel tank with:
@' ~8¢ T~ 12000 roi, € - 0.7, k=6

b4

The increased tank cost becomes:

C. = 7.6394 x 10—3 C,, Gal 2 ' (c-2-5) -

inc . 1b
And the percent increase in tank cost becomes:
P. = 43.09 2/P ‘ (C-2-6)
inc

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'diffefence.

Figure (C-2-1) shows the increased cost ($) due to collector-storage height

difference versus storage capacity and vertical height difference (ft)

developed from Eéuation (Cc-2-3).
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* IncreasedStorage Tank Cost ($)

. Figure C-2-1 - )
Increased Storage Tank Cost Versus Volume of Storage
and the Vertical Difference Between the Colle ctor ‘and

Storage Tarik
|

T

500

200.

10.5 ' .
100. 200. 500. 1000. 2000.

Volume of Storage (gallons)
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Percent Increase in the Cost of the Storage Tank (%)

Percent Increase in the Cost of the Storg'ge Tank

Height Difference Between the.Collector and Tank

Figure c-2-2

Versus the Initial Tank Pressure and the Vértical

200.

20‘

1 1]
: ‘ 50. 100.

_ : . ZLJO
Vertical Height Difference Between the Collector an
- the Storage Tank (ft) '
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Equation (C-2-6) allows a simple determination of the percent increase in

tank cost due to collector-storage height~diﬁferehce. For large design
pressures the percent increase will be smaller while for large height‘differénces
the % increase is laféer. Figure C-2-2 showg the % increase in cost versus
height difference and désign pressure from eQuation‘(C-2-4). |

An example of these two relationships follows. Assume the cylindrical‘steel
fank has‘a capacity_éf 1000 gallons with a design pressure of 300 Psi. Assume
also that the cost of the.tank is $0.75/1b with a collector to storage ténk
vertical drop of 40 ft. Ffbm the abové relatiqnships and figures.the.increaseb

in cost is $239 which is a percent increase in tank cost of 5.75%.

- =C 9=



APPENDIX D
DOUBLE LOOP MODEL

The following computer program modeled the performance of the double

loop heat exchanger system. Most of this program énd the input paramaters
used have been discussed in other sections of this report. 1In 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.

=D.l-



ODJHENSION
DIMENSION
NIMENSTON
OIMENSION
ODIMENSTON
DIMENSION
PDIMENSTON

OIMENSION

DIMENSIDN
DIMENSION
DIMENSION
DIMENSTON
DIMENSION
NDIMENSION
DIMENSION
REAL NROW

AINCID(24)

QFAC(24)

Ay (35), A2(31S), A3(15), Au(15), AS(1S)
Fy(1S),E2(15),E3(35),E4(15),ES(1S)
F|(1S),FZ(lS),FS(lS),FQ(IS).Fstis)
ngut(15),DE~2(15),DEN3C15),DENO(1S),DENS(!S
FUNC(10),AREA(10),G(10) :

TEMPC 9, 24) '

TAMB(24) ) '
thzﬂ)aTL(zu).P!(20)19112120)'PZlZU),P?Z(ZaifcMi(20)
GM?(EU)pREYNlaa).PRAN(201.¥H(za)oVISQ(20) .Ectza)
NCP(24),RCP2(2U),0C3(24),V1S82(24),REY(24),XHI(24)
ExC(ZU),U(ZU),XLS(ZM).XLD(ZU),WLS(ZU),KAS(ZQ)oRLS(Zai
TH(24) ,EXA(24),TRET(24),UAR(24),AL0(24),0HP(24)
TL1(24)
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© o000

(] OO0 (g] (9] (g} (g} (9} (o]

(2] (g ]

. REAL MNRaF

ACCG=E 4 ,1RER

Pls 3, 101593

DELTIM- INTERVAL OF TIME IN WHICH PROGRAM IS EVALUATED y~ HR
NDELTIMs _
CHARACTERISTICS 0OF COLLECTOR ,
NTAMDe OUTSIDE DPIAM, OF CNLLECTOK TUBE IN M

PlaAMOE ,625 * ,0254

DIAMI= INSIDE DIAM, OF TURE IN CULLECTOR IN' M
DIAMIa ;569 « ,0254

DIAMX= INSIDE DIAM, OF COLLECTNK TURE IN FT, A '

NIAMXE ,569 /12,
SIGMAD FIN THICKNESS OF COLLECTUR IN M
SIGMADE L0108 » L0254
XLENGY= FIN LENGTH OF COLLECTYOR IN M
XLENGT= ,f
CONDe CNND, OF COPPER TUBING AND SOLDER IN WATTS/M C
COND3 396,
csuBSe ROND CONDUCTANCE
CSURSz 4, » SIGMAD » COND/DIAMN
Wwe SPACING OF TUBING ON COLLECYOWR IN M
wa 2, % XLENGT ¢ DIAMO
HSL OPEw HEAT L 0USS COEFFICIENT FOR COLLECTOR 00
USLOPE= S,

CHARACTERISTICS OF FLUID WATER HEATY EXCHANGER
KExCe CONDUCTIVITY OF EXCHANGER wALL IN wATTS/M C
KEXC= 396,
XEXC ts THE THMICKNESS OF THE EXCHANGER WALL IN FTY
Xgxce ,03/7 12,
SI2E= 0,D0, OF EX'ER TUBE TN FT,
SI176= ,375/12,
XD 18 THg INNER DIAMETER NF THE THUBE INTHE EXCHANGER IN FY
XD= SIZE - 2. * XEXC
xDs XD » ,3048
Xg=s XD
xDpe 1,0, OF EX'ER TURE IN FT
xDpz ¥E/, 3008
XNUTe CRNSS=SECTIONAL AREA (F TURE IN EX'ER
XNUTS d,/( pl « € XD #x 2,)) :
SSI17E= 0, D, F EX'ER IN ™
SSIZE= SIZE « ,304A
PITCHe PITCH NF TURING WITHTN EXHER
pITCHE ‘025
SPACING RETWEEN TURES (FT)
SMINZ (PITCH « t,) ~ SIZE '
DSHELe I,D, OF EX'ER SHELL
DSHEL= 6,712,
CHARACTERISTICS OF WATER
Bl THRU RS ARE CONSTANTS FQR THE SPECIFIC HEAY EQUATINN
THEY HAVE BEEN CALCULATEO FRIMM HAMDRONK OF HEAT rnANern
READ 10BN, Ri,R2, A3, B4, BS
‘Dl = DS o coEFF FOR CONDUCTIVTY EQUATIONS OF WATER
READ 080, pt, D2, D3, D4, DS
R1. e« RS o COEFF, FOR DENSITY EQUATION OF - WATER
READ tO0#0, R!, R2, R3, R4, RS
2125 =CnEFF, FOR VISCYSITY (OF WATER EQUATION FOR TEMP. >60F

-D.3-
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o O 0o 6 o0

1080

197

(g N ol

00 00 (9]

(]

1090

(] © [a el o0 On

1078

(o]

to77

1913

READ 10RO, 21, Z2, 2%, 24, 1S

CHARACTERISQYICS NF HEAT TRANSFER FLUID

N TS THF NUMHBER OF FLUIDS YD BE COMPARED THRU THE COLLECTOR
NE 3

A1 THRU aS ARE THE FLUID COEFF, FNR THE SPECIFIC HEAT EQUATIUNS
READ 1080, (A1(I),A2(T1),A3(T),AUCT),AS(I),I= 1,N)

E1 «ES LCNEFF, FOR CONDUCTIVITY EQUATION OF FLUID

READ $080,(E1(Y),E2(TI),E3(1),E4(T),ES(T),1I= 1,N)

FleFS =CnEF, FDOR VISCOSTITY EQUATINN OF FLUID
READ 10RO, (F1(I),F2C1),F3(T),FU4(T),FS5(T),I= 1,N)

PDENt=DENSe C(IFF, FOR DENSITY EnUATION OF THE FLUID
READ 1080, (PENt(I),DEN2C(T),DENI(I),DENG(T),DENS(T), 1= 1,N)
FORMAT( SE19,4)

OFACe VARTARLE HOT WATER LOAD ARKAY
READ 197, (QFAC(J),J= 1,24)
FORMAT(12F6,2)

CHARACTERISTICS OF ENVIRONMENTAL PARAMETERS

XPHASE AND XOMEGA =~USED IN DETERMINING AMBRIENTY AIR TEMP,
XPHASE® e X  » Pl/2,
XOMEGAE Pl/ t2,

LOOP YO READ IN INCIDENT RAD, AND AMBIENT TEMP,
DD 1090 Ja ¢,24 -

AINCTNP=AMOUNT UF INCIDENT RADIATION RECEIVED AT COLLECTOR SITE,,...

FNR THIS CASE IT I8 SYMMETRIC AKQOUND 12300
QINCID(J)= 750, *COS((PI nJ/12,)=P1)
TAMBe AMRIENT TEMP, AT CDLLECTOR IN C

TAMB IS ASSUMED TO BE STNUSQIDAL, WITH AMAX AT 1R300 AND MIN, AT 6300

TAMR(JI= &+ §,% COS(XPHASE + J » XDOMEGA)
1F THE TNCIDENT RADIATION IS NEGATIVE IT 1S ASSUMED TO RE 0
IFC BINCID(Y) ,GT, 0) GO YO 1090
QINCIOD(J)= o,
CONTINUF

DATE

TSTARTRTEMP, NDIFF, RETWFFN WATFR TEMP, AND FLUID TFMP, TN ORDFR TN TiIRN

PIUMP ON
TSTARYT= 18,

TSTOP «=TeMP, DIFF, BETWEEN WATER TEMP, AND FLUID TEMP, IN URDER TO TURN

PUMP OFF
TSTOPs 3,
THIGHe MAX, ALLNWARIE FLUID TEMP, UR ELSE BOILING AND PRESSURE
FFFECTS WwILL RECOME NOTICEABRLE
THIGH= 90,
NFLOWs N0, OF FLOWRATES TO BE USED
NFLOwz
GeARPAY WHICH HOLNS VARYING FL('WKATES QF FLUID
READ 31078,(6(JL),JL=1,NFLOW)
FURMAT(F10,4)
NSJZ2Ee« NN, OF DIFFERENT SIZES OUF COLLECTORS
NS1ZEs 1
AREAL ARRAY WHICH HOLDS SIZEs CUF COLLECTORS
READ 1077, (aREA(JA)Y,JA= 1, NSIZE)
FURMAT(4F10,4)
NTOP. NO, (OF DIFFERENCES BETWEEN CAPACITY RATES,
NTOP2 {
FUNCe AN ARRAY WHICH HNLDS DIFF, RETWEEN CAPACITY RATES
READ 1078, (FUNCCIL)Y,TL=1,NTOP)
PRINT 1913
FORMAT(SOX, 'COLLECTUR TUBE CHARACTERISTICS'/10%,'0,D,TUBE(M)',10X,
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AT N, TIHE(MY !, 10X, *SPACING OF TURING(MI')

1914

1931

1992

PRINY 31014,nTAMO,DIAM],w .
FORMATC TX,F10,4,11X,F10,4,16X,F10,47)

LOOP FOR THE DIFFERENT FLUIDS
DO ASO JKa 4,N

LONP TN VvARY SIZE nF CnLLchon
N 1890 JAas {, NSIZE

AREACN= AREA NF CnLLECTDR IN MwiZ
AREACOS AREA(JA)

K= RATIO DF THE TANK HEIGHT 'TO RADIUS
Ks &

NIAMT = DIAM, OF TANK IN M _
DIAMTa ((2,R781 *AREACO/(K & PI))xe(1,/3,)) » 2,
DIAMTE DTAMTS 3048

TANKH» HEIGHT 0OF TANK IN M
TANKHz K & NIAMT/2,

UAREAT= TOTAL SURFACE AREA DF TANK IN Maw2
DAREATZ Pl » DIAMT « TANKH ¢ PI » (DTAMTes2,)/2,
PRINT 1911 ' ‘

FORMAT (50X, ' TANK DIHENSIONS'IIOXo'HEIGHT(M)',IOX,'OIAFETER(M)';

110X, 'TOTAL SURFACE AREA(M#ra2)0)

PRINT 1912, TANKH,DIAMT,0AREAT "’

FORMAT(A6X,F10,4,7X,F10,4,13X,F10,4/)
XNTIJRE= NO, NF TUBES IN CﬂLLECTOH

YNTUREz ,S & AREACO
XLCOL=LENGTH 0OG COLLECTNR TUBES(FT)

XL COL= AREACO/(W = XNTUBE)
CCNLe COLLECTDR UNIT COSTS.

ccoLs 100,

CCOSTz CCOL = AREACO

12C0NY2 .
XNEXe NN OF TURES IN EX'ER

. ¥NEx=z= 30,

IFC AREACO _GE, 40) XNEX=Z ,7 » AREACO
AREAEX I8 THE AREA (OF THE EXCHANGER IN Maa?2
AREAEY= ,0R % AREACO .
JURLENe LENGTH 0OF TUBES IN EX'ER
TUBLEN z ARFAEX/(PI « SSIZE & XNEX)
CEXs 110,
CTExs CEX w» AREAEY
TCNL=2 CCOST + CIEX

_ CRAT= CCOL/ CEX

1062

LNOP FUR VARYING THE MATCHED FLNWRATES
NO 795 TLe 1 ,NTDP

JLe COUNYER FOR NUMRER OF FLOWKLATYFS
Jus 1

ICOUNT=CQUNTER FOR KEEPING TRACK OF FLOWRATES
TCOUNT= O

LOOP TO VARY FLOWRATE OF FLU!D THRU COLLECTOR
CONTINUE

TWAT= STARTING TEMP, OF WATER IN TANK,
TWAT= 60,

TLIO IS THE TEMP OF FLULD Eurinlnn EXCHER IN C
TLIRS TWAT

TLIRIN Ig THE YEMP OF FLUID LEAVING EXCHANGER
TLIRINS TLIQ

-D.5-
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c

c
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o0

IXe COUNTER FNR CNMVERGENCE 1LNOP FOR MULTIPLE DAV RUNS

Ixz 0

AN ITERATION REGINS WHICH WILL CONTINUE UNTTL THE DAY'S TEMP,
PREVIOUS DAY'S TEMP ARE WITHIN AN ACCEPTAARLE LI"IT.-.--

1063 CONTINUE

1064

1065

1854

IF JT TAKES MORE THAN 7 DAYS TU CNNVERGE IY I8 Y00 LONG

1FC Ix ,GE, 7) GO YO 1822
CoutlnuE
Ixs IX ¢ 1§

ICOHUNT=COUNTER FUR KEEPING TRACK OF FLOWRATES

IF( TCOUNT _NE, 0) GN TQ 106S
JL= 1
CONTINUE

QTTRIMe TOTAL RATE (OF HEAT TRANSHFERRED /DAY FROM FLUID TO TANK WATER

QTVTTRIM2 O
QTINCe TOTAL INCIDENT RAD, FOR
RTINCE 0,

A1LUAD~TUTAL LOAD FQR HOME HEATING FOR ONE DAY

ATLOAD= 0,

GCOL=- TﬂyAL RATE AY WHICH HEAT 13 COLLECYED(N‘TTS/D

QcoLs= 0,
PUMPe CONTROLS WHETHER PUMP IS
PUMPE 0

IC= COUNTER FOR NO, OF HOURS PUMP IS ON PER DAY

ICa 0
LOOP YO vARY TIME OF DAY
STARTING WITH 1300 YO 24300
PO 1RA30 J= (.24
ace= t,

60

1 DAY

ON OR OFF,

AND THE

TEMP ,«AN ARRAY WHICM HDLDS ALL DATLY TEMPERATURES UNTTL THE TEMP,

CONVERGE. LA B NN ]
TEMPC IxX, Jy 5 TWAT

QINCID Yg INCIDENT RADIATIQN RECIFEVED BY COLLECTOR IN WATTS/Mwn2

w1E QINCIDCY)

TAMRCNe AMBTENT ATR TEMP, FDR G
TAMBCN= TAMAR(J)

PUMP=SIGNTFTIES WHETHER PUMP IS8
IFC PyMP _Ng, 0) GO T 1854

IVEnN IN C

ON OR OFF,

TLIO=TEMP, OF FLUID WHEN PYMP 18 NFF,ASSUMING ISOTHERMAL COLLECTOR

TLIR=(RI /YSLOPE)+ TaMaCN

THIGH= MaX, ALLOWAWLE FLUID TEMP, (R ELSE BNILING AND PRESSURE

EFFECTS wILL RECOME NOTJICEASBLE
IFC TLIQ ,GF, THIGH) TLIQ= THIGH

TLIOINe TEMP, (JF FLUID AT ENTRANCF TO COLLECTOR

TLIARTN= TWAT
TENTIZ TLIQ = TWAT

DaTe

IF THE TeMP, OF THE FLUTD IN YHE COLLECTOR TS MUCH GREATER THAN THAT OF

THE WATER IN THE STDRAGE TANK THEN THE PUMP IS TURNED ON,

TF( TENT! LLE, TSTART) GO TO 1099
LOOP 7O FIND FLOWRATE FOR TURBU
CONTINUE
1F PUMP 1S 1 PUMP IS ON,PUMP=g
PUMP= .
TLIQI1= 1,8 « TLIQIN ¢ 32,

SHe6= Byl ¢ R2 « (B3 ¢ TLIOT1Y¢ BU «(RSe TLIWIY) «%2,

LENT FLOW

s PUMP OFF,

SHT7= AV (JIKY+ A2(JK) *(AZ(JIK)I¢ TLIQI1)¢ AGCIKIR(AS(IKISTLINIL) %2,

SHe= sHeb * 1,162
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. §HTz SHTT & 1,162

c . CAPNPYe MEAN NPERATING CAPACITY KATE
"CAPOPYa SH6 » G(JLYs AREACO ‘
c CAPle CAPACITY RATE OF COLLECTOR 1LONP
CAP)IS CAPOPT #f 1, ¢ FUNCCIL))
c G! = FLUID FLNWRATE IN KG/HR
G1=2 CaP1/ SW7
c G111~ FLOWRATE (OF FLUID THRU COLL&CTUR IN KG/HReMa#2

Gils CAPI/(SHT & AREACO)

GACT3 CAPY/gHs
GY1VFLOWRATE OF FLUID IN EACH TURE OF COLLECTOR,ASSUMING FLOW IS8
EVENLY DISTRIRUTED THRU COLLECTOR )

G11ts 4, «G1/(PI x XNTUBE #(DIAMIw#22,))

G192«FLUWRATE UF FLUID THRU TUBES IN COLLECTOR IN LB/FT##2 ,=HR
6112=2 G111/4,88%

c DETERMINATION OF COLLECTOR EFFICIENCY

COFFs SQRT(YUSLOPE/(COND » SIGMAQD))
ETAIS TANMICNEF « XLENGTI/(CQEF « XYLENGT)
YPARTI® 1,/7¢(1, = DIAMO/W)a ETAL)
YPART22 1,/(¢(((W » USLOPE)/CSUBS)+ YpPARTI)
YPART3x 1 ,/7((DIAMO/HW)Y+ YPARTZ2)

ITERATION TO DETERMINE TEMP, DISTRIRUTINON OF FLUID IN EX'ER

TLI-WALL TEMP, DOF FLUID IN EX'ER IN C
TLYI= TwaT .

TWAeWALL TEMP, NDF WATER IN EX'ER IN C
Twa= TLIQ

TWAFIN= TEMP, UF WATER LEAVING EX'ER
TWAFINZ TwAY

1CS=COUNTER FOR NO, OF TIMES LOUP PERFORMED
1CS= o
720 CUNTINUE

ICSz I1CS5+ 1

TWMEANe MEAN BULK TFMP NF WATER LINEX'ER
THMEANZ (TWAT ¢ TWAFINY/2,

TWMEAL ~TWMEAN IN F
TWMEAI= 1,8 & TWMEANe 32,

TLMEAN o MEAN TEMp OF FLUID WITHIN EX'ER

TLMEANS (TLIQ ¢ TLIRIN)Y/ZZ2,

TLMEAt~ TLMEAN IN F
TLMEA1= 1,Rs TLMEANG 32,

o TLIl= TLYI IN F
TLYIES 1 ,A»T 1+ 32,

TWwAle Ywa IN F
TwA1s Twh * { 8¢ 32,

c vISFL1e yISCOSITY OF FLUID IN L8/FTeHR
VISFL]-F]('K)OFQ(JK)*(FS(JK)OTLMEAl)+ Fa(JK)t(Fs(JK)trLHEA!)**2.
VISFL1I= 1,7 VISFLY i
SHSS= ﬁ!(JK)¢AE(JK)*(§3(JK)OTLMFA1)+AU(JK)*(AS(JK)¢TLNEA1)'*?. ¢
SHgz SHSS * 1,162

o o0

o (g BN o N o ]

(9]

o o o o0

c CONFLi-CQNOUCYIVITY OF FLUID IN BTU/HReFTaF
CONFLIZ EVCIKICER(IKIn (ESCIKISTLMEASYCEL(IKIR(ES(IK)I+TLMEAT ) %22,
1 DENFLY = DFNi(JK)*DENZ(JK)*(DENl(JK)+TL"EAl)onENG(JK)t(DENS(JK)f
1TLMEAL I #22,
C. REYNNL = CALLECTOR REYNDLDS NOY,

REYNOL = G112 # DIAMX/VISFLY
IFC REYNOL LT, 2500) GO TN 1S7
c FRIC1= FRICTOON FACTOR TN COLLECTOR TURES
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O O o

[ TN o ]

166

157

1SR

. FRICYE ,0014 ¢ ,125/(REYNOL #w,32)

PRANDYTS SHSs ¢ VYISFLI/CONFLY

"IFC REYNDL ,GT, 7100) GO TN 146

TRANSITINN REGION
NIPRIME 116 (((REYNDLIN#(2,/3,))=125,)/7 REYNNL
YHCWS ( PRANDT##(=2,/3,)) « SHSS % G112 * QJPRIM
XHCWS XHCW 4 S,678
GO TN 188 :
CONTINUE . .
TURBULENT REGINN ‘ ' ‘
XHCWs CONFLY # 023 «(REYNOL ##,R) » ( PRANDTa%,4)/DIAMX
G0 70 158
CONTINUE
LAMINAR REGIUN
FRICts 16,/REYNOL
61213 G1/(XNTURE =« ,4536)
TUBECN= AREACO/(((2 & XLENGT ¢ DIAMUYI» XNTIBE)x ,3048)
CPARTYz G121 = SHSS/(CNNFLE » TUBECU)
CPART22 1,75 » CPART1 =x(1,/3,)
IFC CPART2 LE, 3,66) CPAR72= 3,60
XHCWs CONFLyY = CPART2 / DIAMX
XHCwe INSIDE TUBE HEAT TRANSFER (NEFF, IN COLLECTOR
XHCW= XHCW & S,078 o
CONTINUE
XPD= PRESSURE DROP IN EACH COLLECTDR TUBE
¥pDx FRICY & XLCNL *(G112%x22,)/7(2,*LUTAMX » ACCGs DENFLY «144,)
CXPDe TOTYAL PRESSURE OROP IN CULLECTUR .
cxeh= XNTURE #« XpPD
vFLnwile FLOWRATE (F FLUID THRU CyULLECTQOR IN FTttSISFC
VFLUOW1Iz2 Gl « 2,2046/(DENFLY % 3600,)
XHPtl = HUpSEPuNER REQUIRED TO CIRCULAIE FLUID THEU COLLECTOR
XHPyx CXPD « VFLOWY * y44,/550,
EvA2s 1,/7(0((¥W » USLUPE)I(PI « DIAMT # XHCW))+ YPART3)
DhTERMINATIUN OF ETaA3
AX1s «(ETA2 * USLOPE)/(Gli * SHS)
A2z 1 = EXp(AX1)
ETA3= (G11 o« SHS/USLOPE) » AX2
XPAR= ETA3 » AREACO = QI
0C= XPAR = UUSLOPE # AREACO » ETA3 « ( TLIGIN « TAMBCN)
TLIAZ TLIAIN « RC/CAPY
IFC T 10 ,GE, THIGH).TLIO = THIGH

IF TEMP, NF LIWUHID ENTERING EX'ER IS LESS THAN THAT OF WATER ENTERING

EX'ER THEN THE PUMP WILL NOY BE TURNED ON,
TENT2= TLIQ = TwWAT
IF( TENT2 ,LE, TSTDOP)Y GO 1D 1100
SH22 IS THE SPECIFIC HEAT IN RTU/(LB F)
SH273 Ble R2 « (TWMEAY ¢ B3) + R4 « (TWMEAL+ B5) %2
SH2 IS THE SPECIFIC HEAT OF WATER IN WATT HR/( KG C)
SH22 1,162 * SH22
PENWis RY1 ¢ R2 #(R3¢ TWMEA1)+RA*(RS+ TWMEAL)#x2,
COMDWE D1+ N2 *(TWMEAL+ D3 ¢ DY*(TWMEAL+ DS) #w2 e -
v1S82 1S THE vISCOSITY OF WATER AT THE WATER TEMP, IN LB/(FT HR)
VISR2S 721+ 72x( Z3+TWHEAL) ¢ ZUx(ZSeTWMEAL) ##2,
VISR IS THE VISCOSITY nF WATER IN CENTIPOISES
VISR2z 1,/ v1IsR2 ~
CAP2~CAPALITY RATE QF WATER AS A FUNCTION UF THE CAP, RATE 0OF FLUID
CAP2 IN WATTS/ C

-D.8-
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(o]

(o BN o ]

728
750

163

ted

CAP23 CAPDPT = ( 1,= FUNC(IL))
2 IS THE WATFR FLOWRAYE IN KG/MHK

" 628 CAP2/SHp

G222 18 THE WATER FLUNRATF IN KG/ HRa Mes2
62?2232 G2 » YNUT/XNEX

Ge? 18 CUNVERTED TO LA/(HR = FT-.a)
G228 G222/4_883

DFYFRMINA?IUN OF WHICH FLUID FLOWRATE IS SMALLESTY
IF( CAPy ,GF, CAP2)Y GO TO 725 )

. CAPMINZ CAP{

CAPMAX3 CAP)
GO 70O 71s0
CaPMINZ CAP)
CAPMAxE CAP4
CONTINUE
DELA3 ( AC o« NCR)/ HC2
NELN=z ABS( NELN)
IF ¢ DELG _LE, ,008) GO 1O 735
CONVERSIQN NF LENGTH MEASURES TO METERS
RXDs xDvs2,
XEXCw THICKNESS (JF EXHER WALL IN M
XEXC= ,3048 + ,03/9%2,
DX 1S THE OUTSIDE DIAMETER IN METERS
Ox= S8SI2E
RDXE DX/2,
HOS I8 THE %HELLS!DE SCALING COEFF, IN WATYS/ C M=2a2
HDS= S67AR,
nFrFRMINATIDN OF SHELL SIDE HEAT TRANSFER COEFFICIENT
DENY=DENg=CNEFF, FOR DENSITY OF FILUID THRU COLLECTUR
DENFLS=Z DENY (JK)SDEN2(IKIX(DENI(JK)+TLMEALI+NENL(JKY X (NENS(JIK) ¢

1TLMEAL ) a2,

CONFLLS= EJ(JK)+ EZ(JK)*(ES(JK)OTL“EhjJOEU(JK)t(ES(JKsoTLMﬁﬂi1**2.

VISFLSZ FYOJK)F2(IKIX(FI(IKI*TLMEAL)+FU(IKIR(FS(IKI+TLHMEATL Y nu2,

VISFLS= §,/yISFLS

SHoas Al(JK)OAQ(JK).(A}(JK)#YLMEA1)+AQ(JK)1(A5(JK)¢TLMEA])ttz, .
RAFe BAFFLE SPACING IN FTY

BAFs 1,
NBAFe NN, OF RAFFLES IN HEAT EX'ER s
NBAFS TUSLEN /7 BAF + ,3048)

MROWS ( 7,740,) » AREACQ

AMINe MTN, AREA THRU WHICH FLUID FLNWS
AMINZ BAF & SMIN :

GMAY= MAy, ALLOWABLE FLOWRATE (F FLUID ON SHELL SIDE,
GMAXZ ( Gt % 2,2046)/(AMIN &« ( NRUW + 1))

OREY= REyNOLDS NO, ON SHELL SIDE FOR FLUID IN Ex'ER
OREY= GMAX & SIZE/VISFLS

OPRAN= PRANTDL NO, ON SHELL leE FOR FLUID IN EX'ER
OPRAN= SHQ8 » VISFLS/CONFLS
IFC DREY Ly, 2500) GO TO 163
FRIC2= ,0014 ¢ ,125/(0REY##,32)
GO 70 164
CONTINUE
FRIC2= 16,/DREY
CONTINUE

SPDe SHELL SIDE PRESSURE DROP
SPD= FRIC2 «(GMAX%#2 )#DSHEL#(NRAF + {,)/(2,*ACCG*NENFLS*SIZE144)

. HO I8 THg SHELL SIDE COFFF, IN WATYS/ C Maw?2

-D.9-
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. WDs  ,33*(OREY**,6)*(OPRAN**(| /3. )*CONFLS/SIZE
c vl«FLH-Vlscnﬂle NF FLUID AT WALL TEMP,
T VISFLAS FI(JK)IeFR(IKIRN(FI(IKIOTLEYL JSFU(IKInCFS(IKI4TLI ) an2,
VISFLRs 1,/VISFLA
c VPRI"-FArTOR ACCOUNTING FNR VARTAYION OF VISCOSITY WITH TEMP,
VPRIMa ABS(VISFLR/VISFLS)
VPRIMz VPRIM #a e 14
HOS MO & S,678 » vpnxﬁ

€ H1I8 1S TWE INSIDE TUBE SCALING CUEFF IN WATTS/C Mae2
WISz 5678,
HISe HIS = xD/DX :

(o RWALL= RESISTANCE OF wALL to HEAY TRANSFER

RWALL® ( RDx « ALUGC DX/ XD))/ KEXC
RWALLx RWALL & DX/XD

c NETERMINATION OF INSIDE TURE HEAT TRANSFER COEFFICTENT
TURLEXsS THRLEN/,3048 . . :
c JREYND e REYNOLDS ND, WITHIN EXHER TURES

REYNOs G22 » XDP/VISB2
IF( REYND LLT, 2500) GO TO 161
FRIC3z ,0014% ,125/7(REYNOx#,32)
PRANDE 8H22 » VISB2/CONDW
IF¢ REYNO 6T, 7100) GN TO 167
¢ TRANSITIQN REGION
PJPRIMS 116 » ((REYND #»#(2,/3,)) e 125, )/REYNO
HIz (PRAND wn(=2,/3,)) » sHaa * G22 » PJPRIM
GO TO 162
167 . CONTINUVE -
c TURBULENT REGTION
HIz CONDW # ,023 & ( REYND#*#,8) #(PRAND #2,4)/XDP
GO TO 12
161, -CONTTMUE
o LAMINAR pEG!ON
FRIC3m 164/nEYNO
G212%= GZ/(XNEX n LU536)
DPPARTIE (G212 & SH22)/(CONDW = TUBLEX)
DPART22 1,75 &« (DPART1) #wl(1,/3,)
IF( DPART? _LE, 3,66) DPART2: 3,66
Hls CONDW a DPARY2 / XDP
162 CONTINUE
c HI-INSINE TUBE HEAT TRANSFER CUEFF,
HI3 HI « xE,Ox
TBEPD= FRICTI#(R222n2 ) aTURLEX/ (2, #ACCG#DENWI#XDP %x144,)
c TBEPD= PRESSURE DRNP WITHIN EXER TUBRES
TREPDa THEPD = XNEX
VFLOW2s G2 « 2,2046/(DENW1 * 3600,)
XHP23 TBEPD » VFI QW2 » 144,/ S50, .
(o VvISBA» VISCOSITY OF WATER AT WALL TEMP,(LB/FTY HR)
VISBAZ 71¢ 22%(23+ TWALD+ZUx(Z2S+THAL)*%2,
VisSRA=z {1,/ VISBRA
c VPPIME-FACTHR ENCOMPASSING INFLUhNCE OF VISCOSITY
VPRIMES (VISRA/VISB2)#x*e {4
HIz HI = S,478 & VPRIME

C tiXe OVERALL HEAT TRANSFER COEFF, IN EX'ER IN WATTS/Mas2 C
UXZ: 11,7001 ,/HTIY«(1,/7HIS) ¢ (1,/HOS)+(1,7H0)¢ RWALL)
c  DETERMINATINN OF EXCHANGER EFFECTYIVENESS
IFC CAPMIN _NE, CAPMAX) GO TO 680
c IF THE CaP, RATES MATCH THEN THE EX'ER EFFECTYIVENESS IS THE FOLLOWING

-D.lo-
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EXCHEFS 1,/7(1,+(CAPMIN/(UX » AREAFX)))
GN . TN &6R2
6R0 CONTINUE ) . ‘
c IF THE CaP, RATES DO NUT MATCH THF EX'ER EFFECTTVENESS IS THE FOLLOWING
72 t, = (CAPMIN/CAPMAX)
Yz w(AREAEX s UX/CAPMIN)Y 2
Xz 1,=((CAPMIN/CAPMAX) « EXP(Y))
EXCHEF3 (1, EXP(Y))/X
6R2 CONTINMUE ' :
c TWAFINe TEMP, OF WATER LEAVING EXCHANGER '
TWAFING TWAT ¢ EXCHEFw(CAPMIN/CAP2)n (TLIQ = TWAT)
TLININZ TLIO « EXCHEF » (CAPMIN/CAP1) «( TLIN « TWAT)
NC2= XPARe YSLOPE # AREACO w ETAZ o« ( TLIOINe YAMBCN)
TLMEANS (TLIQ + TLIQINY/2,
TLMEA1S 1 ,Ra TLMEANS 32,
SHS5S= Al(JK)0AP(JK)¢(A3(JK)OTLMEA1)¢AO(JK)0(AS(JK)¢TLMEA1)tt?.
SHS= SHSS = 1 162
TLIN=s TLIQIN 0 QC/CAPY
IFC TLYN ,GE, THIGH) TLIQ = THIGH
TENT3z TLIO = TWAY
IF (TENTS L,LE, TSTOP) GO TO 1100
DELN= ( RC= QAC2)/ QC2
DELN= ARS( NELR)
IF ¢ DELO® _LE, ,001) GO YO 735
c DETERMINATION OF EXCHANGER EFFECYIVENESS
TFC CAPMIN _NE, CAPMAX)Y GD TO 751 T
c 1F THE CaP, RATES MATCH THEN THE EX'ER EFFECTIVENESS IS THE FOLLNWING
EXCHEF= 1,/7(1,¢(CAPMIN/(UX = AREAEX))) '
GO 10 752
751 CONTINUE
c IF THE CaAP, RATES DO NOT MATCHM THE EX'ER EFFECTIVENESS 15 YHE FnLLONING
7= 1, = (CAPMIN/CAPMAX)
Yz «(AREAEXe UX/CAPMIN) #Z
X3 1,=((CAPMIN/CAPMAX) « EXP(Y))
EXCHEFs (1, EXP(YY)/X
752 CONTINUE ’
TWAFINS TWAY ¢ EXCHEFa(CAPMIN/CAPZ2)I® (T TR = TWAT)
TLIOINE TLIn = EXCHEF » (CAPMIN/CAPYL)Y o( T IN = TWAT)
c DETERMINATION OF ETAY
Vs (CAP1/(CaAPMIN » EXCHEF))a 1,
viz 1+ (( EvAa3 » USLNPE « AREACO), CAP1) » v

c ETAUQFINAL PENALTY IMPNSED RY Me AT FEX'ER ON HEAT TRANSFER,
£TAUS ETAZ/ VI ’
c ’ OCFINe RATE (F HEAT TRANSFERRED tROM COLLECTOR TO TANK ASSUMING
c NO HEAT |LOSSES IN PIPES ONLY IN THE TANK ITSELF,
OCFIN= ETA4 » AREACO * ( Al « USLOPE = (TWATY e TAMARCN))
c TWA=WALL TEMP, OF WATER IN EX'ER IN C .
' TWA=z TWMEANS QCFIN/(HI » AREAEX) ’
C TLI«WwALL TEMp, QF FLUID IN EX'ER IN C
: TLY= TLMEAN =« QCFIN/(HQ 2 AREAEX)
Go TO 720

735 CONTINUE
736 CONTINUE

o IF CONTRpL HAS PASSED TD THIS LOCATION THEN THE PUMP HAs BEEN ACTIVA1ED
c AND HEAT IS TRANSFERRED TO THE TANK =

pPUMPE L
o 1C= CQUNTER FNR NOD, OF HiOURS PUMP IS ON PER DAY

~D.l-
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1099

0'-0

1110

1C= TC ¢
DF1FRNINAY!n~ OF FTYA4
TCPDe TnTAL COLLECTOR
TCcPhD3 CXPD ¢ SPD

XHP32 TCPND & VFLOWY « 144,

S29 oh

LOOP PRESSURE NROP

/550,

COP1e TUTAL COST TO PUMP FLUID FyrR ONE YEAR

CoPis ,03 « 8, « 365, »

o 7457 » XHP3/,7

Vs (CAPI/(CAPMYN . EXCHEF))- 1.

vie 1+ (( ETA3 » USLODPE ¢

AREACOY/ CAP1) & V.

ETAUaFINAL PENALTY IMPDSED BY HEAT EX'ER.ON HEAT TRANSFER,

EFINa 1,/V}
ETAus ETA3/ Vi

NCFINz ETA4 + AREACO * ( Q] = USLOPE «(TWAT = TAMRCN))

GO TO 1110

CONTINUE
IF CONTRUL HAS PASSED TO
JLANKING OUYT VARTIARLES
REYNOL= O,
re: =0,
. 8%..1= 0,
grass o0,
PRANDTS 0,
XHCwWs 0,
ocz o0,
nC2= 0,
CONTINUE
JC= CNUNTER FOR NO. OF
IC=z 1C
PyMP= 0
QCFIN = 0,
VISR2= 0.
Ge?22= 0,
Hi= 0,
RwAlLL= 0,
yxs 0,
EXCHEFs o,
ETA4= 0,
REYNO= 0,
G22= 0,
OREY= 0,
HO= 0,
CAP1= O
CAP2= O
TLMEAN= 0,
TWMEAN= 0,
TWAs 0,
TLI=s 0,
CONTINUE

THIS LNCATION THEN THE PUMP WASN'T ACTIVATED,,..
Y97 USED IF PUMP IS OFF

HOURS PlUIMp IS ON PER DAY

NTTRIMa TOTAL HEAT TRANSFERRED FUR 1 DAY

ATTRIM= QTTRIM ¢ GCFIN =

ATINCe TOTAL INCIDENT®

DELTIM % 3400,
RAD, FOR 1 DAY

ATINC= QTVINC ¢ O * DELTIM « 3600, % AREACO
DENSwz R1 ¢ R2 «(R3+ TWAT) ¢ Rux ( RS ¢ TWAY) *tz.
DENSWe DENSITY OF WATER IN KG/Mawn3l

NDENSWs 16,05212 ﬁ.DENSN

-D.12-
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© SHSS= RY ¢ R2 o( R¥¢ TWAT) ¢ BU *(RS ¢ TWAT) a2,
c ) SHSe SPECIFIC MHEAT NF WATER

845z SHS5 # 1,162
PFACS QFACC.))
RAASE® S0, » AREACN

§29

c PLNADe VARIABLE HNY NATFR LOAD

PLNANDs PFAC » RBASE

C ATLUOAD=7OTAL LDAD FUR HOME HEATING FOR ONE DAY

wn

ATLOANE ATLNAD ¢ 3600, # PLOAD = DELYIM

FEXs TCOL/ QYTRIM

c VOLWw VOLUME OF WATER INSIDE TANK ASSUMING NO EXPANSINN (F WATER WITH
¢ TEMPERATURE AND FILLED YO THE TOP. OF THE TANK

VULWZ PT = ((DIAMT 2#2,3/4,) « TANKH

ALPHZ ( QCFIN o pPLOAD) /(SHS o« NDENSW = VOLW)

TW(J)e TWAT

€ TWATNE= TEMP NOF WATER AT END NOF 1 HNUR
TWATNE= TwWAY ¢ DELTIM o ALPH

TwMAX= 70,
TWATS TWATNE

IFC TwAY ,GF, TWMAX) TWAT=

TLCJ)= TLIO
PICJ)= CXPD
P112(JY2 TCpD
P2(J)= TLHMEAN
pP22(J)= TWMEAN
GM1(J)= XHPYy
GM2(J)= XHPD
REYN(JY= OCFIN
PRANCJY= EFIN
XH(J)s DENFLS
VIS1(J)= ETAY
‘EC(JY=z CAp?
OCP(J)= TBEPD
RCP2(J)= Gt
RC3(Jyz G112
visatJys Capit
REY(J)= G2
YH1(J)= Gp2
EXC(J)z EXCHEF
1H(Jys REYND
TL1(J)= XHCw

xL.S(Jy=s M1
xtLh(Jys HD
wLs(Jys X

WAS(J)=s NREY
RLS(J)= REYNDL
TH(JY= COPI
EXA(J)= VISR2
TRET(J)= CONDW
NAR(JY)=s ETA)
ALDCIY= VISFLS
QHP (J)Y= CONFLS
1830 CONTINUE

IFC Ix (LE, 1) GO YO 1063

J= 1
1821 CONTINUE
IFC J L,GE, 25) GO 10O 1822

TWMAY

"D.|3-
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NIFFs TEMP(TIX,.0) = TEMP(IYel,J)
_ ARSY1= AKRS( NTFF)

IF ALL TeMP, MATCH WITHIN A CERTAIN TOLERANCE BETWEEN THNSE NF ONE
DAY AND THQSE (OF THE PREVIUUS THEN THE PRNGRAM CONTINUES TN THE
NFYT TTERATION
1FC ABS1 ,Gt, 2) GO TN 1063
Jz J ¢+
GO TO 1R2%
1822 CONTINUE
PRINT 2 ) )
2 FORMATC(IHO,u9%,'EX ER CHARACTERISTICS'/3%,'0,D.,TUBE(M)',4X,'Y,D,TU

TRE(MYY,pX, "NO,TURESY,5X, 'TUBE LENGTH(M)!,2X,'EXER AREA(M2)1)

PRINT 3,S8SSIZE, XD, XNEX, TUBLEN,AREAEX
3 FORMAT(Et2,5,4(uX,E12,5)/7/) :

PRINT 1043 -
1043 FORMAT( 1X,'COLLECTNR AREA(Man2)?,2X, 'FLUID FLOWRATEC(KG/HR)',2X,

1¢WATER FLIOWRATE(KG/HRY 12X, 1CAP,RATE RATINY).

PRINT 1044,AREACN,G1,62,CXYRAY
1044 FORMAT(SY,2(E10,4, ﬂx) AX,E10,4,10X,E10,4)

PRINT 1oua
1042 FORMAT(SOX,'HEAT TRANSFER CHApacT&RlstlcstnuLES/DAV)')

PRINT 1040 . -
1040 FORMAT(3X, 'INC,RAD!,2X, 'HEAT COLL,',2X, 'HEAT TRAN.'. 2%,

1 'HEATING LOAD'.ZXo'CﬁST TO HEAT THANSFERRED RATIO')

PRINT 1043,RTINC,0COL,RTTRIM,ATLOAD,FEX
1041 FURMATCE10,4,3¢2%,E10,4),6%,E10,4///777) .

PRINT 4, (J,tW(J),TL(J), TLl(J) XLS(J) XLDCJ), WL (), vrqitJ) EXC(J),

1PRANCJ),REYNCJY,J= 1, 24)
4 FORMAT(2X,12,10E10,4)

PRINT §
5 FORMAT(IHY)

1IFt JL ,GE, NFLOW) GO TO 79§

= JL ¢ 4

ICOUNTE JCOYNT + 1

GO TN 1062 -
795 CONTINUE
1238 CONTINUE
1234 CONTINUE
1890 CONTYINUE:
850 CONTINIIE

END

LATTONS NO DIAGNUS™ICS,

-D.I4~
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6578 TRANK WNORDS NDECIMAL:
4192. DBANK WURDS DECIMAL

oMAP, 8 » NAME
MAP2RRIC KI 72«R 07/18/77 1234416 -
1. IN 1PFS, :
ADDRESS LIMIvs 001000 015661
040000 050005 °
STARTING ADDRESS 012456
SEGMENT SMAINS 001000 015661

NSWTCS/FDR&9 (1) 001000 003032
NRBLKS /FOR=€2 $C1) 001033 (01150
NRWNDS /FOR=E?2 $(1) 001151 001232
NWEF $/FOR=E2 1) 003233 001466
NCLUSS/FOR=E3 $01) 001467 001732 -
NWBLKS /FOR6S $(1) 001733 002121
NBSBLS/FDOR~E3 $(1) 002122 002174
NUPDAS/FDRb6S. $C1) 002175 002230
NBDCVS/FOR=ES $¢1) 002231 002361
NFCHKS/FDR=E3 $C1) 002362 003352

: $(3) 003353 003353
NBFOOS/ISD
NFTVS/FOR=ER $(1) 003354 003376
NCNVTS/FORAR $(1) 003377 003620
NQUTS/FDR=E3 (1) 003621 005377
NIQERS/F(OR=E3 $01) 005400 005627
NFMTS$/FOR=E3 $(1) 005630 006512
NINPTS/FOR=ED $C1) 006513 010121
NTABS/1SD
FORCOMS/FORFTN
NERRS/FDR«E3 $C1) 010422 010468
ERUS/SYST2=8
NERCOMS/FDOR=TES $(1) 010466 010545
FORVCOM$/FORTE3
NSTOPY/FNR=TER $(1) 0105406 010611
ALDGS/FOkety £$(1) 010612 010730
EXPS/FORS9 (YER) 010731 011020
TANHS /F0pS59 t(1) 011023 011124
NEXPp$/FDOReES $(1) 011125 019322
NOSYM$/FOR=EZ 8C1) 011323 011565
SINCOSS/FURSES $C1) P11S66 011722
SQRT1$/FDRSY $(1) 011723 011763
NIERS/FOR=E} s(1) 011764 012141
NISYM$/FDR=E3 $(1) 012142 012315
NINTRS/FOR=E3 $C1) 012316 012455
BLANKSCOMMON(CUMMONKBLOCK)

012uS6 015661

MATN $(1)

SYSS#RLIRS, LEVEL 72«8

-D.15-

$(0)
$(4)

s (2)

$(2)
£$(2)
$(0)
$q4)
$(0)

$(4)

$(2)
%$(2)
$(4)

sc2)

$(2)

$(2)
$(2)
$(2)
£(2)
$¢2)
$(2)
$(2)

$(2)
$(2)
*(?)
$(2)
$(2)
$(2)
$(2)
$(2)
$(2)
$(2)
$(2)
$(2)
$(2)

$(0)
$(2)

529 60

040000 050005

00000 040001
- 0u0002 0400S4
0400SS 040066
040067 040106
0unto7 040136
040137 040140
040141 040212
040213 040213
040214 040251

040252 040327
040330 040501
0640502 040SS3
040554 042761

043057
043123
043273
043347
04340%
043443
083451
043642

042762
043060
043124
042U
043350
ou3uny
043444
043452

043643
043657
LR Y-Y-¥4
0u3e6ls
043737
0u3760
0ud0ng
0ud060
ouu0b2
044105
ouuyty
oun240
ouu242

043656
013666
043678
043736
043757
044005
0404057
044061
ou4dy04
o4d1teé
0ud237
puda241
044272

044273 050005
BLANKSCQMMDN
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NAME
0,0, TURE(M) 14N TUBE (M)
HEIGHT (M) DTAMETER (M)
13,3429 1.1143
0,0, TURE (M) 1,0, TUBE (M) NO, TURES
095250=02 .28000¢02

«R001002

COLLECTYUR TUBE CHARACTERISTICS
SPACING NF TUBING(M)

TANK DIMENSIONS

«2159

TOTAL SURFACE AREA(M#$#2)

13,6527

EX ER CHARACTERISTICS

TURE LENGTH(M)

.38192401

032000401

EXER AREA(M2)

COLLECTOR AREA(M®x2) FLUID FLOWRATE(KG/HR) WATER FLAWRATE(KG/HR) CAP,RATE RATIO
3201404
*

HEAT TRANSFER CHARACTERISTICS(JOULES/DAY)

HEATING LNAD CNST T0O HEAT TRANSFERRED RATTO :

-9" G—

« 8000402

INC,RAD HEAT COLL,

.82034+09 .0000
TWAT TLIQ

1 .6523¢02 _370s+01

2 6523402 ,2500+01

3 46523402 L146u+01

8 6523¢02 ,6699+00

S o6870¢02 L1704400

6 Lb6U17+02 «0000

T 6305402 ,3899+02

8 6312402 ,7567402

9 L6259¢n2 ,0452+02
10 +62006¢02 L,0767+02
11 ,6332¢02 ,T0t14+02
12 06519’02 .7236’02
13 ,6RBUe02 ,7537+02
14 ,7000002 ,7536402
15 7000402 ,7360¢02
16 «7000¢02 e 7230¢02
17 6947402 ,4B865¢02
18 L,6788402 ,1000¢02
19  ,662°0¢02 ,9830+01
20  o6S2%+02 ,933n+01
21 6523002 8536+01
22 652302 ,T7S004+01
23 46523402 6294401
du _4S2Ten?  _.Sqaon+0t

o 3200404

HEAT TRAN,
J2U2R409 .

XHCW
L0000
s0000
«0000
« 0000
«0000
«0000
« 0090
«0000
J4303403
«U0A8Se03
J41u2¢403
+0196403
4274403
«U285¢03
J4254403
«4253%403
«0000
«0000
«0000
«N000
+ 0000
20000
000900

0000

HEAT TRANSFER FLUID -

HI

«0000

« 0000
00000
«0000

« 0000
«0000

« 0000
«0000

« 0000
sU24S404
H292+04
3346404
«U4d38e04
«U8S2404
JUuUSe+0a
« 0000
«N000

« 0000

« 0000
000D

¢ 00060

« 0000

« 0000
0000

,1728409

HO
0000
«0000
«0000
«0000
«0000
«0000
«0000
«0000
«0000
22060404

, 5096404

»S131+04
25180404
251862404
2S5179¢+04
20000
«0000
20000
«0000
0000
«0000
«0000
«0000
«0000

W 179204

WATER

JUX
20000
+0000
«00N00
«0000
20000
«00UN
20000
« 0000
20000
e1217¢04
e122%¢04
«1230¢04
el1240¢04
e12u41404
1240404
« 0000
00000 .
0000
« 0000
« 0000

"« 0000

« 0000
¢0000
00000

1,0000

ETA3
<0000
«0000
« 0000
000D
« 0000
20000
« 0000
«0000
« 7992400
7969400
«7975400
« 7979400
e 7986400
« 7987400
+ 71984400
e TORU400
«0000
0000
¢0000
00000

- 0000

«0000
0000
« 0000

EXCHEF
<0000
0000
« 0000
«0000
« 0000
0000
20000
«0000
« 0000
«5119¢00
«S5130+00

T oS1U3e00

5163400
«5165+400
«5163¢00
.0000
<0000
20000
«0000
0000
«0000
20000
20000
«0000

' EFIN®

49613400

«9613%00
«9613400

" 09613400

«9613+00
«961%¢+00
« 9613400
«9613400
09613400
«9607+00
e 9609400
« 9610400
«96134+00
« 9613400
« 9613400
«9613+00
«e961%3+400
09613400
«9613¢00
09613400
09613400
«9613¢00

«9613¢00

«9613¢00

QCFIN
00000
00000
<0000
«0000
«0000
«0000
0000
+0000
20000
«1077405
1307405
«1377¢08
e126440S
«10354+40S
6807404
. 0000
20000
<0000
20000
0000
« 0000
<0000
40000
«0000
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HEIGHT (M) DTAMETER(M)
3,3429 1,1143
0,0, TUBE (M) 1,0, TURE (M) NO, TUBES
e95250=02 «P0010=02 .28000¢+02

TANK DIMENSIONS

829 60

TOTAL SHRFACE AREA(Max2)
13,6527

EX ER CHARACTERISTICS
TUBE LENGTH(M)
«38192¢01

«32000+01

EXER AREA(M2)

COLLECTOR AREA(M®#2) FLUID FLOWRATE(KG/HR) WATER FLOWRATE (KG/MR) CAP,RATE RATIN

03201404 .
HEAT TRANSFER CHARACTERISTICS(JOULES/DAY)
HEATING LOAD COST TN HEAT TRANSFERRED RATIO

-L1°Q-

04000402
INC,RAD HEAT cOLL,
08203409 00000
) TWAT TLIQ
1 46523402 3706401
2 46523402 ,2500+01
3 ,0523¢02 ,1464+01
4 ,6523¢402 ,L6699400
S 6870402 1704400
o 45417402 L0000
T «6365+02 ,3R99402
8 6312402 7567402
9 ,6259¢02 L6457+02
10 o62006+02 ,6819002
11 ,6336¢02 ,707R¢0n2
12 J0528¢02 ,7397+02
13 L6R9Re02 ", THil0+02
14 «7000%02 - .7583¢02
15 7000402 o7391¢02
16 47000*%*02 ,T725R+02
17 469474092 L4Bb6S+0?2
18 ,67RB+02 ,1000¢02
19 4662902 ,9830+01
20 46523¢02 ,9330+01
21 46523402 8536401
22 46523402 ,7S00+01
23  ,6523e02 ,6294401
24 6523402 .5000+01

W3717404

HEAT TRAN,

2865409

XHCW

00000
« 0000
«0000
«0000
<0000
«0000
9095+03
«78UTeny
«7R09¢03
«A173403
ATnlu+03
BEK2+07
«BUU3+y
sRUuU+N]
« 0000
«0000
« 0000
«0000
«0000
« 0000
«a0000

1728409

1766204

1,0000

HEAT TRANSFER FLUID - 50% ETHYLENE GLYCOL

HI

«0000
«0000
«0000
00900
«0000
« 0000
«00V0
«0000
20000
4245404
U294+04
«4350¢04
«84u2+04
«U4NSlU+oy
\4US3404
o00UO
000N
« 0000
«0000
«0000
0000
« 0000
« 0000
«0000

r

HO

0000
e 0000
00000
20000
«0000
0000
« 0000

"«0000

00000
3113404

"o 3140¢+04

e 3165404
e3202¢04
«e3203¢+04
.3190*Q“
«0N000 .
«0000
«0000
«0000
00000
+0000
«0000
<0000
20000

UX

«0000
«000N
«0000
«0000
o0000
« 0000
«0000
«00UD
e 0000
«105R¢+0y
«l0bUTOU
1071404
BUILEDY ]
1081404
«{080¢%04
«0000
00000
«0000
e 0000
e 0000
20000
«0000
«0000
¢ 0000

ETA3

0000
20000
+ 0000
«0000
«0000
« 0000
20000
0000
+B181400
8141400
8150400
+8159+400
«8171400
«8170¢00
«8165¢00

«B165+00

«0000
0000
«0000
«0000
00000
«0000
«0000
2« 0000

EXCHEF

40000
«0000
20000
<0000
«N000
<0000
40000
20000
£ 0000
24769400
LU4782400
4797400
LUB819400
UR19400
JUB16400
« 0000
$0000
20000
L0000
00000
20000
$0000
«0000
0000

EFIN

« 9549400
0 95494¢00
29549400
«9549+00
« 9549400
0 9549+00
¢ 9549¢00
« 9549400
09549400
« 9541400
e9543+00
2 954S+00
« 95494+

«9549+00

+9549+00
« 9549400
«9549¢+00
29549400
«9549400
9549400
«9549400
« 9549400
+9549400
« 9549400

QCFIN

0000
20000
40000
20000
<0000
«0000
«0000
0000
«0000
«1093408
«1326+05
21398405
s 1283¢n5
«105240S
«695S+04
«0000
«0000
«0000
«0000
20000
0000
«0000
<0000
20000
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HE IGHT
3,.3429

0.0, TUBE (M)
09525002

(M) DTAMETER(M)
1,1143
1.D, TUBE (M) NO,TURES
«R0010=02 .28000402

829 60

TANK DUMENSIONS
TOTAL SURFACE AREA(M##2)

13,6527

EX ER CHARACTERISTICS
TURE LENGTH(M)
«38192+01

EXER AREA(M2)

¢32000¢01

COLLECTOR AREA(M®22) FLUTD FLOWRATE(XG/HR) WATER FLOWRATE(KG/HR) CAP,RATE RATIO

+3201404 . )
MEAT TRANSFER CHARACTERISTICS(JOULES/DAY)
HEATING LOAD COST TO HEAT TRANSFERRED RATIO
,1881=04

-81°a-

_¢0000¢02
INC,RAD HEAT COLL,
,8203+09 . 0000
TWAT TLIQ

1 6523402 3706401
2 46523402 ,2500+01
3 L,6523+02 ,1U68401
8 6523402 ,L,6699+00
S 6470402 1704400
6 L6417+402 ,0000

7 ,6365¢02 3899402
8 6312402 ,L,7567+02
9 6259402 ,L6452+02
10 o6206+02 L6923402
11 .632%¢02 7196402
12 46501402 ,L,7420+02
13 Lb6RS6402 7694402
14 ,7000%02 ,T6BRb6+02
1S L,7000¢02 7462402
16 ,7000402 7252402
17 L,6947+402 LU4B654+02
18  ,6788¢02 ,1000402
19 ,6629¢02 L,9830+01
20 ,6S23¢02 ,9330+01
21 (6523402 ,8536+01
22 ,6523+402 ,7S500+01
23 ,6523+02 L6294+01
24 ,6523+02 ,5000¢01

«7592¢04a

HEAT TRaN,

«236U409

XHCW

<0000
«0000C
« 0000
«0000
‘0000
20000
« 0000
8325403
e3618+03
«3793+03
3950403
W415740%
e81U3403
,UOOZQOB
JU401de03
e0000
«0000
« 0000
«0000
«N000
«0000
0000
« 0000

<1 72R409

1,0000

HEAT TRANSFER FLUID ~ MOBILTHERM LIGHT-

HI

« 0000
s 0000
« 0000
«0000
+0000
20000
«0000
« 0000
«0000
«824S+04d
JU2BB404
4340404
443004
«UUS3I+04
«U4S3+04
«NOO0O
«0000
« 0000
«0000
20000
«0000
« 0000
«0000
«0600

RO

<0000
«0000
« 0000
«0000
20000
00000
«adooo
«3000
« 1358404
01363404
e1372¢04
+ 1384404
«1385+04
«1381+04
«C000
« (000
« G000
« (000
« 0000
« 0000
« 0000
«0000
« 0000

ux

«0000
«0000

- «0000

«0000
«0000

e 0000
20000

« 0000
20000
«7352¢03
s T378¢03
e 7419403
«7483403
o TU91403
¢ 7480403
« 0000 -
«0000
00000
«00y0
«0000
«0000
20000
«0000

« 0000

ETA3

20000
« 0000
« 0000
«0000
« 0000
«0000
« 0000
« 0000
« 7995400
o 792U4+00
e 7942400
« 7958400
e 7978400
47975400
27962400
«7963+00
0000
"a0000
« 0000
«0000
«NOOO
«0000
« 0000
«0000

EXCHEF

0000
(0000
L0000
20000
40000
.0000

s 0000
00000 -
20000
«3878400
3885400
.389R+00
3918400
03919400
03916400
.0000
,0000
40000
20000
0000
0000
0000
0000
0000

EFIN
«9376400

- «9376400

9376400
«9376400
« 9376400
+9376400
«9376+00
09376400
e 9376400
¢ 9369400
«93704+00
09372400
e 9375400
« 9376400
09376400

99376400

«e9376400
« 9376400
«9376+00
29376400
09376400
«9376+00
0 9376+00
09376400

QCFIN

«0000
«0000
« 0000
.0000
«0000
«0000
«0000
« 0000
«0000
«1044405
«1270405
«1342408
1236405
21008408
+6659¢n4
0000
«0000
«0000
«0000
0000

" 40000

0000
£0000
¢0000



APPENDIX E
TRACED TANK MODEL

The following computer program modeled the performance of the single loop
traced tank system. Most of this program and the input parameters used have
been discussed in other sectiqns;pﬁ‘this report. In this particulér case,

it was used to show the differénbé in performance between séveral heat trans-
fer fluids for a éollector of 10m2. 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.

-Eol-



DIMENSION
DIMENSION
DIMENSION
DIMENSION
DIMENSION
DIMENSION
DIMENSION
OIMENSION
DIMENSION
DIMENGION
DIMENSION
DIMENSION
DIMENSION
"DIMENSION
REAL 1IC

DIMENSION

Tx(2) ‘
TM(2U),CU(28),CX(24),C2(24),011(24),PL(2U),FA(P4),FP(24)

su(?a; ,CONC2U)Y,VIS(24),BEC24),DE(24),C0(24),8(248)
vi(ed

OINCID(24),THEANC2Y S

Ag(15), A2(15), A3(15), A4a(15), AS(4S)
Eq(35),E2C15),E3(15),EU4(15),ES(15)
Fe(35),F2(15),F3(1S),Fu(1%),FS(15)

TEMPC 9, 24) ~
TaMB(24)
G(10),AREA(C10) ‘ :
Tw(za),TL(ZH),REYN(Za),le(2&).REY(ZQ),XH(ZO?,U(ZU)
Ex(24),EC(24),0C5(24),0C6(24)

OFAC(24)

DEN1({S),DEN?(IS),DENB(ls).DENO(!S?,DENS(lSJ

Pz 3,14159%y : .
ACCGe ACCELERATION NF GRAVITY IN FT/ HRx#2

PRI B . T
LR L S
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ACCGE 4,17ER

c NELTIMe INTERVAL OF TTME IN WHICH PRUGRAM 18 EVALUATED IN HR
. .- DELTIMs 1 i e - SR

¢ " PROPERTIES NF COLLECTOR . |

c DIAMOe OUTSIDE DIAM, DOF COLLECTOR TUBE IN M

DIAMO= ,625 » ,0254

c D1AMle INSIDE DIAM, OF TURE IN CULLECYOR IN M
PIAMI=Z ,569 « L0254 -
c XNUT<CRNSS=SECTIQNAL AREA (OF YUBE 1IN COLLECTUR !N Mtta.
XNUTZ 4,/(PY » DIAMIwwx2,)
(o DIAHX INSIDE DIAM, oF TUBE IN FT,
NIaMXz ,569 /12,
c §IGMAD FIN THICKNESS OF COLLECTUR IN M
SIGMANE L0108 » L0254
c XLENGT= FIN LENGTYH OF COLLECTOR IN M
XLENGTR !
c CONDe COND, OF COPPER TUBING AND SOLDER IN WATTS/M €
COND= 396,
c CSuBS= BQND CNNDUCTANCE
CSURS= 4, » SIGMAD = COND/DIAMD
c Wwe SPACING OF TUBING ON COLLECTOR IN M
we 2, * XLENGY ¢ DIAMO
c USLOPEe (VERALL HEAT TRANSFER COELFF, Foa COLLECTOR WATTS/Ma22 C
USLOPE= S,
c NS17Ee N, OF DIFFERENT SIZES UF CULLECTUHS
NSTZ2E=z § :
c AREAe ARRAY WHICH HNLDS SIZES (JF COLLECTORS

READ 1078, (AREA(JA),JAZ,NSIZE)
1078 FORMAT(F10,.4)
PROPERTIES OF WATER
Bt THRU BS ARE CUNSTANTS FOR THE SPECIFIC HFEAT EQUATION
THEY HAVE REEN CALCULATED FROM HAMDRDOK OF HEAT TRANSFER
READ 10RO, R1,R2, R3, R4, RS
Dt « DS & CNEFF, FOR CONDUCTIVTY FQUATIONS OF WATER
READ 1080, n1, h2, 03, D4, DS
Rl ® RS « COEFF, FOR DENSTTY EQUATION OF WATER
READ 1080, RY, R2, RS' R4, RS
St « 85 « CNEFF, FOR BETAF EQUATION FOR WATER
READ 1080, Y, S2, S3, S4, S§S
(o 21«25 «CnEFF, FOR VTSCOSITY nF WATER EQUATION FOR TEMP, D>60F
READ JNRO, 721,722, 723, 24, 2S5 R
1080 FORMAT( SEt0,4)

[g] (9] (9] OO0

o PROPERTIES OF HEAT TRANSFER FLUID
c Ne NN, OF FLUIDS CIRCULATED THRU COLLECTOR
Nz 9
c A1 THRU AS ARE THE FLUID CQEFF, FNR THE SPECIFIC HEAT EQAUATIONS
READ 1080, CA1(I),A2(1),A3(T),Ad(1), AS(1Y,I=z t,N)
(o E1 »ES «COEFF, FOR CONDUCTTIVITY FEQUATIDN OF FLUID
READ 1080, CE1CT),E2(T),E3CI),EUCT),ES(T),I= (,N)
c FlaFS -COEF. FOR vxscostrv EQUAYION OF FLUID
READ 1080, (F1C(T),F2(1),F3(1),Fa(l),FS(1),1= 1,N)
c DEN1=DENSe COEF, Fon DENSITY EQUATION OF THE FLUID
READ 1080, (NEN1(I), DEN2(1),0EN3C(TI),UENU(T),DENS(I), I= 1,N)
c DETERMINATION OF ENVIRONMENTAL PARAMETERS

c XPHASE AND X(OMEGA =USED IN DETERMINING AMATENT AIR TEMP,
) XPHASE= « 3, x P1/2, .

Y()MEGA= PI/ 12;
' -E.3-



iS ERD

c

(2] o0 OO0

1090

(g ] (g} (9] o o0 [a X aXal

197

1913

1914

(g} o0 (2] [ X 2] (9] (o] (9] (9]

402 029IAAARGEMI 000293 825 4o ' 4 DATE

LOOP Y0 READ IN INCIDENT RAD, AND AMBIENY TEMP,
DO 1090 Jm y,24
QINCIN=AMOUNT OF INCIDENT RADIATION RECEIVED AT COLLECTOR SITE,..es
FOR THIS CASE IT IS SYMMETRIC AKDUND 12300
QINCID(J)Z 750,% CNS((PY »J/12,) = PI)
TAMBe AMBIENT TEMP, AT COLLECTOR IN C :
TAMB I8 ASSUMED TO RE SINUSNIDAL, WITH AMAX AT 18300 AND MIN, AT 5300
TAMR(J)® 1S, ¢ 10, » COS( XPHASE ¢ J « XOMEGA)
IF THE INCIDENYT RADTATION IS NEGATIVE IT TS ASSUMED TO BE 0
IF( QINCIDC(J) ,GT, 0) GO 'TO 1090
RINCID(J)= o,
CONTINUE

TSTART«YEMP, DIFF, RETWEEN WATER TEMP, AND FLUID TEMP, IN ORDER TD TURN
PUMP ON : :
TSTARTE 18, , _
TSTOP «TEMP, DIFF, BETWEEN WATER TEMP, AND FLUID TEMP, IN ORDER TO TURN
PUMP OFF .
TSTOPs 3, .
THIGHe MaX, ALLOWABLE TEMP, QF FLII1D
THIGH= 90,
NFLOWe NO, OF FLOWRATES TO BE USED
NFLOW= 1 '
G=ARRAY WHICH HOLDS VARYING FLOWRATES OF FLUID
READ 1078,(6(JL)Y,JL31,NFLOW)
NFACe ARRAY WHICH HOLDs VARYING HDT WATER LNDAD
READ 197, (BFAC(J)Y, Jz 1,24)
FORMAT(12F6,2)
PRINT 1913 ’
FORnnytsox.'anLECTOR TUBE CHAwAcrtu!srlcs'/tu:,'n DL.TUBE(M) ', 10X,
1'7.D,TUBE(M) ', 10X, "SPACING OF TUBING(MIY)
PRINT ‘914.DIAMOpDIAMI.N
FORMAT( TXeFI10,8,11X,F10,4,16%X,F10,4/)
LONP TO VARY FLUIDS IN COLLECTOR
NO 1900 T2 9,N
LOOP YO VARY SIZE (OF COLLECTUR
DO 1890 JA= 3, NSIZE
AREACOe AREA OF COLLECTDOR IN Manp
_AREACQ= AREA(JA)
XNTUBEe NO, OF COLLFCTOR TUFES
XNTURE=Z 4, « AREACO
LENGTH IF CNLILECTOR TUBES IN FY
XLCNL= LENGTH OF COLLECTOR TUBRES
XLCOL= AREACN/(XNTUBRE » W & ,3048)
XPANEL= NN, OF SEPERATE HELICAL CODILS
IF( JA ,EQ, 1) XPANELS 2
PROPERYIES OF TANK AND COIL ARQUND TANK
Ke RATI() OF TANK HEIGHY TO RADIUS
Ks 6
DIAMT = DIAM, OF TANK IN M )
NIAMT=((2,8781 « AREACO /(K % PIY)#a(1,/3,))%2,
DIAMTz DIAMY = ,3048
TANKHe HEIGHT OF TANK IN M
TANKHz K » DIAMY /72,
TCOND CONDUCTIVITY OF COPPER TUBING AND COPPER WALLS IN WATYS/M c
TCONDz 396,0
SCOND= CONDUCTIVITY QF STEEL TANK IN wArT%/M c

-E .4’-
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(9]

€0 0o o o

1

SCOND = SO,

TWALL= THICKNESS OF TANK IN M
TWALLS ,0179143 » DIAMY
AwWiD= ,625

BWIOTH « DUTSIDE DIAM, OF TURING ARDUND TANK IN M
BWIDOTHKs ,628 » ,02S4 e : ’
YKs ,0012S

Te HELICAL COTL TUBE THICKNESS
Ts YK ¢ ,02 & BWID/i2, )

RWIDX=DTAM, OF TUBE IN FT,

RWINDX= BWIN/12, @« 2, » T
T= T » ,3048

BWININw INSIDE DIAM OF TUBING AKDUND TANK IN M
RAWIDINS BAIDX » .3048

XNUT1=CRNSS=SECTIONAL AREA OF TUBE AROUND TANK IN M#a2,
XNUTYI=z d,/7(P1sx BWIDIN®#2,)

AONDCO= ROND COUNDUCTANCE OF TANK ROND TO THE TURING
BONDCOz 4, « TWALL « SCOND/BWIDTH .

ODAREAT= TOTAL SURFACE AREA OF TANK _
NDAREATZ PI o DJAMY & TANKHe Pl «(DIAMT =22 _3/2,
PAREATZ PI « DIAMY » TANKH
PRINT 1|
FORMAT(1HO)

PRINT 1911

1911 FORMAT(SOX,'TANK DIMENSIONS' /10X, 'HEIGHT(M)',10X, 'DIAMETER(MY?,

© 110X, 'TOTAL SURFACE AREA(M#«2)1)

PRINT 1912, TANKH,DIAMT,PAREAT

1912 FORMAT(AX,F10,0,7X,F10,4,13%,F10,47)

c

c -

CCOL= CNST OF COLLECTOR SYSTEM
cCcoL= 100, » AREACO
TUBEL =ILENGTH-OF TUBING IN M
TUBEL= 20,
FTUBEL=s TUREL 7 ,3048
CTURE= CQOSY JF TUBING AND SDLDER/METER OF TUBING
CTUHER S, _
BMAX « SPACING BETWEEN TUBES IN M
MAXT 2,75 & L0254
TLENGTe FIN LENGTH OF TANK IN M
TLENGT= ( RMAY & BWIDTK )/2,
AREATe AREA (OF HEAT TRANSFER IN Maw)?
ARFAT= BMAX = TYUREL
Tie FRACTION OF TANK COVERED RY TUBING
Ti= AREAT, PAREATY
PRINT 191S, Tt

1915 FORMAT(S0X,'COIL CHARACTERISTICS'/S0X,'AMOUNT OF TANK COVERED BY

1TUBING',F7,3/ SX,'0,0,TUBE(M)?, 5X,'1,D,TUBE(M)!, SX,'TOTAL LENGTH
20F TURTING(M)?,10x,'SPACING BETWEEN COILS',10x%,'FIN LENGTH!)
PRINT 1916,pWIDTH,BWIDIN, TUBEL,BMAX, TLENGT

1916 FORMAT(IX,F10,4,5X,F10,4,11X,F10,4,17X,F10,4,18%,F10,4/)

c
c

JLe= COUNTER FOR NUMRER oF FLokaTFs
JL= 1

1CQUNTY= COUNTER ro DETERMINE HUW MANY FLOWRATES TO USE
ICOUNT= 0

1062 CONTIMUE

TWATFe STARTING TEMP QF WATER
TWATF=z 60,
TWAT = TFMP OF WAYER IN TANK

-E.5-
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1063

() (g N el (2] (]

OO0

1064

(2] [ N o

o o o o O [}

oo o

[ Na]

O (2] (9] © (g K g]

_TWAT 3 TWATF

TLININe TEMP, OF FLUID ENTERING LnLLECTOP o
TLIQINZ TwWAry
IXe COUNTER: FOR CUNVERGENCE Lnone FOR MULTIPLE DAY RUNS
IXxs O
AN ITERATION BEGINS WHICH WILL CONTINUE UNTIL THE DAY'S TEMP, AND THE
PREVINUS DAY'S TEMP ARE NITHIN AN ACCEPTABLE LIMIT,,,e0
CONTINUE
IF 17T TAKES MORE THAN 7 DAYS TD CnNVERGE IT IS YOO LONG
t1FC Ix ,GE, 7) GO TO 1822
Ixz IX ¢ 1
FOR MULTIPLE DAY RUNS, FLOWRATE COUNTER IS SET BACK 10 1
SO THAT THE FLOWRATE I8 JUST TURBULENT
ICOUNTe COUNTER TO DETERMINE H{(W MANY FLONRATES T0 USE
IFC ICOUNY _NE, 0) GO TO 1064
JL= §
CONTINUE
THEGe BEGINNING TEMP. OF WATER IN TANK FOR. EACH DAv
TREGS TWAY
IC=COUNTER OF NUMBER OF HOURS PUMP IS TURNED ON
1C= 0
OTPRIMe TOTAL RATE OF MEAT COLLECTED AND TRANSFERED TN FLUID/DAY
QTPRIMSs O
GT7RIMe TOTAL RATYE PF HEATYT TRANSFFRRED /DAY FROM FLUID TO TANK WATER
NYTRIM3 0
ATLNSS=TnTAL LOSS FRUM TANK FOR | DAY
oTLNSS= 0,
QTLOAD«TQTAL LUAD FROM TANK FDR 3 DAY
QOTLOADE O,
OTINCe TOTAL INCIDENT RAD, FOR § DAY
QTINCz 0, A
EAVE= AyE, COLLECTOR FFFICTFNfy
EAVEE 0,
FPAVEe AyE, FIN EFFICIENCY OF TUBE=TANK SYSTEM
FPAVE= 0, . : '
EXAVEe AyE, EFFICIENCY OF TUBE TANK SYSTEM
EXAVE= 0, )
TMAXe MAY, TEMP, DF WATER FDR A GIVEN DAY,
TMAXE TwWAY
TMINe MINn, TEMP, OF WATER FOR A GIVEN DAY
TMINS TWAT
PUMP=SIGNIFTIES WHETHER PUMP IS ON OR OFF,
IF PUMP 18 1 PUMP 18 ON,PUMP=0,PUMP OFF,
PUMP= "0
LOOP YO vARY TIME OF DAY
STARTING WITH 1300 TO 24100
nO 1830 Js 1,24
TEMP,=AN ARRAY WHICH HOLDS ALL DATLY TEMPERATURES UNTTL THE TEMP,
CONVERGE..,'..
TEMP( IX, J) = TWAT
QINCID 18 INCIDENT RADIATION RECIEVED BY COLLECTOR IN NATYS/M"Z
Rz QINCIDCY)
TYAMRCNe AMRIENT AIR TEMP. FOR GIVEN IN €
TAMBCNZ TAMR(J)
PUMPSIGNIFTES WHETHER PUMP I8 ON OR OFF,
IFC PYMP  Ng, 0) GO TO 1854
TLIQ-T&MP. OF FLUID WHEN PUMP 18 OFF,ASSUMING lsoTHERMAL COLLECTOR

~E.6=
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. . TLIN®(AT  /ySLNPE)+ TAMBCN
C IF TEMP, OF FLUID 18 GREATER THAN THE MAX, ALLOWARLE TEMP,
c WHICH PRESSURE AND BOTLING FFFECYS ARE SIGNIFICANT,IT IS ASSUMED
.C THAT THERE I8 A RELEASE VALVE CNULING FLUID 1O THE NA!. TEMP,
IFC TLIR ,GF, THIGH) TLIGa THIGH
c TLIQIN= TEMP, OF FLUID AT ENTRANCE TO COLLECTOR
TLIQINS TWAY
TENTIZ TLIG o TWAT
- IF THE TEMP, OF THE FLUID IN THE COLLECYOR I8 MUCH GREATER THAN THAT OF
c THE WATER IN THE STORAGE TANK THEN THE PUMP 13 TURNED ON,
1F( TENTY ,LE, TSTART) GO Y0 1399
¢ LONP TGO FIND FLOWRATE FOR TURBULENT FLOW
1854 CUNTINUE
c IF PUMP 18 1 PUMP 18 ON,PUMP3(Q,PLIMP OFF,
pPyUMPs 1|
o TLIGI1 = TLIGIN IN F
TLINIt= 1,8 *» TLIQGIN ¢ 32,
c SHi111e SpECIFIC HEAY OF WATER AY LIQUID TEMP,
SH111z B1+ R2 #(B3¢ TLIOI1) ¢ Buwx (BS+ TLIOII)Ywa2,
c SHyte SPECIFIC HEAT OF FLUID IN BTU/LB F
SHI12 A1(TIYe A2CI) w( AZCI) ¢ TLIGIL) ¢ AGCI) o TLINIT4 ASCI))we?
c SHie SPECIFIC HEAT -OF FLUID IN WATT 5R/KG €
SHiz SH1IY » 1,162 :
C Gt « FLUID FLOWRATE IN KG/HR
- G1= GCJLY) » AREACD ~(SH111/8HIY)
c Gii= FLOWRATE OF FLUID THRU COLLECTDR IN KG/HReMxa2
G11= G(JL) » (SHI11/8SH11)
c G111=FLNWRATE OF FLUID THRU COLLECTOR IN LB/FT+#20FTUBE HR
G111= Gt % yNUT/YNTURE ‘
Giti= G111/4,8R3
c VISFL= vIsc0917v OF FLUID IN LB/FTeHR
VISFLIS F1C01)¢ FRCT)w(F3(I)¢ TLIGIL)+FUCIIn(FSCI)eTLIOIt I nn2,
VISFL1= 1,/VvISFLY
c CONFLE=CONDUCTIVITY OF FLUID IN BTU/HReFTef
CoNFLIZ E1(1)¢+ E?(I)t(EB(I)OTLIoll)oEa(I)t(E%(I)oTLIGII)tﬁ?.
DENFLYz DENY(1)4DEN2C(I)@(DENSCI)+TLIQI1)+DENU(TIw(DENSCI)I¢TLIONL)
1282,
c . CAPl = CAPACITY RATE OF FLUID IN WATTS/C
capi= Gy » gHY
c DETERMINATION OF ETA2
COEF= SQRRT(YSLOPE/(COND # SIGMAQD))
ETA1Z TANH(COEF & XLENGTY/(COEF » XLENGT)
YPARTI= 1,/7¢(1, = DIAMO/W)« ETAY)
YPART22 1,/(((W » USLOPE)/CSUIBS)+ YPARTY)
YPART3z 1,/7((DTAMO/W)¢ YPART2)
REYNOLZ Gi1y » DIAMX/VISFLY
IF{ REYNOL LT, 2500) GO YO 157
PRANDT= SH1y » VISFL1/CONFL}
FRICs ,00144 o 125/REYNOL #%,32
IFC REYNOL _GT, 7100) GO TO 166
c TRANQITIQN REGION
. QJPRIMs .llb*(((REYNOL)*t(E /3, ))-125 y/ REYNOL
c XHCWe INSIDE TUBE HEAY TRANSFER LnEFF. FOR COLLECTOR
XHCW1E (PRANDTA&(=2,/3,)) # SH1IL = G111 * DJPRIM
60 10 158
166 CONTINUE
C TURRULENT REGION

-E.7-
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(g B o |

g N g ]

157

1SR

1112

1140

1141

. XHCWISCONFLY & ,023 «( REYNOL ##,8) «(PRANDY ##_ 4)/DIAMX

60 TO 158
CONTINUE
LAMINAR REGION
FRICE 16,/REYNOL
61218 G3/(XNTUBE » ,U4S536) )
TURECO3 AREACO/(((2 » XLENGY ¢ DIAMU)I* XNTUBE)e ,3048)
CPARTYa G312y » SH11/(CONFLY « TUBECL)
CPART2s 1,75 » CPARTY #x(1,/3,)
IFC CPART2 _LE, 3,66) CPART2E 3,66
YHCWiIE CONFLY & CPART2/ DIAMX '
CONTINUE
XHCWiz XHCWy « S,678
PRESSURE DROP IN EACH TUBE OF COLLECTOR .
XPDe FRICHXLCOL*(G111%22,)/(2,#DIAMX#ACCG#DENFLE®144,)
CXPDm XNTUBE » XPD
ETA2Z 1,/(((W #USLOPE)/(PI aDIAMI w XHCW1))}+YPART3)
DETERMINATION OF ETA3
ETAY e COLLECTUR EFFICIENCY ]
Ax1s =( FTAQ o USLOPE)/( G1y = SHY)
Ax2z t = EXp(AXY)
ETA3Z= ( Gi11 « SHi/ USLOPE) « AX2
ACOoLL AMQUNY DOF HEAY COLLECTED BY COLLECTOR
ACOLL= ETA3S ¢ AREACO o( Qe USLOPE a(TLIQIN = TAMBCNY)
1FC QCNLL L,LE, 0) GO TO 1399
QTPRIME ACOLL * PELTIM = 3600, ¢ QTPRIM
CONTINUE
TLINFe TEMP OF LIQUID LEAVING CnLLECTOR ASSUMIMG CAP,
FLUID ENTERING COLLECTOR
TLIGFs TLININ ¢ QCOLL/ CAPQ

COMVERGENCE LNOP TO DEVELOP MEAN CAPACITy RATE IN ORDER TO CALCULATE

THE TEMP, OF FLUID LEAVING COLLECTOR, 444
IC1e COUNTER TO DETERMINE NUMBER OF ITERATINNS,ess
JICis 0
CUNTINUE
IC1 = TC1 +
TINCRs TLIAF « TLIAIN
TLIGF1= 1,8 « TLYIGF + 32,

RATE AT TEMP,

SH77= A1(J) & A2CIIw(CAZ(I)+ TLIGF{)+ Aa(l)*(VLIOFl ¢ ASC{I))Ine2,

SHTe SPECIFIC HEAY OF FLUID IN WATTeHR/KGeC AT TLIQGF
SHT= SHT7 + 1,162
CAp7= CApACITY RATE AY TLIQGF IN WATTS/C
CAPT= SHY « 51
CAPRe MFAN CAPACITY RATEUSED IN DETERMINING THE FINAL
LEAVING cOLLECTOR,,,
CAPBR= ( CAPY ¢ CAP1) /2,
TLIN= YEMP, OF LIQUID LEAVING COLLECTOR IN C
TLIAS TLIQIN.+ DCOLL / CAPB
TvaAL= (TLIAF « TLIQ)/TINCR
TVAL =z ARS(TVAL)
IF TVAL) 1 ( OF TEMPS, THEN LOOP HAS CANVERGED
TF( TyaL’ Le. ,0001) GO TO 141
TLIGF: ern
60 TO 1340
CIINTINUE
TLIRe TEMP OF FLUID LEAVING COLLECTOR
TLINt= TLIO * 1,8 « 32,
-E.8~
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IF THE TgMP, OF FLUJID 19 LESS THAN THAT OF TYHE TANK WATER , THE
PUMP WILL NNT BE TURNED ON AND NU HEAY WILL BE COLLECTED,,,,
1F TEMP, OF FLUID 1S GREATER THAN THE MAX, ALLOWARLE TEMP, ABDVE
WwHICH PnessHRE AND ROILING EFFECTS ARE SIGNIF!CANY.IY I8 ASSUMED
THAT THERE 18 A RELEASE VALVE COULING FLUID TO THE MAX TEMP,

IFC TLIN ,GE, THIGH) TL108 THIGH

TENT2: TLINe TWATY

IFC TENT2 1 E, TSTOP) GO TO 1400

c G1111=FLOWRATE IN LR/FT#22«HR

G11113 G1 » XNUT1/XPANEL

G111z GY111/4,883

VigFL2s Fl(I)OFZ(I)t(FS(!)OTLIOl)+Fuft)t(FS(I)OYL101)'*2.

VISFL2=z 1,/ VISFLZ )

DENFL2= DEN1(I)+DEN2(I)-(DEN3(I)*TL101 J+DENU(T)IA(DENSCI)eTLTIOY )

(s NaXaNaRal

1e22,

quaa: AP(TY ¢ A2CT) «(A3(I) ¢ TLIOL) ¢ AU(I) =CAS(I)e¢ TLIDi) a2,
c SH4= SPECIFIC HEAT OF FLUID AT TLIG
: SHUm 1,162 « SH4U
c cAPS- CApPACITY RATE OF FLUID AT TLIO

CAP3IE SHU » G
CONFL2Z El(x)tEatl)i(EB(I)*YLlﬂi)fEu(I)t(ES(Y)OTLlﬂi)**2.
REYNOs G111y » BWINDX/VISFLZ2
IFC REYND ,|. T, 2500) GO TO 161
PRANDE SH44 » VISFL2/CONFL2
FRIC= ,0014 ¢ ,125/REYNQ#*«,32
IF(REYND ,GY, T7100) GO YO 167
c TRANSITIUN REGION
T1JPRIM=, 1164 (((REYND)Y2#x(2,/3, )) 125 Y/REYND
c . XHCWe INSIDE HEAT TYRANSFER CQEFF OF FLUID IN TUBES
XHCu= (PRAND ##(=2,/3,))% SHUY = Gl11y » TJPRIM
GO 10 162
167 CONTINUE
c TURBULENT REGION
XHCwa CONFL2 * ,023 *(REYNO ##,8) x(PRAND w# 4)/BWIDX
60 TO 162 ;
161 CONTINUE
(o LAMINAR REGIDN
FRIC= 16,/REYND
611212 GI/(yPANEL » L4536)
TUSELY = TUREL/(,3048.~ XPANEL)
DPARTI= G1121 » SHUU4/(CONFL2 = TUBELY)
NDPART2Z 1,75 » DPARTI »x(1,/3,)
IFC DpART2 _LE, 3.66) DPARY2 = 3,66
XHCW=2 CONFL2 # DPART2/BRWIDX
162 CONTINUE : ’
FOR HELJcAL CoIL,THE INSIDE TURE HEAT TRANSFER COUEFF, I8 INCREASED BY

c
c EFFECTS OF CURVATURE ACCORDING TO MCADAMS BY THE FOLLOWING
XHCWE XHCW + 5,678
XHCW= XHCW o (1, ¢ 3,5 » ( DTAMI/DIAMT))
wxpps FRIC*FYURELttcllllttZ 1702, #RWIDIN*ACCGRDENFL2#144,)
~ IC2= COUNTER TO DETERMINE NUMBER OF ITERATINNS,.,.,
1c2z 0
i BEGINNING OF CONVERGENCE toop TO DEYERMINE THE HEAY TPANSFER CNEFF, C(UL)
C FROM FLUID TO TANK WATER _
c TXe TEMP' (OF WALL OF TANK

1111 Tx(1)s YLIQ

M
=1 -E.9-
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arve e

.o

1120

1170

1200

CONTINUE
THEAN(M)w MEAN TEMP, OF WATER
TMEAN(M)S ( TX(M) ¢ TWATY / 2,
1C2s IC2 ¢ ¢
BETAC= VoL, COEFF, DF EXPANSION IN 1/C
BETACs 81 ¢ 32 »( 83 ¢ TMEAN(H)) +S4 *C(TMEAN(M) ¢ 8S) %w2,
BETAFe VOLUMETRIC COEFF, OF EXPANSION AT WALL TEMP ,
BETAFs S, * BETAC/ 9,
TMEAN(MYZ TMEAN(M) « 1,8 ¢+ 32,
DENSWS » DENSITY OF WATER AT WALL TEMP _ _
DENSW3Is R1 ¢ R2 #(R3¢ TMEAN(M)) ¢ R4 a(TMEAN(M) ¢ RS) %22,
CONDW3= CONDUCTIVITY OF WATER AT WALL TEMP ‘
CONDWIE D1 ¢ D2 #(D3¢ TMEAN(M)) ¢ D4 *(TMEAN(M) ¢ DS) e,
SH33e SPECIFIC HEAT OF WATER AT WALL TEMP,
SH33 = Bf ¢ B2 #(B3¢ TMEAN(M)) ¢ Ba *(TMEANCM) ¢ BS) #»2,
SH3z SH33 » 1,162
VISW3e VISCUSITY OF WATER AT WALL TEMP
VISW3E 21 ¢ 22 «( 23 ¢ TMEAN(M)) ¢ Z4 »( 25 ¢ TMEAN(M)) TR
VISW3a 1,/VISKS
TANKHe HEIGHT OF TYANK IN FT
TANKH=E 4,5
APARTL,APART2,APARTS, ARE PARTS UF NATURAL CONVECTION HEAY TRANSFER
EQUATION FOUND IN MCADAMS, FOR TURBULENT CASE(7=UA),LAMINAR(7<4RB)

APARTY 3 (SH33 » VISWS/CONDNS) 2 TANKH =3,
TWATIE TWAY = 1.8 ¢+ 32,
TXPz 1,8 & TX(M) ¢ 32, . . .
APART23 APARTY % ACCG = BETAF # (TXP o TWATYL) #«(DENSW3sn2,)
APART?2= ABS(APART2) i
APARTY3s APART2 /(VISW3 wx2,)
SEPERATION FOR TURBULENT AND LAMINAR RANGES
IFC APARTS LT, 1E9) GO TO 1170
TURBULENT RANGC
CCONa 13
DCONS 1,73,
G0 TO 1200
LAMINAR RANGE
Ccon= ,S89
DCONE ,2S
CONTINUE
ULe NATURAL CONVECTIQON COEFF, O0F WATER FOR A VERTICAL CYLINDER
ULz CONDW3 » CCON #(APART3 s DCON)Y/TANKM
ULs UL » S,678
TANKHz K & pIAMTY/2,
AHALF ,ARGEF,ETASO,ELE1,ELE2,ELEY, ARE PARTS OF ENUATION TO DETERMINE
FPRIME AS FOUND 1IN
AHALFz SQRT(UL/Z(SCOND » TWALL)Y)
ARGEF=z AMALF « TLENGT . :
ETASO= TANH(ARGEF)/ARGEF
ELE1= BMAX/( BWIDTH ¢ 2, & TLENGT o ETASO)
ELE2s BMAX » LIL/ BONDCOD .
ELE3= AMAX « UL /(PI & BWIDTH » XHCW)
FPRIMEz 1/0 ELEY + ELE2 ¢ ELED)
TMEAN(M)s (5,/9,) #(TMEAN(M) =32,.)
EXETAs 1, » EXP(=UL » AREAT a FPRIME/ CAPI)
TLIowe TEMP, OF FLUID LEAVING TANK AY ROTTOM IN C
TLYQWs TLIN o EXETA #( TLIQ « TWAT)

-E.l10-
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c
c
c

o O O 0O 0O

1220

LOOP TO DETERMINE MEAN CAPACITY KATE OF FLUID IN DORDER TO DETERMINE
AMOUNT OF HEAT TRANSFERRED TU TANK,,,,
1C3e COUNTER TOD DETERMINE NUMBER NF ITERATIONS,,,,

IC3z ¢

CONTINUE

I1C3= IC3¢ .

TLIGW!IS 1,8 « TLIOW ¢ 32,

SH66B A1(!) * A2CI) #( ASCID#TLIAWI)+AUCTI)I*(AS(I)4TLIOW ) ne2,
SHee SPECTF HEAT OF FLUTD AT TLIUNW

SHA3 SHeE » 1,162
CAP6= CAPACITY FLOW RATE AT TLIGW

CAP&63 SH6 » G ) o
CAPUSMEAN CAPACITY RATE OF FLUID

CApuz ( CAPS + CAP6)/2,
EXETAw EFFECTIVENESS OF HEAT TRAnsFER FROM TUBES TO TANK

EXETAs 1, = EXP(=UL * AREAY % FPRIME/CAPY)
TLIAIN= TEMP, OF FLUID LEAVING TANK,

TLIGINS TLIND © EXETA » (TLIQ = TWAT)

TARSIz TLIQ = TLTGIN

TARS=(TLIVUIN = TLIOW)/TABSI

TABRSS ARS( TABRS)

1230

1399

1400

IF TABS j) ,1( THEN THE LONP HAS LONVERGED
IFC TaBS ,LE, ,0001) GO YO 1230
TLIOWs TLIGIN
GO Y0 1220
CONTINUE
73 UL * BMAY * FPRIME / CAPYU ) . ..
EITAS ((1,7EXETA) = 1,)
FACTOW- PENALTY IMPOSED BY JACKETED TANK SYSTEM ON HEAT TPANSFER
FACTORs 1,/¢1, ¢ (AREACO %« ETA3 % USLOPE/CAP4) » EITA)
TPD= CXPD ¢ wxpo
VFLQOW1S Gt & 2,2046 7( DENFLI » 3600,)
XHp3e TPD & VFLOW! x 144, /7 S5S0,
Cop13 L,03 » B, » 365, # .7&57 *« XHP3/,7
NTPTAL AnOUNT OF HEAT TRANSFERED FROM FLUID TO WATER IN TANK
ATOTALs FACTOR % AREACO # ETA3 » (Ql = USLOPE #(TWAY = ‘TAMBCN))
M= Me
TX(M)e NRTOTAL/Z(UL * AREATY ¢ TwaAT
AARD3I TX(M) « TX(Me 1)
AARD= ARS({ AARD) i
IF THE DIFF, BETWEEN THE NEW AND OLD WALL TEMP,) ,1C THEN THE LDOP
HAS CONVERGED,,,
IFC AaRD | E, «1) GO TO 1500
us . ‘
TX(M)z TX(Me 1)
GO 70 1120
CONTINUE
IF CONTRQL HAS PASSED TO THIS LOCATION THEN THE PUMP WASN!'T ACTIVATED.,.
REYNOL= 0
XHCWia 0
ncoLls 0
ETA32 O
CONTINUE
PiiMpz O
AT0TALE 0,
REYNO= ©
YHCuWs 0

"E c”-
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ULs 0
EXETAm 0
FACTOR= O
OoCs 0
IC= OC ¢+ IC
GO TO 1510
1500 CONTINUE
c
c AMD HEAT 18 TRANSFERRED YO THE TANK
(" IC«COUNTER OF NUMBER 0OF HNURS PUMP I8 TURNED ON
ICs IC+ 1
c EXAVEe AyE, EFFICIENCY OF TUBE TANK SYSTEM
EXAVE=z EXAVE ¢ EXETA
c FPAVE= AVE, FIN EFFICIENCY OF TUBE«TANK SYSTEM
FPAVEz FPAVE ¢ FPRIME
c EAVE= AVE, COLLECTOR EFFICIENCY
EAVES ETAY o EAVE
c FINAL DETERMINATION OF FACTORS FUR. GIVEN HOUR
1510 CONTINUE
c QTINCe TOTAL INCIDENY RAD, FOR | DAY
GTINCE QRTINC ¢+ QI » DELTIM » 3600, » AREACH
QTTRIM= QTTRIM ¢ QTOTAL « DELTIM « 3600,
DENSWZ RY ¢ R2 (R3¢ TWAT) ¢ RUw ( RS ¢ TWAT) #x2,
c DENSWe NDENSITY OF WATER IN KG/MaxSg
DENSWZE 16,0522 « DENSW
SHSS5= By ¢+ R2 »( B3I+ TWAT) ¢ BU (RS ¢ THAT) w2,
C SHge SPECIFIC HEAY OF WATER
SHS= SHSS « 1,162
c vOLwWe VOLUME OF WATER INSIDE TANK ASSUMING NO EXPANSION OF WATER WITH
c TEMPERATURE AND FILLED TO THE TOP OF THE TANK
VOLWE P « ((DIAMT x#2,)/4,) = TANKH
c TCOL= TOTAL COST QF SYSTEM
TCoL= CCOL « TUREL » CTUBE
FEX= TCOL/QTOTAL
GEXs TCOL/QYTRIM
2CnL= CCnlL/s CTUBE
PFAC= QFAC(Y)
RBASE= 60, » AREACO
o PLOANe VARIABLE HQOT WATER LOAD
PLNAD= PFAC = RRASE
BTLADZE ATLQAD ¢ 3600, * PLOAD & DELTIM
TW(I)= TWATY
c TWATNE= TEMP OF WATER AT END OF 3 HOUR
ALPHE (QTOTAL « PLOAD)/(SHS » DENSW = VQOLW)
TWATNE= TWAY ¢ DELTIM = ALPH
TWAT a TWATNE
c TWMAXe MAX, ALLOWABLE TANK WATER TEMP,
TWMAXz 70,
IFC TwAY ,Gy, TWMAX) TWAT= TWMAX
C TMAXw MAY, TEMP, (IF WATER FOR. A GIVEN DAY,
IF( TwaAY ,GE, TMAX) TMAX= TWAT
c TMINe MIN, TEMP, OF WATER FOR A GIVEN DAY
TFC TWAY ,LE., TMIN) TMINS TwAY
TLCI)= TLIO .
REYN(J)= REYNOL
XH1(J)z XHCwt

D4

IF CONTRnL HAS PASSED TN THIS LOCATION THEN THE PUMP HAS HEEN AC!YVATED

REY(J)= REYND

-E.12-
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YH(J)s XHCW
yeJye UL
Ex(J)s EYETA
EClJ)s ETAS
BCS(J)a FACTNR
NC6(J)s QYOTAL
TM(J)e TMEAN(1)
CatJ)s CAPY
Cx(J)= wXPD
C2¢(J)= G111}y
11 (J)s CuPy
PLfJ)s TPD
FA(J)z FACTQOR
FP(J)= FPHRIME
SH(J)3 SHY
CON(JY= CONFL2
ViS(Jy= VISFL2
RE(J)= BETAF
DEC(J)= DENSW3
COo(JY=s CONDW3
S(.J)=s SH3Y
VI(J)= VISWS
1R30 CONTINUE
1FC IX LJLE, §) GD TO 3063
J= 1
1821 CONTIMUE
1IFC J ,GE, 2S5) GD TU tR22
NDIFFz TEMP(IX,J) = TEMP(IXei,J)
ARS12 ARS( DIFF) '
IF ALL TEMP, MATCH WITHIN A CERTAIN TULERANCE BRETWEEN THOSE OF NNE
DAY AND THOSE OF THFE PREVIOUS THEN THE PRNGRAM CONTINUES 70O THE
NEXT wWATER INLET TEMpP,
1FC AHSY ,GT, 2,) GO TO 1063
Jz J ¢
G0 TO 1821
1822 CONTINUE
1FC 1ICc ,EOQ, 0) GN T3 1A23 .
FXAVE= AVE, EFFICTENCY DF TURE TANK SYSTEM
ExavE=s EXAVE ¢/ IC ' .
FPAVEe AyE, FIN EFFTCIENCY DOF TUHFE=TANK SYSTEM
FPAVEz FPAVE/IC
EAVE= AVE, EFFICIENCY (OF COLLECTUR
FEAVE= EAVE/ZIC
1823 CUNTINUE
1910 CONTINUE
PRINT 1917 .
1917 FORMAT(S0X, 'PERFORMANCE CHARACTERISYICS'/10X,'COLLECTOR AREA',t0Y,
{'FLOWRATE OF FLUID(KG/HKR)',SX,*NO, UF HOURS PUMP IS ON')
PRINT 1918,AREACD,G1,1C
1918 FORMATCI0X,F10,4,16X,E10.4,17X,F10,47)
PRINT 1832 . .
1832 FORHATOLY, Y J', 3%, 'THAT!Y ,AX,'TLIQ?,5Y,'REYNQL Y,SY, ' XHCWL!,5X,
1'REYND?Y , Sy, tXHCW' , X, 'ULY, Ty, "EXETAY,SX, 'ETAZ! SX, tFACTOR?,4X,
2'0T0TALY /)
PRINT 1R33, (J,TW(J), TLCJY,REYNCII,XHI(J),REY (J),XH(I),U(I), EXCI)
1,RC I, RES (), RCA(T),J021,24)
1R3Y FOPHAT(1Y,T2,11E10,4)

-E.13-
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PRINT 1919
1919 FUORMATY(USX,'HFAT TRANSFER CHARACTERISTICS(JOULFSY'/10X,'INC,RAD
1 /DAY ,5X, "HEAT CNLL')SX, "HEAT TRANS, /DAY'.SX,'HEAT Lnao/nav'
25X, 'CO8T TN HEAT GAIN RATIO!)
PRINT 1920,QTINC,OTPRIM,QTTRIM,QTLOAN,GEX
1920 FORMAY( Sx,E10, a. 9x, eao a, 15x Elo 4,10X, Elo a,aox E10, a/)
PRINT 192t
1921 FORMAT (1H1) .
1IFC JL ,GE, NFLOW) GO TO AR39
JLz JL ¢ 1
ICNUNT3 TCOUNT+ 1§
GO T0 1062
839 CONTINUE
820 CONTINUE
190 CONTINUE
1900 CONTINUE
END

PILATIONS. NO  DIAGNOSTTCS,

-E.l14~
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OMAP,SX  ,NAME

MAP2BR1C RL72-8 07/15/77 113111334

1.

ADDRESS LIMITS
STARTING ADDRESS

015332
047576

SEGMENT SMAINS

NSWTCS/FOR69
NRBLKS$/FOReE2

NRWNDS/FOR=E2
NWEFS/FOR=E2
NCLOS$/FOR=E3
NWBLKS/FDR68

NBSBLS/FOR=E3

.NUPDAS/FR6B
NBDCVS/FOR=E3
NFCHKS/FORE3

NBF00S/18D
NFTVS/FOR=E2
NCNVTS$/FOR68
NOUTS /FOR=E3
NIOERS/FOR=E3
NFMTS/FOR=E3
NINPTS/FOR=ES
NTABS/180
FORCOMS/FURF TN
NERRS/FOR=E3
ERUS/SYST2=8
NERCOMS/FOPaTES
FORVCQM$/FOR=TE3
NSTOPS/FOR=TES
EXPS/FORS9
TANHS/FORS9
NEXP6S/FOR=E3
NOSYMS/FOR=E3
SINCOSS/FOR=E3
NIERS/FOR=E3
NISYMS$/FOR=E3
SGRTS/FORS9
NINTR$/FOR=E3

$(1)
$C1)
$C1)
$C1)

$(1)
(1)

$(1)

s(1)
$(1)
$(1)
$(3)

$(1)
s$C1)
$Cy)
$(1)
sC1)
(1)

$C1)

£¢1)

$C1)
(1)
$C1)
$(1)
$(1)
$(1)
$(1)
$(1)
$C1)
$(1)

BLANKSCOMMON (COMMONBLOCK)

MAIN

SYS3*RLIBS, LEVEL 72-8

END MAP

$(1)

11310345 ERDAO2 0293AAARQEMI 000293

825

40

6363 IBANK WORDS DECIMAL
3967 DBANK WORDS DECIMAL

001000 015332

001000
001033

001151
001233
001467
001733

002122

002175
002231
002362
003353

003354
003377
003621
00Sa00
005630
006513

010922
0t0uAkb

010546
010612
010702
0ttonhy
011204
011447
011604
011762
012136
012177

012337

-E.15-

001032
001150

001232
001466
001732
002121

0n2174

002230
002361
003352
003353

003376
003620
005377
005627
006512
010121

010465
010548

010611
010701
011005
011203
otiadqe
011603
011761
012135
012176
012336

015332

$(0)
$(4)
$(2)
$(2)
$(2)
$(0)
$(4)
$(0)
$(4)

$(2)
$(2)
$(4)
$(2)

$(2)
$(2)
$(2)
$(2)
$(2)
$(2)
$(2)
$(2)

$(2)
$(2)
$(2)
$(2)
$(2)
$(2)
$(2)
$(2)
$(2)
$(2)
$(2)
$(2)

$(0)
$(2)

A\l

040000 047576

040000 040001
040002 0400Sa
040055 040066
0u006T 040106
040107 040136
040137 0401040
ou0tuy 040212
040213 040213
000214 040251

"040252 040327

040330 040501
04n502 040553
040554 042761

042762 043057
043060 043123
043124 043273
043274 043347
043350 043403
043404 043443
043444 04345y
043452 043642

043643 043A8A
043657 043666
043667 043675
0u3676 043716
043717 0437448
043745 Ouuolte
044017 044020
044021 044043
044044 044164
044165 04UL166
04u167 044200
04u201 04u23t

044232 047576
BLANKSCUMMOY,
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HEIGHT (M)

HEAT TRANSFER FLUID - MOBILTHERM LIGHT

DIAMETER (M)

2,1059 07020
0,0, TUBE(M) 1.0, TUBE (M)

«0159

« 0145

TANK DIMENS?ONS
TOTAL SURFACE AREA(M#*%2)

4,648

COIL CHARACTERISTICS

AMNUNT (JF TANK COVERED BY

TOTAL LENGTHOF TURING(M)
20,0060

FLOWRATE OF FLUI

TUBING

0301

SPACING BETWEEN COILS

PERFORMANCE CHARACTERISTICS

COLLECTOR AREA N{XG/HR) NN, NF HOURS PUMP 18 ON
10,0000 1937404 S.0000
TWhY TLIA REYNOL XHC WY REYND XHCW ut EXETA ETA3 FACTOR
«5625¢02 1241402 L0000 0000 000600 «0000 «0000 00000 00000 00000
«5625402 L1000+02 L0000 .0000 00000 2000y 0000 s 0000 00000 - 20000
«5625¢02 ,7929+40%1 L0000 0000 00000 000y 00000 20000 20000 20000
«5625402 63400t 0000 40000 20000 «0000 00000 20000 «0000 00000
«5562402 ,S534140t1 L0000 L0000 +0000 «0000 «0000 20000 «0000 20000
5498402 45000401 L0000 (0000 00000 « 0000 +0000 «0000 .0000 «NO0O
«5835402 ,4416402 L0000 {0000 0000 «0000 «0000 « 0000 00000 00000
e5371+02 ,Su471402 ,3217¢03 7816402 ,0000 «0000 « 0000 0000 16663400 L0000
«5308402 ,5526402 ,3151+403 _ 7818402 ,0000 ,0000 0000 0000 W6h6L400 L0000
05245402 ,5558+402 ,30RS+03 7820402 L6653408 8739403 ,5100403 ,2933400 6664400 ,9208+00
«5338¢02 ,5833402 3315403 7814402 7827408 ,1156404 5408403 3289400 6663400 ,9310400
«SURBEQD 5059402 3527403 _TB0R402 7690404 L11Ru+0d ,5503+03 ,3291400 6662400 9322400
oSEUTe02  (62U2402 3730403  _TBO3402 ,B257408 ,1205408 5574403 3322400 6661400 9332400
«O12H+02 6029402 3973403 ‘77c7+oa BB22¢+00 ,1225404 5424403 - ,3301400 ,L6660400 ,L,9325+00
45355402 L6561402 4191403 7791402 L0000 20000 00000 20000 06659400 L0000
e5292402 46420402 L48153403 7792402 L0000 «0000 «0000 W 0000 26659400 L0000
6228402 6348402 ,0000 L0000 .0000 20000 00000 ,0000 00000 00000
«6038402 ,2500402 L0000 ,0000 00000 00000 20000 +0000 00000 +0000
.5848402 2466402 L0000 .0000 20000 «0000 «0000 «0000 <0000 «0000
e5721¢02 ,236b¢n2 ,0000 40000 20000 20000 20000 «0000 40000 20000
05721402 ,2207402 L0000 0000 «0000 00000 0000 0000 40000 «0N00
5721402 ,2000402 ,LN000 .0000 ¢0000 20000 00000 20000 00000 0000
oS5721¢02 - 1759402 L0000 {0000 <0000 <0000 ,0000 20000 20000 40000
«5721¢02 ,L1500402 L0000 L0000 W 0000 « 0000 W N000 20000 «0000 ,0000
HEAT TRANSFER CHARACTERISTICS(JOULES)
INC,RAD /DAY HEAY CnoLL - HEAT TRANS, /DAY _HEAT LOAD/DAY CNST TO HEAT GAIN RATIO
«2051¢09 .A155¢08 5512408 .518u408 - ¢1996=04



11310145 ERDAO2 0293%AAARGEMI 000293 825 40
HEAT TRANSFER FLUID - 50% ETHYLENE GLYCOL

TANK DIMENSIONS

HREIGHT (M) DTAMETER(M) TOTAL SURFACE AREA(Mu#2)
2,1059 07020 a,6844
COIL CHARACTERISTICS
o AMNDUNT UF TANK COVERED BY TURING 301
0.0, TUBE(M) - 1.0, TUBE(M) TOTAL LENGTHOF TUBING(M) SPACING BETWEEN COILS
20159 00185 20,0000 0698

PERFORMANGCE CHARACTERISTICS

COLLECTOR AREA FLOWNRATE OF FLUID(XG/HR) NO, OF HOURS PUMP IS ON

-11°3-
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10,0000 . 9360403 64,0000

TwAY TLIR REYNOL XHCW REYNO XHCW uL EXETA ETA3 FACTOR
05931402 ,1241402 L0000 {0000 00000 «0000 20000 . 0000 00000 00000
«5931402 ,L1000402 L0000 L0000 00000 20000 00000 «0000 00000 0000
«S931¢02 ,7929¢01 ,0000 40000 40000 <0000 «0000 «0000 «0000 #0000
5931402 ,6340+01 L0000 .0000 «0000 «0000 «0000 «0000 20000 00000
«5868+402 ,S5341401 L0000 40000 20000 20000 «0000 «0000 40000 « 0000
Te5804402 ,5000401 L0000 40000 «0000 20000 0000 +0000 20000 0000
e5T41402 4416402 L0000 0000 «0000 «0000 «0000 «0000 W 0000 «0000
«5677402 ,S777402 ,3364403 _1802403 L0000 « 0000 20000 «N000 «7527400 L0000
oS614¢02 ,S84R4p2 ,3313403 1801403 L0000 «0000 ¢0000 0000 « 7527400 ,0000
¢5551+02 ,5892+02 3262403 1801403 7096404 L2065404 ,S314403 ,364B400 ,7526400 9342400
«S5074e02  L,b6171402 L344n+03 _1RO3+03  LTSSS+0U L 24T6+04 5679403 ,3864+00 7528400 ,9397+00
¢5859402  ,6404%02 3613903 1806493 79374048 ,2529+404 ,S5B06+03 ,3913400 7529400 L,9409+00
0258402  L659B402 1785403 1808403 ,B249404 2571404 5903403 ,3950400 ,7530400 9417400
6569402 (6809402 L,4007+03 _1R12+403 L0000 00000 $0000 L0000 » 7531400 L0000
26500402 6761402 ,4081403 J1812+¢3 0000 0000 0000 0000 «7531400 ,0000
JOUB2402  ,8SB1402 ,3990+03 1811403 L0000 20000 W 0000 ,0000 27531400 L0000
6379402 6348402 ,0000 .0000 00000 " 20000 « 0000 . 0000 «0000 00000
06188402 ,2500402 L0000 (0000 ¢0000 0000 0000 0000 «0000 «0000
«5998402 ,2466402 L0000 ,0000 «0000 +0000 +0000 0000 20000 +0000
«SBT1402 ,2366402 L0000 .0000 00000 00000 20000 00000 20000 20000
¢5871402 ,2207402 L0000 .0000 00000 0000 « 0000 «0000 20000 20000
«5871402 42000402 ,0000 0000 20000 « 0000 00000 «0000 W 0000 « 0000
+5871¢02 L1759+n2 ,0000 L0000 00000 « 0000 W 0000 W 0000 20000 20000
oS8T71402 ,1500+402 ,0000 .0000 20000 00000 20000 ,0000 20000 «0000

. HEAT TRANSFER CHARACTERISTICS(JOULES)
INC,RAD /DAY HEAT coLL HEAT TRANS,/DAY HEAT LOAD/DAY COSY TO HEAT GAIN RATIN
02051409 JABTU+08 LJU9R0+08 5184408 02209=04



NAME
E COLLECTUR TURE CHARACTERISTICS
0,0, TURE (M)

1,DTURE (M) SPACING OF TURING(M)
20159 <0145 «2159
HEAT TEANSFER FLUID - WATER
TANK DIMENSIONS
HEIGHT (M) DIAMETER(M) TOTAL SURFACE AREA(M#22)
2,1059 7020 u,6441
COTL CHARACTERISTICS ,
. : AMOUNT OF TANK COVERED BY TUBING  ,30%
0,0, TURE(M) 1,0, TUBE (M) TOTAL LENGTHOF TURING(M) SPACING BETWEEN COILS
.0159 .0185 20,0000 .0698

PERFORMANCE CHARACTERISTICS

COLLECTOR AREA FLOWRATE OF FLUIN(KG/HR) N0, OF HOURS PUMP 18 ON

-8L" 3-

Co

O® N ND LN -

10,0000 8000403 4,0000

TwA?Y TLiQ REYNOL XHCwW1 REYND XHCW uL EXETA ETAY FACTOR
«5977402 ,1241402 L0000 <0000 . 00000 «0000 00000 «0000 20000 00000
¢5977402 L,1000¢02 L0000 0000 +0000 +0000 «0000 +0000 20000 «0000
«5977402 (7929401 L0000 40000 «0C00 $0000 $0000 0000 20000 10000
e5977¢02 ,A34pept L0000 L0000 40000 20000 «0000 ,0000 20000 «0000
5914002  ,S341401 L0000 L0000 « 0000 «0000 «0000 .0N000 s0000 20000
+ 5850402 ,S000401 ,000n 0000 00000 «0000 «0000 «0000 00000 »0000
«STB7¢02 4416402 ,0000 L0000 00000 0000 00000 0000 00000 10000
«5723%02 ,5824+02 ,1027+04 2458403 ,0000 0000 00000 0000 o 7732400 L0000
«50b0¢02 ,5899+02 ,1016+04 2456403 L0000 00000 «0000 . ,0000 »7731400 L0000
e5597¢02 5946402 1006404 2454403 ,21720405 ,LU935404 5375403 4058400 7731400 ,9U25400
«S729402 ,h218402 L1039+04 (2460403 2206405 ,5028404 ,S573I5+403 ,4194400 (7732400 ,9455+400
«5926¢02 ,6450402 ,1072404 2466403 ,2280405 ,5106408 ,5914403 0261400 ,7734400 ,9469400
o53315¢02 ,6648e02 ,1106400 (2872403  ,2341405 ,S170+04 5982403 ,U287+00 ,7735400 9474400
«b6506402 686492 L1152+04 ‘2079+03 « 0000 «0000 20000 , 0000 o TT37400 L0000
$6592+02 ,6851¢02 ,1165%04 ,24R1403 L0000 «0000 +0000 0000 27738400 L0000
06529402 ,6668402 ,1154%04 ,24RQ+03 ,0000 00000 +0000 0000 +7737400 0000
obUH6S5e02 ,634R402 L0000 Jho000 . 0000 20000 +0000 20000 10000 00000
e5275402 ,2500402 L0000 .0000 00000 « 0000 00000 20000 00000 00000
o508UP02 ,PUbB6402 L0000 20000 00000 «0000 «0000 «0000 «0000 «0000
05957402 ,2366402 L0000 20000 ¢ 0000 00000 00000 ,0000 00000 00000
e 5957402 ,2207+402 L0000 0000 20000 00000 « 0000 + 0000 20000 « 0000
05957402 ,2000402 L0000 20000 0000 «0000 00000 W0000 00000 00000
«5957¢02 L1759+02 ,N000 L0000 00000 <0000 20000 0000 00000 « 0000
«5957+02 ,1500+402 L0000 0000 20000 0000 $0000 20000 20000 20000

. : HEAT TRANSFER CHARACTERTSTICS(JNULES)
INC,RAD /DAY  HWEATY CnlL HEAT TRANS,/DAY HEAY LOAD/DAY COST TO HFAT GAIN RATIO
22051409 905108 05119408 ,S1BuUs0A e2149=04



This program is designed to model the following system. A flat plate collector
of variable size (on the order of 5m2) 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 detemined.,

In the pipe is a heat transfer fluid at varying flow rates. A pump is used to
pump the fluid when the fluid temperature 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 radiatiqn 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.
Tpe cplléctor fluid system is assumed isothermal, until the pump is tu;ned on,
ﬁheie’upon heat is transferred to the tank with the temperature of the fluid in
the collector falls below - that needed to keep the pump geing. 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 muet 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 effecfively utilize the

area ef'ehe 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 oufer diameter ("diamo") and collector tube inner
diameter ("diamt") were optimized iﬁ previous_Altas studies and the values .

determined are used in this program. See the program for the actual values.

"Eo |9-



The cylindrical tank characteristics, diameter ("diamt“) and height ("tankh"),
were determined for holding 80 gallons of hot water. The thickness of the éank
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‘éharacteristics were determined from flow rate and heat transfer
considerations. The optimum spacing ("BMAX") between successive coils for
maximum heat fransfer/cost tubing was determined from "BMAX" the length of
tubing ("TUBEL"), and the total surface area covered by the coil ("DREAT") were

determined knowiﬂg 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,"
"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 fluids are used. One is a 40% propylene clycol, 60% water solu-
tion. This has adequate freeze protection (OOC), with high specific heat and
thermal conductivity but a high viscosity whicﬁ'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.

-E.20-



At present environmental parameters are covered by sinusdidal variations.'
Later the ambient all temperature (array "TAMB" and variable TAMBLN") and
incident radiation receiéed on the collector (array "QINCID", variableq"QIf)
will be for actual locations throughout the U.S. for the time being the V
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=1, Nsize" where Nsize is the number of different collector sizes

to be used.

The following iferation is much more complex beginning with statement "1062
continue". The flowrate of the fluid ("Gll" in kg/rrmz) is varied ByAassuming
the flowrate is the first segmént 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 o[ the first day. The value chosen is of little

effect since the program continues until a steady state condition exists.

-E.2I-



At statement "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 one 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 deterﬁin@d 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
to determine whether the pump‘is on or off. PUMP is a
variable which shows whether the pump is on (PUMP = 1), or ..
off (PUMP = Q). 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 1l

.C. ),
TAMBCN is the ambient temperature in degrees C, and TLIQ is the

- collector (W.m—z), USLOPE is the heat loss coefficient (W.mt

temperature of the fluid in the collector in degrees C.

-E.22-



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 not then control wil;

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.
Thus "GII" is the flowrate of the fluid in (kg/hrmz), "Glf is the flowrate

in (kg/hr m2 of tube in collector), and "GLLLL" is ﬁhe fluid flowrate in

the tube around the sforage tank ih‘(kg/hrmz).

The viscosity of the fluid is determined next in (1b/ft hr) in order to de-
termine the minimum flowrate needed for turbulent flow ("GMIN1ll) in the
collector tube. If the flowrate "Gl11" is greater than "GMIN1l1l" then the
flow is turbulent and control goes to statement "1855 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 (TL1Q1N). 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
he shawn that a 100% change 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 iteration

is then performed to find the actual temperature distribution through the

) - E .‘23-



collector starting with "1112 CONTINUE". The temperature of the fluid
entering the collector KTLIQ) 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 collectdt of the fluid is the entering temperature of the fluid

of the coil around the tank.

Also after "TL1Q" is known, the wétéérkb‘fihid 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 otherwise 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 température 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 pfinting of results needed

for further evaluation.

-E.24-



APPENDIX F. Conversion Factors

Multiply . By ' To Obtain
Flowrates _
1b ' 0.4536 ' kg
hr : hr
1b 0.124667 gal
hr J: min
‘ . §3 -Density of fluid'ilg% . C
s - ft
—35 4.8824 '—-523~' ‘
ft hr . "hr m
Energy
BTU | ' 1055.06 o Joules
Joule . : l‘ Watt~-Sec
Power
BIU ’ 0.293071 ' Watts

hr

Heat Flux

_—EIHE— . 3.1546 ' ZE%EEI
hr ft ‘ m
- coefficient of Heat Transfer
BT — 5.67826 . Watts
hr ft F ' 20
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Multiply

‘CONVERSION FACTORS

specific Heat

BTU
1b °F

BTU
1b F

BTU

1b °F

Thermal Conductivity

BTU

hr ft °F

Viscosity

1b
ft hr

1b
ft hr

Densitx

2

by : To 'Obtain
1.162 Watt hr
¥g °c
1 cal
'°C
4.1868 kJO
kg C
1.73073 '32355
‘m C
0.4132 Centipoises
25.8065 . .
““};"‘ Centistokes
f -Density of fluid ﬂ-b%
: ft

16.0185

swﬁg
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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 pfeparing 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 Energy Group of Argonne'National Laboratory,
February 1979, which wés included as Appendix D in that repoft. In.

Appendix G of the present report this section is reproduced in its entirety.
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SIMPLIFIED METHODS OF DETERMINING HEAT EXCHANGER SI1ZE

Using a heat exchanger either as a means of separating antifreeze
solution from thée storage water or as a means of separating potable
water from nonpbtable water requires choosing a heat exchanger of the
proper size. For purposes of calculatiﬁg 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 maiﬁtaiﬁ 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 thé tank. Single-loop systems rely
on bouyancy of the heated water to maintain flow on the tank side of
the heat exchanger (natural convection). 'Foréed convgctidn is main-

tained on the other side of a single-loop system by a pump.

The use of a heat exchanger leads to a collection penalty, as shown
in Figure G—l-. 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)

(wcp)coll p’sto » G-1

where:

W is the mass flow rate,
Cp is the heat capacity,
coll is the loop through the collector, and
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:
| -G.2-



| Counterflow
‘ Heat
Exchanger [

Heat Transfer
Fluid Loop

for Corrosion and

Freezing Protection

- ]

; Storage
Tank '

| Cold
. Water

Temperature Increase -

Collection Decrease
or Penalty

Flat Plate Collector —e=

Fluid Input Temperature —e

Figure G-1l. Heat Collection Decrease Caused
by a Double-Loop Heat Exchanger
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FR' 1 G-2
FR Ls (:Iclut):Ac [% _ 1]
coll
where:
FR is the standard collector efficiency factor of the Hottel-Whilller
flat plate collector model.
FR' is the same factor modified by the heet exchanger effect.
Ac is the area of the collector.
Uc is the collector heat loss coefficient.

[y

is the heat exchanger effectlveness. .
Klein, Beekman, and Duffie extended this to systems in which Equation G-1

does not hold and determined that for this more general ‘case: -

1 _ S G-3

R . -
F . F .U A (wc.) .
R 1+ R C. P’ coll

c
(WC_) e (WC))

p’coll p’ ' min
Equation G-3, which is completely general, is shown in Figure G;Z- In
the general case, the heat ekqhanger effectiveness is an expoheﬁtial
function of the’parameters NTU = (UA)/(WC ) . and of (WC_) as
. . X X p’min “p’max
shown in Equations G-4a and G-4b. (Ax is the heat exchanger heat

transfer area and U 'the associated overall heat transfer coefficient.)

N

€.= 1l - e S ) _ . ' G-4a
, - -N |
o [1 -oey) s/ e )™ ]
with
N = NTU [1 - (wcp)mm/( Cp)max] 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 l--so that heat collection is increased. However,

increasing the heat exchanger size increases the system cost. By doing
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Figure G-2. Collector Heat Exchanger Factor mw\.mw
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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:

(wcp)coll= w Cp)sto G=5
de Winter found that:
)
Fpo 1
F, U A G-6
1+ R¢c'c
X X
since:
_ 1
&= WC) G-7
1+ p-coll
UxAx

When the cost per unit area of the collector (Cc) and the cost per unit
area of the heat exchanger (Cx) are constant, de Winter further found
that if the heat transfer coefficient Uy did not vary with the area AX

the optimum heat exchanger area AX could be calculated from the equation:

1/2

Accordlng to Horel and de Winter, with a given average WC product, the
optlmum heat exchanger invariably had a storage capacity rate (We )sto
higher than its collector capacity rate (WC ) o11® S° that EquaLlon G-1
was 1nvar1ably satisfied and Equation G-2 applled For typical values
of the collector capacity rate (wcp)coll’ they found that the value of
=- (WC )coll/(wcp)st ranged from 0.5 to 0.6 and that, for all
practical purposes, Equation G-8 could still be used to find the
optimum heat exchanger area, éince this was only about 1 percent

different from that found for the optimum (unmatched capacity rate) case.
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Figure G-3. Typical Heat Exchanger Optimization-Plot, Showing

the Heat Exchanger Factor, Total System Cost, and
Effective System Cost as a Function of Heat
Exchanger Size or Area
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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 derermine Ux are no longer straight-
forward forced convection coefficients, since on the water (storage) side
there is a natural convection coefficient that is harder to detérmine.

This area is addressed in the next section.

FORCED CONVECTION IN HEAT EXCHANGERS

Using heat transfer coefficients will enable 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 ol Lhese cuelficients ic diccuesaed.

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 also be determined for the helical coil.

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.
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Depending on the state of the fluid (i.e., laminar, transitional, or
turbulent) different correlations mist be used to determine the inside
tube heat transfer coefficients (hi)' For the laminar region (Reynolds

number < 2500) the following correlation from McAdams can be used:

_ KC2 _ 69
i D
’i
where:
G'C - G'C
- p 1/3 p \1/3
C2 1.75 ( XL ) for 1.75 ( KL ) > 3.66
G'C )
C, = 3.66 for 1.75 ( —f y1/3° < 3.66
hi = inside tube heat transfer coefficients (Btu/hr-°F-ft?2)

K .= thermal conductivity of fluid (Btu/hr-°F.ft)
Di = inside tube diameter (ft)

G' = flow rate (lb/hr)

Cp = heat capacity of fluid (Btu/lb-°F)
L = tube length (ft)

Thus, in the upper laminar region, the inside tube heat transfer

coefficient also depends upon the tube length.

For the transitional region (2500 < Reynolds number < 7100), hi becomes:

hi = (Cp p/K ‘ G-10

where:

0.116 (Re2/3 -125)/Re

]

Jl
and
Re = Reynolds number
== 1
G Di/u
U = viscosity of fluid (1b/ft-hr)
C" = flow rate per tube (lb/ftZ2.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.

0.8
h. = 0:023 K Re . u/x)°4 G-11
i Dy P :

Since, in 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 1l0-percent
difference between the two equations, whereas around Re = 2500 the
érror 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 boundaries and to allow reasonable

heat transfer in the lower turbulent region.

For the traced tank system, the effect of the fluids operating in thé
laminar regime is greater, since thg.heat transfer coefficients can
affect. the helical coil efficiency. Heat exchangers opérating in
laminar flow have much lower effectiveness than those operating in the

turbulent regime.

Some simple relationships between the flow rate in gallons/(minute.per

tube) and the other flow rates follow.

Ve
]

QN

n
Q = 0.1247 G'
n PN

4G

GH =
D?Nn
1
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where:

Q = total system flow rate (gallons/minute)
. N = total number of tubes
Q, = flow fate per tube (gallons/minute)

p = density of the fluid (1b/ft3)

Shell—Side'Heat Transfer Coefficient

The shell-side heat transfer coefficient within the heat exchanger (ho)
was determined for. those fluids studied. ho is a function of:

Shell entrance flow rate

Temperature of operation

Fluid properties at the operating température

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' O°° (c, w/k)°% 3 k/p
Re' = Reynolds number through minimum cross-sectional area of
heat exchanger
Cmax = flow rate through the minimﬁm cross-sectional area of the
heat exchanger (1b/ftZ?-hr)
G,
i Amin (Nrow + 1
Gs = tntal shell flow rate (lb/hr)
:Qs =- total shell flow rate (gal/min)
= 0.1247 Gs/p
Amin = minimum cross-sectional area (ft?)
B Sbafsmin
s, ¢ = baffle spacing (ft)
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Spin © tube spacing (ft)

= (pitch -1) Do
Pitch = equilateral triangular pitch

= 1,25
Nrow = 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.

U = 1 - G-13
x 1 1 D D
n TRt T h.a, ' Rwall
) so i'i iis
where:
= ghell side scaling coefficient (Btu/hr-ft2-°F)
so
s inside tube scaling coefficient (Btu/hr-ft2.°F)
R
wall = tube wall heat transfer resistance (hr-ft?-°F/Btu)
D D
=—2 ,-°
2K "D,
tex 1
Ktex = thermal conductivity of the tube wall (Btu/hr-ft.°F)

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?.°F
can be specified. The reciprdcal of the scaling coefficient, known as
the fouling factor, is frequently specified instead of the scaling
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 poésibility of

corrosion.
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Figure G-5. Traced-Tank Heat Exchanger Dimensions

-G.13-



Since the wall resistance for copper tubing within the heat exchanger
1s generally negligible, the equatién for the overall heat transfer

coefficient cannot be reduced further.

NATURAL CONVECTION IN TANKS WITH INTERNAL COILS OR IN TRACED TANKS

One difficulty with colls in tanks or with‘traced tanks involves the
natural convection ﬂeat transfer coefficient on the tank side. Forced
convection heat transfer coefficients are normally determined entirely
by the flow conditions. Natural convection céefficients, however, are
determined by the geometry of the Hé;ting (or cooling) surface, by the
temperature difference between the éurface.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 ht’ inside tank heat
transfér areca At’ Ft’ and fluid to water temperaﬁure difference.

According to Duffie and Beckman:

F, = wur - - 1'; - G-14
t Bht Bhi~ LA B
+ +
T Dohi Cbond Do + (B - Do ) F

where:

B = spacing between tubes (ft)

Do = outside diameter of the coil tube (ft)
. = heat transfer coefficient of fluid .circulating through
i
the coil (Btu/hr.ft?-:°F)
» “Twa11¥ua11 .
C = conductance of tank to coil bond N5 (Btu/hr:ft-°F)
bond o

This value of the bond conductance was determined by de Winter.
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= thickness of tank wall (ft)
= conductivity of tank wall (Btu/hr-ft-°F)
. fin efficiency of tank wall between the tubes,. for heat

Twall
kwall

losses to the water.

Figure G-5 shows the relationship among the parameters of the traced

tank.

The natural convectlon coefflcients are given by McAdams. Equations

7- 4a and 7- 4b in his book pertainlng to vertical plates are reproduced
here as Equations G-17 and G- 20. Equatlon 7-6a in his book pertaining
to horlzontal cylinders can be replaced with Equatlon G-20 if the tube

dlameter is replaced by a "flow length" L equal to half the tube

perlmeter
Do
= — G_ls
L T
For the turbulent regime, defined by
109 < ( KL3AT ) < 1012, G-16

the heat transfer coeff1c1ent is glven by McAdams's Equatlon 7-4a for

vertlcal plates

Eﬁi ; 0.13( kdar )1/3 G-17
or, in a simplified form,
h, = 0.13kk!/3art/3 = A ar!/3 18
For the laminar regime, defined by -
10% < ( KL3AT.) < 109, N -G_lé..
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the heat transfer coefficient for both vertical plates and horizontal

tubes is given by

or, in

hL

—i— = 0.59( kL3ar )1/% G-20

simplified form,
i} 1/4, AT \1/4 _ , , 8T \1/4 o
h, = 0.59kk /%41 a (AEHA, 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 1is

stirred up.

In the

L

above equations:

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.

is the outside diameter of the tube (ft)
p? ¥

= —f B (—— ) See Table G-1.
u

is the fluid thermal expansion coefficient (ft3/ft3-°F).

is theéfemperature difference between the wall and the fluid (°F).
is the natural convection heat transfer coefficient (Btu/hr-ft2.°F).
is tHe fluid density (1b/ft3).

is the acceleration of gravity = 4.17 x 108 ft/hr2.
is the heat capacity (Btu/lb-°F).

is the viscosity of the fluid (1b/hr-ft).

k is the thermal conductivity of the fluid (Btu/hr.ft.°F).

The values of K, of k, and of A; and Ay used in Equations G-18 and

G-21 are 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 A, A

60 .337 x 10° 0.338 30.58 27.02

80 .557 x 10° 0.351 37.54 31.81
100 .959 x 10° 0.363 46.54 37.69
120 1.453 x 10° 0.372 54.77 42.85
140  2.189 x 10° 0.379 63.97 48,37
160  2.785 x 109 0. 385 70.42 52.18
180 3.660 x 10° 0.390 78.13 56.60

Recommended 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 iterationms.

(1) Calculate the heat transfer coefficient hi on the forced
convection side (usually Eqﬁation G-11, but possibly.

Equation G-9 or G-10).
(2) Assume a natural convection heat transfer coefficient

ht of 100 Btu/hr-ft2-°F to 'start the calculation process.
(3) Calculate U_.= h_F_, based on h., h_, and the conduction
X t 't 1 t

geometry.
(4) Calculate NTU = YxPt.

wC

(5) Calculate the effectiveness for the coil or traced lank
frome =1~ e —NTU.

(6) Calculate FR' / Fp- (Use Equation G-2, G-3, or G-6.)

(7) Calculate the collected heat Q from the collectqr performance

map.

(8) With Q and ht and the natural convection area, calculate
AT = fll—.
avg h_A

t
(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 1terations no longer change appreciably.

It should be noted that this calculation applies to two types of syétems:

. The case in which an antifreeze loop heats a traced storage
tank or a storage tank with a coil This involves water being
heated by natural convection. | '

. The case in which a domestic water 11ne is be1ng 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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