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ABSTRACT

Solar water heating systems often use immersed coils (internal
heat exchangers) located at or mear the bottom of a thermal storage
tank. This thesis discusses the results of an experimental study
of four immersed coil configurations. The performance data are
presented in the form of Nusselt number as a function of Rayleigh
number. Other coil parameters such as effectiveness, internal and
external convection heat transfer coefficients, wall thermal re-
sistance and the overall heat-transfer coefficient-area product
are alsb looked at, Methods for analysis of immersed colls are
presented and some schemes to enhance the performance of immersed
coils are explored and discussed. A simple computer model of a

coll/storace tank system is presented and the output is compared

to experimental data. Observations of coil performance are pre-

sented along with design suggestions.
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NOMENCLATURE

Symbols used in this thesis which do not appear below are

defined locally in the text.

AC contact area

Ai coil inside surface area

Ao coil outside surface area

AT storage tank surface area (exposed to environment)
Ce capacity rate of fluid on cold side, ﬁcpc

Ch capacity rate of fluid on hot side, ﬁcph

Cmin, minimum capacity rate

Cp specific heat

Di inside tube dismeter

KO | draats 1
eSS e diameber

=y

fx[MTD. fractional log-mean temperature difference

F!'/F

&/ Fr heat exchange penalty factor

FoUp negative slope of the collector efficiency curve

g acceleration of gravity

Gr Grashof number

h convection heat-transfer coefficlent

hc contact coefficient

hi inside convection heat-transfer coefficient
h0 outside convection heat—transfer coefficient
k thermal conductivity



Nomenclature (continued)

LMTD
m

m
Nu
NTU

Pr

max

qTot
Ra

log-mean temperature difference

mass of thermal

storage

fluid mass flow rate

Nusselt number

number of trans

Prandtl number

fer units

heat transfer rate

maximum possibl
total heat tran

Rayleigh number

e heat transfer rate

gfer rate

coil wall thermal resistance

time

temperature of

the water -in the. coil

temperature of
heat exchanger

temperature of
heat exchanger

the fluid entering the cold side of the
(Chapter 6)

the fluid leaving the cold side of the
(Chapter 6)

film temperature

temperature of
heat exchanger

temperature of
heat exchanger

temperature of
temperature at

coil exterior s

the fluid entering the hot side of the
{Chapter 6)

the fluid leaving the hot side of the
(Chapter 6)

the coil water at a given point
time O.
urface temperature

X




Nomenclature (continued)

TT storage tank bulk temperature

T, environment temperature

U overall heat-transfer coefficient (or: overall loss
coefficient)

JA overall heat-transfer coefficient-area product

Greek Symbols

a thermal diffusivity

&3 volume coefflcient of expansion

ATi temperature difference at the heat exchanger inlet

ATD temperature difference at the heat exchanger outlet

ATX temperature difference between the coil exterior surface

and the storage tank water

£ immersed coil effectiveness
U dynamic viscosity
v kinematic viscosity

xi



1.0 Intreduction and Literature Review

1.1 Introduction

Immersed coils are heat exchangers that generally lie at or
near the bottom of a thermal storage tank containing a liquid.
Another liquid is circulated through the coil, transferring its
energy to the tank liquid. Thus, a forced convection heat transfer
situation occurs inside the coil while free convection is the domin—
ant mode of heat transfer from the exterior surface of the coill.
Applications for immersed coil heat exchangers range from residential
solar water heating systems to temperature control of industrial
baths. The purpose of this study is to gain ingight into coil per-

formance in solar water heating systems.

The phenomenon of forced convection inside a tube has been well
studied and standard correlations [1] can be used to predict heat
transfer from the coil fluid to the coil wall. Free convectlon heat
transfer from the exterior of these immersed coils is not well docu~
mented. This problem exists mainly because of the wide variety of
possible geometries immersed heat exchanger colls may have.

The goals of this study are:

1) to investigate methods to improve the performance of

immersed coils,

2) to present a method to quantify the performance of immersed

coils, (heat transfer correlations for four immersed coil



configurations are presented),

3) to evaluate the accuracy of TRNSYS, transient system simula-
tion program [2] in the modeling of thermal storage tanks
with immersed coils, and

4) to relate some observations of immersed coil characteristics.

The heat transfer correlations are in the form of Nusselt number

as a function of Rayleigh number, The data to formulate these cor-
relations were obtained from a series of experiments conducted to
cover the range of operating conditions normally found in residential
solar water heating systems. The computer model simulation is per-
formed by comparing the output of a TRNSYS storage tank model simu-
lation to the data collected from an experimental storage tank
system. Both a load draw and a no-load draw condition were simulated

and compared with experimental measurements.

1.2 Literature Search

A literature search turned up very little useful data. A paper
from the Ford Products Corporation [3] describes a method to deter-
mine the effectiveness of one of their immersed coils {surface
area = 0.93 mz, configuration: flat spiral). The method consists
of finding the number of transfer units, NTU, of the coil based on
the coil fluid flow rate, the surface area of the coil and the over-
all heat-transfer coefficlent obtained from curves produced from ex-
perimental data. The value of coil effectiveness ig then found from

the equation:



g=1 - exp [-NTU] 1.2.1

The Ford Product method predicts an effectiveness for the
horizontal, multi-pass, smooth-tube coil (described in Chapter 2)
of about 25% below that which is measured. An obvious reason for
this discrepancy is the difference between the two coil configura-
tions. Another reasom is  that one must egstimate the energy col-
lected during a typical or average hour. What is typical or average
can cover a wide range depending on many operating factors. The
value of energy collected in an average hour for this comparison
was the average measured over a period of about 8 hours.

A report from the Vaughn Corporation [4] gives performance data
for a specific heat exchanger coil (finned tube; configuration is

not described). A comparison between the data of this report and

the data obtained in this study is not possible because the data

is for exchangers of specific surface area with no provisions to

estimate performance of coils with different surface areas.

A more general study of the development of heat transfer cor-
relations for horizontal, straight, finned tubes is presented in a
paper by Wiebelt, Henderson and Parker [5]. This paper presents
useful general data regarding finned tube performance and a method
of analysis, but is not comparable to the data collected in this
study due to the marked difference between the finned coil configur-
ation used in this study (a horizontal spiraling type described and

shown in Chapter 2) and the horizontal, straight, finned tube coil



mentioned above.
P. J. Lunde [6] presents the equation®
ATX 0.25
h = 142. C‘ﬁ“) 1.2.1
0
) i - ) 2,
where: h is the convection heat transfer coefficient in W/m C.
ATX is the temperature difference between the coil and the
storage tank bulk temperature.
D is the characteristic length of the coil (which in this
case is 1/2 the tube circumference).
Lunde explains that this equation has solid theoretical roots but
has-not been verified through experiments. Tt is described by Luiide
to be useful for in-tank or traced-tank coils but is based on free
convection heat transfer correlations for straight, horizontal

] Lol " . S ) — -
cooes ™17 T A-CompatrisSoft ef \_\.luatluﬂ rdedsrith-actuat—e P‘;‘r1m‘:‘ﬂ1’91

data obtained from tests of two coil configurations (the horizontal,
multi-pass, smooth-tube coil and the single-pass, smooth-tube coil;
both described in Chapter 2) is plotted in Figure 1.2.1. Lunde's
equation appears to over predict the heat transfer coefficient of
the multi-pass coil by about 30%. Predictions for the single pass

coil are low. Equations of this type seem to be rather specific.

*Equation 1.2.1 applies when the average of the coil and tank
temperature is 38.°C. For 65.°C, multiply by 1.15; for 21.°C,
multiply by 0.80. Much below that natural convection is weak,
ceasing entirely below 4.°C, the maximum density of water.
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FEach type of coil configuration would need a specific equation to
accurately describe its performance. A general equation such as
that of equation 1.2.1 will oftentimes produce large errors in per—
formance predictions.

A report written by Horel and de Winter [8] describes the devel~
opment of design parameters and a method to determine optimum tube
length for the helical coil. Their methods were not explored in this
study since no helical coils were readily available to fit the stor-

age tank used in this study.




2.0 Physical Description and Experimental Procedure

2.1 The Experimental System

The experimental apparatus 1s shown in Figure 2.1.1. The hot
water socurce is a 300 iiter water heater with a 3 kw electric re-
sistance heater.

The water storage tank (thermal storage tank) is a 340 liter,
1.40 m high by 0.62 m diameter solar water heater tank with an
internal, immersed coil. Fittings located on the top allow water
to be drawn off and replaced and permit access for instrumentation.
The immersed coils are connected through plates which bolt over
access portals in the side of the tank. Tank insulation is provided

v a 0.06 m fiberglass sheath. The whole unit is enclosed in a 0.8 mm

thick steel case. The overall-loss coefficient {also called overall
heat—transfer coefficient), U, has been experimentally determined

to be 0.89 W/m2°C (see section 6.2) based on an average tank temper-
sture of 55.°C and an average environment temperature of 19.°C.
There are negligible losses occurring through the bottom of the tank
due to added insulation measures. There is a dead-air space between
the tank bottom and the outer case bottom. The tank alsc rests on
top of a 0.04 m thick polystyrene board. Therefore the bottom sur-
face is neglected in heat transfer calculations involving the tank
ané the environment. The storage tank specifications are given in

Appendix A,
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Figure 2.1.]1 System diagram .
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The coil assembly of the water storage tank is removable and
interchangeable via portals on the storage tank side. Three types
of immersed coils (shown in Figure 2.1.2 and described in Table 2.1.1)
were investigated. They are:

1) horizontal, multi-pass, smooth~tube coil (4 passes)},

25 horiéoﬁfal,.sﬁifaling; finnéd;tﬁbe coil, and

3) horizontal, single-pass, smooth-tube coil.
All three coil types are made of copper. Coil types 1 and 2 have
double -wall construction to meet building codes in some states re-
garding contamination of potable water with the heat transfer fluid
within the coil. The double-wall construction is simply a tube in-
side a tube with close tolerances. The unit is then crimped along
its length to form a press-fit. Coill type 3 has single-wall construc-—

tion A fourth coil configuration consisting of two type 1l coils

connected in series and mounted one above the other (0.2 meters
apart, the lower coil being mounted 0.2 meters above the bottom of
the tank) was also investigated.

The average wall thermal resistances for each of the four coil
configurations 1s given in Table 2.1.2. The values of wall thermal
resiéfance of the double-wall coils are based on the measured con-
tact coefficlents at the interface of the double-walls. The method
used to determine the contact coefficlents is presented in Appendix C.

The effect of coil orientation was Investigated using the
single-pass, smooth-tube coil shown in Figure 2.1.2c modified to be

jnclined at angles of 0°, 45°, and 90° from horizontal. In these
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a) horizontal, multi-pass
smooth-tube coil

b) horizontal, spiraling,
finned-tube coil

c) horizontal, single-pass,
smooth—tube coil

Figure 2.1.2 Immersed coils
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Table 2.1.2 Average Wall Resistance for the Four Coil Configurations

Configuration

Horizontal,
smooth-tube

Horizontal,
smooth~tube

Horizontal,
fimmed-tube

Hovrizontal,
smooth-tube

multi-pass
coll (2 coils)

multi-pass
coil (1 coil)

gpiraling
coil

single-pass,
coil

Wall Resistance

2.3 x 107° °0 /W

4.7 x 10"3 °C/W

-3
1.8 x 10 °C/W

3.1 % 107 °C/W
(negligible)

How Obtained?

Measured

Measured

Measured

Calculated
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tests, the lowest position on the coil was located 0.4 meters from
the bottom of the tank. Identical tests were conducted for each of
the three coil inclinations to obtain performance comparisons.

A small centrifugal, liquid pump rated at 370 watts was used to
obtain coil volumetric flow rates up to 0.150 £/s (typical of resi-
dential solér water heating.applications). A second pump, identical
to the previously described one, was used for several sets of ex—
periments involving forced convection on the exterior of the im-
mersed coil. Typically, water was drawn out of the tank and then
pumped back in some fashion to create a flow within the tank. Fluid
volume flows were measured with two rotameters; one placed in the
source tank-immersed coil loop and the other in the leoad line from
the storage tank. The coll volumetric flow rates are accurate to

within about +5%.

A chart recorder with 12 channels was used to log temperature
data obtained with Cu-Cn thermocouples at the 11 locations shown in
Figure 2.1.1. The locations of~thre-thermocouples-—are:

1-5) equally spaced within the storage tank from bottom to top;

6) immersed coil, inj

i3] immersed coil, out;

8) hot water source tank;

9) environment;
10) water storage tank, in; and,

11) water storage tank, out.
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The five thermocouples within the tank are equally spaced so that the
average temperature recorded from these is the bulk temperature of
the storage tank. Fluid mixing devices were constructed and placed
in the piping at points of temperature measurement to obtain the
bulk temperature of the flows. Temperature measurements are esti-
pated to be accurate to within +0.3°C.

7or some of the early experiments, a mercury manometer was con-
nected across the inlet and outlet of the coil. The pressure drop
was measured at various coil volumetric flow rates for the horizontal,
mul ti-pass, smooth-tube coils (one coil and two coils comected in
series). The mancmeter was disconnected early in the study due to

continual leaks at the pressure taps.

2.2 General Experimental Procedure

All experiments conducted used tap water for both ‘the immersed
coll=source tank loop and the thermal storage tank. The water on
both sides of the immersed coil was unsoftened.

The coil assembly to be tested was installed in the storage
tank with the inlet and outlet connected to the hot water source
tank. Fiberglass insulation was then placed over the coil mount-
ing plates to maintain -the originél tank inéulating proper—
ties.

Experiments were always started with a fully charged source

tank; initially at about 72.°C. The temperature of the water going
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into the coil was approximately the same. This delivery temperature
varied over the course of an experiment as the storage tank heated

up and the source tank cooled. When the source tank temperature
dropped below 65.°C, the electric heater would turn on to heat

the source tank. This action created a fluctuating temperature of
the fluid entering the immersed coil. In a'typical'experiment,
energy was delivered to the storage tank (inmitially at 10.°C - 15.°C)
by citrculating the hot source tank water through the heat exchanger
coil. At the end of the experiment, the storage tank temperatures
were generally in the 65.°C - 70.°C range. The volumetric flow rate
through the coil was held constant during any given experiment, but a
range of coil volumetric flow rates from 0.02 £/s to0.125%/s were used

in different experiments. For most of the analysis, a flow rate of

0.075 £/s to 0.125 £/s was used to approximate rates used in resi-

dential solar water heating systems.

Further experiments involved the addition of a load to the stor-
age tank by drawing hot water off the storage tank -and replacing it
with main water at ~10.°C. Each of these experiments consisted of
several load draws at various flow rates although each lead draw
wae at a constant volumetric flow rate. The variation of load draws
was from 0.075 £/s to 0.150 £/s for a period of one-half hour. This
was done to simulate heavy residential or light industrial hot water
usage.

For the immersed coil performance enhancement experiments in-

volving forced convection, a second 370 watt pump was used to obtain
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a forced convection situation on the exterior side of the immersed
coil., The maximum volumetric flow rate obtainable with this pump and
with the pressure loss of the piping was ~0.30 £/s. The maximum
flow rate was used for all experiments involving forced convection
on the exterior coil surface.

When measuring the overall-loss coefficient, U of the storage
tank, the initial temperature of the storage tank was 52.8°C. The
tank was allowed to cool {(only through losses from the storage tank
surface exposed to the environment) to a temperature of 40.4°C after
55 hours. The coil was not operating during these measurements.

For all experiments, temperatures and coil volumetric flow rates were
monitored for the duration of an experiment, typically 12-24 hours.
The maximum rate of temperature change recorded in the system was

the source tank temperature during the beginning portion of each

test. The maximum rate of change was approximately 8°C per hour
and was usually much less. After three hours, the maximum rate of
temperature change was on the order of 3°C/hr or less. Due to this
relatively low rate of temperature change, the temperatures measured

at a given time could be considered steady-state.
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3.0 Problems Encountered During Data Acquisition

Certain problems and quirks in the system surfaced during the
experiments., This section describes these problems and discusses

methods to eliminate them.

3.1 Temperature Measurements

3.1.1 Temperature Fluctuations of the Water Entering the Coil

As the storage tank heated up, the hot water source tank cooled

down due to the transfer of thermal energy. The thermostat of the hot
source water tank was set at 70.°C. TFluctuations in this control

system along with the transfer of thermal energy to the storage

tank produced fluctuations in the temperature of the water entering
the immersed coil from 45.°C to 72.°C. These fluctuations in the
temperature of the fluid entering the coil along with varying initial
storage tank temperatures produced a wide range of temperature dif-
ferences seen by a coil after the same time period in different
experiments.

Comparidons between different tests of a coil were made by
plotting the heat transfer rate as a functiom of the log-mean temp-
erature difference over the same range of temperature difference
between the immersed coil inlet and the storage tank temperature.

The range of this temperature difference was from 5.°C to 50°C.
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The best approximation of the data obtained at large temperature

differences is a straight line. The actual heat transfer rate at

low heat input rates may appear as follows [4]:
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The greater the slope of this line, the greater the volumetric flow
rate of the coil. Or at a constant coil volumetric flow rate {con-
stant ), the greater the slope of this line, the better the per-
formance of the coil. TFor a given log-mean temperature difference,
the heat-transfer rate of two or more coils operating under dif-
ferent conditions can be compared. This provides a comparison of

performance between the coils.
3.1.2 Stratification Under Storage Tank Load Conditicns

Stratification in the storage tank occurs during the period
of 2 load draw. This stratification scon disappears when the load
ceases. Oftentimes a measurement of the bulk storage tank tempera-
ture is needed for calculations during a period of stratification.

Frre—tirermocouple—te cated-in the storage rank measures the

temperature at the center of five equal-sized portions of water
vertically situated between the top and bottom of the tank. An
average of these five temperatures gives the bulk temperature of the

water in the storage tank.

3.1.3 Small Temperature Differences Between the Inlet and Outlet

of the Coil

When testing immersed coils with small surface areas, the
temperature drop between the inlet and outlet is relatively small.
This tends to create large errors. ror instamnce, during a particu-

lar experiment, the volumetric flow rate through a horizontal,
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multi-pass, smooth-tube coil (2 coils, connected in series, area =
0.45 mz) was 0.125 £/s. The temperature of the water entering the
coil was 52.1°C and the temperature of the water leaving the ceil

was 42.2°C. The temperature drop is 9.9°C., Each temperature measure—
ment is accurate to only about + 0.3°C so the error of a temperature
difference is twice that of a temperature measutrement or + 0.6°C.

The maximum percent error expected would then be:

0.6°C
9.9°C

= 67 error,

a relatively small percentage of error.
A second immersed coil (a horizontal, single-pass, smooth~tube

coil; area = 0.057 mz) also has water flowing through at 0.125 £/s.

The temperature of the water at the entrance is 60.2°C; at the exit,

57.1°C. Following the same analysis as above we find:

= 19% error.

This becomes a rather large error. The maximum expected error in-
volving temperature drop across the coil increases as the temperature
drop decreases. The lmpact of thils problem was reduced by relying
more heavily on data obtained at lower coil volumetric flow rates and
data obtained early in the experiment. The lower volumetric flow

rates produce greater temperature differences between the inlet and
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outlet of the coil and thus yveduce the error. Early in an experi—
ment, the storage tank bulk temperature is low. This means a larger
temperature difference exists between the coil and the tank. This
larger temperature difference also produces a greater temperature
drop in the fluid passing through the coil which reduces the error.
It is possible that some meaningfal information present only at
low temperature differences between the coll temperature and the

tank temperature was overlooked because of this technique.

3.2 Poor Storage Tank Mixing

Tests conducted with heat exchangers of small gsurface area

tended to leave the portion of the water under the coil relatively

aaffected by the energy transfer. The convective currents around

the smaller immersed coll were not sufficient to mix the water
throughout the entire storage tank. All points in the storage

tank above the coil were at approximately the same temperature

(+ 1.0°C). For analysis purposes, the cooler lowest segment of the
tank (that below the coil) was ignored. The bulk storage tank
temperature was then taken to be the average of those temperatures
measured above the coil. The error induced by ignoring the lower
temperature of the water located below the coil is small since

this segment of watery makes up only about 5% of the mass of the

water in the storage tank.
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3.3 Other Assorted Problems

The water used in all experiments was unsoftened tap water.
Over a period of a few months, significant mineral deposits would
form on the exterior surface of the coil installed in the storage
tank (see Figure 3.3.1). These deposits produced a small (<10%)
decrease in immersed coil performance over a period of four months.
flue to these deposits, experiments using the same coll could not be
accurately compared if there was a gignificant time span between them
(say one month). To alleviate this problem, experiments involving
the same coil operating under different conditions were performed
back to back. Then when comparing the data, the effects of mineral
deposits are negligible since significant deposits take weeks or

even months to accumulate. The immersed coils were cleaned of all

deposits prier to obtaining the dimensionless data of Nusselt-
Raliegh number relationships.

Certain other problems such as plugged or partial plugged
plumbing or air in the coil-source tank loop required that an ex-

periment be repeated.
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Figure 3.3.1 Mineral deposits on coil surface
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4.0 Data Reduction

The temperature and immersed coil volumetric flow data were
reduced to obtain the following information.

The heat exchanger effectiveness, &, deflned as:
Tc in_Tc out
g = —A 4.0.1
T . ~T
c,in T

The instantaneous heat-transfer rate of the heat exchanger

coil, ¢, defined as:

q = mcp(TC,in_Tc,out 4.0.2

comperature difference, LMID, which in this case is:

3. oo
HosTIine Tt

, =T
c,in ~c,out

Te sn7Tr

(E‘n__z.._._—_—«

T

LMID = 4.0.3

c,out"TT

The overall heat-transfer coefficient-area product, UA, de-

fined as:

_ 4
UA = 53555 4.0.4

The average coll exterior convection heat—transfer coefficient

ho,:as caleulated from:
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1

. 1 1 4.0.5
A = - - R ]

The internal comvection coefficient b, and the coil wall resis-
tance are determined experimentally by methods described in Appendix
C. The internal qopvection coefficient may also be calculated (with
less accuracy) from the Dittus-Boelter equation [1] for turbulent
flow in smooth tubes.

Further data processing produced the Nusselt and Rayleigh num-

hers, defined as

h D
Nu = i o 4.0.6
and 3
gB(f x LMTD)D
Ra = GrPxr = ° 4.0.7
o 0.

The quantity, £ x LMID is discussed below. Properties were eval-
uated at the film temperature, defined as the average of the storage
tank temperature and the exterior coil surface temperature, The

average exterior coil surface temperature was obtained from

= -
T, = Tp + .Y 4.0.8
0o
Evaluation of £ x LMID:
To evaluate the temperature difference between the surface of

the coil and the bulk temperature of the tank we must use a log—-mean
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temperature difference. The log-mean temperature difference between
the coil surface and the bulk tank temperature is some fraction, f
of the log-mean temperature difference between the fluids on both
sides of the heat exchanger coil. This relationship is shown in
Figure 4.0.1. The fraction, f,1s a function of the thermal resis-
tance due to the free convection from the exterior of the immersed
coil and the overall thermal resistance from the coil liquid to the
storage tank water. Referring to Figure 4.0.1 and using the defini-

tion of the log-mean temperature difference, we have:

f x AT, - f x AT
1

O = f x LMTD 4.0.9
£f % ATi

£n f x AT
o

To evaluate the fraction, f,notice that the heat transfer rate from
the coil fluid to the storage tank fluid is equal to the heat trans-

fer rate from the coll wall to the storage tank fluid. BSo:

Qverall ~ Ycoil wall ~+ tank 4.0.10

or, again referring to Figure 4.0.1, at a given point along the heat

exchangey coil,

UA‘(TE - TT) = hvo (TS - TT) 4.0.11

and
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5
f=g 4.0.12

Combining equations 4.0.11 and 4.0.12 we get,

A
£=15 4.0.13

This fractional log-mean temperature difference is an accurate

way to describe the temperature difference between the ceil wall and

the tank fluid. The fraction, f, typically ranges from (.40 to 0.55.

This indicates that roughly 50% of the thermal resistance of the
coil heat exchanger is due to the free convection mode of heat

transfer at the coil exterior surface.
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5.0 Experiments

This chapter describes the series of experiments conducted over

the course of this project. The general procedure for conducting

an experiment was given in Chapter 2; the specifics of each set of
experiments are presented bere. Fach set of tests was conducted

at various ceoil volumetric flow rates. Qccasionally, a test was
repeated to determine reliability of the data collected. In all
cases, the repeatability of the test was high. The observations

and results for each set of experiments are also presented. These
observations and results will be summarized in the Discussion and

Conclusions Chapter.

There are two mounting portals in the side of the storage tank
and thus, there are two possible positions for a given coil to be
mounted in the storage tank. The lower position is located 0.2
meters above the bottom of the tank and the upper position is located
0.4 meters above the bottom of the tank. In both positions, the
mounted coil extends across the center of the tank. Two identical
horizontal, multi-pass, smooth-tube coils (shown in Figure 2.1.2a)
were mounted in the portals and each was tested separately to com-

pare the effects of coll position.
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The top position coil was tested first. Initial bulk tank temp-
eratures were in the 10°C - 15°C range. 7The initial temperature of
the water entering the coil was about 65°C but dropped off sharply
(20°C) within the first hour of the experiments as the energy of
the hot water source was depleted. The electric heater switched
on at about 65°C and the temperature of the water entering the coil
began to rise towards the 72°C set temperature of the source tank.
Smaller fluctuations (~8.°C) in the entering fluid temperatures were
observed thereafter as a result of the electric heater of the source
tank turning off and on. Three volumetric flow rates of water
through the coil were investigated; 0.079 {/s, 0.095 £/s and 0.11
£/a. These volumetric flow rates are in the range of those used

in residential solar water heating systems.

Thesame procedures-were—fottowed—for—tire-secomnd;—tdenticalt—cott
mounted in the lower position., Approximately the same initial
temperatures for the coil inlet and the storage tank were encount-

ered while testing both coils.

Results:

Figure 5.1.1 shows a comparison of an immersed coil mounted in
the upper position with one mounted in the lower position. Within
the errors of the measurements, both coil positions show the same
performance. The horizontal, multi-pass, smooth-tube coil (in either

mounting position) produces convective currents which are great
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enough to fully mix the water in the vicinity of the coil and at
all points above it. Both positions of the coils see the same
temperatures and therefore perform similarly. There is a cooler
layer of water located at the bottom of the tank, below the coil
when using both immersed coil positions. This layer 15 only mini-
mally affected by the presence of the coil above it. The coolerx
layer is larger for the coil mounted in the upper position than the
one mounted 1in the lower position. The lower mounted coll allows a
greater utilization of the mass of the water for thermal storage

than does the upper mounted coil.

5.2 TDirection of Fluid Flow Within the Coil

Two horizontal, multi-pass, smooth-tube coils were mounted in

the side portals of the storage tank. These two colls were then
connected in series by adding atube between the exit of one coil

and the entrance of the other coil (the fourth coil configuration

as described in Chapter 2). This produced one horizontal, multi-
pass, smooth-tube coil of twice the area of the coil type 1 des-~
cribed in Chapter 2 (now 0.45 mz). One end of the coil is located
0.17 m above the bottom of the tank and the other is located 0.43 m
above the bottom. In the first series of tests, the upper end of the
coil was connected to the outlet of the hot water source tank and

the lower end of the coil connected to the inlet of the hot water

source tank. 1In the following set of experiments, the plumbing con-
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nections between the coil and the hot water source tank were re-—
versed. By comparing the data from these two sets of tests, one
can determine whether there is a difference in coil performance de-
pending on the direction of the fluid flow through the coil.

For both sets of tests, water from the source tank was circu-
lated through the coil a volumetric flow rate varying from 0.02 £/s
to 0.10 2/s. The initial temperature of the water entering the
coil was in the 65.°C - 70.°C range and varied during the tests by
up to 15.°C. The initial tank bulk temperature for these tests was
in the 10°C - 15°C range. The duration of each test was typically

10-12 hours.

Results:

The plumbing arrangement which allows the hot source water to
enter at the lower end of the coil (0.17 m from the bottom of the
tank) proved to be slightly superior to the arrangement allowing
the hot source tank water to enter the upper end of the coil (0.43 m
gbove the bottom of the tank). As seen in Figure 5.2.1 the output
of the immersed coil is roughly 350.W greater for a given LMID when
the hot water enters the lower end of the coil rather than the upper
end. The difference between the heat-transfer rates of the two flow
configurations becomes 2 smaller fraction of the total heat-transfer

rate as the log-mean temperature difference increases.
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The reason for this behavior is not known. A possible reason
may be a combination of hydrodynamic and thermal interaction effects

which are discussed in the Discussion and Conclusions Chapter.

5.3 Parallel Tmmersed Coil Flow Versus Series Flow

Two multi-pass, smooth-tube, immersed coils were mounted in the
side of the storage tank as described in Chapter 2. When not con-
sidering the direction of the flow through the coils, there are
essentially two ways to comnect the coils to the hot water source
tank. The first way is to connect the immersed coils in series
so the hot source water flows through one coil then the other. The
second way is to divide the flow in half to enter each coil separ-

ately and simultaneously thus creating a parallel flow arrangement.

The measured heat-transfer rate from the series coil is,

= - T P 28
qq = m Cp (Tc,i C’O)l’z 5.3.1

where Tc . is the temperature of the water entering the coils and
3

T, o is the temperature of the water leaving the coils. Subscripts
:

1 and 2 represent the two coils. The measured heat-transfer rate

from the parallel arrangement is:

5342
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TFor the parallel flow configuration, the temperature of the
water from the source tank was measured and then it was divided into
two equal flows to enter each coil. The temperature of the water
leaving each coil was measured separately. The length and configur-
ation of each side of the parallel flow arrangement were identical
to assure equal flow.

The experiments conducted compared the performance of the
parallel configuration to that of the series arrangement. All tests
involved storage tank heating with no load draw. The initial stor-
age tank temperature was about 10.°C to 15.°C and the final tank
temperatures ranged from 65°C — 707€. Coil volumetric flow rates
tested were from 0.063 L]s to 0.125 £/s (before dividing the flow

in the parallel case).

Results:

The series flow configuration is superior to the parallel flow
configuration as can be seen in Figure 5.3.1. 1In the temperature
range tested, the series coil performs roughly 20%-25% better than
the parallel coil configuration. One obvious reason for part of
this behavior is that the volumetric flow rate (and velocity) of the
water through each immersed coil with the parallel configuration
is half that of the series configuration. This reduces the con-
vection coefficient, h,at the interior surface of the coil and thus

reduces the overall heat-transfer coefficient-area product, UA of
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performance when there is tank flow. The slight flow due to the
movement of water in the storage tank enhances the free-convection
currents surrounding the immersed coll since both flows are in the
upward direction. TFor the condition of storage tank flow in the
upward direction, the measured value of the convection heat-transfer
coefficient, h,increased approximately 30% over the no-flow condi-

tion.

5.4.2 Exterior Immersed Coil Flow Utilizing a Nozzle

Carrying the idea of external flow over an immersed coil omne
step further, the nozzle of Figure 5.4.2 was constructed. The
longitudinally cut slits produced a fan-like spray which covers an
area of nearly the size of the multirpass, smooth-tube coil. With

hic norele desien and a pumpine rate of 0.30 £/s (pump limit), the

velocity of the water at the nozzle exit was 0.90 m/s. The mnozzle
was placed 0.10 m beneath the mul ti-pass, smooth-tube coll (2

coils, one situated above the other) to create one upwards flow

(see Figure 5.4.3). Water was drawn off the bottom of the tank,
below the level of the coils and pumped back in through an opening

in the top of the tank, down a tube o the nozzle. All piping outside
of the storage tank was well insulated to minimize thermal losses.

The velocity of the water past the coils was not obtainable except
that it was somewhere below 0.90 m/s (the velocity at the nozzle
exit). Apgain, a series of storage tank heating tests were run with

initial tank temperatures at around 10.°C to 15.°C and final tank
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temperatures (10-12 hours later) of 65.°C to 70.°C. Two coil
volumetric flow rates; 0.093 £/s and 0.125 £/s were tested. Com-
parisons were made between tests with the nozzle operating and

tests with the nozzle turned off.

Results:

Figure 5.4.4 shows dramatic increases in immersed coil perfor-
mance when utilizing the nozzle. The average velocity of the water
across the exterior of the immersed coil is significantly increased.
The overall heat-transfer coefficient-area product is increased by
about 50%. This implies that for a given log-mean temperature dif-

ference, the heat-transfer rate is about 50% greater for the im-

effect of using the nozzle with the immersed coil on other coil
parameters is as equally dramatic. Coil effectiveness, €, increases
by about 40% and the average convection coefficient, h, for the
exterior of the coil increases by up to 400%. This reduces the
external thermal resistance to the same order of that for the inter-
nal resistance. The major resistance to heat transfer for this coil
now is that due to the contact resistance between the two tubes of
the wall in the double-wall coil. Any significant improvement in
coil performance must now come from a reduced coil wall thermal
resistance.

There are several disadvantages to this idea. First, addi-

SC_d_ ral F\il_ T T‘l""l & asin g'_ the nozzle _1_1'[2'1'1' 'T:\T"i fh'ﬂﬂ't _th'e' _ﬂ'OZ'Z_l =TS _The'_ =
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tional parasitic power is required to operate the pump. Second,
additional plumbing is needed and third the nozzle openings tend to
plug up with mineral deposits when using unsoftened water. The use
of a nozzle in a water storage tank would probably be more cost
effective in larger, industrial applications. In larger systems the
cost of the additional equipment would be a smaller percentage of

the overall system cost and the savings would be more dramatic.

5.5 Tailoring the Free Convection Flow

In section 5.4 the method of increasing immersed coil perfor-
mance by producing a forced convection heat transfer condition on
the exterior of the coil was discussed. A major disadvantage was

that it required an extra pump and extra parasitic power to move

the—water—inr—thissectitorardiscusston ot anr—experment—destgred—to
tailor the flow of free convection currents to increase coil perfor-
mance is discussed.

Situated below the immersed coil is a layer of water that is
only minimally affected by the ceoil. Tts temperature is lower than
that of the rest of the tank. A chimney was constructed of plastic
sheet and positioned within the storage tank as shown in Figure 5.5.1.
This chimney is 0.8 m long and has a 0.09 m diameter. Holes were cut
in the side to allow insulated leads teo comnect to the ceil. The bot-
tom of the chimney rests on the bottom of the storage tank and has

holes cut in the side to allow the cool water to enter--the top is open.
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The coil inside the chimney is a single-pass, smooth-tube coil
with a surface area of 0.057 m2 (shown in Figure 2.1.2¢). It is
mounted vertically within the chimmey (due to space and access
limitations) with the bottom of the coil located 0.25 m from the
bottom of the tank. The water in the vicinity of the coil is heated
by the coil and then rises to exit out the top of the chimmey. This
action draws cool water into the chimney through the holes cut in the
bottom. A continuous flow is thus set up through the chimney, past
the immersed coil. Ideally the free convection flow set up by this
arrangement is significantly greater than if there were no chimney.

The tests with the chimney were all storage tank heating tests
{there was no load draw). The storage tank temperature was initially
10.°C to 15.°C. After heating, the tank temperatures were generally

50.°C to 55.°C. The coil volumetric flow rates tested were from

0.075 £/s to 0.125 £/s. Comparisons were made between the immersed

coil with the chimney surrounding it and with the chimney removed.

Results:

By referring to Figure 5.5.2, we can see that the performance
of the immersed coill 1s 15%-207 better without the chimney in place
than with it in place. At a coil volumetric flow rate of 0.10 £/s,
the average overall heat-transfer coefficient-area product, UA, for
the immersed coil with the chimney in place was 37.0 W/°C. When the

chimney was not in place the average UA was 44.2 W/°C. Similar re-
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sults were observed for all coil volumetric flow rates tested. This
particular chimney design actually inhibits ccil performance. Posg-!i
sible reasons for this are:
1) The size of the openings at the bottom of the chimney
may be inadequate. The small openings may be constricting
flow into the chimney.
2) The diameter of the.chimney may not be optimal. A
visual inspection (with dye injected) of the coil and
chimney in operation showed that the water of the storage
tank was entering around the edge of the top opening of
the chimmey and exiting at the center of the top opening.
3)' The chimney may be interferring with an overall natural con-
vection flow within the tank which may have a greater effect

on the heat transfer of the coil than any effect a chimney

would have.
Further investigation into this idea is needed before definite
conclusions can be drawn about the value of tailoring the free-
convection flow to enhance coil performance through the use of some-

thing like the described chimney.
5.6 Immersed Coil Orientation
Based on empirical equations [ 9}, a horizontally oriented

cylinder has better heat transfer characteristics than a vertically

oriented cne. It may be a safe assumption to carry this over into
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immersed heat exchanger coils—-a horizontally orientated coil is more
effective than a vertically orientated one for a given temperature
difference. However, there are cother factors involved with heat
exchanger coils. The clogse proximity of the storage tank wall

may have some effect on the convective flow patterns around the

coil. Also, immersed coils are generally not simple horizontal,
straight tubes, The next section describes a series of experiments
designed to determine the effect of coil orientation on coil per-

formance.

5.6.1 Orientation Experiment

A single-pass, smooth-tube coil heat exchanger (shown in
Figure 2.1.2c) was mounted in the storage tank with one end located

0.4 meters above the bottom of the tank. Three orientations were

tested. The first coii orientation was horizontal, (0° inclina-
tion), the second was mounted with an incline of 45° from horizontal
and the third orientation was vertical (90° inclination). Both the
0° inclination and 45° inclination colls were mounted to the side
of the tank. The 90° inclined coil was mounted in the center of the
storage tank with insulated leads to connect it to the side. All
three coil orientations have an exposed coil surface area of
0.057 mz.

Storage tank heating experiments were conducted with no load

draw. Each orientation was tested at three coil volumetric flow

rates; 0.075 £/s, 0.10 £/s and 0.125 £/s. The initial storage tank
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temperature was about 10.°C - 15.°C and final tank temperatures were

about 50.°C - 55.°C. Each test required about 12 hours to heat

the storage tank.

Results:

Figure 5.6.1 shows the results of the orientation experiments.
As one might expect, the horizontal ilmmersed coil is superior. Beyond
that, it is unclear whether the 45° or 90° coil orientation is
better in the temperature range tested. Similar results were found
for the other coil flow rates tested. The close proximity of the
storage tank wall appears to have no effect on the expected perfor-
mance of the coils relative to one another. Reasons for the dif-

ference in immersed ceoil performance due to orientation may be

caused by boundary layer thickness. The convective currents from
the vertical coil rise along the coil. As the currents rise, the
boundary layer becomes thicker causing greater thermal resistance.
For the horizontal coil, the convectlve currents rise away from the
coll-—-thus keeping the boundary layer thickness to a minimum. The
coil orientation of 45° should perform somewhere between these two
extremes.. From the data, the performance of the 45° orientated

coil dis much closer to the performance of the vertical coil than

that of the horizontal one.
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6.0 Computer Simulation

The purpose of this chapter is to show that the performance of a
storage tank with an immersed coil heat exchanger can be accurately
simulated on a computer with simple models. The simulation program
used was TRNSYS [2]. Several assumptions are made such as; constant
coil effectiveness, fully mixed tank and the heat exchanger type.
These assumptions are explained and justified in the following
sections. Two simulations were run; storage tank heating with and

without a load draw. The results are compared to experimental data.

6.1 Assumptions

6.1.1 Fully Mixed Storage Tank

The simplest TRNSYS model assumes a one-node, fully mixed tank.
This is a fairly accurate assumption when there is no load draw on

the storage tank. When using a common type of coil such as the

multi~pass, smooth-tube coil (2 coils, one mounted above the other)
it was noted that the variation in temperature from the top of the
tank down to the level of the coil was sbout 0.5°C. The temperature
of the water below the coil typlcally varied no more than 1.0°C or
2.0°C from that above the coil. The volume of water located below
the coil is only about 5% of the total volume of water in the storage

tank so it has little effect on the variation in bulk storage tank
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temperature. The variation of 0.5°C is on the same order as the
accuracy of the temperature measurements. Therefore one temperature
can be measured to be that of the entire tank (down to the accuracy
of the temperature measuring instruments).

When a load draw is applied to the storage tank, there is sig-
nificant stratification within the tank (see Figure 6.1.1). Strati-
fication of the storage tank disappears very soon after the load
draw ceases. In the following TRNSYS simulations, the existance of
stratification is ignored. This may be the cause of some inaccur-
acies in the simulation since the assumption of constant effective-
ness (discussed in the next section) is least accurate during periods

of storage tank stratification.

6.1.2 Constanht Coil Effectiveness

Coil effectiveness is found to be nearly independent of the
temperature difference. Figure 6.1.2 shows coil effectiveness as a

function of temperature difference between the coil inlet and the

tank for the horizontal, multi-pass, smooth-tube coil (2 coils, one
mounted above the other}., As expected, there is a definite trend
towards increasing effectiveness with increasing temperature differ-
ence. However, an average value of 0.33 represents the effectiveness
of this particular coil at a flow rate of 0.10 /s to within 0.04,
This is typical of the variation in effectiveness with the tempera—
ture differences obtained for the four coil configurations tested. A

value for coil effectiveness can be found through the method des-
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cribed in the sample problem of Appendix B or through experimenta-

tion.

6.1.3 Heat Exchanger

TRNSYS does not have provisions to directly model the internal
heat exchanger coll, (natural convection on the cold side and forced
convection on the hot side). An external, zZero capacitance, sensible
heat exchanger model with a constant effectiveness can be used to
gimulate the internal heat exchanger coil. This exchanger assumes
forced flow on both the hot and cold sides. The value of the ex-
changer fluid mass flows for both sides is set equal to the immersed
coil mass flow rate. The maximum possible heat transfer is calcu-
lated based on the minimum capacity rate fluid and the cold side and

hot side fluid inlet temperatures. The minimum capacity rate fluid

is the het side since the cold side (the storage tank) must be con-
sidered to have infinite capacity due to the fact that the tempera-

ture of the water on the exterior side of the coil (TT) in constant

along its length. When referring to Figure 6.1.3 (description of
the modeled heat exchanger) we see that ﬁc is set equal to ﬁh and
TC i = TC o (due to a fully mixed tank in reality). Therefore the

minimum capacity rate fluid is:

Cmin = (Cp m)h = Ch 6.1.1

where Cp n is the specific heat of water and ﬁh is the mass flow
3
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rate of the water through the coil. The maximum possible heat trans-

fer is:

max Ch (Th,i - TT)

The total rate of heat transfer becomes,

qTot - € qmax
therefore,
. =1 - Tot
h,o h,i Ch
q
T =T + Tot
c,0 c, i C

and

6.1.2

6.1.3

6.1.4

where CC is infinite.

6.2 Overall Tank-Loss Coefficient, U,Calculation

One of the parameters required as input for the TRNSYS Fluid

Storage Tank component is a value for the overall tamk-loss co-

efficient, U of the storage tank. The following shows how U is

calculated from measured data.

The overall loss coefficient was calculated with a lumped-

capacity cooling model [9]. An energy balance on the tank yields:
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dr _ -UA _
i nC_ (T - T) 6.2.1

With initial conditions of T = To’ the initial temperature of the

tank and t = 0. at time zero. The solution is,

£n = - t 6.2.2

With equation 6.2.2, it is necessary only to measure the tank bulk

temperature as a function of time and the environment temperature
T -T
o0

to obtain —UA/mCP. When £n is plotted as a function of time,

T =T
O oG

the slope of the resulting line is mUA/me. Knowing the physical
parameters of the storage tank* and water, we can obtain a value of

the overall loss coefficient of,

- (slope) x mox C

U= A 6.2.3
T

where_: %= the -MAS SO T the water- inthe thermalstorageta“1

s

C_ = the specific heat of water.
AT = the outside area of the water storage tank case ex-

posed to the environment minus the bottom area since 1t

is well insulated (in this case).
T - TG,Q
A plot of ﬂn,ﬁfmtfﬁf“as a function of time is shown in Figure

(8] co

6.2.,1. This plot is the result of a cooling experiment conducted

*The storage tank physical properties are listed in Appendix A.



In[(Ty =Ty )/ (T, =Tg )]

64

TIME (HOURS)

Q. 5. 106. 15. 20. 25. 30. 35. 40. 45. 50. 55. B60.
OC T T T T T T T T T T T T T T T [T T T T T T

Ty = 19.0 °c
T, = 52.8 °c
15 51.4°c > 7> 4H0.4%C
.20
.25

.30

_ 1
N sLoPE = -0,00856 T

<40

TP T I T T I [ T T T T [T T T T T T TeiTy

.43

YT

\\

.50

Figure 6.2.1 Results of the storage tank cooling

experiment



65

on the water storage tank used in all experiments. The cooling ex-
periment was conducted over a period of 35 hours with the initial
tank temperature being 53.°C and the final tank temperature being

402C. The ambient temperature averaged 19.3°C. The slope of the

resulting line is —0.00856‘5; . Using equation 6.2.3 we get,
1 J
. ~(slope) x (m) x (Cp):=—(—0.00856 hr) x (333. kg) = (4179. kg°C)
Ag (3.70 %) (3600 -2)
hr
U =0.89 2W
m°C

6.3 Experimental Procedure to Obtain Temperature Data for a

Comparison with TRNSYS Simulation

Initially storage tank heating with no load was simulated.
The storage tank was filled with main water at about 15.°C. Various

coil volumetric flow rates (0.075 £/s to 0.125 £/s) with no load

draw from the storage tank were tested. The stéfége tank was heated
up over a period of 12 hours to a temperature in the 60°C - 70.°C
range. The tank temperature, the temperature of the water entering
and leaving the coil and the environment temperature were monitored
over the duration.

Inputs to TRNSYS for the gimulation of storage tank heating
with no load were the temperature and volumetric flow rate of the

water entering the immersed coil, the environment temperature and
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the value of coil effectiveness. OQutputs are the storage tank temp-
erature and the immersed coil outlet temperature.

Further experiments were conducted which added a load draw to
the storage tank and this was also simulated, The volumetric flow
rates of the load draw were chosen to simulate residential usage of
hot water. The rates varied from 0.075 £/s to 0.15 £/s. To
simplify the comparisons, the load draws lasted for half-hour
periods.

Inputs to TRNSYS for the simulation of the load draw experi-
ments were the same as for the storage tank heating with no load
simulation plus additional inputs of the volumetric flow rate and

the temperature of the storage tank replacement water.

6.4 Results and Comparisons

The output of the computer simulation is compared to the ex-~

perimentally measured data for the storage tank heating in Figure

6.4.1. This comparison had an immersed coil volumetric flow rate

of 0,10 L/s, an enviromment temperature of 19.8°C and immersed coil
inlet temperatures varying from 70.2°C to 51.8°C. The experimentally
measured storage tank temperatures agree with the computer simulation
storage tank temperatures to within 1.°C over the entire period of
the simulation. The storage tank temperature initially increases
quite rapidly due to the large temperature difference between the

immersed coil average temperature and the storage tank temperature.
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The rate of tank temperature increase slows and becomes nearly
linear from about hour 4 to hour 12. During this time, the coil
inlet temperature increases along with the storage tank temperature.
Although the plot does not show a temperature profile beyond 12
hours, the temperature approaches 72.°C (the source tank set temper—
ature) .

The comparison between the measured data and the computer sim-
ulation data of the coil outlet temperature (also shown in Figure
6.4.1) also shows agreement to within 1.°C except during the first
three time steps. The reason :for this inaccuracy results from using
an average constant value for coill effectiveness. This assumption
is least accurate at the beginning of a heating experiment when
the difference between the average coil temperature and the storage

tank temperature is greatest. As seen in Figure 6.4.2, the wvalue

of coil effectiveness at the beginning of the storage tank heating
experiment used for comparison, is actually greater than the overall
average effectiveness.

Figure 6.4.3 shows the comparison between the experimentally
measured data and the computer simulation output for a load draw
situation. The agreement is reasonable; an 18 hour simulation of
the storage tank temperature produces a final tank temperature that
agrees with the measured temperature again to within 1°C. The
initial load draw was 0.15 £/s at hour 1. The second load draw was
0.075 £/s at hour 7 and the third load draw was 0.10 £/s at hour 13.

Each load draw lasted one-half hour. The temperature of the replace-
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ment water from the main was between 10.°C and 15.°C for all three
loads. The areas of poorest agreement occur immediately after the
load draws cease. At these points, the difference between the aver—
age coil temperature and the storage tank temperature is greatest

and again the instantaneous value of effectiveness at these points

is significantly greater than the overall average effectiveness of
the coil.

Looking at the comparison of experimental and measured values
of the coil exit temperature, we can see close agreement except
immediately after a load draw. The reason for this discrepancy
is the same as stated above for the tank temperature discrepancies.

The TRNSYS decks used in the two preceding simulations are

listed in Appendix D.
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7.0 Discussion and Conclusions

Very minimal temperature stratification is observed in the
thermal storage tank above the location of the heat exchanger coil
when there is no load draw on the tank. This finding is in agree-
ment with experimental results obtained elsewhere [4]. Apparently,
the convection currents produced by the heat exchange process are
sufficient to thoroughly mix the water at all points above the
immersed coil. Stratification is observed while there is a load
draw placed on the water storage tank but scon disappears shortly
after the load ceases. TFigure 6.1.1 is a plot of the tank tempera-
ture distribution as a function of time for a load draw. The
immersed coil volumetric flow rate is 0.125 £/s and the load draw

is 0.15 £/s for one-half hour. At the end of the half hour load

draw, the variation in storage tank temperature is from 21.°C at
the level of the immersed coil to 38°C at the top of the tank. The
lowest temperature measurement is taken below the level of the im-
mersed coil at the bottom of the tank which is minimally affected
by the convection currents., Essentially all temperature stratifi-
cation above the level of the coil disappears within one-half hour
after the load draw ceases.

Immersed coil effectiveness is found to be nearly independent
of the temperature difference between the coil inlet and the tank.
Figure 6.1.2 shows this relationship for two horizontal, multi-pass,

smooth—tube coils (shown in Figure 2.1.2a) connected in series and
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mounted one above the other. The trend shows a definite increase in
effectiveness as the temperature difference increases. However, an
average value of 0.33 represents the effectiveness of this particu-
lar coil arrangement to within 0.04. This is typical of the varia-
tion in effectiveness with the temperature difference for the four
immersed coil configurations tested. The ability to assume a con-
stant effectiveness greatly simplifies the analysis of solar systems
using immersed coils since the method of de Winter [10] can be used
to assess the heat exchanger penalty. Also with the assumption of
constant effectiveness, solar systems with immersed coil heat ex-
changers can be simulated with the use of computer simulation pro-
grams such as TRNSYS [2] and F-CHART [11]. Such a simulation is
presented in Chapter 6.

The influence of the coil volumetric flow rate on heat ex-—

changer effectiveness is Important. The effectiveness is found to
vary significantly over the range of flow rates tested (shown in
Figure 7.0.1). This means that a solar collector and an immersed
coil heat exchanger combination operating with a proportional con-
troller may not be analyzed by the method of deWinter.

The overall heat-transfer coefficient-area product, UA,is found
to be a strong function of coil fluid velocity at low velocities
(<0.80 m/s). Above this fluid velocity, the function becomes weaker
as the coil internal thermal resistance becomes negligible when
compared to the coil external thermal resistance and the coil wall

resistance (in the case of the double-wall coils). In cother words,
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the value of UA becomes increasingly governed by the external heat
transfer coefficient and the conductance of the coil wall as the coil
fluid velocity increases. A plot of this relationship is shown in
Figure 7.0.2.

The overall heat~-transfer coefficient-area product, UA,is also
found to be a function of the temperature difference between water
temperature entering the immersed coil and the tank temperature. As
one might expect, UA increases with increasing temperature differ-
ence (see Figure 7.0.3). The temperature difference between the coil
and the storage tank water determines the magnitude of the circulating
natural convection loop. The free-convection heat transfer coeffic-
ient, h,increases with increased temperature difference and thus,
so does the overall heat-transfer coefficient-area product, UA.

A series flow configuration has been found to be the most

effective type of flow configuration for an immersed coil. Anytime:
the collector fluid is divided up to go to two or more coils within
a tank, the volumetric flow rate (and fluid velocity) for each coil
is reduced. By reducing the flow rate, the forced convection co-
efficient inside the tube is reduced and the internal film resis-
tance of the coil is increased. The result is a reduction in the
overall heat-transfer coefficient—-area product, UA, and a reduction
in performance.

Tests conducted on the orientation of immersed heat exchanger
coils show that (with all other coil parameters being equal) the

horizontal coil is superior to those sloped at 45. and 90. degrees.
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A plot with the results of the coil orientation experiments at a
coil volumetric flow rate of 0.075 £/s is shown in Figure 5.6.1.
The horizontal coil produces roughly 20% greater heat transfer at a
given LMID than either the coil inclined at 45. degrees or 90. de-
grees. Similar results were found for the other coil volumetric
flow rates tested. The superiority of the horizontal configuration
may result from a thinner exterior boundary layer for that orienta-—
tion. This phenomenon would offer less film resistance to heat
transfer.

Utilizing forced convection on the exterior of an immersed coil
by moving water within the tank definitely does increase the perfor-
mance of the coil. By forcibly moving the water across the coil, the
exterior convection heat transfer coefficient rises and the thermal

resistance on the exterior side decreases. The added benefits of

simpiy—ereating a general fTlow withim the storage tank are dubious.
However, when the flow is directed with a nozzle across the immersed
coils, the increase in performance is dramatic--up to a 50% increase
in performance for the case tested. TFor the double-wall immersed
coils in this study, this increase is about as good as can be ex-
pected. The increased convection heat transfer coefficient caused

by the forced convection reduces the external thermal resistance
enough to make the coil wall thermal resistance the major resistance,
Any greater reduction in external thermal resistance will not produce
major increases in the performance of the double-wall coil. For the

single-wall coil (where wall resistance is negligible), greater
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velocities of water within the storage tank will continue to produce
dramatic increases in coil performance until the thermal resistance
for the external side of the coil approaches that for the internal
side. Disadvantages of this idea include parasitic power require-
ments, additional plumbing and increased maintenance to keep the
nozzle free of deposits. For specific cases, one must determine if
the overall increase in system performance outweighs the disadvan=
tages.

Correlations of Nusselt numbers versus Raleigh numbers have
been developed to aid in the design and analysis of immersed heat
exchanger coils having similar configurations and dimensions of
those discussed in the Physical Description and Experimental Pro-
cedure Chapter. Standard heat transfer studies indicate that the

Nusselt number can be represented by an equation of the form:

Nu = C(Ra)™ 7.0.1

where C and m are constants. Because most coll applications are in
the laminar region and the range of Rayleigh numbers tested was
limited, the exponent m was set equal to 0.25 according to previous
studies [1] of convection heat transfer from tubes. Curve-fitting
produced a value for the constant, C. These correlations are based
on the log-mean temperature difference between the surface of the
coil and the storage tank water (from Chapter 4). The experimental

data are shown in Figure 7.0.4 and the proposed correlations are:
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multi-pass, smooth-tube coils, (two coils,

one situated above the other),

For horizontal,

For horizontal,

For horizontal,

25
Nu = .55 Ra 7002

multi-pass, smooth-tube coils, (one coil),

Ve
Nu = .37 Ra > 03

spiraling, finned-tube coils,
25

Nu = .34 Ra’ 7.0.4

single-pass, smooth-tube coils,

The uncertainty

Nu = .74 Ra' %> 7.0.5

of temperature measurements and coil volumetric

flow rates produced a range for the constant C as shown in columm 4

of Table 7.0.1. Column 5 of the table gives the range over which

the constant, C would lie if the limit in uncertainty of all temper-

ature and volumetric flow measurements was reached and these uncer-

tainties affectedC in the same direction. The horizontal, single-pass,

smooth-tube heat exchanger produces ithe largest range of uncertainty

due to its small size (0.057 mz) and therefore, relatively low
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100. ¢
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w 20.F
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p) L
w n
=2 5.t .
= £ A Single—Pass
. B Multi—Pass (Two coils)
- C Straight Tube
2. " .
= D Muti—Pass (One Coil)
—= —F=Spirallinned=—Tube_——— 0 —-"———"——
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4. 5. 6. 7.8.9.108°

2. 3. 4. B B

RAYLEIGH NUMBER

A - HORIZONTAL, SINGLE-PASS, SMOOTH-TUBE cOILS (&)

B — HORIZONTAL, MULTI-PASS, SMOOTH-TUBE COILS
(TWO COILS, ONE MOUNTED ABOVE THE OTHER) (©)

C - HORIZONTAL, STRAIGHT TuBE [1]
D - HORIZONTAL, MULTI-PASS, SMOOTH-TUBE COILS

(ONE cOIL) ( +)

E - HORIZONTAL, SPIRALING, FINNED-TUBE COILS (&)

Figure 7.0.4 Nusselt number as a function of Rayleigh number for four

coil configurations

(with a comparison to literature [1D
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Table 7.0.1 Variation in Observations and Variations Due to
Uncertainties in Measurements

Variation
Coil Constant, Number of Among Worst Case
Configuration C Observations Observations Condition
1) w23 72 42<C< .75 .31<(C0<.98
2) .37 60 24 <C < 54 23<(C< .65
3) .34 30 22 C< 44 .18<C< .68
4) .74 46 49<C<1.02 .49 <(C<1.09

1) Horizontal, multi-pass, smooth-tube coils, (two coils,
one situated above the other)

2) Horizontal, multi-pass, smooth-tube coils, (one coil)
3) Horizontal, spiraling, finned-tube coils

4) Horizontal, single-pass, smooth-tube coils
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temperature difference between the inlet and outlet (~39C). The
uncertainty in temperature measurement may be as much as 25% of
the measured temperature difference in this case.

For the horizontal, multi-pass, smooth-tube coil (2 coils, one
mounted above the other) configuration, two sets of separate tests
conducted eight months apart yielded essentially the same result for
the constant C. One set of tests produced a value of .56 while the
other set of tests produced a value of .55.

When using these correlations to predict coil performance,
the less similar the coil to the described coils, the less reliable
the correlation. They will however, provide guidelines for coil
design and analysis for many applications. More studies are needed
to expand the number of correlations to describe the performance

of other configurations. An example of the use of the preceeding

equations is given in Appendix B. This sample problem predicts
the effectiveness of an immersed coil heat exchanger and the heat
exchanger penalty for a typical collector system.

The constant, C (from equation 7.0.1) is a relative evaluation
of the convection heat transfer coefficient for a given temperature
difference between the coil surface temperature and the tank temper-
ature. Comparing C for each of the immersed coil configurations
reveals some interesting facts.

The horizontal, single-pass, smooth-tube coll (hereafter des-
cribed as single-pass coil) produces the highest exterior convection

heat transfer coefficient of the coils tested (for a given tempera-
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ture difference). This coil approximates a horizontal, straight
tube. The horizontal multi-pass, smooth-tube coil (2 coils, one
mounted above the other; hereafter described as multi-pass, 2 coil)
will produce a convection heat transfer coefficient which is about
75% of that of the single-pass coil at the same temperature differ-
ence, The horizontal, multi-pass, smooth-tube coil (1 coil;
hereafter described as multi-pass, 1 coil) and the horizontal,
spiraling, finned coil (finned coil) produce roughly the same con-
vection heat transfer coefficient at about 507 of that for the
single-pass coil and about 65% of that for the multi-pass, 2 ceil
configuration (for a given temperature difference). The poor con-
vection coefficient of the finned coil may be due to its tight con-
struction (see Figure 2.1.2b) and/or narrow fin spacing (4 fins/cm

of tube length). The relatively large surface area of the finned

coil (0.73 n°) makes ub for the relatively low convection heat
transfer coefficient making its external thermal resistance and
hence performance approximately equal to that of the multi-pass, 2
coil configuration (surface area = 0.45 mz)- Measurements show that
for a given temperature difference, the heat transfer rate for both
configurations is about the same (within about 10%). This means that
the finned coil mounted in one of the two portals of the storage
tank is doing nearly the same job as the multi-pass, 2 coil con-
figuration which is mounted in 2 portals. Placing a finned coil in
each of the two mounting portals would significantly increase sys-

tem performance.
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When comparing the constant, C for the multi-pass, 1 coil and
multi-pass, 2 coil we notice that the convection heat transfer co-
efficient increases by about 507 when the multi-pass configuration's
surface area doubles. Hence the exterior thermal resistance is re-
duced by a third and the multi-pass, 2 coil configuration performs
roughly 3 times better than the multi-pass, 1 coil configuration
at the same temperature difference.

The multi-pass, 1 coil and 2 coil configurations approximate
tube banks. One would expect that the fewer the tubes (from 2 coils
to 1 coil), the closer the convection heat transfer coefficient
would approach that of the single-pass coil (for a given temperature
difference). 1In fact the opposite is true. The cause for this
anomaly is unknown.

Two effects that govern coil performance appear to be occurring

-due to the convection currents surroﬁnding the éoil. -The-firsi -
effect is that of hydrodynamic interaction. The convection currents
caused by the lower portion of the coil will rise to add to the con-
vection currents produced by the upper pertion of the coil. The
effect is to Increase the average exterior free-convection coeffic—
ient and in doing so, increase coil performance. The second effect
is that of thermal interaction. The convection currents described
above are warmer than the surrounding storage tank water. This
reduces the temperature difference between the immersed coil and
the surrounding water and produces a decrease in coil performance.

Which of these effects is greater is probably a function of coil



design and temperature differences.
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Summary

A number of conclusions can be made from this study regarding
improved immersed coil and water heater design. They are:
1) Immersed coils constructed to produce the léast inter-
action with other parts of the coil appear to produce
the greatest comvection heat-transfer coefficients.

This would suggest that a coil be comstructed so that it

lies in nearly the same horizontal plane when mounted in
the storage tank. To accommodate an immersed coil of
adequate size constructed in this manner may require a
storage tank with increased horizontal dimensiomns along
with a decreased height to maintain the same capacity.

2) The coil wall thermal resistance should be kept to a mini-

= mum. Wherever building codes permit, single-wall copper —
coils should be used. If double-wall immersed coils must be
used, they should be constructed with maximum contact be-

tween the inner and outer tubes. Minimum tolerances between

the tube sizes and press-fitting the tubes together will
help. The use of a "thermal" grease (such as Dow 340) at
the coil wall interface can significantly reduce the ther-
mal contact resistance.

3) Any movement of water through the storage tank should be
directed across the immersed coil. If no auxillary pump
is used to .create a movement of water within the tank, the

replacement water required for a load draw should enter



4)

5)

6)

88

the tank across the coil,

Coil fluid wvelocities should be high enough to minimize

the internal thermal resistance. There ig a trade-off
here; as the coil fluid velocity increases, the pressure
drop across the coil and pumping costs increase,

The use of fins on the exterior side of the coil to increase
surface area and thus reduce external thermal resistance

is desirable, Caution should be exercised in fin spacing.
Closely spaced fins (4 fins/cm for the finned coil in

this study) appear to reduce the convection heat transfer
coefficient.

Keeping items 2, 4, and 5 in mind, the externmal, coil

wall and internal thermal resistances should be approxi-

mately equal.

The immersed coil should be positioned at or near the
bottom of the storage tank to fully utilize the thermal

capacity of the storage tank.




APPENDIX A

EXPERIMENTAL EQUIPMENT

Hot Water Source Tank:

Manufacturer: R. Edmunds and Sons.
Capacity: 300.£
Heating element: 3000 W, dry electric element

Serial number: 62890

Thermal Storage Tank;

Manufacturer: A. 0. Smith Corp.
Model: Conservationist Solar Water Heater, #JTHE100
Serial number: 888-M-79-11293

Capacity: 340. £ (measured)

89

I
L]

Average overall heat-transfer coefficient: 0,89

(while experimentally equipped) ﬁ2°C
Insulation: Fiberglass wool, 0.06 m thick sheath
Tank: height = 1.40m

diameter = 0.62 m

mass = 102. kg
Case: height = 1,48 m

diameter = 0.74 m

2

heat transfer area to environment = 3.70 m

(The bottom is well insulated and is not considered in the

heat transfer area.)



Rotameter: (2)

Manufacturer: Brooks Instrument Company, Inc.
Type: 9-1110-MS
Serial number: 6208-38773/72

Range: 0.0 £/s - 0.32 £/s

Pump: (2)

Manufacturer: Little Giant Pump Company
Rating: 115v, 3.2 A, 370 w, 1 phase
Type: Centrifugal impeller

Maximum capacity: 0.55 £/s (no head)

Chart Recorder:

Manufacturer: Minneapolis-Honeywell Regulator Company

90

Type: 12 channel, adjusted for Cu-Cn thermocouples
Serial number: 5397-N

Model number: 153X64P12-X-141

Range: -20.°C to 120.°C

Digital Thermometer:

Manufacturer: Fluke
Type: 10 channel, adjusted for Cu-Cn thermocouple
Serial number: 2320014

Model number: 2176A
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APPENDIX B Sample Problem

Design programs for solar heating systems such as FCHART [12]
or TRNSYS [2] require a value of heat exchanger effectiveness for
the collector-storage heat exchanger. Storage tanks utilizing
immersed coil heat exchangers are often used in solar heating sys-
tems and can be incorporated into these design programs provided
one can predict coil effectiveness. The following is an example
of such a prediction based on a heat transfer correlation presented

in Chapter 7.

Sample Problem

Water flows through an immersed coil of a water storage tank

in a solar heating system. Determine the coil effectiveness and
calculate the heat exchanger penalty factor, Fé/FR [11] for the
system with the following specifications.

Coil Data: : o )

Type: horizontal, multi-pass, smooth-tube (double-wall
construction)

Wall thermal resistance: 0.0023 °C/W (based on a contact
coefficient of 1200. W/m2°C)

2

Area: outside 0.45 mz, ingide 0.31 m

Diameters (tube): 1ID 0.011 m, OD 0.016 m
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Collector Data:

Area: 6.0 m2

. 20
FRUL. 3.75 W/m“°C

Collector-coil loop volumetric flow rate: 0.10 £/s = 0.10 kg/s

Temperature Data:

Storage tank temperature: 44.0°C

Temperature of water entering the coil: 55.0°C

Solution

It is necessary to first guess an average coil outside surface
temperature and a coil exit temperature and later check these assump-
tions. The coil surface temperature is assumed to be 49.0°C and the

coil exit temperature is assumed to be 51.5°C.

Properties: Source [1]

Water, T, = 46.5°C

B=3.79 x 10* k!
— me———— N S
u=5.85x 10 kg m s
¥ 5

k = 0.641 Wm ¥ B

v = 6.1 % 10" ms T

§ = 1,55 % 10 pow o

Water, T = 53.3°C

c,ave
w=5.24 x 10_4 kg mflsu

-1

k =0.648 Wm  °C

Pr = 3.37



5.3

c, = 4180. J kg~ °C

Analysis:

g8 (TS -

X Vo,

T)X

_ (9.8ms %) (3.79x10" k™) (5°K) (0.016m) >
(6.11x10 noe~ T {15410 sl

8.08 x 105

I

Using Eq. 7.0.2,

. #23
Nu = .55(8.08 x 107) = 16.5
and,
Nuk  (16.5)(0.641 W m * °c”h —2 . -1
p =2k, DLW G = 661. Wm 2 °C

O

To calculate effectiveness, we must determine the internal convection

coefficient based on the Dittus-Boelter correlation for flow through

a tube [1].
4 4 (0.10 k sfl)
B = i RS - ———7— = 22100.
i (0,011 m)(5.24x10° " kg m = °C )
Nu, = 0.23 re® prot = L023(22100) "2(3.37) "% = 111.8
(111.8) (0.648 W mw ~ °c™H) 2 . -1
h, = : : L = 6600. Wm © °C

i (0.011 m)



94

Now to calculate the overall heat-transfer coefficient-area product,

UA, we use,

1
UA = 1 1
ha TR, YR A
o 0 b
1 = =1
57 5 t0.0023°C'W T+ _21 =) >
(661, Wm “°C ") (0.45m") (6600 Wm ~°C ") (0.31m")
- 163. W °ct

Due to the assumption of a constant average temperature along the
cold side (exterior side) of the heat exchanger coil, it may be

considered to have infinite capacity. The expression for effective-

ness [1] then becomes,

=],
-UA -163, W°
£ = l-exp [ D } = l-exp [ ( - C_l) S ]
b (0.10 kg s ) (4180. J kg °C ) |
= 0.32
Now to check the assumptions of T 49.0°C and Tc - 51.5°C:
5 - Qact _ b A, =Tyt _ Tc,in ~ Te out
Ypax ™ Cp (Tc,in B TT) Tc,in B TT
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therefore,
T = " % Ce,in = '€ + T
s h A T
(0]
_l _lO —1. [} o
_ (0.10 kg s 7)(4180..J kg ~°C ") (55.0°C-44.0 €)€0.32) |\ /s 0°c
= _2 - .
(661. W m = °c™1)(0.45 n?)
= 49.,0°C {49.0°c}
and,
Tc,out B Tc,in - E(Tc,in N TT

Il

55.0°C-0.32(55.0°C-44.0°C)

51.5°€¢ {51.5°Ct

Now—to—calculate the heat exchanger penalty factor,

= -

i
N I T N
€

wl es
b

=
| NS —|

o |_(fncp)C J |_

1
(6.0m%) (3.75 Wm 2°ch 1

1+ ;g o T 32 1
(0.10 kgs ) (4180, J kg ~°C ) '

= 0.90
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This represents the penalty in collector performance incurred because
the coil heat exchanger causes it to operate at higher temperatures
than it otherwise would. With this coil, 11% (i.e., 1/0.90 - 1)
greater collector area would be required to deliver the same energy

compared to a system without the heat exchanger.
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APPENDIX C Measurement of the Contact Coefficient of Double-Wall

Immersed Coils

The construction of the double-wall coils is simply a copper

tube press-fitted around a slightly smaller diameter copper tube.

The thermal conductivity of the copper is very high (386 so the

m°C

thermal resistance due to the copper can be ignored. The thermal

1
contact resistance (h A ) between the two tubes can be significant.
cc
The thermal contact coefficient, hc’ is measured as follows:
The temperature of the exterior surface of coil being tested
was measured near the entrance and exit of the coil by attaching
thermocouples to it. Small grooves were etched into the surface

and the thermocouples were placed in these grooves. The joint was

then soldered, completely covering the thermocouple. Wires leading

TOo thnese jOiNnts were insulated to minimized fin eflects. The
temperature of the coil water was measured at the entrance and exit

along with the coil volumetric flow rate and tank temperature as

described in Chapter 2. In these experiments, all temperature
measurements were made when large temperature differences were present
to minimize errors.

The expression for the contact coefficient [1] is,

h, =57 A.l

where AC is the area at the interface between the inmer and outer



tubes of the coil wall. The tube diameter at the interface is
0.0127 m for all coils in this study. The thermal circuit for

analysis is,

— NN NN

Tcoil 1 Texterior
liquid h. A, W surface

and the equation for wall thermal resistance is,

98

— LMTD* - -
R, = 1 h A Aon 2

With RW = 0. for the single-wall coil, equation A.2 can

be manipulated into the form:

q

h; = ) )

*Since the temperature of the coil surface and the temperature of
the coil water vary along the length of the coil, it is approp- -
riate to use a log-mean temperature difference between the coil
exterior surface temperature and the coil water temperature.
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The internal convection coefficient, h, was determined over a range
of coil volumetric flow rates for the single-wall coil and then

scaled according to the Dittus-Boelter correlation for flow through
tubes [1] to account for the different internal diameters and coil
flow rates between the single-wall and double-wall coils. Assuming

constant fluid properties, this relationship is:

1.8 . .8 I
h, = (&) (%—) hi = 1.69 (ip) n} Ah

m

where the prime represents those measurements taken with the single-
wall coil.

Tests were conducted on the horizontal, multi-pass, smooth-
tube and horizontal spiraling, finned-tube coils (both described in

Chapter 2). The wall thermal resistance for both of these coils

is not negligible due to significant contact resistance at the in-
terface between the inmmer and outer tubes. Using equations A.l and

A.2 with the internal convection coefficient (scaled from the single-

wall coil tests), the contact coefficients and thermal wall resis-
tances were determined for the double-wall coils.

The contact coefficient for the wall of the horizontal, multi-
pass, smooth-tube coil was found to be 1300. + 140. W/m2 °C (wall
thermal resistance = 0.0047 + 0.0005 °C/W). The uncertainty in
this is due to the uncertainty in temperature measurements and the
fact that about 15% of the length of the outer tube is not press-

fitted to the inner tube. The degree of contact between the inner
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and outer walls is uncertain in this area.

The contact coefficient for the coil configuration consisting of
two horizontal, multi-pass, smooth-tube coils is the same as that
for one coil due to identical construction. The wall thermal re-
sistance is 0.0023 + 0.0002 °C/W.

The contact coefficient of the wall of the horizontal, spiraling,
finned-tube coil was found to be 4000. + 400. w/m2 °C (wall thermal
resistance = 0.0018 + 0.0002 °C/W). The uncertainty in this measure-
ment is due to the uncertainty in temperature measurement only
(since this coil is evenly press-fitted throughout its length).

A worst case coil double-wall resistance would be that of no
metal to metal contact between the inside and outside tubes of the
coil wall. The dimensions of the tubes used in the coils of this

study would allow a 0.0006 m air gap between the two tubes if they

were not press—-fitted together. The resulting wall thermal re-
sistance for the horizontal, multi-pass, smooth-tube coil would

be 0.113 °C/W. This is well above its measured value of wall re-

sistance.
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APPENDIX D. Computer program listings

L]

THIS PROGRAM EVALUATES IMMERSED COIL HEAT EXCHANGER
PERFORMANCE FOR SHOOTH-TURE COIL QF THE TYPE COMMOMNLY
FoOuMD IN SOLAR WATER HEATERS.

INPUTS REQUIREDR FOR THYIS COMPUTER FROGRAM ARES

DIW = INSIDE TURE DIAMETER (METERS)
NOUT = DUTSINDE TURE DRIAMETES (METERS)
L = LENGTH OF TUBE (METERE)

R = COIL WALL THERMAL RESISTANCE (C/W)
FOINTS = THE NUMBER OF DATA EBLTS

c
C
C
C
C
C
C
C
C
C
C TTANK = STORAGE TANK TEWPERATURE (C)

C TINLET = TEMPERATURE OF THE WATER EMTERING THE COIL (C)
C

C

C

C

c

C

C

C

c

C

TOUT = TEMPERATURE DF THE WATER LEAVING THE COXL (L}

WFLOW = COXL VOLUMETRIC (MASS) FLOW RATE  (KG/8)

HRARIN = AVERAGE CDIL INTERMNAL CONVECTION HEAT TRANSFER
COEFFICIENT (DETERMINED EXPERIMENTALLY BY HMETHOOS
EXPLAINER IN APPENDIX ) (W/HR%2Z C)

¥%k INTERNAL TERMINOLOGY #%%

¢ ADUT - COTL EXTERNAL SURFACE AREA

AIN = COIL INTERNAL SBURFACE AREA

TFLOW = AVERAGE TEMPERATURE OF THE COIL FLUID

CPF = SPECIFIC HEAT OF WATER

MUFL(W = DYNAMIC VIGCOSITY OF WATER

GEXP = HEAT TRANSFER RATVE FROM THE COIL TOQ THE TANK
LMTO = LOG-MEAN TEMPERATURE DIFFEREMNCE

BETWEEN THE COIL FLUIR AMD THE STORAGE TANK
UAEXF = OVERALL HEAT-TRANSFER COEFFICIENT-AREA PRODUCT
OF THE IMMERSED COXL
EFFECT = COIL EFFECTIVENESS
REYFLW = REYNOLDS NUMBER OF THE COIL FLUID
HBAREX = EXTERNAL COWVECTION REAT TRANSFER CORFFICIERT
TSURF = IHMERSET COIL SURFACE TEMFERATURE
TFILM = FILM TEMPERATURE AT THE COIL EXTERWAL SURFACE
WOFLY = DENSITY OF WATER
MUFILM = DYNAMIC VISCOSITY AT THE FILM VEMPERATURE
EFILM = CONRUCTIVITY OF WATER AT THE FILH TENPERATURE
FRFILM = PRANDTL NUMBER AT THE FILM TEMFERATURE
NUEX = COIL EXTERNAL WUSSELT MUMBER
RETA = VOLUME COEFFICIENT OF EXFAMS1ON

s Belzlv v v+ R e R vl s R E N R R o b
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FLMTO = LOG-MEAN TEMPERATURE DIFFERENCE BETHEEN THE
COIL SURFACE AND THE STORAGE TANK WATER

GR = GRASHOF MUMRER

RAY = RAYLEIGH NUMEER

oD On

REAL NUEXsMFLOW:LMTDsL
REAL KFILMs MUFLOWs MUFTLM
INTEGER POINTS
WRITE (%100)
WRITE(%s100)
WRITE(k:110)
READCKs¥) R
WRITE (%:100)
WRITE(ks%0)
WRITE(Ks100)
READCEs®)DIN-FOINTS: L, DOUT
WRYTE (katin)
WRITE(k»100)
AFLOW =G,
ADUT=3, 141 6%D0OUTRL
AIN=3,1416XDTMRL
WRITE(Xs10)
WRITE(X»20) AQUT-AIN
WRITE (ks 100)
WRITE(%s100)
WRITE(%:120)

2 o WRITE(k»130)

£
C CALCULATION LOOF
c
DD 2 N=1sPOINTE
READCR KITTANK TINLET» TQUT » HFLOW s HRARTN

EVALUATE INTERNAL PROPERTIES

B ilor

TFLOW=(TINLET+TOUT) /2,0
CP=4179, _
HUFLOW=,047% ( TFLOWK1 . £+32 YK (~1,00%5)

Lo B8 o

EVALUATE EXPERIMENTAL DATA

QEXP=CP¥MFLOWK(TINLET-TOUT)
LMTR=(TINLET-TOU) /ALOBC(TINLET ~TTANK) Z(TOUT-TTANK ) )
UAEXP=QEXF/LMTL

EFFECT=(TINLET-TOUT)/(TINLET-TTANK)
REYFLM=(4, ¥HFLOWY /(3 141 4XDINERMUFLOW)

Lo ]

FREE CONVECTION FROM EXTERIODR OF COILL



Lor Bl vl o

T

HBAREX=1,/((1,/UAEXP~(R)~1./ (HRARIN¥AIN) ) RAQUT)
EVALUATE EXTERNAL FPROFERTIES

TSURF=TTANK4QEXF/ (HRAREX¥ADUT)
TFILK=( TSURF I TTANK}/2.0
RHOFLM=1008.~-,42I8%TFILM
MUFILM=,0467%(TFILMEL,.8432,)%%(~1,003)
KFILM=,3739%(TFILMK1.B432. 00k, 2132
PRIFILN=(CPENUF ILM) /KFILN
NUEY.=HRAREX¥DOUT/KFILM
BETA=(7.1A3E-~08) ¥TFILMH(9.0143E-03)
FLMTD=(UAEXF/ (HEAREX®ADUT) ) XLHTI
BR=9 B1IXRETAR(FLN YD) X (DOUTHEL) R (RHOFLMRE2) /
C WUFI1LM¥%2

RAY=GREPRFILN

IF (MFLOW.ER.AFLOW) GD TO 3
WRIVE (%5 50)

AFLOW=HFLOW

QUTRPUT

WRITE(?sB0)HFLOMsEFFLCT s LHVDs REXFy UALXP s REYFLU: NUEX -
£ RAYsHREAREXs HRARIN

WRITE (6y B0 MFLOMWsEFFECT yLHTDs REXP s UAEXP s REVF LW NUEX
C RAYsHRBAREX«HBARIN

CONTINUE

0

20

FORMATTING

FORMAT (5Xs’ IMMERSED COIL EXTERNAL SURFACE AREA ‘s
CT86s  TMMERSED COIL INTERNAL SURFACE AREA °)
FORMAT(T1Ss’= *sF3.2y' SQUARE METERS »T9Us’= sFl.2»
£’ SQUARE METERS’)

110

120

130
f0
100
80

30

JFORMAT(SXs‘WHAT IS THE COIL WALL THERMAL “»
C/RESISTANCE (C/W)?)

FORMAT(T2y ‘MASSFLOW’ s T145 ‘EFFECT, s T25, 'LMNTD' T332 "HEAT FLOW
CTA6y ‘UA EXPER. /2758 REYN, 3 7»T71» NUSSELT-OQUT’,TBAGs
C/RAYLEIGH ND.’»T102s‘H AVE.-OUT’sT116s'H AVE.~IN)

FORMAT(T2: ‘KG/S T2y *C/ o T3S "WATTS s TALs "UATTI/C' s
CT102y ' ~==~~WATTS/MRK2 Crwwmme’)

FORMAT(S5Xs ‘ADD THE HWEASURED DATA NOW‘)

FORMATCY ")

FﬂRHAT(T4IF4o3!T15>F3.2!T355F4;1bTZﬁaFﬂ¢O!T4B>F5.1!TéOrF?«i5T743
CF7.2:TH?E10,5,T104:F7, 15 T117,F8. 1)

FORMATC(126(°%7))

S10F

END



ok andano o7dues
o
—
O IZEL 4 LéF o+E054T* 0% el 1 ETE gfaLt ‘BBE |, e AR 4 S
0 IZEL b ial 00+LTTHLY I5'e 0*98L58 IFaty 0k B'¢ £ Selt
IZEL B70/% 04918077 F5' 98 A LrEeT 4pTT 4% et g1t
0'1eZL £148F PO0+ZLT4TY T 4'CBRkL (rieT T4 o A MAN
0*122L 1'TRL FHo+E0L98" 1881 0 9rFhz Preit 901 8L A 1A
T £IEg FO04+8L847" o't 0 750%C (i) T0ZT £'8 ¥ LA
G'1ec 47980 00+rIC0L’ ga*FT 1199L8C £5T it ¢'é 5 AN
0*IEEL L1999 FO0+LTF0L" qeiLl 3°905EC L9 QLT 2401 e’ A
AR FAA A 0498, OFCTSEL F20C b 841 AT g'et mm. gLy
Rt A UEL FO0+ETS04Y g0'ar 1'92/82 BwZA' £L8T g'ot 8¢’ AN
*uuuuuunun*uuunuu*»*uuuanu*%»u*»u**»uu*nnu*uu»nuunnunuu*-uu»nu**n*uuuﬁunuu »unuuuunaunuuuugnu*u*u*unnnn*»nnun***uunnnuﬁunuu*
0'0F0% FA AN FO04+9219L° 28l §'ELTEE £51 196 'y IE* gor’
0009 FiGeE 2004218 9LteT m £E82T 18T £001 99 og* oot
010607 0*Zee Q004GETVL! 05'ST m.ﬁom Ze '9CT ‘CROI (' | $ got’
0 0F07 £8I7 FO0+£ZE9L! &69°C1 RRTAAA {51 '8CI) FAY I oy’
0 0k0% TOL FOO+HPS0EL’ 85 LT R A1 1[91 'CALT 'L £E? got’
{* 0p09 5 1L9 F0048E008° 9891 T4 L8910 pii) ‘6LET b8 FA'Ry oot
0 0v07 £'90L SO04EBEL8° 8L 0'EévIc ‘9T A4 6'0T £ §ot”
0 Ok07 g'8%¢ FO04CETRE’ g6l 0°CPETT "CLT *880¢ &'11 ¥E* 0o1*
0 0k09 rALAT.) L004£0£0T° 87'tC | &4 74 ¥4 061 TH0E g &’ gotT*

0 0F09 FALSA. 00489821 (1 A F*6BECT ‘961 Othy Lt Ze! oot
*unﬁuu*unnuuunuuuuuuu*u*ununnnunuu*nuuuun«nnnuuuunnunuuuuuun ybissebabEhEr bbb bbb ALY  pPabeebibertbbebritbebeit bty
0'BaLY 018 200407 429" 84T FrOBELT TEL) 'E0E o' ze! SL0°
0846k 8'90L F00+26599° 8c' Ll m.qﬂﬂhﬁ 91 HEOT £'9 ¥’ Sig*
0'84LF 4681 F604T5527° 6181 1925897 991 b 0] 'Y I 8407
0'84.F £iCER 0040TkLT* 98'cT {00951 aot 00T e &L’ raily
0'BALF B'el9 2004558677 8 et 8SErvl 091 9900 £y o’ gn’
0'BALY (AT FO015T429° £1'61 £100T9T WY ‘TTdl AT o’ QL0
0'8alk FAR L1 FO04EFEST 7Ll £* {9851 ‘I gy gL i1 o0
0'86LF £'91L 90048.64%° 9081 2ICCT Al ‘BFET ¢'8 ¥ S£0°
0°8alk FU5IL FO049FATLT 41'81 PLLFST 1991 OS] 16 I 80!
0'84lk 408 F00+69THL 1] a1 74 F*4EECST |8 FLL *5FET F01 £ oo
*uuuununwuﬁununnunu*ﬁ**uuuuau***uu»nnuunnn*u**uuu«uuﬁ«aama-u Oy L T L rhRrIRertoteest el st o it st eibobiventvbatitbbeisbustd
..... -7 CRIN/SLIVH-——— (Prs1iEn SLLYAR J 5799
NI-*30Y H 1no-*30% H ‘ON HOIFTAYYH IN0-LT365M £ 'NASH *§3d43 ¥ HOT4 1¥3H iK1 133443 HOT4550H

SHILIM FHYNAS TE' = SHALIM FuUYnos SF° =
YNV JOVAENS TWHNIINI 7100 03543MHWI YIgY (3IVENS TNMALKI 110D J3SHIMNIT

nunuuunnununuuuuuuuuuunnunununnuuuuuuununununq»nnuuuuuuuunuuuum..u.-um.. Rk iiiiTateteevt it biiisaiiabia b i itatit ittt




Rt
[}

[

g e TRHSYE GIHULATION —oon oo

&

$ KE% WITHOUT STORAGE TANK LDAD E%3

%

% THIS TRMSYS DECK IS 4 SINULATION OF & THERMAL STORAGE
L TANE WITH AN THNERSED COIL, AN EXTERNAL, SEMSIBLE WEAT
¥ EXCHANGER WITH CONSTANT EFFECTIVERFSS ID SUBSTITUTER FOR
£ THE THMERSED COTL SINCE TRMSYS HAZ N0 PROVISIONS 10

¥ BIRECTLY HMODEL AN IMHERSEDR COLL HEST EXCHANGER. THE

£ BIMULATION QUTPUT IS CONPAREL TO EXPERIMENTAL DATA.

) 4

X

% 2hE TERMINOLDBY He

¥

% E = EFFECTIVENESS

¥ HFL ¢ IMMERSED COIL HASS (YOLUMETRIC) FLOW RATE
% TI = INITIAL TANK TEKPERATURE

. th = ENUIRONHENT TEMPERATURE

% TIH = INITIAL TEMPERATURE OF 1HE FLUID LEAVING
% THE COIL

%

¥ EXE TIHE STEP INPUTS %42

& OO

% ~ww TENPERATURE OF THE WATER ENTERING 1HE COIL
% o STORABE TAHK TEMPERATURE (FOR CONPARTSON

% PURFGSER DHLY)

% . TEHPERATURE OF THE WATER LEAVING THE COIL

# £EGE-CONPARTOON PUBPOCES BREY

%

% GET STARTING TIHEs STOFPING TINME AND IRTERVAL

¥

STHULATION ©.0 11.5 .3

CONSTAHTS E=. 520 HFL=340. TI=29.5 74=19.8 TIH=G7.8

%

% INFUT TEMFERATURE DATA

ko3

Uit ¢ TYRE ¢ DATA READINE (FORBATIEIO
FARSGMETERE 4

.50 001

(TR FA, 122809, 130 F 4. 13

%
¥ GEHEBIRLE HEAT EXCHAKRGER
3

UMIT & TYPE B HEAT EXCHANGER
FARGHETERS 4

4 F 417%, 4179.

PHFUTE 4

G2 O A5l G:0

FE HFL TIH HFL

¥



Lo6

t THERKAL STORAGE TARE

&

UMIT 4 TYFE 4 TeRK
FPARGHETEIRG &

YEEE 1L.A3 A3V, FRG. Z2EF.
fHpdT: 5

53 Sad 00 Tl 050

TI WPL 20. 0. 18

Lk 3

Tl

%

Ed BEE QUTPUT £5%

%

 OTHE SIMULATION GUTPUYS ARE COMPARER 70 EXPERISENTAL
3 DATA BOVH HUNERICALLY aHD GRAPHICALLY.

%

URIT 2% TYPE 25 PRINTER
PARAMETERS 4

S50 8. 12.0 11,

THPUTS 4

Ped 451 Pl Gl

THEEYS THKSIH OUTEY TOUFBRI
UNIT 26 TYPEL 24 PFLOTTER
PaRaHETERL 4

JH50 0,0 (2.0 §.0

IWEUTS 4

Goefl 451 Fd Hel

T Y LM SR Y LTS KL T P S,
HHLAQ T FEEE ne & H ey i-u.rwvw.g

EHR




e o TENSYE GIMULETION oo oo m e
EEE WITH ETORAGE 1ANK LOAN £%%

THIS TRENBYD BECK IS & SIHULATION OF & THERHAL. STORAED
TanK WITH AN I8HERSED JQEL? AH DUTERMAL: SEMBIDLE MEAT
EYCHANBER WITH CONGTAHT EFFECTIVEHEES IR SURSTITUTER FOR
THE IMMERSER COTL SINCE TRHBYS ﬂ&ﬁ M OPROVISIGHE TO
DIRECTLY HODEL AN IMBERSED COML HEAT EXCHAHGER. THE
SIMULATION QUTAUT IT COHPARED T0 EXPERIMENTAL RATA.

ehe TERMIBOLOBY €%

E o= EFFECTIVENERE

WFL = (HHERSED COIL HASS (UOLUMETRICY FLOW RATE

TI = INITIAL VAMK TEWPERATURE

fA = ENUIROMHEENT TEHPERATURE

TIK = INITIAL TEMPERATURE OF THE FLUID LEAVING
THE CUIL

B% TIHE S1EF IHPUTE f3¥

-w- TEHPERATURE OF THE WATER ENTLRING THE TOIL
v VEMPERATURE OF THE STORAGE TaNE REPLACEMENT
BATER (DURIWE & LOADR BRAM OHLY?
- HALE i@ﬂLﬁﬁi? IE} FLOW RATE OF THE LOaDh DRAW

R THE A

- BTGRACE ?@NK TEHPQR&TU (FOR COMPARIBON
PURFOSES OHLY)
TEMPERSTURE UF THE %ﬁTfR LEalING THE COIL
(FOR COWPARISON PURPOGSCES OHLY)

%%%%%9“%%%%%%%%%%%ﬁ%%%%%%%%%%%%%%%‘

LRI e o AT Y T e T
S-S TARTIHE - TEHHE » - STOPETHE - FINE--ARD-THTERVAL

] ¥ ¥

£
SIHMULATION 0.0 18.0 .1
CONBTAHTYE E=.247 WFL=450. TI=40.0¢ T4=33.4 TIH=460.3

S
% IHPUT TENPERATURE DATA
¥

UWIT ¢ TYFE ¢ DATA READINE (FORBATTEIO
FARAHETERSG 7

4 .50 -1 148 01

£

B OT(TANK) TOOIL{INY TOOTLOOQUT: TLLOAL
¥

(TR F 4.1 250 F 4, 1o 2HeFd. e 2KF4 . 1)

%

% IHPUT LDADR DRAY HASS FLOM RATE Iata

i



UMEIT 14 TYRE 14 FORCIME FUNETIOH FRE LOAD HABS FLOE

FARAHETERY 28
e 0,

s e B G20, 1.6 B4, 1.0 0,
A8 G S5 270 T8 270, 7.0 0
igs{'ﬁ Q; 13&{5 3{5@4 :Lﬁeii ui‘i‘j} 13\-}} 3

i7.3 0.

¥
¥ GEMBIBLE HEAY EXCHANGER
¥

HMIT 5 TYPE 5 HEAT EXCHANGER
FARAMETERS 4

4 £ a17%, 4179,

FHFUTE 4

Fe2 0 dol 0:0

TL MFL TIH HFL

¥
£ THERHAL STORABE TaME

L4

URIT & TYFE 4 THHE
PARAMETERE 3§

34 1L UT 4179, 990, 37ET.
THPUTE 3

S:3 G4 Yed 14e1 050

T WFL 20. 4. 1a

BEE 1

T3

168

% EEY QUYPUT feg

® THE SIMULATION OQUTRFUTS ARE CONFARED 7O EXFERIKEHTAL
LoODATA BOTH HUHERICALLY AHD OGRAPHICALLY.

& .
""" WRIT Jn  TYPE IS OPRINTEE
PFARAHETERY 4

$
L0 . 18.5 9.
THEFUTE 4
Brl 40% T3 Ged
THEEXP THEGIH 7TOUTEY TOUTS:
UWIT 24 TYFE 28 PLOTTEE
PARAMETERY 4
30 0,0 18,5 1.0
IHPUTR 2
Fel Ael F2E Ted
THEDYF THRITE TOUYTEY Touter
EHD



109

References

1. Holman, J. P., Heat Transfer, McGraw-Hill, Tne., (1976) .

2 University of Wisconsin Solar Energy Laboratory, “TRNSYS, a
Transient Simulation Program," Engineering Experiment Station
Report 38-11, Madison, (1981).

3. Approved Engineering Test Labs., "Performance Test Report on

TC 65E Solar-Heatable Water Tank," Tested for Ford Products
Corporation, Saugus, Ca., (1978).

Vaughn Corp., "Performance Test on the SEPCO Model C80SNR-1
2DHZ Solar Water Heater," Salisbury, ME.

Weibelt, J.A., et al., "Free Convection Heat Transfer from
the Outside of Radial Fin Tubes," Heat Transfer Engineering,
Vol. 1, No. 4, Apr.—-June, (1980).

Lunde, P. J., Solar Thermal Engineering, John Wiley and Sons,
(1980) .

McAdams, W, H., Heat Transmission, Third Edition, McGraw—Hi};a
New York, (1954). I - N =

10,

11.

Horel, J. D. and de Winter, F., "Investigation of Methods to
Transfer Heat from Solar Liquid-Heating Collectors to Heat
Storage Tanks," Atlas Corporation, Santa Cruz, Ca., (1978).

Kreith, F., Principles of Heat Transfer, Third Edition, Intext

Press, Inc., New York, (1973).

Duffie, J. A. and Beckman, W. A., Solar Engineering of Thermal

Processes, Wiley Interscience, New York, 1980,

Mitchell, J. C., et al., "FCHART 4.1--A Design Program for
Solar Heating Systems," University of Wisconsin-Madison,
Engineering Experiment Station Report 50, (1982).



