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Nomenclature

A : Total area of collector

A, - Cross sectional area through which a fluid passes

A, . Effective emissivity

Cpa . Specific heat at constant pressure of air

G, . Specific heat at constant pressure of gas

G, . Specific heat at constant pressure of the combustion product to fuel
C., . Specific heat at constant pressure of the boiler water

d, : Hydraulic diameter

I - Heat removal factor

HHV  : Higher heating value of fuel

Lo Integration constants for gas during off —period
Ligon ° Integration constants for gas during on —period
L, . Empirically determined integration constant

A : Solar radiation

k : Thermal conductivity

L . Gas path length

Moy  Mass flow rate of coil water

m et - Mass flow rate of fuel

m, . Circulating water flow rate

M, : Mass of boiler water

NTU : Number of heat transfer unit

Q. . Heat flow rate from the boiler water to the tankless coil water

Q; : Heat flow rate from the combustion gas/draft air to the boiler water

through the wall of the fire—box

- vii -



Qe . Heat transfer rate between the gas and the boiler water through the
heat-exchanger

Qmput : Fuel input rate

Qj . Jacket heat loss rate
Qut . Latent heat loss
st . Heat gain rate of the boiler water

Q. . Heat loss through the stack

R, : Mass ratio of combustion product to fuel

R, : Ratio mass of water in the fuel to the total mass of the fuel

T, . Outside temperature

T . Boiler water temperature

T;,.; - Reference boiler water temperature corresponding to the stack gas

temperature at an equilibrium state

T . . Temperature of input of collector
. Temperature of output of collector
T,we - Average gas absolute temperature of the fire-box exit gas

temperature and adiabatic flame temperature

T, - Gas temperature at the inlet of the heat exchanger
7., . Absolute temperature of sink surface

T, : Boiler room air temperature

T, : Return water temperature

T,. . - Stack gas temperature at steady state

T.., : Supply water temperature
Up : Heat loss coefficient of absorber
Vi . Volume of fire-box gas
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: Stefan-Boltzmann constant (5.67x 10

: Weighting factor that is used to obtain a good fit to the measured

stack gas temperature decay curve

. Solar absorptance

. Steady-—state efficiency

. Incidence angle

: Dynamic viscosity

ll)

. Solar transmittance

: Normal gas time constant

. Nominal boiler water time constant

_iX_



Summary

Meanwhile the dynamic models of hot water boilers of residential
house are small and simple, most of the systems are designed to
heated up water at a coil type heat exchanger passing through the
length of fire way in the boiler. However, the heating of the water in
this study is conducted at a storage tank by heat exchangers which
conveys heat from solar collector and boiler to the tank that is

directly inserted to the thermal storage tank.

In this study, a simulation program was developed with heat
transfer model in the storage tank and analysis was conducted with
variation of operating condition and schedule of operation to analyze
performance of the a hot water supply and panel heating system with

a solar collector and burner combined thermal storage tank.

The simulation program is divided two sections. One part is
calculation of temperature variation of water which flows through the
panel in the floor for heating of the residential house during 24 hours,
and the other part is heat transfer calculation for the reaction time to
get desired water temperature in the thermal storage tank. For the
analysis, solar radiation was varies with climate condition as three
kinds of weather such as fair, clear and cloudy based on Korean

Standard.

As results, light oil consumption and system performance during
operation period were analyzed with variation of climate condition and
with or without solar collector. It was founded that the effect of
collector on the system performance was good in all considered

cases. Most of the case, oil could be saved about from 24 to 41%



with installing the solar collector. The performance of the system is
more dependent on radiation time of the solar the collector rather

than the intensity of the solar radiation.
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Table 1-1 Energy Balances of OECD Countries 2002-2003, IEA 2005 Edition

(Korea, 2004)

Increasing Increasing
Amount | Rate of rate of Amount | Rate of rate of
The The
) of supply total the ' of supply total the
nation nation
(1000toe) |energy(%)| average (1000toe) |energy(%5)| average
annual(%) annual(%)
Australia 6,537 5.8 3.2| Luxemburg 60 14 10.4
Austria 6,935 20.9 4.2|Netherlands 2,041 25 13.0
Belgium 1,194 2.0 7.3|New Zealand 4,852 279 0.3
Canada 40,793 1597 2.8 Norway 10,627 455 -1.1
Denmark 2,707 13.0 12.3| Poland 5,414 5.8 12.7
Finland 8,157 21.7 5.8| Portugal 4,340 16.8 4.1
France 17,260 6.4 1.3| Slovakia 650 35 9.9
Germany 13,318 3.8 11.2|  Spain 9,370 6.9 59
Greece 1,582 58 53| Sweden 13,739 26.7 2.3
Iceland 2,457 72.6 84| Suisse 4,814 17.8 4.0
Ireland 261 | W 6.5 England 3,217 14 16.8
Italy 10,920 6.0 74| US.A 103,180 45 0.4
Japan 18,932 8./ 24| Korea 4,436 2.1 25.7

Table 1-2 Technical development standard percentage of the forward country that

category of New & Reuseable energy resources

Technical Technical

Categories development Categories development

standard(%) standard(%)
Hydrogen 39 Ocean 33
Fuel cell 59 Waste 53
Photopile 74 Use a coal 53
Solar 72 Water power 84
Wind power 87 Geothermal 56
Bio 57 Average 65
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Storage tank Solar collector

Fig. 2-1 Diagram of the system integrated into a house.

_16_



=
............ I
Vamm Hot water tank
= (tank in tank)
Ly &
Burner ed
(auxilary heating)
(1] 1]
/ I
) \—/
(= | e |
{;_ b A T pp—— 5 o g . . i
e ———— -— Heat exchanger
fr = 3’/ { for solar heating)
= =)
= )
Distributer ——& =
inlet
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Make-up
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Return cold water

i / Stack
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Tankless coil
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',-' Domestic
Hot water -=-— D-Q ] == —» hot water
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Fuel oil
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Fig. 2-3 Basic diagram for a burner model
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Qinput

«+—— Albedo’

<+—— Tout

+— Ticw

Qjaket Qgw Tocw
Qstackt Qhir Qcollecter
Tstack «—»
Tholler | Storage Q, collecter | Solar
Thoiler<—» | Burner
tank Taler | COllECtOr
Ter ——n
Tbnller SWCH Lay Thoiler SWCH
Tsw WSR
Burner Solar
Controller collector
- Controller
Tstack = Stack gas temp. Tocw = outlet coil water temp.

Thoiler = Boiler water temp. WSR = Boiler circulating water

Tcr = Combustion room temp. flow rate

Tout = Weather temp. Trw = Return water temp.

Ticw = inlet coil water temp. Tsw = Supply water temp.

Fig. 2-4 Block diagram of the system model
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Table 2-1 System constants for analysis

Parameter Input Value
Volume of gas in the boiler fire-box(m®) 0.0193
Boﬂe’r fire-box effective radiation heat transfer 1169
area(m’) '
Boiler fire-box refractory surface area(m?) 0.56
Gas—path length in the fire-box(m) 0.95
Fire-box surface emissivity in fraction 1.15
Boiler jackrt surface area(m®) 2.6
Boiler jacket U-factor(kW/m”C) 0.0000316
Atomic ratio of carbon in fuel 86.5~89.2 %,
Atomic ratio of hydrogen in fuel 105~12 %
Atomic ratio of oxygen in fuel 0.
Atomic ratio of nitrogen in fuel 0.
Atomic ratio of sulfur in fuel 0.5
Fuel higher heating value(kJ/kg) 45,316
Fuel specific heat value(k]/kgC) 2.03021
Fuel supply rate(kg/s) 0.00052
Fuel temperature(C) 20
steady-state boiler efficiency in fraction(-) 0.90
Boiler water temperature at steady-state(C) 50760
Stack gas temperature at full load(C) 320
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Table 2-2 Initial conditions of the analysis

Parameter Input Value
Stack gas temperature(C) 160
Room air temperature(C) 20
Out water temperature(C) 22
Boiler water temperature(C) 22
Supply boiler water pressure(kPa) 101.3
Return boiler water temperature(C) 22
Boiler control temperature(C) 40
Load temperature(C) 30~60
Domestic hot water flow rate(kg/s) 0.08~0.17
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Table 2-3 Solar radiation from KS

Solar radiation of

Solar radiation

North South

Solar ti Incid East West sid
the standard oar Hme kJ/m’ - h(kcal/m’ - h) ferdence %S oSt Sice side Incidence
Kl/m? - d AM. / angle Incidence angle |
J/m ) ay P.M. Direct Diffusion Total (°) degree (°) degree angle
(kcal/m” - day) (°) degree
7/ 17 117(28) 251(60) 368(88) 75 75 0
8/ 16 712(170) 281(91) 1093(261) 60 60 0
20934 9/15 1448(346) 440(105) 1888(451) 45 45 0
(5000) 10 / 14 2085(498) 473(113) 2558(611) 30 30 0
(FAIR) 11 / 13 2500(597) 490(117) 2990(714) 15 15 0
12 2646(632) 494(118) 3140(750) 0 0 0
20934(5000)
7/ 17 42(10) 230(55) 272(65) 75 75 0
8/ 16 435(104) 377(90) 812(194) 60 60 0
16747 9/ 15 1018(243) 456(109) 1474(352) 45 45 0
(4000) 10 / 14 1562(373) 502(120) 2064(493) 30 30 0
(CLEAR) 11 / 13 1935(462) 523(125) 2458(587) 15 15 0
12 2055(491) 532(127) 2587(618) 0 0 0
16747(618)
7/ 17 12(3) 197(47) 209(50) 75 75 0
8/ 16 218(52) 347(83) 565(135) 60 60 0
12560 9/ 15 628(150) 444(106) 1072(256) 45 45 0
(3000) 10 / 14 1051(251) 498(119) 1549(370) 30 30 0
11 /13 1357(324) 528(126) 1885(450) 15 15 0
(CLOUDY) 12 1465(350) 535(128) 2000(478) 0 0 0
12560(3000)
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Solar Radiation(W/Mz)

Solar Radiation(W/Mz)
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Fig. 3-1 Solar radiation of fair day
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Fig. 3-2 Solar radiation of clear day
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Table 3-1 Control conditions of pump circulation

Burner on('C)| Burner off(C)| Pump on(C)| Pump off(C)
CASE 1 60 80 70 50
CASE 2 60 80 65 45
CASE 3 65 85 75 55
CASE 4 65 85 70 50
CASE 5 65 85 65 45
CASE 6 70 90 80 60
CASE 7 70 90 75 55
CASE 8 70 90 70 50
CASE 9 70 90 65 45
Table 3-2 Comparison results without the collector
QW) for Supply | Hot water Oil
4hours Storage Solar
Total for supply consumption
tank collector
CASE heating (1 hour) (kg)
CASE 1 4.81 116.91 0.0, 112.11 0.0 10.91
CASE 2 486/ 117.13 0.0 112.28 0.0 10.93
CASE 3 6.44|  132.66 0.0 126.23 0.0 12.35
CASE 4 6.33 132.71 0.0 126.40 0.0 12.36
CASE 5 6.02|  132.55 0.0] 126.55 0.0 12.34
CASE 6 7.70,  148.29 0.0] 140.61 0.0 13.79
CASE 7 7.79)  148.57 0.0 140.79 0.0 13.81
CASE 8 7.87) 148.78 0.0]  140.93 0.0 13.83
CASE 9 7.95 149.00 0.0 141.07 0.0 13.85
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Fig. 3-4 Heat transfer trend of the burner and supply without the collector
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Fig. 3-5 Oil consumption without the collector
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Table 3-3 Comparison results for a fair day

QW) for
Hot water Oil
24hours Storage Solar | Heat supply
Total supply  |consumption
tank | collector | for heating
(1 hour) (kg)
CASE
CASE 1 4.60 67.19, 110.53 173.14 0.0 6.35
CASE 2 4.60 67.41) 110.49 173.31 0.0 6.37
CASE 3 5.69 78.78| 108.77 181.87 0.0 7.41
CASE 4 5.69 79.00] 108.73 182.05 0.0 7.43
CASE 5 5.69 79.27)  108.64 182.24 0.0 7.46
CASE 6 5.58 89.27/  107.04 190.81 0.0 8.38
CASE 7 .38 89.55| 106.98 191.02 0.0 8.40
CASE 8 5.53 89.77| 106.93 191.18 0.0 8.42
CASE 9 5.53 89.99| 106.87 191.35 0.0 8.44
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Fig. 3-7 Oil consumption without the collector on a fair day
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Table 3-4 Comparison results for a clear day

Q(kW) for
Hot water Oil
4hours Storage| Solar | Heat supply
Total supply consumption
tank | collector | for heating
(1 hour) (kg)
CASE
CASE 1 3.99 84.44 64.15 144.63 0.0 7.94
CASE 2 3.99 84.66 64.11 144.81 0.0 7.96
CASE 3 4.78 96.25 63.70 155.20 0.0 9.02
CASE 4 4.78 96.47 63.66 155.38 0.0 9.04
CASE 5 4.78 96.74 63.59 155.58 0.0 9.06
CASE 6 7.29 111.23 62.19 166.16 0.0 10.39
CASE 7 7.29 111.50 62.13 166.38 0.0 10.42
CASE 8 729 111.72 62.09 166.55 0.0 10.44
CASE 9 7.29 111.72 62.09 166.55 0.0 10.46

_32_



T T T T T T T T T T T
20 L —®— Storage tank from burner |
" Supply for heating

e Solar collector

—
9}
T

Heat flow rate, Q(kW)
n =
T T

0 5 10 15 20 25
Time (hour)

Fig. 3-8 Heat transfer trend of the burner and supply with the solar collector
on a clear day

p— p— —

o N £
T T
| |

Usage of light oil(kg)
=]

CASE 1 2 3 4 5 6 7 8 9

Fig. 3-9 Oil consumption on a clear day
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Table 3-5 Comparison results for a cloudy day

QW) for
Hot water Oil
4hours Storage Solar Heat supply
Total supply | consumption
tank collector | for heating
(1 hour) (kg)
CASE
CASE 1 5.46 117.23 599.57 131.36 0.0 .27
CASE 2 547 77.44 o5 131.53 0.0 7.29
CASE 3 6.28 91.88 95.90 141.52 0.0 8.62
CASE 4 6.28 92.10 95.86 141.70 0.0 8.64
CASE 5 6.28 92.20 092.91 141.86 0.0 8.65
CASE 6 737 101.06 57.16 150.88 0.0 9.46
CASE 7 S\ 105534 57.10 151.09 0.0 9.48
CASE 8 737 101.55 97.05 151.26 0.0 9.50
CASE 9 737 101.77 57.00 151.43 0.0 9.52
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Table 3-6 Control condition of supply warm water temperature

Burner on(C)

Burner off( C)

Supply of warm water(C)

CASE 1 60 80 50
CASE 2 60 80 60
CASE 3 60 80 70
CASE 4 60 80 80
CASE 5 65 85 50
CASE 6 65 85 60
CASE 7 65 85 70
CASE 8 65 85 80
CASE 9 70 90 50
CASE 10 70 90 60
CASE 11 70 90 70
CASE 12 70 90 80

_38_



Table 3-7 Comparison results for the use of hot water without the collector

in the morning

Q(kW) for
Hot water Oil
4hours Storage| Solar | Heat supply
Total supply  |consumption
tank | collector | for heating
(1 hour) (kg)
CASE
CASE 1 4.55 117.02 0.00 112.08 0.40 10.93
CASE 2 4.66| 11691 0.00 112.09 0.18 10.92
CASE 3 482 116.86 0.00 112.10 -0.05 10.91
CASE 4 496, 116.75 0.00 112.08 -0.28 10.90
CASE 5 7.22|  134.19 0.00 126.45 0.54 12.50
CASE 6 6.92| 133.64 0.00 126.42 0.33 12.45
CASE 7 6.62| 133.10 0.00 126.39 0.11 12.40
CASE 8 6.08] 132.33 0.00 126.38 -0.12 12.33
CASE 9 7.51|  149.11 0.00 140.98 0.65 13.87
CASE 10 7.58| 148.95 0.00 140.95 0.43 13.85
CASE 11 7.72| 148.84 0.00 140.93 0.21 13.84
CASE 12 7.84| 148.73 0.00 140.93 -0.02 13.83
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Table 3-8 Comparison results for the use of hot water for a fair day

in the morning

QkW) for
Hot water Oil
4hours Storage Solar | Heat supply
Total supply consumption
tank collector | for heating
(1 hour) (kg)
CASE
CASE 1 4.60 67.57 110.67 173.26 0.40 6.39
CASE 2 4.60 67.46 110.58 173.28 0.18 6.38
CASE 3 4.60 67.41 110.44 173.31 -0.05 6.37
CASE 4 4.60 67.30 110.33 173.32 -0.28 6.36
CASE 5 5.69 79.43 108.92 182.14 0.54 7.47
CASE 6 5.69 79.33 108.84 182.16 0.33 7.46
CASE 7 5.69 79.27 108.72 182.20 0.11 7.46
CASE 8 5.69 79.22 108.58 182.23 -0.11 7.45
CASE 9 5.53 90.31 107.12 191.28 0.65 8.47
CASE 10 5.53 90.20 107.03 191.30 0.43 8.46
CASE 11 5.53 90.09 106.94 191.32 0.21 8.45
CASE 12 5.53 89.99 106.85 191.35 -0.02 8.44
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Table 3-9 Comparison results for the use of hot water for a clear day

in the morning

Q(kW) for
Hot water Oil
4hours Storage Solar Heat supply
Total supply  |consumption
tank collector | for heating
(1 hour) (kg)
CASE
CASE 1 3.99 84.83 64.29 144.75 0.40 7.97
CASE 2 3.99 84.72 64.19 144.77 0.18 7.96
CASE 3 3.99 84.66 64.05 144.80 -0.05 7.96
CASE 4 3.99 84.55 63.94 144.81 -0.28 7.95
CASE 5 4.78 99.53 61.74 155.98 0.55 9.32
CASE 6 4.78 99.20 61.82 155.94 0.33 9.29
CASE 7 4.78 96.69 63.69 155.51 0.11 9.06
CASE 8 4.78 96.69 63.53 155.58 -0.11 9.06
CASE 9 7.29 112.27 62.25 166.62 0.65 10.49
CASE 10 7.29 112.16 62.17 166.64 0.43 10.48
CASE 11 7.29 112.05 62.10 166.68 0.21 10.47
CASE 12 7.29 111.94 62.02 166.72 -0.02 10.46
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Table 3-10 Comparison results for the use of hot water for a cloudy day

in the morning

QkW) for
Hot water Oil
24hours Storage Solar Heat supply
Total supply  |consumption
tank collector | for heating
(1 hour) (kg)
CASE
CASE 1 5.47 77.61 59.71 131.48 0.40 7.31
CASE 2 5.47 77.50 59.62 131.49 0.18 7.30
CASE 3 5.47 77.44 59.48 131.53 -0.05 7.29
CASE 4 5.47 77.34 59.37 131.54 -0.28 7.28
CASE 5 6.28 92.75 55.89 141.84 0.55 8.70
CASE 6 6.28 92.53 55.88 141.83 0.33 8.68
CASE 7 6.28 92.31 55.89 141.83 0.11 8.66
CASE 8 6.28 92.04 55.95 141.84 -0.11 8.63
CASE 9 7.37 102.10 57.24 151.35 0.65 9.55
CASE 10 7.37 101.99 57.16 151.37 0.43 9.54
CASE 11 7.37 101.88 57.07 151.40 0.21 9.52
CASE 12 7.37 101.77 56.98 151.43 -0.02 9.52
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Table 3-11 Comparison results for the use of hot water without the collector

in the night

QW) for
Hot water Oil
4hours Storage Solar Heat supply
Total supply | consumption
tank collector | for heating
(1 hour) (kg)
CASE
CASE 1 4.64 117.13 0.00 112.09 0.41 10.93
CASE 2 4.75 117.02 0.00 2709 0.19 10.92
CASE 3 4.86 116.91 0.00 112.10 -0.04 10.91
CASE 4 5.00 116.80 0.00 112.09 -0.27 10.90
CASE 5 7.15 134.08 0.00 126.44 0.51 12.48
CASE 6 6.90 133.59 0.00 126.42 0.29 12.44
CASE 7 6.45 132.88 0.00 126.38 0.06 12.37
CASE 8 6.10 132.28 0.00 126.36 -0.17 12.32
CASE 9 7.32 148.95 0.00 140.99 0.66 13.85
CASE 10 7.48 148.89 0.00 140.98 0.45 13.84
CASE 11 7.68 148.84 0.00 140.95 0.23 13.84
CASE 12 7.87 148.78 0.00 140.92 0.01 13.83
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Table 3-12 Comparison results for the use of hot water for a fair day in the night

QkW) for
Hot water Oil
4hours Storage Solar Heat supply
Total supply  |consumption
tank collector | for heating
(1 hour) (kg)
CASE
CASE 1 5.61 68.83 110.49 173.27 0.46 6.50
CASE 2 5.15 68.17 110.49 173.28 0.25 6.44
CASE 3 4.60 67.41 110.49 i 300 0.02 6.37
CASE 4 4.04 66.64 110.49 173.32 -0.21 6.30
CASE 5 6.60 80.69 108.64 182.25 0.50 7.59
CASE 6 6.29 80.15 108.64 182.23 0.29 7.54
CASE 7 5.98 79.60 108.64 182.21 0.06 7.49
CASE 8 5.50 78.89 108.64 182.21 -0.16 7.42
CASE 9 5.49 90.53 106.87 191.28 0.66 8.49
CASE 10 5.37 90.20 106.87 191.29 0.44 8.46
CASE 11 5.45 90.09 106.87 191.32 0.22 8.45
CASE 12 5.55 89.99 106.87 191.34 -0.01 8.44
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Table 3-13 Comparison results for the use of hot water for a clear day

in the night

QkW) for
Hot water Oil
4hours Storage| Solar | Heat supply
Total supply consumption
tank | collector | for heating
(1 hour) (kg)
CASE
CASE 1 4.90 85.97 64.11 144.74 0.47 8.08
CASE 2 438 85.26 64.11 144.76 0.25 8.01
CASE 3 3.99 84.66 64.11 144.78 0.02 7.96
CASE 4 4.12 84.61 64.11 144.82 -0.21 7.95
CASE 5 5.37 97.78 63.59 155.51 0.51 9.16
CASE 6 491 97.13 63.59 155.53 0.30 9.10
CASE 7 4.72 96.74 63.59 155.55 0.09 9.06
CASE 8 4.87 96.69 63.59 155.58 -0.14 9.06
CASE 9 797 113.36 62.04 166.78 0.68 10.59
CASE 10 7.93] 113.09 62.04 166.76 0.47 10.56
CASE 11 7.58] 112.49 62.04 166.73 0.25 10.51
CASE 12 7.33]  112.00 62.04 166.71 0.03 10.46
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Table 3-14 Comparison results for the use of hot water for a cloudy day

in the night

QkW) for
Hot water Oil
24hours Storage Solar | Heat supply
Total supply | consumption
tank collector | for heating
(1 hour) (kg)
CASE
CASE 1 5.18 § & 59.53 131.54 0.39 7.30
CASE 2 5.36 77.50 59.53 131.53 0.17 7.30
CASE 3 5.58 77.44 59.53 131.51 -0.09 7.29
CASE 4 5.72 77.39 59.53 131.49 -0.27 7.29
CASE 5 5.89 92.37 55.91 141.84 0.57 8.66
CASE 6 6.05 92.31 55.91 141.84 0.36 8.66
CASE 7 6.16 92.20 55.91 141.84 0.13 8.65
CASE 8 6.29 92.10 55.91 141.84 -0.10 8.64
CASE 9 6.92 101.99 57.00 151.47 0.63 9.54
CASE 10 7.04 101.88 57.00 151.45 0.42 9.53
CASE 11 7.21 101.83 57.00 151.44 0.21 9.53
CASE 12 7.39 101.77 57.00 151.43 -0.01 9.52
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