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DYNAMIC MODELING AND EXPERIHERTAL SIMULATIOR OF ACTIVE SOLAR -
BHERGY SYSTEHS FOR THE BVALUATION OF CONTROL STRATEGIES

_ STEVEN R. SCHILLER", MASHURI L.WARREN, and MICHAEL WAHLIG

Lawrence Berkeley, Laboratory .

University of California
Berkeley, California

ABSTRACT

Dynamic modeling and experimental simulation are used to
evaluate control strategies for active solar energy systems.
Performance of proportional -and on/off collector loop con-
trollers are evaluated and compared using a theoretical
dynamic collector model. Use of the experimental test facil-
ity at Lawrence Berkeley Laboratory for evaluating the
affect of controls and conmtrol strategies on hydronic ~space
heating system performance is also discussed.

Both the computer model and the test facility allow evalua-
tion of control strategies using various flow rates, con-
troller set points, insolation patterns, ambient temperature
conditions, - and collector types. The test facility also
allows comparison of collector and load loop flow strategies
based on various system configurations and building 1oad

demands.
NOMENCLATURE
Ca Effective value of collector capacitance, TO Ambient température calculation constant
' per unit area ' - Tf x Fluid temperature at position x
cp Thermal capacitance of circulating fluid ’ : _
. . ’ Tin Inlet fluid temperature
F' Plate fin efficiency factor . _
Proportional control constant out Outlet fluid temperature
Kflow Represents the fluid flow rate, per unit . .
area . e UL Collector loss coefficient, per unit area
K in Represents the collector's‘gain from in- o
g solation and losses 'to' the environ- Wc Width of collector in the direction of flow
ment, per unit area
ﬁc " Maximum fluid mass flow rate - x Displacement in flow direction
Pump control indicator
S Rate of absorption of solar insolation by ATmax Temperature across collector at which flow
collector plate, per unit area rate saturates to its maximum, for
Time proportional control
o AT Temperature rise across the collector suf-
Ta Ambient temperature off ficiently low to turn off the pump
AT - Temperature rise across the collector suf-

TM. Ambient temperature calculation constant on ficiently high to turn on the pump

[*] Associate Member A.S.M.E.



INTRODUCTION

Control systems play a vital role in determining
the overall performance of solar energy systems. If a
control system has been improperly designed, or if it
is not functioning correctly, it can seriously degrade
performance. Since controller performance can be
improved with little or no increase in initial system

cost, reliable and efficient controllers can lead to

cost-effective improvements 1in new and existing
designs. -Thus, this project was undertaken to deter-
mine the relative merits of various control stra-
tegies, so that solar system
designers will be able to make .cost-effective improve-
ments in system efficiencies. .

Predictions of improved system performance are
obtained by assessing the relative performance of dif-
ferent control options. In order to evaluate control
strategies and analyze control problems, research
efforts at Lawrence Berkeley Laboratory (LBL) have
been focused in two directions: detailed computer
modeling of subsystems, such as the collector loop.and
the building thermostat response, to gain insight into
details of system operation; and simuldtion of active
"solar heating systems using actual equipment in a way
that allows effects such as thermal lags, transit
delays and storage stratification to be examined under
controlled and reproducible conditions.

Computer simulations have the advantage that
numerous comparisons can be made within a short period
of time and with minimal cost. Using identical inputs
comparisons of different strategies indicate how con-

troller operation varies with set ‘points, use of

timers, meteorological conditions and flow rates.

By considering a collector as a series of stirred
tanks a computer model is obtained that describes the
dynamic effects of collector capacitance and 1is
straightforward to solve. Modeling, however, has cer-
tain limitations. The dynamic computer model requires
short time steps, 1is relatively expensive to run for
long periods, and does not consider total system per-
formance from solar collection, through delivery to the
load. Complete system models, such as TRNSYS[1],
assume that the system conditions change relatively
slowly during the day. While adequate for estimating
annual performance complete system models are insensi-

. tive to the details required for control strategy
evaluation.

Thus experimental data from a test facility are
also necessary for comparison of control strategies:
to include the effects of a storage system and.a load
loop; to evaluate the strategies on an actual system
which would include the.effects of piping delays, sen-
sor location, and storage stratification; and to allow
comparisons of control strategies based on system con-
figuration and size, load demand, and meteorological
conditions.

In this paper we shall discuss the assumptions
" made 1in the two evaluation techniques and present our
preliminary conclusions. Proportional and on/off con-
trol are initially investigated because they are the
most common control strategies and because their rela-
relative merits remain controversial (2,3,4,5,6].

manufacturers and.

DYNAMIC FLAT-PLATE COLLECTOR MODELING

The Model

The Hottel-Whillier-Bliss collector model [7], as
adapted by Klein [8]) to include the effects of capaci-
tance, is used to describe the opetation of a flat-
plate solar collector. The model is based upon a heat
balance .on a collector tube and fluid element, where
the entire capacitance of the collector is lumped
within the tubes and circulating fluid. The heat bal-
ance is solved using numerical methods to describe the
circulating fluid’s temperature as a function of time
and space. :

) The transient heat balance for a collector éle-
ment of width Wc ig:
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CA‘is theﬁweighted average of the fluid and collector
capacitance for a non-drain down collector. For a
drain down system a two lump model is required since
the collector and fluid capacitance would have to be
treated separately.

The spatial derivative is_elimiﬁated by breaking
the collector into a number of nodes (stirred tanks).

_ The time dependent temperature of the Nth node is

written:
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This equation was solved using the Parasol program [9]
which solves differential equations through the use of
the fourth-order Runge-Kutta method. The Parasol
program’s output is the fluid temperature at different
positions and for discrete time intervals.

The model described by equation 2 is adopted for the
following reasons: '

- 1) It provides an adeqﬁate description of
the transient temperature distribution in a
collector”s circulating fluid.

2) It includes collector capacitance effects.

3) It is derived from a well established and
regspected collector model.

4) It provides results that are usable and
consistent with known collector operation.



Collector Parameters For Modeling

To compare various .control strategies using a
computer model, appropriate parameters must be used
which represent a typical flat-plate collector ‘under
the influence of common external conditions. Parameter
variations should be kept to a minimum so that results
are easy to interpret and clearly indicate the effects
of important variables. '

Although a multi-node model is used for the simu-
lations, the single node model is used to define the
parameters. These parameters are then scaled for use
in a multi-node model. In the limiting case of a sin-
gle node collector model, for flow conditions, equa-
tion 2 can be written to demonstrate the functional
dependence of the collector temperature on 1) insola-
tion and ambient temperature, 2) fluid flow rate, 3)
fluid inlet temperature and, 4) collector characteris-
tics:

Cc, 4T /dat = (ic - (x Ly

1
A% out 2 8D+ (K Ty flow’ Tout

gai

Where:

represents the collector’s gain from insolation
and losses to the environment

= F’[S + T 1

Kgain

K .
gain max a,max

f(t) represents the time variation of the normalized
forcing function due to insolation and
ambient temperature

.Kflow represents the fluid flow rate per unit area

i = mc /A
. ‘Kflow P c
K’flowa mCP/Ac + F’Up ; since,

F'UL;A<< cp/Ac
Relow approximately equals K'gq,y,

s represents the collector/fluid capacitance per
unit area '

. By allowing Kgain and Kgy,o (and K¢y ,0) to  take
on either HIGH or LOW values while keeping all other

parameters constant, the various control strategy com=

parisons are based on a limited but comprehensive set

~of collector, meteorological, and flow variations

which define limits of operation for a typical collec~
tor. Numerical values for the parameters are summar-
ized in Table I. .

For comparison of control strategies, the collec~-
tor inlet temperature, T n» 1s assumed to be constant.
The solar day for all runs is 12 hours long with a
peak 1insolation rate reached at hour 6. For modeling
of a clear day (no interruptions of insolation) the
insolation rate, I, is proportional to a sine wave
with a 24 hour period. For a cloudy day (the view of

‘the collector intermittently interrupted) the follow-

ing equation, used by Close[l0], determines the inso-
lation rate as a function of time, t, in hours:

I=

(Imax/2)[sin nt/12)][c03k40 wt/lﬁ)-+ 1]

The ambient temperature, Ta» 18 proportional to a sine
wave with a 24 hour period, the peak value is at the
9th hour of the solar day:

T, = TO + THM * sin(mt/12 - T/4)

Collector Flow Controllers

Solar energy collection is controlled by fluid
flow through the collector loop.  Collector outlet and
storage tank temperatures are compared by a controller
to determine the fluid flow rate. The difference
between the collector outlet temperature and the

storage tank temperature, AT, represents the tempera—-
ture rise across the collector.

On/0ff Flow Control. The on/off controller is a
thermostat which turns the ' fluid ‘circulation pump
either on or off based on the. temperature difference
between storage and the collector, AT. The fiow rate
through the collector is a function of the temperature
difference - and its previous state. Ar is the
minimum temperature difference required to 28rn on the

.collector loop pump. The pump stays on until the tem-

perature difference falls below AT :c. The region

set points AT = and AT, g is known as the

hysteresis zone and holds the pump on until the lower
temperature limit 1is reached. Because of hysteresis
on/off controllers have "memory" which 1limits pump
cycling. i -

between

Proportional Flow Control (with saturation). In
this type of feedback controller the fluid flow rate
is varied as a function of the temperature rise across
the collector, AT, The advantages of a proportion-
ally controlled collector system are that fluid flow
1s initiated - at lower values of AT and pump cycling
is minimized. The fluid flow rate through the collec~

" tor is given by: ) .

0 forvAT < AT ¢s
m(t) = KAT fO? AToff AT < ATmai

m, for AT > ATmax

Where:
ﬁc'is the maximum flow fate;

Ar is the temperature rise across collector at
thg§ flow rate saturates to its maximum;

K is the proportional flow constant equal to ratio of
the maximum flow rate to the temperature difference

required for maximum flow, K = ﬁcZAI

maxs and

Ar is the the temperature rise across the collector
suggfcient to turn off the pump or the minimum tem-—
perature rise across the collector for which it 1is
possible and/or profitable to turn on the pump.



Controller and Set Point Comgarisons

Controllers are compared on the basis of their
performance with respect to: collection efficiency,
maximum steady-state efficiency, pump running time and
pump cycling. Collection efficiencies are compared to
a maximum steady-state efficiency which is the ratio
of the energy collected by a panel with an infinite
flow rate to the total energy incident on the panel.
This provides a basis of comparison for judging how
close a particular strategy approaches the ideal. The
run time for a given strategy is used together with
knowledge of pumping power requirements to estimate
parasitic power consumption. The pump cycling rate is
an indication of system stability.

These comparisons are the result of digital com-
puter simulations using a time step of 0.001 hours for
high flow rates and 0.002 hours for low flow rates.
The model is implemented on a PDP 11/60 computer.

The set points compared (see Table II) represent
upper and lower limits of values used in industry and
research. With the ‘perfect’ timer modeled the col-
lector pump turns on in the morning and stays on until
there is no more energy to collect. This eliminates
all pump cycling and is equivalent to setting Aﬂoff
equal to zero. Timers were modeled for clear day cases
only since their operation 1is highly dependent on
insolation pattern and timer delay.

Table II presents the collection efficiencies,
punp running times and amount of cycling for the dif-
ferent control strategies under the assigned condi-
tions. While these results have been discussed in
detail elsewhere{ll}, the main conclusions follow.

On/0ff vs Proportional. Typical simulation
results for a clear, high gain day are shown in Fig. 1
and for a cloudy, low gain day in Fig. 2. For clear
days the collection efficiency for all of the con-
trollers is approximately equal and close to the max-
imum theoretical steady-state efficiency. On/off con-
trollers, in general, did slightly better than propor-
tional controllers and on/off controllers with timers
achieve the best efficiency since they run the pumps
for the longest amount of time. It is doubtful that
any other type of controller could do better under
similar conditions.

During periods of interrupted insolation neither

proportional nor on/off controllers respond well to’

rapid changes in the insolation rate and the collec-
tion efficiency can fall well below the maximum possi-
ble. However, because the proportional controller is
more sensitive to changes in insolation and ambient
temperature, proportionally-controlled systems collect
somewhat more energy during such periods. This sensi-
tivity also causes the proportional controller to
maintain a lower average flow rate and thus operate
the collector at higher temperatures. While decreas~
ing 1instantaneous collection efficiency, this may

improve storage stratification and overall system per- °

formance.

Upper Set Point. The on set pbint,'Amon, for an
on/off controller can have a minimal effect on energy
collection, as long as it is not so high that the col-
lector pump does not come on until late in the morn-
ing. This is because of the collector‘s capacitance
which allows the collector to store energy when the
fluid is not circulating and because the off set point

actually determines when the pump will stay on. The
fact that the collector acts as a storage device also
leads to the result that low to moderate cycling of
the pump has a minimal effect on energy collection.
The effects of collector capacitance are important and
cannot be considered in steady-state analysis.

The proportional controller set point for maximum
flow can also have a minimal effect on energy collec-
tion. However, if the point i8 very high the flow rate
will never reach maximum, causing increased losses to
the ambient. Also if the set point is very low, the
proportional controller's sensitivity will be lost and
the controller will act as a bang-bang controller.

Off Set Point. The off set point has a direct
effect on energy collection since it determines not
only the amount of cycling, but also how long the col-
lector loop pump stays on. As indicated in Fig. 1 the
on/off controller with a perfect timer (equivalent to
At fE = 0) gives improved energy collection. Thus, the
of% set point should be set as low as possible to max-
imize collection time. However, the set point must be
high enough so that; the value of energy collected
always exceeds the cost of parasitic pumping power,
the energy collected is greater than that lost in the
piping, and the point selected is within the error
tolerances of the sensor used.

Parasitic power required to run a circulating
pump does not appear to be significant for either
on/off or proportional controllers unless a large pump
(or fan) motor is required, such as in a large drain
down or air system. Piping temperature drops for typ-
ical pipe runs and fluid flow rates are shown in Fig.
3 for different pipe inlet - ambient temperature
differences. As can be seen in the figure the tem-
perature drop in the outdoor piping of most systems is
only about 1°C even for the extreme inlet — ambient
temperature difference of 100°c. Thus, for systems
with properly insulated piping, the limiting require-
ment for determining AT is usually temperature sen-
sor sensitivity. Similar results concerning the rela-
tive importance of upper and lower set points have
been reported elsewhere[l2]. :

TEST FACILITY

The performance of any solar heating system
depends on the meteorological conditions present and
the load on the structure to be heated. To compare
control strategies either 1dentical systems must be
built and operated side-by-side, or elaborate analysis
of the observations are required to sort out the
effects of the control strategy. Consequently little
experimental data evaluating control strategies is
available, even though experimental tests are neces-
sary to demonstrate effects that have not been modeled
in detail.

As a solution to this problem an experimental
facility was developed at LBL to analyse control prob-
lems using actual equipment that reflects both the
short term response of control functions, and the
overall system response. The facility is used to com—
pare alternative control strategies in a controlled
laboratory environment where accurate and repeatable
observations can be made. To allow repeated runs under
identical external conditions, and thus to make mean-
ingful comparisons, the solar energy input to the sys-
tem and the building energy load are simulated. With
the apparent temperature of the collector output and

.
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the demand thermostat condition simulated for the con-
troller, performance comparisons are based on identi-
cal load and meteorological conditions.

The experimental solar energy system consists of
a collector loop with a solar heat input simulator, a
3000 gallon storage tank, a load loop air duct with
fan coil, an auxiliary heat source and associated
pumps and valves. A schematic of the system is shown
in Fig. 4. The system 1is sized to represent a
hydronic solar heating system in a typical residence.
The operation of the solar energy system is controlled
by a PROM (programmable read-only memory) controller,
developed at LBL, that uses building thermostat sig-
nals and temperature semnsor comparisons to address a
truth table containing the control algorithms. The
facility has been described previously[13].

Solar Input Simulator

The solar input simulator, the pseudo-collector,
is a boiler with a proportionally controlled mixing
valve that allows adjustment of the input-output tem-
perature difference. Values of solar insolationm and
ambient temperature (read from TMY tapes), pseudo-
collector inlet temperature and flow rate, along with
typical collector parameters are used to determine the
correct temperature difference.

The control of the entire solar energy system 1is
the direction of the PROM controller. The con~
sensors and

under
troller monitors temperatures of various

generates relay outputs to control system actuators
(pumps, fans, etc.). When the collector loop is
operating the expected inlet-outlet temperature

difference is calculated using the Hottel-Whillier-
Bliss steady-state model. An electrical signal
representing the collector output sensor is set to the
expected collector output temperature. As long as this
apparent output temperature is greater than the off
set point the collector loop continues to operate. If
the apparent collector outlet temperature falls below
the off set point then the controller turns off the
collector loop pumpe. ' '

If the collector loop is not flowing the stagna-
tion temperature is calculated using the steady state
model adapted to include thermal delays associated
with collector capacitance. Again an electrical sig-
nal is generated to represent the apparent collector
temperature. The apparent collector temperature and
boiler control are updated every 60 seconds. Thus the
pseudo-collector system simulates the heat input from
the collector array and generates electrical signals
representing the collector temperature for the system
controller.

Figure 5 shows the inlet temperature and the cal~
culated and observed pseudo-collector outlet tempera-
ture over a four - hour period of increasing and
decreasing insolation. If the collector outlet tem-
perature under flow conditions is less than the off
temperature and the collector stagnation temperature
is greater than the on temperature, then the collector
loop pump will cycle on and off and the collector tem-
perature will cycle between the "on" and "off" tem-
peratures. Such cycling is typical of solar collector
systems. Thus the pseudo-collector system can accu-
rately simulate the output of a collector model based
on input weather and insolation data.

Load Simulator

The load simulator, which duplicates a building’s
heating system, consists of a return air duct, fan,
and heating and cooling coils. The duct 1inlet air

temperature 1s adjusted to simulate the building
return air temperature by an electric resistance
heater and an air-conditioner.  The building heating
requirements are based on building loads calculated

using TRNSYS, standard residential structures speci-
fied for four cities, and typical meteorological year
insolation and weather data{l4]). A simple thermostat
model is used to control the heat delivery system. As
determined by McBride[l5] in experimental studies, the
heat delivery system is on for a fixed interval of
about 5 minutes. The energy delivered to the load by
the heating coil 1is measured and compared . with the
building load to determine how often heat must be sup-
plied and whether auxiliary energy is required.

Initial Experiments

Initial experiments have been completed on the
test facility to determine the accuracy of energy bal-
ance measurements for the system. The building 1load
and collector array size represent a typical residence
in Madison, Wisconsin. Energy balances are performed
during the experiment byt 1) determining the energy
delivered by the pseudo-collector; 2) determining the
energy stored at the beginning and end of a period; 3)
determining the source and amount of energy delivered
to the load; 4) determining the amount of parasitic
energy used; and S) estimating losses from storage and
piping.

Comparison tests of alternative control stra-
tegies have begun. The facility is run for a series
of days using typical meteorological data for Madison,
Wisconsin. On/off and proportional control strategies
are being tested presently.

DISCUSSION

Comparison of Control Strategies

Computer simulation work to date indicates that
improvements in energy collection can be obtained by
‘fine tuning’ set points to the climate and system
involved. For while the upper set points are not
always critical in determining energy collection, off
set points usually are. Results also indicate that
neither on/off nor proportional control performs best
for all conditions. Whether on/off or proportional
control should be implemented is dependent on weather
conditions and system characteristics, such as flow
rate.

Evaluation Techniques

There are several implications of this study for
the design and evaluation of control strategies.
First, the difference between a steady-state and a
dynamic analysis of control strategies is significant.
Future work in modeling control systems must consider
collector capacitance in order to accurately describe
the transient response of the fluid temperature. The
need for experimental comparisons which include
effects that are impractical or .impossible to model is
satisfied by the LBL test facility. The facility
allows repeated tests using identical solar inputs and
building load demands while incorporating effects such
as storage stratification and thermal delays related

5



to piping and sensors.

Both 6omputer modeling and experimental system
evaluations are necessary for analysing the perfor=-
mance of control strategies for active solar systems.
By using. the two techniques discussed results can be
‘developed which will indicate how different control
strategies actually perform and under what conditions
each will perform best. - .-
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TABLE I: SUMMARY OF COLLECTOR PARAMETERS
FOR COMPUTER SIMULATIONS

COLLECTOR LOSS
COEFFICIENT, U.

.7 BTU/ftz—hr-8F
3.97 watts/m2-°C

CAPACITANCE, C,
.7 BTU/£t2-°F

TRANSMITTANCE/ FIN EFFICIENCY, F'
ABSORPTANCE, ta .
- .95  (Flow) ,
0.84 1.0 (No Flow)
TEMPERATURE INSOLATION
(MAXIMUM) , T, ooy MAXIMUM, I .x

300 BTU/ft?-hr

oL . .
;g {oc High Gain 946 watts/m? High Gain
50°F . 150 BTU/ft2-hr .
10°c Low Gain 473 watts/m?2 Low Gain
FLOW RATES INLET FLUID
ZMAXIMUMZ, me_/A TEMPERATURE, T._

p ¢ — in
25 BTU/ft2-hr-°F .. 115°F \
511 kJ/m*~hr-Oc High Flow 46.19¢

15 BTU/ft2-hr-°F

306 kJ/mz-hr-OC Low Flow

T

-

Linans



TABLE II: CONTROLLER STRATEGY COMPARISONS 12 WOUR TOTALS

CONTROL STRATEGY HIGH GAIN® HIGH GAIN LOW MIN‘ LOW GAIN HIGH GAIN HIGH GAIN LOW GAIN LOW GAIN
MG FLOW  LOW FLOVF RIGH FLOW  LOW FLOM WIGH FLOW  LOW FLOW HIGH FLOW  ~ LOW FLOW
CLEAR DAY CLEAR DAY CLEAR DAY CLEAR DAY CLOUDY DAY® CLOUDY DAY CLOUDY DAY CLOUDY DAY
Haximum .
Steady-State 65.7 65.7 39.5 39.5 56.1 §6.1 26.5 26.5
Efficiency(s)
efficiency(%) 60.3 59.6 35.0 34.9 45.2 45.2 8.6 8.5
9 ON/OFF pumping 8.72 9.27 2.76 5.98 3.3 3.83 .3 .496
o 0n=9°F (5°€) time{hours) :
0ff-3°F(1.7°C) times cycled 10 2 61 10 14 12 4 10
“-]J ON/OFF efficiency(%) 89.7 §9.1 31.9 33.9 4.0 44.2 5.2 5.4
0n=21°F (11.7°C)pumping 8.39 8.98 1.3 5.44 2.4 2.92 0.095 0.16
0f£=3°F(1.7°C) time(hours}
times cycled - 6 2 22 6 12 18 2 2
ON/OFF With  officiency(%) €0.5 §9.9 3.7 3.3 - - - -
perfect tiner punping 9.87 9.88 7.68 7.69 - - - -
On=0%F time (hours) ,
5°C times cycled [N L] 0 ’ 0 - - - -
ON/OFF With  opriciency(s) 60.4 59.8 5.5 3.1 - - - -
perfect tITer pumping 9.n 9.72 7.38 7.38 - - - --
On=21"F, * time(hours) . :
1.7e times cycled 0 -0 0 0. - - - .-
PROPORTIONAL  efficiency(%) 60.2 89.7 35.0 3.7 45.4 45.0 9.6 9.5
Full 0n=9gf pumping time 7.54 8.85 3.58 4.63 3.20 4.03 0.52 0.72
¢ oi’- C  (equiv. hours) .
off = ;.705 times cycled 0 -0 0 0 0 0 0 0
PROPORTIONAL  efficiency(%) 59.6 . " 59.0 34.4 33.9 4.8 44.3 9.4 9.1
Full 0n-21°5- pumping time 4.92 6.33 2.34 3.0t . 206 2.84 0.38 0.51
. }-7 C (equiv. hours) :
of :1‘_70(: times cycled 0 0 : 0 1] 0 0 0 . 0.
e e T g 5 e 3 e - .
high gain: insolation = 2292 8TU/ft.da c) ow flow = 15 1bm/hr-ft. inlet temperature = 115
2) Mot g 7224 wa&t-h;s‘m!-day 73.2 kg/hr-a’ ‘ b ’e
ambient temp. = 44.4 - F . - -
emp 6.89° - 21.19 ) low gain: '"“'“'32'1%"5,,?‘.’,/“22‘" collector capaicitance 11 ng‘:]/;:‘Z_oz
watt-hrs/m"-day .
T b) high flow = 25 lbm/hr-fiz ' ambient temp.= 32098 ioagaF collector loss coefficient = .7 BTU/ftz-hr-"F
122 kg/hr-m ‘ 5 - 3.97 watts/m-%C

) for cloudy day cases, the tota) insolation is half of the clear day values given in (a) and (d)

-

COLLECTOR EFFICIENCIES FOR SEVERAL CONTROL STRATEGIES Imolstion:
: 2292 BTUM oy
HIGH GAIN 7224 watt-heim? day
HIGH FLOW Asmbiens
CLEAR DAY “s a0’
es0”-21.1°C
Fluid flow rete:
25 lem/vte?
122 kg/ve-m?
&% |— laint h:na-m
18°F
“®1’c
Collector
78TUM-F
14.31 ki/m?-°C
Collactor low eefficent
2 8TUME 8
197 wet/a?*C

Maximum
steady
state

ffici

Collector efficiency (%)

v On/oft mq.’mﬁm On/att Proportional
. Xm timer full on 5
oF AT oF Ton oF Proportionsl
0 28 & 21°F &c) full on
(1.7°c) 21°F
(1.7c) m.re

FIG. 1: Collector Efficiencies: High Gain, Clear Day XBL 7961854
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FIG. 3: Temperature Loss In Pipes* \‘
* Temperature loss in pipes is based on: _ “
me (Tin - Tout) = UA[(Tin+ Tout)/2 -T, 1 0 [~ | ) I S L
*%* Typical domestic hot water system: 0 : ' Ti 2(h ) 3 4
. ‘ ime (hrs
A = 2 . - “ 7.2 - o] . , .
o = 5m® e =90 mzt?/m C _ _ XBL 791213155
Upipe = .6 watts/m - C Lengthpipe =7.5m FIG. 5: Pseudo-collector output, Calculated
ko . : o temperature (no flow), calculated outlet temperature
.%%% Typical heating system: (flow), and observed pseudo-collector outlet
Ac = 50 m2 te = 90 watts/m? - %a » temperature, -
o
Upipe = .6 watts/m - C Lengthpipe—37.5m
Cotlectors
Air
R.‘l°f _______ LW_ conditioner
Duct
I'WW"‘ , heater
o T
- Pseudo Y ve . V72 ivs Blower
collector
> bailer M4 Re‘“r." J = . r_
Y V2 Direct heating v4 Vs é %
[ - >
v X X Pv2 vi Supply.
> Chilled water
\ i . A:xailti::y Absorption
Storage tank Y | Y ® SConﬁi'trioner
Disas

FIG, 4; Test Facility For Solar Heating and Cooling Controls
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