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ABSTRACT

The benefits of thermal stratification in sensibie heat storage were
investigated for several residential solar applications. The oparation of
space heating, air conditioning and water haating systems with water storage
was simulated on a computer. The performance of comparable systems with
mixed and stratified storage waSrdetermined in terms of the fraction of the
total load supplied by solar energy. The effects of design parameters such
as collector efficiency, storage uo;ume, tank geometry, etc., on the relative
advantage of stratified over well-mixed storage were assessed.

The resulis show that sigmificant improvements in system performance
{5-15%) may be reaiized if stratification can be maintaineﬁ in the storage
tank. The magnitude of the improvement js greatest and the sensitivity to
design variables smallest in the service hot water application. The results
also show that the set of design parameters which describes the aptimum
system is 1ikely to be substantiaily different for aﬂgystem gmploying strati-
fied storage than for a mixed storage system. In both the water heating and
space heating applications collector flow rates lower than currently suggested

far mixed storage systems were found to yield optimum performance for a

system with stratified storage..
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NOMERCLATURE

collector area

specific heat

minimun of ﬁmcp and ﬁrcpr
tank diameterl '

heat exchanger effectiveness

fraction of total load supplied by solar
collector heat removal factor

collector efficiency factor

solar insolation on tilted collector surface

- tank height

mass flow rate

heat transfer raté

number of tank segments

wseful energy gain in collector

temperature

ambient cutside’ temperature

temperature of fluid returning to tank from load
tank bottom temperature

fluid inTet temperature on voom side of load heat exchanger

fluid outlet temperature on room side of Toad heat exchanger

tank top temperature
collector loss coefficient, surfade 0 environment

collactor loss coefficient, fluid to environment




(UA}L - total conductance for heat 1oss load

{re) = collector effective transmittance - absorptance product.
/

Subscripts

c - collector

i - ideally stratified storage
A - load

m - mixed sturage*

p = partialiy stratified storage

A |
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INTRODUCT 10N

50lar enerqy systems which employ sensible heat storage may_benefit
in two ways if the collected energy i3 not degraded by mixing during
storage. Fivst, the effectiveness with which the enerqgy can be used will be
improved if it is supplied to the Toad at the temperature at which 1t was
collected rather than at a tower mixed-storage temperature. Second, the
amount of energy collected may be increased if the collector inlet fluid
temperature is lower than the mixed-storage temperature. The absolute
and relative importance of these effects depands on the details of the solar
system design and application.

The advantages of stratification are quelitatively illustrated in the
resyits presenled by Brumleve 1) of calculations comparing scrdatifsad and
mixed storage under conditions of fixed return temparaturas from the load
and from the cotlector. A quantitative compariscn is reporied by Duffie
and Beckman (2) who simylated the operation of a solar water heating system
over 8 one week pericd. They found a 9% 1ncrease in the fraction of the
total load carried by solar when a three-segment stratified storage tank
was substituted for mixed storage. Although this increase is certainly
significant the single point comparison provides me information on the
sensitivity of the advantage of stratification to design variables.

The objective of the work reported here was to assess the potential
benefits of stratified storage in typical residential solar energy heating
and cooling applications. The approach taken was to simulate the operation
of a system first with well-mixed storage, then with stratified storage.
The figure of merit used for comparison was the fraction of the total

heating or cooling load pravided by solar over the simulation period.
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Major design parameters were varied tg determine their iﬁf]uence on the
relative performance of the two systems.

fhree separate solar applications were investigated: space heating,
sarvice water héating and air conditioning. $heé systews employed to
perfnﬁm tHese funct{nns used 1iqﬁid cooled flat plate collactors and
senéihle heat storage in water. fach system ﬁas-mudél1ed mathemat{ca11y
to give fn an initial value problem for the temperatures at various
pbintslin the system subject to the forcing functions of insclation,
anbient temperature and load requirements and modi fied by the control

strategy. The problem was solved nuﬁefic&]ly oh a digit&] cumputék.
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" SOLAR SYSTEMS

There.aré a number of system pafamgters which must be setf before a
J.Simu1atiun can bé made, and each of these may influence fhe relative ade
vantage of stratified over mixedlthermai storage. A major portion of this
study_was_deﬁn;ed to an assessment of the influence of these parameters.
In urdpr to accomplish this task-without an.excessive expenditure of
cumputer tiﬁe, simp]ified_syst&m; and mndeis wWere uéed.. Schematic diagrams
of the three basic solar Sys{ems studied are shown in Figure.i. Components
common to all tﬁree include the collector, the ;turage tank, the collector
circu]at%ng pump and the pressure relief valve. %he collector cogiant
{water} is introduced directly into the storage tank., Alternatively, this .
configuration can be viewed as one in which a primary collector coniant
transters heat to the storage water in o heat exchanger of unity effective-
ness with matched stream capacity rates,

The flat plate coliector was modelled using equations which are
developed in Duffie and Beckman {2). The rate of heat addition to the

collector fluid is given by,

9, - ﬁcFR[HT{Tu] - U T, - Tal]
where, .
_mc. .
and
Fr= U/,

The c¢ollector loss coefficient Ut and the coTlector efficiency factor F°
are considered as input parameters. In this linearized representation
of the collector, changes in UL with absorbey plate temperature ave

neglected. Thus, the predicted improvement in collactor performance with
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stratified storage will.be s]ﬁghtly-underestimated.

A constant rate of coolant flow is passed through the collector when-
ever q s positive. - If the caltculated collector gutlet temperature at
this flow rate exceeds: the boiling point it is reset te 100°C thus sim-
ulating the nperétiun of a pressure relief valve. Loss of mass through.
the valve is considered negligible.

The thermal capacdiy of all of the components of-these sfstema;
except for the storage tank, wat neglected. The temperature within the -
stratified tank was congidered to'vary with vertical position as ‘well as
with time. A finite difference model. for the tank,similar to that described
by. Close {3J!was ﬁevelﬁpeﬁ.i The tank is divided irnto a number of horizonal
slicas or segments each of which is characterized hy a single temparatiure.
A well-mixed tank is represented by a single segment. In what is referred
to here as an ideally stratified tank, fluid from the collector and the
return flow from the load are introduced into thé tank without mixing at
the 1q;atiun where the difference betwsen - the- tank temperature and the in-

.coming fluid temperature is a:minimum, .Thé degree:to which the numerital
model approximates this ideal. case improves as the number of tank segments
increases. The sensitivity of -the results to. the number of .storage seg-
ments was investigated as a part of this -study. Experiments (4) have shown
that the stratification realizable with passive storage systems is.somewhat
less than idea) when the inlet conditions to the tank are variable. A more
rea]]'stii_:__mdgl fu_nr such a system is one y;hiah__prnvides,ide;i'l ﬁyrgtificaﬂun
when the incoming water is at or beyond the storage tank temperature ex-
tremes but mixes completely otharwise. This.condition, referred to as
partial stratifjcation, was modelled by iqtrn&U£ting the collector return

flow atways into the top of the tank'qn& the 10ad réturn flow into the
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battom of the tank, If the collector return temperature is as hot or
hatter than the tank top temperature no mixing occurs. If, however, the
collector recurn temperature 1s cooler than the tank top temperature, the
return flow and tank water mix downward until the mixed temperature is
hotter than the rest of the tank. A similar upward mixing occurs 1f the
Toad return temperature is warmer than the tank bottom temperature.

In all cases the collector is supplied with water taken from the
bottom of the tank and the load is supplied with water remaved from the
top of the tank. Vertical conduction of heat through the tank walls and
through the storage fluid as well as vertical mixing of the watar dug to
destabilizing vertical temperature gradienis induced b+ external heat lasses
are ¥ncluded in the stratified tank model. A detailed description of the

storage tank model may be found in reference b,

The Space Heating System

Tha callector and storage components are couplad with a heat exchanger,
circulating pump and auxiliary heat source to form the space heating system
(Figure 1a). The heating Toad, to be supplied either by solar or auxiliary
or by a combination of the two, is calculated from

q, » (UA}, (T, - T.)
where the building 1gss coefficient (IJA)E is held constant throughout the
gimulation. That partion of the load supplied by solar is transferred to
the building through a water to air heat exchanger of constant effectivenass.
The equations

q=mcC

B pe (Ty - TE} = erpr [Tr =T}

0 i

@ Cmin(Tl - Tri}
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with C_. assumed equal to ﬁrtpr model the process.

min.

Two different-srstem'cuntrui schemes were investigated. Yhe primary
made of nperatiﬁn,.confro]-mude”1,iwas used to generate musﬁ of the com= -
paratfve datav This control scheme is widely used at the present time. -

In mode 1- & minfmum:hot-air supply-temperature of 40°C is specified. .. From -
this minimum temperature and the specified hqat exchanger effectiveness a:
mi nimum staragé tank supply temperature or reference tank teﬁperature is .
calculated.

As long &s the minimum- specified outlet temperature can be provided. -
from storage the load pump stays con whether the enerqgy available from
~ storage is sufficient to supply the entire load ar nnﬁ. The auxiliary
heater provides the additional energy as needed. When the top tank segment
temperature drops below the previcusty calculated reference tank temperature
the load pump is turned off and._all of the required energy is supplied by
auxitiary. -

In mede 2 the reference tank temperature, which is. czlculated-in
mede 1, is specifiad by the usér. A reference air temperature is.also
specified, as 1n‘mode-1, so that operation in mode 2 does not sahrifice-
human - comfort if the reference air temperature is set sufficiently high,

[f the reference tank. temperature in mode 2 is set equal to.the room tem-
perature 211 of the available energy in the storage tank may-be removed,
Operation in mode:Z s exactly the same as in mode 1 when the reference
tank. temperature is set equal to 30°C and whén the heat exchanger effective-
néss is unity. The auxiliary supplies additicnal energy as required by the
Toad or to meet the required.reference ajr temperature.

&+




The Hater Heat1ng System

In the water heating system, shown in Figure 1b, water is remnved
frum the top of the storage tank to supply the demand. Aux111ary heat;
15 added to this flow or cold water is mixed with it as requ1red to
mzet the demand which is specified in terms of a flow rate schedu1e gﬁ
a fjxed.de1ivery temperature. Cold make-up water at a specéfied, con-
stant temperature is added directly to the siorage tank. . In {his appli- -
cation the 1§ad return, or make-up, water temperature is always cooler
than any stored water and s thus always added at the buttuﬁ of the
stratified-tank. '

The Absorption Air Conditigning System

In the afr conditioning system, Figure 1¢, hot water from the top of
the storage tank is supplied to an Arkla WF36 chiller. The oparaticn of
the chiller was simulated using a computer model taken from Leflar (6).
The coafficient of performance (C.Q.P.) and capacity of the chiiler are
specified ac functions of the hot and cold water supply temperatures as
shown in Table 1. The co]d.water temperature depends on the outside air
" dry bulb and wet bulb temﬁeratyres.. The fiow rate of water supplied to
the tpad from the storage tank is Fiied at 2498 kg/hr (11 gpm} whenever
the chiller is operating. The temperature of the water returning to tha
storage tank is then calculated from the chiller characteristics and the
working conditions. If tha chiller capaéity exceeds the load requirement,
the chiller operates only part of the time. Auxiliary cooling is -frovided
1f the chiller cannot 'meet the 1oad-requirement. The auiiliary cooling

unit 15 considered to be completely independent of the solar cooling unit;

thus operation of this parallel system does not affect the solar system.
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In absence of an auxiliary system the room air temperature would rise
above the desired set point unti] the load balanced the capacity of - the
solar chiller, ‘The required cgaling load was- calculated on the bas1s af
a spe:ified building loss coefficient.

Time response of the chiller was not considered. The Arkla unit
requires hot water at 76.7 C or greater for operation. Higher tempera-
tures increase the performance of the chiller up to 96.1 C; above that
temperature the chilley C.0.P. and capaciiy are independent of the hot
water temperature. The chiller C.Q.P. varies between .85 and .44 depend-
ing upon the het water temperature_anq the condensing water temperature.
The leaving mass flow rate and temperature of the chilled water aré
1634 kg/hy and 7.2°C respectively at rated capacity. The chilled water

return temperature is assumed te be constant at 12.8 C.




-G
SIMULATION

The coupled set of algebraic ard ordinary differential equations
describing the temperatures at various loacztions in any one of these
systems was 5o)lved numerically on & COC 6400 digital computer. This
initial value problem was solved using an explicit marching procedure
in time.

Hourly measured insolation and air temperature data for seven days
in January in Boulder, Colorado were used as inpuwt to the space heéting
simulations. These same insolation datawere used for the water heating
simulations andare sumnarized in the Appendix. The hot water demand flow
schedule of Davis and Bartera {7) was scaled down to a single family dwell-
ing, for which the tota) daily load was 25} kg of 60°C water. Seven
days of July weather data for HWashington, 0.C. were used for the air con-
ditioning simulations. These water heating and air conditioning inputs
are also documented in the Appendix.

The simulation period For most cases was seven days. For some studies
the simulation period was extended to fourteen days by repeating the
veather data,

Several checks were made to establish confidence in the predictions
of the computer codes., The space heating code was validated by checking
it agatnst a simfiar simulation using TRMSYS {8) for the mixed storage
case, The solar load fractions predicted by the two codes agreed to
within 1/4% and the final storage tank temperatures differed by only 1/2°C,
The water heating code was checked against the TRNSYS water heating simu-
lation prasented in Duffie and Beckman (2). The solar load fractions
agreed to within 1%. The predictions of the models for the stratified
tank have been compared with the results of experiments and are described

in referance 4.
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RESULTS

The comparison between systems with stratified and mixed storage is
based on the fraction of the total load carried by solar energy, f, over
the simulation period. For the space heating application the total load
is equal to the heat lost from the building with constant indoor air tem=
peratura. Similarly, for the air conditioning simulations the total Toad
is equal to the heat gained by the building maintained at constant
temperature. The total load for the water heating application is defiﬁeﬁ
as the energy requif'ed lo raise Fhe temperature of the demand flow from
the make~up water temperature to the desired supply temperature. Although
the heat Toss from the storage tank was based on a reoom temperaturs envirgn-
ment this heat loss was not normaliy subtracted from the hecting load nor
added to the cooling load.

A base system was established for each of the applications by choosing
values for all of the design parameters consistent with current design
practice. From these base systems, variations in parameters were made to
determine their effect on system performance and on the benefit of strati-
fication. The base parameters for the three systems are listed in
Table 2. The results of the one week simulations are summarized in
Table 3. The benefit of ideal stratificatien, defined as the difference
§n the solar fractions for systems with ideally stratified and mixed
storaqge divided by the mixed storage fraction, was greatest in the water
heating application at nearly 16%. The benefit of ideal stratification
for space heating and air conditioning was 6% and 7.5% respectively. rin
both the space heating and air conditioning applications the improvement
in performance realized with a partially stratified tank was essentially

the same as with an ideally stratified tank.
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In order to determine the sensitivity of these {mprpuements to
v§r1ous design and computations) parameters,additinnélzsimulatinns wara
run, In each simulation only one parameter was variedfffnm the values
selected for the base systems. The results of these variations are
presented in the following paragraphs:' :

L)

Kumber of Tank Segments

The degree ta which the modelied storage tank approximates an ideally
stratified tank depends on the number of segments into which the tank is
divided. The results, shnwg in Figure 2 fur the space heating system,
indicate little change in the computed lpad fraction for the stratified
base system if five or muré sagnents are used. . A twenty segment fank
model was used in subseﬁuEnt space heating simuTations while 2 ten saeg-
ment model was used in the water heating'ahd'air conditioning simulations.

Callector Mass Flow Rate_.

As expected. increasing the collector mass flow rate improves the
gerformance of the mixed storage system. The impravement, shown in._
Figures 3, 4 and 5, is due to the reduction in collector losses assodiated
with the lower average éul1ectar temperature., The effect noted is que
solely to the change in the fluid temperature rise through the collector
‘since heat transfer coefficient in. the 1iquid ecarrying tubes, as character-
ized by F', was held constant. The performance of the stratified system
was found to be much less sensitive to éhanges in collector flow rate. A
much lower flow rate than that chosen for the base system could be used
without substantially changing the overall performance. In fact, for beth

the space. heating and water heating applications an optimum collector flow
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rate was found which ylelds a maximum solar fraction for the jdeally
stratified tanks. In these simulations the solar fraction increases with
decreasing flow rate until the point is reached at which the collector
outlet temperature reaches the 5011off Timit of Iﬂﬂ“ﬁ_uver.snme partion

of the simylatioen period. In the air'cnnditinning-application sone boiloff

ocours: aven  at the highest flow rate investigated.

Collector Characteritstics

" The cul?péfnr was characterized by two parameters, the collector loss
coafficient, UL,'anq the collector efficiency factor, F'. The é?fgct af
each of these. parameters on the performance of the space heating system
was studied independently. _

The results obtained by varying the collector 1oss coefficient LIL
with fixed F* and ra are chown in Figure 6. This can ke viewsd as an indi-
cation of the effect on systemn performance of the afficiency of collectors
of similar design., Thus, a poor cn]]ectuf having a high UL might have
fewer glass cover plates than a more efficient collector but also a lower
surface absorptivity and thicker zbscorber plate 56 that F' and ta would
be comparable for the two colTectors. In. this comparison the advantage
of stratified storage increases as collector efficiency decreases or LIL
increases. This is due tﬂtthe direct relation heiween absorbar surface
temperature and collector coolant temperature for constant F' and to the
increased depandence of q, on absorber plate temperature as UL increases,
On the other hard, the relative advantage of the stratified storage system
aver the mixed storage system increases with increasing collector efficiericy
when U and to are fixed and F* is. varied as shown in Figure 7. The

co-called collector efficiency factor F' can be viewed as the ratio of Un’
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thie loss coefficient from the collector fluid to the environment, to UK
the loss coefficient from the absorber surface to the environment. An.
increase in F' for constant U~ represents a decrease in the

thermal resistance between the absorber suFface and the collector
fluid. Such a decrease in resistance might, for example, be associated
with an increase in absorber plate.thickness for a givéh collector con-
figuration. These results show that stratification is most beneficial when
the absorber surface temperature and the coolant temperature are tightly
coupled, that is, when F' is high.

An alternative approach was adopted for the water heating and air
cundiﬁinning application. Walues of the collector parameters werz chosen,
with the guid&nce of reference 9, to represent typical collector design.

The vesults, presented .in Tables 4 and 5 shoﬁ that in general stratification

"~ is mpst beneficial in systems with inefficient collectors but that a significant
improvement in performance can be realized even with very efficient

collectors. .

The relatively small infiuence of collector design on the air condi-
tioning system performance is due tg the fact that the collecter 2rea far
exceeds the system reéguirements for the pericd simulated. This may occur
in situations where the collectors are sized to supply the winter heating

demand .

Load Requirements

The relative size of the solar system and the load was varied by
changing the building Toss coefficient in the ‘space heating and air condi-
tioning aphlicatiuns. The results, -shéwn in Figure 8 and 9, indicate that

the advantage of stratification is relatively insensitive to the size of

k
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the load over a large raﬁge. Obviously, if the load becomes small enough -
such that a systeﬁ with mixed.stnrage can supply the entire demand, then
the advantage-ﬂf stratif{cation in terms of increasing f must fall to zero.

Retative size of the load and the source in the water heating appli-
cation was varied in several ways. . The source size was varied by changing
the cellector area, The results shown in Figure 10 indicate a similar
insénsitivity of the advantage due to stratification to the magnitude of
the_1oad'Fraction as was found in the other two applications. Because the
storage volume and Tcad are both held fixed in this“presentatiun,nne cannot
be assured that the load fraction will approach unity as the collector area
approaches infinity; thus ﬁhe gap between mixed and stratified perfurmﬁhﬁe
my not close. |

The effects of changes in the magnitude of the load as well as changes
in the temperature levels are reflected in the results of changes in de-
sired hot water supply temperature and make-up water temperature presented
in Figures 1! and 12. Again, the advantage due to stratification is relatively

insensitive to these variahles,

Storage Tank Yolume

The fraction of the total load carried by solar for both the mixed
and stratified space heating systems fncreases with increasing storage
volume as shown in Figure 13, The advantage.due to stratification alse
increases with increasing tank volume. ’Fur zero storage volume the two
systems would, of course, be identical, | -

The mzgnitude of the solar load fractions ﬁredicted by this relatively
shart simulation can be expected to be sensitive to the assumed initial

tank conditions. This Sensitivity will increase as the storage volume
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increases. A1l simulations began with the tank at a unifurm temperature.
In order to test the effect of initial canditions on the results, the
simutations with variable tank volume were caontinued for two weekslhy
repeating the weather data used for the first week. It was found: that
for storage volumes up to 12m® the tank temperature profile at the end
of the second week matches the profile at the end of tﬁe first week to
within 0.1°C. The load fractions for tha second week are significantly
different for the two systems from those for the first week, as shown by
the dashed lines in Figurs 13. The advantage due to stratification is |
seen §tf11 to increase with increasing tank volume, but the maghitude of
the advantage is somewhat lower than for the first wesk, Simita?: |
trends are seen for the air conditioning application as shown in Figure 14,
whera only the second week results with ng net storage are shown.

An optimum tank volume was found in the water heating application,
Figura 15. Here, the results for the second week of the simu1atinﬁ show’
that heat 10ss to the environment becomes a significant factor for smaller

systems., If perfect insulation 1s assumed, the optimum disappears.

Reference Tank Temperature - Control Modes

.~ The minimum temperature at which stored energy-can be used greatly
affects the advantage due to stratification in the space heating application
as shown in Figure 16. - A1l runs in this seguence were made in con-
trol mode 2 with the reference air temperature set at 40°C. - The -
resuits for a tank reference temperature of 40°C are identical to those
obtained for the base system in mode t. When the reference Lank tempera-
ture is set to room temperature, 20°C, the advantage due to stratification

drops to about 1%,but the fraction of load carried by solar for both the
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mi xed énd stratified systems increases dramatically from its level in
control mede 1, It appears that for low temperature heating applications
thare may be more to be gained by adopting the propey controcl scheme than
by using stratified storage. | -

- It should be noted that these results were obtained with a load side
heat exchaznge effectiveness of unity. In control: mode 2. the effect of
reducing the heat exchanger effectiveness wonld be to shift the curves in
_Figure 8 to the Teft., The effect of decreasing tﬁe effectivenass in con-
- trol mode 1 i3 the same as increasing the reference tank temperature in
control made 2. For example, the load fractions indicated on Figure 16
for reference tank temperatures of 42, 45 and 53°C correspond to those in
cantrol model 1 with heat exchangere having effectiveness values of 0.9,
.8 and ﬁ.ﬁ respectively..

In the air conditioning application the tank reference temperature

is replaced by the ¢hiller performance map (Table 1). In the water heating
application the demand i always supplied with water taken from the storage

tank; in effect the tank reference temperature 15 equal to the make=-up

water temperature.

Tank Height to Diameter Ratio

Increasing the tank-height to diameter ratio for a fixed tank volume

improves the performance of the stratified tank by reducing the effects

of vertical conduction. On the e¢ther hand, variations from optimum con-
‘figuratiun of H/D = 1 will increase external heat losses from the tank for

a consfant'th{ckness of insulatien. The vesults of simulatiens with H/D
rdnging from 1 to é Tndicate thaf vertical conduction is not a significant
factor in the space heating and air cunﬁitiuning app1icatiuns. The cptimum -

H/D for these applications 15 cne.
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The optimum for water heating, however, is not-oné. -The larger

.n.tempErature-differEnces-maintained.in the water-heating storage tank -

<-.‘cause the optimum to. change to-about 3 fur.iﬁeal stratification and

about 2 for partial stratification as shown in Figure 17. The difference
.in. performance between the optimum ratio and other ratios between 1 and

10 is very small.

Jank lossas

For air conditioning applications the tank heat lossas may add-to
“the heat load if the tanks arerlocated in the cooled space. To-check an
the mégnitude of this effect and on seuerai ather aspects of .the tank
- performance.some add¥ticonal afr conditioning simulations were run. The
resuits of these simulations, tabulated in Table &, show that the .addi-
tion of- tank lnsées to the load decreases thesolar fractions by 2%. The
effects of vertical conduction through- the water and the tank walls are
verified to be insignificant by calculationhs which show the solar load
fractions to be unchanged to the third decimal point when the conductivities

areg set to zevro,

Stratification Model

The previously described.results show a considerable- variation in
‘the relative importance ‘of the stratification model used 1n.thEn5imu1a-
tions. This is because the base systems for the three applications
benefit from stratification in different ways. The sale effect of strati-
. fication in tﬁe heatinglapp1icatiun5 is to increase the amount of- energy
collected. -This may be the result of increased collector efficiency due

to lowered average surface temperatures ar of reduced boiloff losses. -
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In the water heating application the coupling between the load side
and collector side of the system is minimal. The makeup water temperature
is fixed and the load side flow rate is altered only if the tank tempera-
ture exceeds the desired supply temperature. Because the collector effic-
iency depends directly on the tank bottom temperature one can get a good
idea of the importance of the stratification model in this application by
studing the tank temﬁerature histéries. A comparison between the ideal
and partial stratification models and mixed storage is shown in Figure 18
wvhere the temperatures at the top, center and bottom of the tank azre com-
pared over a 24 hour period. At the beginning of this period the time is
midnight, and the tanks are discharging slowly due to heat losses and a
slight demand, At time 55 hours the collector pump staris as the
sun rises. Initially, the gutlet temperature from the collactors is Tess
than the top temjerature in the stratified tanks, In the ideally strati-
fisld tank this walgr i inserted at the appropriate }ucatinn near the
centar of the tank, and stratification is preserved. [In the partiaily
cstratified tank this water enters at the top of the tank and mixes down-
ward until gravitational stability is restored. About thyee hours after
sunrise an equilibrium charging rate is reached for the tanks with the
bottom of the ideally stratified tank slightly cooler than the bottom of
the ﬁartia]]y stratified tank and both of these temperaturaes significantly
lowar than the mixed tank temperature, The tank temperatures diverge again
near sunset when some mixing ogccurs in the partially stratified tank.
Judging from the ralative levels of these temperatures during the period
of insolation for this day one would anticipate the relative Yoad fractions
shown in Table 3. The early morning ﬁixing.which increases the bottom

temperature of the partially stratified tank, enables the collector to come
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up to temperature saoner and provide slightly hotter water during most

of the day than Qith ideally stratified storage. This has no effect on
the solar load fraction for the water heating application but it may for
”uther applications.

The tank temperature histories in.the space heating application.

2?igure 15, are siﬁilar to those for water heating enceht that the tempera-
ture differences are smaller. The morning and evening mixing in the
haftia]fy'stratifiéd tank consequently have a.smaller influence on the
collector perférmance. In this application the net effect of stratifica-
tion is still just to increase the collection efficiency, and the tank
bottom temperature remains z good {ndicatnr of system performance. The
caﬁne;tion between the tank bottom temperature and the stratification
ﬁodel is, however, more subtle than in the water_heating application. This
is because the load-side Flow, which influences the stratified tank
temperature'prufile, depends on the tank temperature profile through the
tank reference temperature, Depending on the histories of the collector
and i&ad'f1nws and the insolation, the teﬁperature at the bottom of the
partia]t? stratified tank may at times be lower than that at the-bottom of
the ideslly stratified tank and if these times are correlated with periods
of pazk insolation the result may be higher solar joad fractions for

the partially stratified tanks.

The principal effact of stratification in the air conditioning appli-
cation simulated was_tu improve the performance of the chiller. The tank
temperature histories shown in Figure 20 indicate that over much of the
ca]1ect16n period shown the mixed tank temperature and the temperatures
at the bottom of the stratified tanks were almost the same, indicating

that the collectors were operating almost identically. In fact, for much

of the day the collector uu£1et temperature is 100°C for all systems, and
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energy. is being thrown away by boiloff. The stratification reéalized
during this.period {s due to the temperature drop through- the chiller.
The tmprovement in performance realized is due to'the fact that the a
systems with stratified tanks are deljvering water at 100°C to the chiller
while the system with miked $torage is.providing 93°C water to the chiller,
Thus the maximom usable capacity of the chiller in the stratified systems
is greater than that in the mixed system. See Table 1. In this applicd-
tion the system with partial stratification gets up to temperature faster -
than the system with jdeal stratification and can thus cafry‘mure'bF'tﬁe_
1oad when requiraed in the morning hours.
Clearly, these one weel simulations do not encompass every p'ni:é‘ib'le'
‘combination of aperating conditions and solar system characteristics.
They do, however, reveal certain trends which allow one to anticipate
critical combinations. For e%ample, from the foragoing discussion one
would anticipate that the perfarmaﬁce_bf jdeally and.partia11y stratified
systems would diverge, ¥n an application in which the cn11éctnr performance
~was jmportant, as the tempaerature differences ¥ncreased and as the fre-
quency of variation of insolation increased. Thus the mixing associated
with an intermitpent cloud cover would be expected to reduce tha relative
parformance of a partially stratified system. To test this hypdthésis the
space heating simulation wa§ run with the base insolation multiplied by
the function (.6 + 0.4 sin wt). The results for various "cloud frequencies”
and two collector flow ratés are shown in Table 7. For a given collector
flow rate the improvement in performance of ideal over partial stratifica-

tion is relatively insensitive to frequency for Z2m<w< 8w but is greater than

that for w=0. For frequencies much greater than 8s {corresponding to a period
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of. 1/4 hr} thé coellector thermal inertfa, neglected in this model, would
tend to drive the perfarmance‘uf Lhe ideally stratified tank down to the
level of the partially stratified tank. The performance of the stratified
tank s sensitive to both collector and Toad flow rates since both have
a.strong tnfluence on the maximum temntrature-difference‘acrnss the tank.
It is clear from these data that the set of paraméters which describe

an optimum system will be different depending on whether or not the storage
_tank is stratified or mixed. It appears that the impact of the stratifica-
tion mode! on the system pérfurmance will be more evident when these paira-
meters are closer to the optimum for a stratified system,but even then

partial stratification should provide a considerable improveinent over .

mixed -storage.




22
CONCLUSIONS

The resuTts of these .simulations of solar water heating, space
heating and air cenditioning applications show that 1mprnvedlperfarmance1
will be real%éed iflstratificatiuﬁ can be maintained in the stnrége tank.
The magnitude of the 1mpr6vement depends strongly on certain design
parameters such as cn11ectnr efficiency, cu11actor cnu]ant flow r‘-aﬂ:n:t,L
tank volume, etc. when these parameters are chosen on the basis nf current
desigﬁ-practice an 1mprnvement in solar load fract1nn-nf 5 to 153 is pre-
dicted compared with an identical system using mixed sturage;- The benefits
ﬁflstratTFicatinn may.he fﬂrther heightened if the design paraméters are
chosen to take .advaniage of the special characteristics of stratified
stnraéc. deering the ticw rates on both tre rollactor énd iaad side of
the tank increases temperature d1fferences and may improve the absolute as
..we11 as relative performance of a stratffied éyﬁtem. This %mprnuement
must be balanced against possible increases in the size of heat exchangers,
and ultimately cap1ta1 cust cunsideratuuns mist be included .9n the parameter
se]ectinn procedure. The purpuses nf this study were only to establish a
hase for comparison and to identify the sensitive parameters.

In some applications partial stratification, as may be achieved in a
tank with fixed inlet locations, provides as much improvement .over mixed
storagé as does ideal stratification, This leve) of stratification can
easily be obtained using passive devices. Vertical conduction of heat
through the stored water and through the tank walls has a negligible

effect on stratification in the applications simulated.
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TABLE 1. Arkla Chiller Performance
Data - Standard Model WF-36

Hot wateﬁ - Cnnd..water Capacity . COP .

inlet temp. inlet temp. {B/HR)
_(F} (F)

70 . 75 15,600 0.70
80 9,700 ©0.59
a5 . . 6,400 0:44 -
90 - 3,000 0.35

175 75 24,000 0.80

' 80 17,300 0.73
85 13,100 0,61
90 8,400 0.50

180 75 . . 31,200 0.84
80 . 24,400 0.78 -
85 19,400 . 6.6
90 14,200 0.60 .

185 75 37,200 0.85
80 3000 0.81
85 25,600 0.71
% 19,300 0.63

1o % 42,000 0.8
30 36,800 - ° 0.80
8s 1,300 7 0.73
90 - 23,800 © ° 0.63

195 75 42,000  0.80
80 20,600 © 0.75
85 36,000 © 70,72
90 27,600 - 0,62

200 . 75 42,000 .75
80 41,800 0.71
85 40,200 . 0.72
90 30,500 0.60

205 75 42,000 0.68
8 42,000 . 0.66
85 © 42,000 0.6

90 32,500 D.58




~Pha

TABLE 2. Base System Parameters
Space Hater Air
Heating Heating Londitioning
Storage Tank
Yolume (m?} 4.0 D.25 4.0
H/D 2.0 2.0 2.0
Hall thickness {m} 0015 015 0015
Hall Conductivity {kd/m hr °C) 171.4 171.4 171.4
Heat loss coeff. (kJ/m? hr °C) 1.6 T.44 1.44
Humber of segments 20 10 10
Initial tank temperature (°C) 50.0 60.0 80.0
Reference tank temperature (°C)} 40.0 - --
Cellector
Mass flow rate (kg/hr} 2500.0 150.0 2500.0
Arez {m?) 75.0 4.0 75.0
F! 0.876 0.9 ¢.9
(ta) 0.84 0.8 0.8
”L kJ/m? hr °C 17,9 15.0 15.0
Anyle with horizontal {degrees) 40.0 45,0 45,0
Load
Mass flow rate {(ko/hr) 2500.0 variable 2498.0
{UA}, (kd/hr °C) 1000.0 - 7000.0
Room temperature {°C) 20.0 20.0 22.0
Heat etchanger effectiveness 1.0 -- -
Air mass flow rate {ko/hr) 2500.0 - -
Minimum air outlet temp. (°C) 40.0 -- --
Hot water supply temp. (°C) -- 60.0 --
Make-up water temp. (°C) -- 15.0 -
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- TABLE 3. Simulation Results fur.Base_Syﬁtems;

System . . f f £ f-f t-f
) £ . 'm im E m
i - m m
(%) {x)
Space heating  0.57 0.57 0.54 6 6
Water heating . 0.64 0.62  0.55 . .16 2

Air conditioning 0.57 - 0.57 0.53 g8 . 8
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TABLE 4. Effect of Collector Design on System Performance, Water Heating.
Collector F!' 10 l.lL fm fp—fm
(kofm? °C hr}} f
1] f
f. "
1
%) fi'fm
{1)
one cover 85.2
nonsalective D.%0 0.80 15.0 £1.8 11.9
Base System 4.0 15.8
one Cover 65.3
Selective 0.9 0.80 8.3 70.0 7.2
72.8 1i.4
twa covers 60.2
nonselective 0.94 §.72 8.5 £5.2 8.4
| 67.7 12.4
two covers ' 6.4
selective 0.96 .72 5.7 69.6 6.4
| 72.3 0.6
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TABLE 5. Effect of Collector Design on System Performance, Air Conditioning

Collector F' ™ u f f -

L m p m
-]
(xJ/m? °C he) ¥ =
p m
fi fi-fm
(%) -
m
(%)

ane caver 3.3
nonselective 0.90 0.80 15.0 7.3 7.5
Base Sys tem ' 7.4 7.6

ana cover hB. 7
selective 0.9¢ 0.8 8.3 59, 6 7.0
55.5 6.8

two cavers 4.8
nonselective 0.94 0.72 8.5 . £8.8 7.2
ES.7 7.1

|
two covers i 55.9
selective 0.96 0.72 .7 | 9.5 6.9 °

-1 6.8
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JABLE 6. Effect of S5torage Tank Parameters on System Performance,
Air Conditioning. . '

frn fp_fm
f T
fi fi'fm
{%) 5 i
m
{3)
Base system 53.3
£7.3 7.5
57.4 7.6
Tank wall & = & 53.3
57.3 7.5
57.4 7.6
Hater k = O 53.3
‘ 57.3 7.5
87.4 7.6
Tank Tosses = O - 544
68,2 7.0
52,3 7.2
Tank Tosses added to Toad £1.3
B5.2 7.6
£5.3 7.6
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TABLE 7. Effect of Insslation Modulation and Flow Rates on Space Heating
System Performance.

-

M. m
{ragfhr] {kg?hr} {kg?hr] T m f%;Fm f?;fm
(%) {%)
0 2500 2500 L3510 .349 .321 9.4 - 9.0
2x .33 .380 .49 9.9 8.8
4 : 385 .380 .350 9.8 8.5
8n 385 .381 ,350 9.8 8.6
0 1000 | 350 .348 .306  14.3 13.7
ox : 380 .39 .33z ‘4.2 1.0
4 381 .30 .33 143 11
8 381 .3 L3 wd o 1.
0 o500 1006 .383 376 .31 19.5  17.3
25 f A6 402 L350 191 15.1
0 ]DFD i 390 388 .6 202 6.6

2n ' ' 421 .80 333 264 22.7
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Fig. 2 Solar load fraction versus number of stratified
tank segments, space heating.




-33

2 —E' i r
- o '—'-'3‘— .
Base System
0'4 1 1 ] ] —
5C0 1000 1500 2000 2500 3000 3500
me (kg/ hr)

Fig. 3 Solar load fraction versus collectar
mass flow rate, space heating.
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Fig. 9 Solar Yoad fraction versus buiiding
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Fig. 13 SoTar load fraction versus tank
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Fig. 15 Soclar locad fraction versus tank
volume, water heating.




Fig. 16 S5Solar load fraction versus storage
tank reference temperature,
space heating.
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Heather and Load Data

The weather data for both the space heatine,ehd the water heating
simulations are for ene;week ih Janeary'in Beujderi.celerade. Thase
data are,tahuleted in referenee Elend are p]etted'here for convenient
reference. The total inselet1en is .shown .in thure Al for the 75 m?
of collector surface used in the space. heet1ng s1mu1et1qn The COrres-
ponding ambient tempereturrE-var‘Iatiun ,15_dep1et‘,ee in Figure ﬁz. This
was a mostly sunnj-,r-. fa'i-.rl;-,r cald week with two c]ruudy days with low
insglation. ' L | :
~ The water heating ]ead Ts presented in F1gure A3 1n terms of the -
power required te heat the demand FIew rata Frem 15 C to 60°C. The
© demand f]ew rate, shown 1n F1gure AL for a 24_heur peried was scaled
down from the flow rate schedule presanted 1n Dau1s and Bartera to give
a total de113 1oad of 250 kg. Their 2.1 minute Ieng “demand events"
'eaeh qeerter hour Here'emeethed 1ntu-the cuntinunus ﬂemend profile shewn
Seven days of Washingtan, D.C. Ju]y weather data were used for the
aTr eenditiening simulation. The tete] 1nse1at1en on the collector surface
and the dry bulb and wet bulb temperatures are plotted in Figures A5 through

A7.
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