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IﬁTRODUCTION

Air éonditioners‘are the céuse'of peak eléctriéal demand for'ﬁany
partsAof_?he United- States. (1) In dry a:easbevaporative cooling can
relieve this demand. Conventiongljevaporative coolers ('swamp cooléfé")
'abéorb the air's heat ﬁo evaporate'wa;er;'thus lowering the air temﬁ;
erature. This incréaées'the humidityighicﬁ can reduce.the'occupant533i
feelingé §f cbmforé.

Indirect evaporative cooling eliminates the humidity problem by
using aﬁ intermediaryiheat exchanger between ghe‘water sourCe.andlthe
copditioned air. AInterior aif can be circulated'thrbhgh ﬁeat exchénger

pipes located within an evaporative cooler as shown in figure 1.
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Figure 1. Indirect Evaporative Cooler



Of, an evaporating roof pond can be used to-cool a building ceiling
which absorbs heat from the living space by convection and radiation.

(Sée figufé 2)
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Figure 2. Roof Pond
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The Cool Pool is a variation of the evaporating roof pond idea. The
pool is isélated from the living space and.the cooled pond water
thermosiphons into the water columns located within the building.

(See figure 3)



This report will discuss a computer model-of the "Cool Pool" and
' the various heat and mass transfer mechanisms involved in the system.
Theory will be compared to experimental data collécted from .a Cool

" Pool test building.
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HOW IT WORKS

figﬁre 3ﬂshqws a schematic of the Cool Pdo; which coﬁsists of a
sﬁaded; evaporéting roof pond connected to a column bf'wéte? located
within the building; The top conheéting pipe (the riser) delivers
warm water from the célumh,to the'poo}. The lower connecting-pipe
(the.doﬁncomer) runé’fromAthe pool bottom, to the bottom of watef
column. The downc omer is'ﬁlaced within the water column to.feduce
the visiblé pluﬁBing'and-improve the appearance of the system.

Evaporation keeps thé roof'pona cool. :In the Central Valley 6f
California where thc'wca£hcr is dry andihot the pool will usually
remain between 60-70°F (15-21bC);'

The wétef'colhmn which is absorbing heat from the buiiding>
intérior wili.be wafmet than - the -pool. This sets up a deﬁsity
differeﬁqe bétwegp the waﬁer colﬁﬁh and the pool and downcomer. This
density difference between twaAcolumns of water creates‘a pressure
diffefeﬂce.which causeé the cool, dense water from tﬁe pool to flow
througﬁ the downcomér‘into the bottom of the_wa;er columﬁ. The warme&
water in the éolumn fises’and flows out the riser into the pool.

The greater the pressure difference the fasfer the water circu-
lateé. This pressure'difference is a function of temperaturé (the.
warmer the waterAc01umn is cgmpared ﬁo.the pool and downcomer ;he
faster the flow). The pressure_difference is also dependent on
_ height so that the longer the downcomer is (providéd it still contains
cooler.water) the faster ﬁhe'flow will be.

The water column remains cooler than the inside air due to the
circulation of water from the roof pond. it acts to cool the living
Aspace‘by convection to the air. and radiation to tﬁe interipr objects

and walls. In this model, conduction to the floor was negligible



~aithougﬁiit ﬁiéh;_bé desirable fo design the column‘to maximize
conduction. -

The presence'bf fhe_gold_wéter co1umn within Fhe living spaée np;
only épbls the‘eﬁﬁironméﬂtlbut‘brovides a heat éink_to wﬁich peopie[
‘can radia;e.A.Since radiation is §~significéﬁt heat éejection mechan-~

ism forvpebple this aids in their feelings of thermal comfort. (3)



EXPERIMENTAL SET-UP

A Cool Pool Building was monitored to verify the accuracy of the
heét ttansfer'relationshipé.énd the éﬁmputer program.
" The Coél Pool is installéd on a 12' 3.12' (3.66 m x 3.66 m) -
building with R-19 walls, R-30 roof and R-5 insulation aro@hd the
perimetéf of ‘the concrete slab floor. (See Appéndix 1 for the;pians).
Iﬁe ceiling is 91" (2.31 m) high undéf thé:foof'pénd_andislopes up to .
‘147" (3.73m) ;tlfhé highest<p§;nt._-Thé 24Ssd. ft. (2;2m2) of.sduth windéws
arg‘insulatedAwiﬁh R;S wpod shutters. A 60 square foot'(3.57‘m2>-
rbof pond is 1ocated.on'fhe>nofth side of the roof undef black louvered
_3/8;I plywood shades whiéh-block:dire;t sun But allow free air movement’
over the pool. The roof pona is a galvanized Steel'pan, inguiéted oﬁ'
thé‘sides énd boftom;: | |
Thevwatef columpsAare fabricated from 16 gauge corrugated galvanized.
_-éfeel culverts Qith metal blétés'Qeldea to the bottoﬁ.’ The tqp'eﬁd.
is sealéd with épaque polyefhyleﬁe_téped'to prevent‘ai¥ leakage.. Four
colﬁmng, 8' (2.44 m) tall and-l 1/2"(:457m) Vdiéméter are‘placed on
pl&wood;ovef cin@erblocks.inﬁthe buildiné. Thg two columns farthes;_
east wéreAemptied and not psed'in these expefimen£s.
Each cdlumn.is'gonnected to the roof pool by 1 1)2" (3.8 cmj
I1.D. galvanizéa4pibes. After,thg downcomer enters the column a 90°
ABS elbow connects it to the 65" (1.65 m) tall.i‘i/Z" diameter, 1/4
inch thick, AﬁS'descending pipe;
Temperatures were measured with:30 géuge Omega Cobpér—Constantaﬁ
thermocouple wires which were welded tégether and coétedrwith epoxy‘
" to guarantee accurate readings under water. Since ﬁemperature‘changeg

were slow, sensor response time was not an important factor. The



thermocouples were éonstfucted'from a single‘épool‘of wire‘énd
calibr;ted wiﬁh‘én HP digitai voitmetef in é Rosemount éontrolléd.
ice bath and hb£ oil bath; The thermocouples showed uniform read-
ings (+.001 mV at most). They agreed with the platinum resistaﬁce
;hgrmometer to well within 0;05°C_at 10°C and 20°C. They were uni-
formly biased at 30°C by +0.1°C and at 40°C by +0.2°C.

.Net radiation into the roof pdndlwas mopitored with a one year
oid Weather-Measure‘RAZé.Net Radiometer. The factory calibration
constant was gsed.j Oqtside wet-bulb,témpef;;ureiﬁaé monitored with-
au asplrated;vplétinﬁm resistance wet bulb thermometer and doublef
checked with a fecording hygrothermograph.

Sensor regdings were'processed and recorded witﬁ é Fiuke 2200B_
data 1ogger; |

| Figure 4 sﬁows‘ﬁhe thermocouple blacemént. Temperatures were
measured at 5 ﬁeightS_ within thé wate? column, 3 hp'ig,ﬁts within the
downcomer, 8 heights in the interior aif; 'A thermocouple &as taped-
to each wall, two pl;ces on the fpof, and on the floor.‘

The thepmdéiphoning rate wés measured by injecting dye into a
:usber sleeve which cénnected a 4 foot ti.22 m) long ‘1 1/2" (3.8 Qm)
1.D. clcar tube to the riser vutlet. The Bouséunésq relation gives:

length for fully-

' developed flow = .03 Re+D

where : Re Reynolds number

D

it

pipe'diameter

For the velocities measured fhis léngph was between 2 and 3 feet.
Therefore the ihjected«dye was timedAbetween the 3 ft. and 4 fF.
'marks on the clear tube. Flow was always laminar sé the genterlihe

‘ velbcity was timed and divided by 2 to yield the average velocity;



. ®
fge * |
E e

FER D SPEAL  WE IS EIEI NEK B

| VT A TN B S - W

Figure 4. Thermocouple Placement

Measurements were not taken until the syétem was set.up for

at. least three days.



HEAT AND MASS TRANSFER PATHS
Before the Cool Pool computer model was developed the varjious.
‘heat and mass transfer processes were studied individually. Figure

5 shows the main heat and. mass tfansfer paths for the CoblvPool syétem.
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Figure 5. Heat and Mass Transfer

Heat is ;ransfered into the water column by'convectidh from the
air and radiation from the walls, people, fﬁrniture, windows, etc.

In this system the,windows were shuttered and no insolation fell on

the columns.



Mass is transported from the pool, through the downcomer and
‘céiumn and out into the pool via the riser. Heat is conducted and
convected into the do&ncqmef from the column water. |

Ihé-pdql water is‘primarily coéled by evaporation. Dépending
on outside conditions, it is.either cooled or heated by cohvection,

radiation and conduction.
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THERMOSIPHONINC'
Thermosi?honing hot wager:systems ﬁgvg.Béen ggudiedvby Baughn,
Dougherty and Crowthef (2,3,45 as"weli és'others.

" The p?essurefdifference caused by the density vafiation'betWeen
two columns of water can be related ﬁo'thg flow velocity by the
following edﬁation: ‘ | .

| | : 2' .
(eq: 2 ). Iydh - Jydh =y ¥ (f L, K)
_ : cold - warm 2g 4

"where

'JydhéOld-= the water density times differertial height integrated

over the height of the column of cooler water

JYahwérﬁ = the densify-héight pfoduct integréted'over FhéAheight"
of thé column of warm water ’
y = water density
h = height" "
v = velocity
g = gravity
f = friction factor for pipe losses
L/d = length to diameter ratio for pipe
X = expénsion factor uséd in figﬁr;ng_ﬁipe frictional losses

TheAright side of this equation is the conventional expression‘
tor the préssure'drop due Lu[low within a pipc:
For laminar flow the friction factor, f, can be found from .the

following relationship
(eq. 3) f = 64/Re

whére Re is the Reynolds' nﬁmber_based on the pipe diameter.
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Flow through the 1 1/2" (3.8 cm) diameter column was found to
create Veryilittlevfriction compared to fhe flow through the‘downcomer
and riser. The L/d ratio was 120 and the.expansion factor, K, wés
4.0. A sécond §rder curve fit relates the viscosity and density-of_

water to its temperature.

(eq.4)  y(#/£t3) = 62.3302 + 6.706x10-3T(°F)

- 1.016x10™ %12 [60°F « T < 79°F]
(eq. 5)  v(ft?/sec) = 2.7897x1075 - - 3.491x10™"T(°F)

I 1.458x10-972 [60°F < T < 8U°F]

The expected flow rate was calc-.iﬂarea from eq. 9 and the mcasured
.column, downcomer and pooi temperatures. The curve fit fglatioh was
~used for viscosity and density. This flo; rateAwas compareq to that
actually measured. Table“I'shows'that the caicdlated velocity agrees
very well with the measured velocity. 'AppendiXIS contains the com-
puter prdgram used to generate Table I.

The thermééiphonihg mass flow rate, and ingoing aﬁd outgoing‘
watef temperatures were measured to calculate the heat leaving:

(eq. 6) 6 = ;Cp(TO;t— Tin)
Equations 2 and'6.were used to calculate the thermosipnoning rate

in the computer model,



READING
1
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COVOE~NTNEWN

11
12 .
13
14
15
16
17
18
19
20
21.
22
23
24
25
26
27
28
29
30
31

LGH

0,091
1 0.067
0.076.

0,098

0,109

0,110
0,105

0,091

0,075
0.077
0,085
0,095

0,100
0,102
. 0,100

0.097

0,100 .
0,097

0,090
0,086
0,078
0,072
0,065

0,065

0.063
0,070
0.071

. 0.070_,

0,074

0.071.

0,0449

_ TABLE I
~VCALC VEXP
00,0598 10,0535
0.0860 0,0472 -
0.0519 0.0471
0.0639 0,0654
0,0699 00,0702
0,0710 00,0673
10,0702 0,0678
0.0684 0,0601
0.0608 00,0570
0.0514° 0,0522
0,0529 0,0487
0,0572 0,0585
. 0,0627 00,0625
" 0,0650 00,0637
0,0659 10,0645
00,0648 0,0631
0.0630 0,0625
0,0639 00,0617
0.,0622 0,0617
0,0582 0,0588
0.0560 10,0560
0,0512 0,0536
0.,0480 0,0539
. 0,0438 00,0447
0,0440 0,0449
0.0431 0,0484
0,0475 0.0455
0,0482 10,0482
0,0475 10,0479
0,0867  0,052!
0.0534

 DIFF

11,8

RV,
.

—
QU OPNE®NNV= BN NSOV

DOCOOWONVNDND®me O WiN

]
§ o=
N} e
o o
(=]

-109-

4,5

00.7“

-10,4
15,9

RATIO -
0.895
1.026
0,908

:1p023

1,004
0,948 -

0,966

0.879
0.937

- 1,016

0,921

1,022

0,996
0.980
0,978
0,974
0,992
0,966
0,993
1.010
0,999
1,047

1.124
1,021

1,019

1,123

0.957
0.999
1,007
1.116

1,189
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RADIATION:INTO THE WATER COLUMN

Net radiation into the water column can be calculated from the
set of equations:

n |68 ;. l-€.

(eq; 7) Y —%l - FK_j —2411 ;i‘= § (SKj_- FK-j) ofj9
- B A 3% =
whe;e Fi_. = view factor from surchg ito surfaée k|

Ai~ = area of Surféce i

e, = emmissivitynof surface i’

Qit = et heat flux from surface i

n = number of surfaces

If the surface abéorbtivity is equal to its emmissivi#y these equations
givé the exact radiative heat transfer,

Difficulties kreep in whén these équatioﬁs are applied to‘a real
enclosure. View factoré ére oftgn difficult to determine. Emmissivities
.éf wall'paints at about 78°F~(25°C) have not been exactly determined.'
Dark paint can range bethen .85and .96. White paint‘ranges between
.80 and .92. (6)

ASHRAE (7) suggests approximating wallltempératures at the air
temperature so that radiative traqsfer into the water column can be

expresascd ast

(eq. 8 Q = aAa(Ta - Tc)

where a = colgmn absorbtivity
A = columﬁ surface area
o. = Stefan-Bbltzmann constant
T = average air»temperaturé
T = coiumn temperaturé



This works well for some conditions. However, wall. capacitance, wall
‘thermal éondﬁctance; infiltration, insolation, the outside tempera-
ture history, and the presence of thermal storage mass can all effect

the relationship between .wall temperature and air temperature. Since

" radiative transfer is dependent on the forth power of temperature the

use of an average temperature for its calculaﬁion will not always

yield an accurate answer.
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Figuré 6. Early Morning Temperatures
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_Figure 6 shows the measured air and wall temperatures of the
test building at 5 a.m..in the‘morning. In this case fhere ié very
"1i£t1¢udifferehce between wall témperature_and the air temperatufe;
Radiation cé1cu1ated'frbm the average air teﬁﬁéfatdfe will yield
similar results to the enclqsurg analysis.

| Figure 7 shows this same building ét-3:00'p.m. in the aftefnéon..
The wall ;emperétureslare Qery different from the average éir tempera-
ture. The radiative hé;t‘trgﬁsfe? to.the'column'célculated fromAthe
average air‘témpe¥ature will be‘gfeater than thé enciosure énalySiS',

indicates.
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Figure 7. Afternoon Air Temperatures




The accuracy of using air temperature as an approximation for
radiation was tested by comparing the transfer rate to that obtained

by using an enclosure analysis.

Since the:column temperature varied Ey less théﬁ_3°FA(2°C).it

- was modeled at one average teﬁperature. Eacﬁ-of the 4 walls were
Vassumed‘go'be‘at a cgnstaﬁt tgmpérature equal to that measured & ft.
- from the flpor. The ceiling Qés di&ided into two isothérmél'areas,
bﬁe exposed to the sky and one under thé roof pond. fhe floor was
moaeledAat one tempefature. Since, presumably, the surfacés were not
isothermai some error will be introdgte& by these assumptions. '

Figure 8 shows hdur—by—hour calculations of radiative heat

transfer. The wall and column emmissivities were .91 and .93.
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Figure 8. Radiation; Enclosure and Air Temperature Calculations
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This graph shows that using the average air temperature for
radiatioh calculatibn overestimates the heat transfer into the
thermal mass for this particular building. - This ét;or is less during

the night when wall temperatures are more uniform.
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CONVECTION INTO WATER COLUMN

Heat is transferred from the indoor air to the water column by
convection, through the corrugated metal column wall by.éonduction
and to the water by convection. The free convection heat transfer
coefficient from air to a vertical cylinder can be found from (4):
(Eq. 9) Nu = 0.13 (GrPr)'>> _ ‘(1084-GrPr 1012) -
Since the water column is 8 feet (2.4 m) tall, GrPr 10? and the
free convection 1is in the turbulent region.- The corrugations may -
- increase the heat transfer slightly. (5) This relation has been

simplified for air -at 70°F (21°C) (4):

(éq. 10) h_ = 0.19 (T, - T )" Btu/ft2-hr-CF (Grpr 107)
where:

ha Heat transfer coefficient (Btu/ftz-br—oF)

T, air temperature

Té ‘column temperature

Equatiqn 9 is often used in place of equation 8. Notice there isAﬁo
dependence on the surface geometry in'equé;ioﬁ 9. Since conditions
are eQaluated at 70°F, eqhation 9 yields a slighf1§ lower heat
transfer coefficient than equation 8.

Since‘the'water‘column is withip an enclosure, convective air
.loops m;y.se set up beéween the cool qolhmn(and the wagmér<wa11s.
This will incréase’theivelocity of theiair moving past thé column and
thus increase the convective heat transfer rate. Thus, equation 9
probably underestimates coﬁ;ective heat transfer. This‘hypothesis

will be discussed further..
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The thermal resistance per unit area between the air and the

column surface is the inverse of the heat transfer coefficient:

(eq. 11) R_ = 1/h
a . a

where R is the thermal resistance between the interior air and the
column surface. Since the temperature difference is usually less

than_lOOF (6°C) this resistance is about:
. 2o
(eq. 12) R_~ 2.4 (ft".hr. F)/BTU

Conduction through .the .064" (.16 cm) thick metal column skin is
4 orders of magnitude faster than convection from the air to the
surface of the column. The conductivity of steel is 26.2 BTU/F ft

hr so tbét the resis;ance:
: : V : -4 2 o ’
(eq. 13) R, L/K = 2.0 x 10 * (ft“<hr. F)/BTU

~ where Rc is the thermal resistance of the column wall.
The heat transfer coefficient from the column skin to the water
can be found from the free convection relationship of equation'9. At

o .. : .
a 10~ difference between column and water temperature and a water

, is 1.9 x‘1_o'4

..(ftzshroof)/BTU. Again, thi§ résistance 1is four orders of

temperature of 73°F (23°C) the resistance, R

magnitude less than the air to column surface resistance.

Because the air to column‘resistahce dominates convective heat
_transfer into the water coiumn, condqction and convection to the
water can be negiectedf |

Ihe water column was placed on 1/2"‘tﬁick plywood on hollow

cinder blocks. Thus, conduction into the base of the column is
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negligible. Heat transfer into.the -cylinder top was neglected since
the 1 inch air gap betweenvthe plastic»cap and the water éurface was
,aséumed.té act»as'an iﬂsulating'space.

If a ﬁeat'balance is. done‘on the Qater column it.is found that
the heat enteriné the coluﬁn from radiationAand conyectioﬁ must equal
the chaqge‘in.ﬁhe column heat content plus the ﬁeat leaving by
thermosiphbning.

~ The change iq he;t';bnteht was determined'from';he'hourly change

. in temperatures of the -column =~

(eq. 14) AQ = m'ccp(T- - T))

2 1
where: mc = mass of. . water in column
cé = specific heat of water
A-TZ = new average water temperature
ff = old‘averége water temperature.

1

.From thiﬁ, the houfiy heat transfer rate inFo the water coluﬁn'can be
caiculated.;

Figure 10 shows calculated heat transfer rates (based on measured
air,'wall and column tempé;atures) and the experiﬁentally depermingd
Ahéat trahsfef fates. The-lowest curve'regults from adding thg

1/3

convective transfer (h = .19 (AT ) to the enclosure analysis

radiation. The other curve results from adding this convective
transfer to radiation calculated from the average air temperature.

The solid line represents the expetihental heat transfer- rate,
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Figure IO. "Total Heat Into Column:

ihe,acéurate enclosure analysis radiatioﬁ added to the
'conQentioﬁal convective heat transfer underestimates the total heat
transfer. When the (incorrect) air teﬁperature radiation is added to
the conventional_convectiQé transfer, the calculated result agrees
very wéll with the experiment, This’is becguse radiation is
overestimated to compensate for the underestimation of convection.

Thus, this method gives a correct answer for the wrong reasons.
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Thisidiscrépanéj is greatest whén the wall temperature is much
higﬁe; than the masé teﬁperatpre; Thié lends support to the
'hypothesisAthéf convection loops'within'thg enclosure ére ipcreasing
the heat transfer rate.,

This analysis imp}ies_that the ﬁeat‘transfgr coefficient is. -
gonsistaﬁtly higher than that prédicted~by equation 4. However, fhis
is only an indication that more work should be done on this question
since there are many uncertainties involved in this anaiysis. A
detaiied error analysis-appears in Abpendix 3; The w;ter'§61umn
contains so much mass. that a O;IOF change in temperature can mean a
change of 86‘BTU's. Since temperatures were read to the nearest
O.loF and the total hourly change in column‘engrgy content averaged
130 BTU/hr this introduces énpossible 667% érror. The thermosiphoning
rate was much higher“(300 - 600 BTU/hr) so that the impact of this
error on the'caiéulated convection rate 1is about 20%. The facf that
the trend is cdnsi;tant argues that the actual error was less than
this,

Calculated encldsure radiation could add additional error to.thé
convection. EmmissivitiesAwere unyerified and the ?iew factgrs'wgre
.éppfoximate. Modeling the columns and enclosure as 10 isoﬁhermal
sur faces introduces an.unknown error., In any case,.it is clear that
uéing air temperatureAihstead of surface temperaéures for radiation
calcglationé will overestimate radigtivé traﬁsfer in this situation.
The éomputgr model uses average air teﬁperaéure for the calculation»

of radiation and convection into the water column.



- EVAPORATION
The Reynolds analogy for heat transfer can be extended to

convective mass transfer:

Sh ' Nu

(eq. 14) Re-Sc . Re-Pr_= g'
‘yﬁere: ~Sh = Sﬁerwo6q ﬁumber o
Sc ?‘Scrénton number
Re = Reynolds number
Pr = Prandti number
Nu = Nussélt number
f = friction factor

This is adequate for Pr "1, and small temperature gradients.

Chilton and Colburn modified the above relationship:
. Sh ‘—1/3 _ Nu -1/3 _
- (eq. 15) E;(SC) = R—f:‘ (Pr) —.f/2

For water vapor in air this reduces to:

(eq. 16)- B = 0.21
. 8 o
~ where h = convective heat transfer coefficient
g = mass transfer coefficient

Although'the heat transfer correlation to friction isd not
aqcuraté for Reynolds numbers less than 10;000 it is felt that
equation 14 will give a good estimate é; lower Reynolds number; if
the heat transfer coefficient can be deterﬁined from some other
relétionship. (2) Equation 16-is used in the computer simulation.

The energy transfer rate from evaporation is

(gq;‘l75 Q= g ifg(wo - wp)

24
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where: g = mass transfer coefficient

ifg = heat. of vapofizatién of water
w = ou;side.absblute humidity
wé = absolute humidity of saturated air étApool témperatﬁ:e
A curve fit for ifg was used.
(eq. 18) ifg'=”1o91f40 2 495T - 5.00x10™ T2 BTu/lbril ,

[60°F < T < 80°F]
The absolute humidity (w) was found from the relationships:

2

(eq. 19) PQS = exp[-3.078 + 4.527xl0- T - 8;0101x10_5T2]

‘where va‘is the saturateduvapor pressure in inches of"Hg at T(°F)
and 35°F £ T < 74.97°F

2

(eq. 20) P = exp [-3.0006 + 4.310x107°T - 6.5016x10°T%]

©74.97 < T < 110°F
(eq. 2;) w, = .622 va/(P - va) 1bm(cuf ft dry air

where P = total pressure

. N 100 622 1
(eq. 22) w = .622 [(——RH) {1.+ - 1]- 1b_/cu ft

where‘RH = Réiative Humidity.

Eqﬁation 21 was used to find the saturated. absolute humidity over the
: _pool."ﬁquation 22 could be used to calculate tge outside absolute |
humidity from the relative humidity. In this program the outsiae
absolute humidity calculated from wet and dry bulb témperatures and

used as an input.
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CONVE-CTIONllN'.I‘O ROOF POND
The roof pond can be modéléd aé an isothermal flét plate. It is

Qifficult‘to'decide whether the convection is free or forced since'wind
sbeed.varies and the. shades may slow the air.movement over the‘pool.
It-is clear that the heatipranéfer wili be ‘equal to or greater than
that whi;h the free.convecfion.relatioﬂship yields.

. During the day:when the p;olhis warmer than the outsi&e air the
foliowing relationship would apply for turbulent free convection heat

transfer. (7)

(eq. 24) 'h = 0.19 (am)?-33

where: h' = the heat transfer coefficient BIU/"F—f;z-hr

AT = the difference between air temperature and pool temperature
During the night'When air temperatures drop -below the pool temperatures

 the following turbulant free convection relation would apply: (7)

(eq. 25) h = 0.22 (a1)?0+33

The average summer wind speed in the Sacramento area is 12.5
f;/sec (3.8 m/s). (8) Measurements taken by previous researchers
) indi§a£é’that tﬂe shade‘used on the test buildiﬁg roof pond reduces
-the wind velécity over the water to an averége of about 2 ft/seé. 9)
The forced convection correlation for alr over a horizontal iso-

" thermal surface is: (11)

k
1/2, 1/3 ‘a

L L
P

(eq. 26) - h_ = 0.664 Re
(Laminar Re <>106)

or:
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T o 4f5 173 k
. (gq. 27?"ha = 0.03§ ReL Pr L

(Turbulent Re > 10©)

where k = thermal conductivity of air

L pIate length
If the laminar equation is evaluated for a 68°F (20°C) and 80°F (27°C)

air this yields.

e . BTU . ‘
) = = b ——— 8 .
(gq. 28) n .gg NIL = .28 N ST re T , o v« 28 ftr/sec]

where;v.is the velocit& jn feet per seédnd.?or a'vélbcity of 2 ft/sec:
h = .4 BTU/?F hr £t2. if fhe.outsidg';emperature is more than 9°F
(§°C) different from tge pool‘tempefaturé the free convection will
Vbe greater than the fofced convection. In fhis case.the‘combute¥:pro—.

gram chooses the greater of the two heat transfer coefficients.
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CONDUCTION
Into Pool:

The pool edges are insulafed with -R19 fiberglass batts and will

gain (or lose) heat from the outside air,

)

(eq.;29)__Q =,(1/R)‘A.(Ta = T)

where R = 20 (°F-hr£62) /BTU
A = 32 ft2 area
Ta.=‘outsjde temperature
T; =’poolntemberaturg

The pool bo;tom is insulated frog the living-space:by R—19'fiberglass

batts and will traﬁsfer heat according to the abové relafion. Iﬁ fhig

case: the area is 60 fté Q.Zm% aﬁd Tvrepresenté the inside temperafure.
The top edges ofvthe sheét metal pool container extend into the

air and may act as fins by conducting heat into fhe poél. This,éffect

was neglected.

Into Downcomer:
Since the ABS downcomer is immersed within the column heat will
~conduct across the plastic to heat it according to the equation:

o - [y

(eq. 30) Q==A(T -T

c d)

= | =

‘'where R = conductive and convective resistance of the ABS plastic and
water L : : '
To = column water temperature
Tq = downcomer water temperature
A = surface area of downcomer

This relation was used in the computer - simulation. It was assumed
that convection loops set up within the column between the warm column

and the cooler downcomer would result in the conducted 'coolth'" from
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"the downcomer félling down to the lowest column node: Thus, the
conduction. was éaléulated node by node but the total heat was removed

only from the bottom column node.
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NET RADIATION INTO POOL

Although the shades blqck direcf sun from the pool, diffuse
radiation enters it during the Aay.‘ The shades heat up and radiate ‘
into the pool.- At night the pool can lose'hea£ bf radiation to the
;ooled shades and the-smail amount of visiblé:sky, Thé nét raaiation
into the pool was measured and this~qonstjtuted one of ;he computer

“inputs. ©

BUILDING HEAT LOAD

The test building heat load was calculated according to ASHRAE
standards to yield an effective U x A value of 74 BTU/°F-hr. The

heat entering the test building air was calculated by

(ed. 31) Q=UxA (Tout - Tin)

This. treatment does not take into account the lag induced by wall
capacitance nor the effect of insulation on the walls and roof. - It

was not the intent of this work to model the building itself.



31

COMPUTER 'SIMULATION

The compptér simulation is listed in Appendix 2. Tﬁe Cool Pooi
4sysﬁem was, dividgd inté ten .nodes (see.Figure 11). The column was
divided‘iﬁfo_5's1ices;'the downcomer into 3 slices; the interiof air
was-modeled‘as one nodg and the roof pond mhkes the fenéh npde;A Eﬁch
node yés assumed to be at:a uniform temperature. A heat balance was
done for each nodg to generate a system of ten nonlinear first order
differential equations, Tﬁese'equations were solved by a librafy
program, ‘A 1ist of the nodes and their heat’ and ﬁass traqsfe;

processes follows:

] 9 B | -n
9 RISER | 1
7 __DOWNCOMER | | POOL
8
7131 | 10=INSIDE AIR
6 |4
5  |_._—COLUMN

Figure 11, Cpmputér Nodes
‘Node 1 The Roof Pond | |
A) mass flow fgom volumn top (eq. 2,6)
B) mass flow to downcéme:'top (ed. 2,6)
C) eQaporation:to 0u£side air (eq. 17)
D) convection to outside air (eq. 24-26)

E) net radiation into pool (experimental)



F) conduction to living space (eq. 29)

G) cohduction to outside (éq; 29)-
Node 2-4 HTﬁe Dowhcdmef | |

Aj mass flow in (eq.'z,ﬁ)

B) mass flow out (eq. 2,6)

C): conduction from‘wgter column (eq. 30).
Node 5-9 The Column‘

A)l ﬁass flow in (éq. 2;6)

B) mass flow out (eq. 2,6)

C) radiation to building interior (eq. 8)

D) convection to ingerior air (eq. 10)

E) conduction to downcomer from Tnwest nodé onl§ (eq. 30)

: Nédé lb The Interior Air
. A) radiatioﬁ from‘column (eq. 8)
B) convection from.COlumn (edpl@
<C) Abuilding load (eq. 31)
Hourly Inputs

c(2) oﬁtside temperatures

C(3) absolute humidity

-C(4) ﬂet radiation into pool

C(S) building heat 1oéd
The specifiable parameters such as cool pool geometry are listed in
Appendix 2. These parameters can be reéd~in so that Coul Puol systems
of vaFying sizes can be simulated. Abpendix 2 also lists the variable
values suéh as viscoéity and dénsity which'are calculated each hour

or each time step depending on their importance and impact.
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TheAmodél wés verified by initializing4the ten_ node temperatures
to'mgtch.the e%perimenfally‘measured temperétures. ’Thé program was
aliowéd-to simﬁlate 24’hrsf Qf performance using ﬂoufly'inputs (out;
side‘temperaturé, Humidity; net radiation iﬁto pool, and’building
Ioéd) which were the same as those measﬁréd ddfiﬁg the experiment:.
Thé'néde_geﬁperafureg énd the thefmo;iphoningAfate wére tﬁen compared
;o:the-gxperimentai values with very good agreement.

Heat transfer from the air to the column is calculated using

‘average air:and column teﬁperétures.' This_gives_good results. and

eliminates the necessity oflmodeling stratification in the'air} From

"figures 6 and 7 it can be seen that air stratification is dependent . -

on the outside temperature history, building design .and capacitance

(tb naﬁe'a few factors). AFigure 12 shows the aQerége of the experi-

mental air temperatures compared to the computer simulation.

| | T

86 | ‘ -
84 - o
o 8 . <
w2 osk -
-
= .
< 18 -
i 1 A
= 76 - -
(V]
—
14 -
12 . Experimental A\ 7
70 - O Calculated . -
nnnll‘lil‘lllll La28821 1;.1
12. . M 12
TIME

Figure 12.: Average AirvTemperatures
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Due to instrument difficulties no daté was recorded at 10 -p.m.
;nd 11 p.m: Tﬁe air teﬁperaturé was extremely sensitive tq the build-
ing load estimate since it had‘l£t£1e caﬁacitance and factors such as
~infiltration could only be crudely estimated.  However the greatésﬁ
deviation in teﬁberature was 2.7°F (1.506)

Conduction fram the column to ;hé downcomer was'calculated for
adjacent nodes but the net heét transfered into the three do&ﬁéoﬁer
nodes Qas only subtracted from the lowest column node. This simulates
convective loops within the column'which énhange water stratifiéétiqﬁ.
‘Mass leaves the node at the-néde temperature and entefs the‘nade of
the,previogs node's temperature. .Iheﬁ the new isothermal node temberae
1 tu?elis determined., This method yields close égréement to the |

measured column temperatures as shown in figure 13.

L T .
13k - T -

’ fiﬁwﬁ /C:fu_mn o
2 [o08" 90% |
71‘(- .

~
o ' Q 8
~ 70 - 5&60 % -
= 008 :
e - 8
2 8r e, O ]
= gl Lower —* & 5009-
, E‘;" N “Column 8
=Ch | 5099 S
66 [~ ® Calculated oeRe1
65 F © Experimental o -
- lll_ljilll.llljllejljl.ll
12 M 12
" TIME _

Figure 13. Column Temperatures .
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Figure 14 shows experimental and pool temperatures. Again, there
is excellent agréemen;., In ‘this case the pool was probably larger
than required for the heat load from thermosiphoning. -Thus, the rest

of the system had little impact on it, The reverse is not true.

700 F ’ojEx'pAeriménta_I - d
" & Air '
o Wall

600 |-

500 |-

BTU'S PER HOUR

400 }-

300 P~ _
;lllllll4jllfllll]llll!l
12 Mo 12
TIME

Figure 14. Pool Temperature

The poél temperéture.was critical in detgrmining ghe thermo-
siphoning rafe‘since the colder downcomer water was greater than the
brgssure differencé_was. ~Fignre 14 showe the calculaped vs.
exper imental thefmosiphohing tate.‘ Near midnight, the égicula;ed
rate was 15% lower than the measured rate. 'Theprest éf the time
there was much better agreement,

Figure 15 shows the downcomer temperatures which agreed closely.
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Figure 16 shows the most important calculation, heat absorbed. by

the column. This is.the factor which determines sizing. As
discussed earlier, the experimental calculation could be off by 20%

or more. The agreement with simulated values is well within 20%.
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"HEAT INTO COLUMN (BTU'S/HR)
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Fignré 17, Total Heat Into 'Colﬁmn Wall
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_l CONCLUSION

Thié,work has increased the experimental dafa available on the
”thermpsipﬁoning roof pond. Although cbnventional meghods‘for ca}cﬁ-
-lating the tbermdsiphoniﬁg.rate, heat tfansfer and evaporation do a
- good job modéling this éystem, it is clear thaf convéctive heat
tranéfer'relatidnships fqr enclosed spaces need to be deQelopéd.

qu\ﬁhat.a good computer simulation i; availébie for this system
it wili bé easy to input other climate values and system parameters

in order to size the Cool Pool for different regions.
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TEST BUILDING
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