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m Storage of Chilled Water 1n
1 Hot, Arid Regions
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AL

Seasonal siorage of chilled water in a large underground reservoir was studied by considering a
two-dimensional heat flow in water and the soil surrounding the cistern, and by employing a finite-
difference technique for the numerical solution of the energy equations. The cistern considered in
the analysis was similar to those which have been employed in the hot, arid region of Iran for
centuries for the storage of cold potable winter water for summer use. These cisterns were filled
with cold water in winter and water removal did not start uniil mid-spring. During the warter
storage and usage, there was always 4 wind-induced airflow over the water surface to maintain an
evaporation rate from the water surface. In these cisierns the water removal was from the bottom
at such small flow rates that the thermal siravification in the cisiern was not disturbed.

It was found that while the temperature of water at the surface was high and followed the
ambient air temperature closely, the temperature of the water removed from the bottom was very
low, although it increased gradually toward the end of the storage season. During the summer
months the temperature of water removed from the bottom of the cistern was below 10°C. This
temperature was found {o be a function of the size of the cistern, the weather conditions, the initial
temperaiure of waler in the cistern, the soil properties, and the year of eperation of the cislern.

The system analyzed here finds applications in the hot, arid regions of the developing countries
for the storage of cold winter water for drinking, for food preservation, or for other agricuitural
and indusirial applications. it can also be wsed for air conditoning of huildings.

m Subseripts fand r refer to left and night, respectively
v the vertical distance from ground level, m
- the vertcal distance hetween two adjacert nodes, m.
Subscripts # and 1 refer to bottom and top, respectively
2 the thermal diffusivity of the soil, m’s ™'
the thermal diffusivity of water, m*s !
¢ the ume Jag, days
w defined by equatton 4.

INTRODUCTION

CLIMATE HAS always influenced people’s lifestyles.
This has been particularky truc m the past, when the lack
of abundant sources of energy made the people o take
advantige of the climate’s diversity, and live withit. For
example, in the hot, and region of Tran, people developed
highly advanced passive coolmg syslems and adapted a
lfestyle in order o provide thermal comlort for them-
selves in o very harsh environment 32 The pet-
formance of some of Lhese systems las heen studied and
reported before {3 12) One ol these passive cooling sys-
tens which fnvelves the seisonal storage ol cold potable
water tor summer use is investigated and is reported here.

Seasonal storage of winter coolness} in the lorms of
ree and cinlled water 1n sterns s centuries okd iU was
practiced extensinely e ra and some ol the neighboring
counires betore the adsent of piped water and mech-
amcal retoigeraton 1. 2] Research m scasonal storage
of cold water m cisterns has been very limited. Borst and
Aghanur [13] studied the storage of chilled water v a
tank about 35 m"in volume They cooled the water in
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the cistern by blowing cold winter air over the water
surface. rhermal stratification of a small chilled water
storage tank, to be used in conjunction with daily storage
of coolness as a means of shifting of electrical power to
off-peak periods, was studied analytically and exper-
imentally by Truman er @f. [14]. To the authors’ knowl-
edge no experimentat or analytical study of seasonal stor-
age of chilled water in targe cisterns, simifar to those
found in Iran to supply cold potable water (o 4 com-
munity in summer, have been carried out. Several spor-
adic measurements ol water temperature, withdrawn
from the cisterns still in use in the aties of Yazd and
Kashan in central fran, have been made by the authors
in the past summer months.

The objective of the study reporled here was to numeri-
cally investigate the thermal performance of a large
potable chilled water cistern or Aub—-Anbaur (as it is
called in Persian), and compare the results of the analysis
with the expenimental data which have been collected by
the authors carher.

OPERATION OF THE POTABLE WATER
CISTERNS

Before piped water became popular, many houses in
Iran had small cisterns to meet the monthly fresh water
requirements of their occupants. However, these cisterns
could not meet the families’ needs for cold water in sum-
mer. With the lack of mechanical refrigerators to cool
water, people had to either purchase the naturally-made
ice in order to have a cold drink of water, or use the river
water which was stored in a community Aub-Anbaur tn
winter. These cisterns were filled during the winter nights
with the coidest possible water. Furthermore, because of
their very large sizes and thermal stratification, the rate of
heat gain vy a unit volume of water in these tanks was
very small. The cisterns could then supply water at low
enough temperatures for drinking.

Because of hcalth problems, cisterns are almost all
abandoned now in [ran. Measurements made by the
authors dunng the past summer months on (wo cisterns
which still exist in the cities of Yazd and Kashan in the
desert region of Iran have shown that the temperature of
water supphicd by these cisterns was below 10 €. During
this time the maximum outstde air temperiature was
around 40 C. The water temperature was 4 function of
the size of the astern, the type of soil and 11s mosture
content, and the indid water (emperature tn the cistern
Except for the size. ather relevint data such as soil prop-
erties and its moisture content as well as the inetial water
temperature were not avatable to the authors at the time
of wiler [emperature medasurements

The size of the cisterns was dependent upon the s1ze
of the commurmty they were serving . it vaned between
about St about SO0, with 2000 m' designating a
more common size The heght ol the esterns vared from
about S toabout 10m The bock walbs and the Hoor of
the civterns wore linesd with an indigenous cement (o
prevent waler leakage

Fagure T showsacress seehon ot a typacal cistern which
wits used i Tran tor centunies for the storige of cold
potable water foe summer use The cistern was equipped
with two to three pars of wind towers or Baud Geers

WiND

WIND TOWER
(BAUD - GEER)

STAIRS TO Y
WATER TAP

CISTERM

Fig. 1. A schematic drawing ol the potabie water cistern with
wind-induced airfiow over the walter surface.

which maintained a wind-induced airflow over the water
surface {1, 2]. The cistern was filled during winter nights
with cold water. Before entering the cistern, water flowed
in open channels where it was cooled, evaporatively, and
by radiation heat transfer to the clear sky, to tem-
peratures only a few degrees above the freezing point,
Water remained in the cistern until summer or when the
residential cisterns could no longer supply cold water
for drinking. Then, people desiring cold, potable water
walked to the community cistern and took the needed
amount of water for their use. Water was removed from
the bottom at a very low rate (less than 30 1 per min) so
that there was no disturbance in the thermal stratification
of water in the cistern.

The heat gain [rom the ambicnt air on top and from
the ground surrounding the cistern was partly offset by
the evaporative losses from the water surface. The high
Aow rates of the drv ambient o1t over the water surface,
which was created by wind action on the Baud-Geers and
the domed roof opening, maintained a relatively large
cvaporation rate from the water surface. Furthermore,
the high airflow rate kept the ceiling temperature of the
dome at about the air temperature all the time [8].

The heat gain by waler was primanily near the top and
was transferred Lo the water layers below by conduction.
This created a perfectly stratified storage tank —with the
warmer waler always staying on top. The heat gain from
the bottom was generally very small, particularly after
several years of operation, so that there was no appreci-
able mixing and disturbance of the stratification in the
astern. The heat gain from the loor of the cistern umi-
lormly warmed the layers of colder water immediately
ihave 1t -

Without the wind towers and the circulation of the
ambient air over the water surface, the evaporation rate
from the water surfuce wis reduced appreciably, Fur-
thermaore, due to the solur radiation absorbed by the roof
of the storige, the ceiling temperature was higher than
that of the ambient air. Thisancreased the thermal radi-
ation heat exchange between the water surface and the
ceting which. together wath the reduction in the evap-
oriation rate. inereased the water temperiture in the cis-
lern

The use ol cisterns i Lean has been dimin shing rapidly
duc to the widespread use of piped wat :r and houschold
refrigerators. Except for o few unats still 1n operation, most
of the Aub Anbaurs hive aither given way to new deve-
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%. Jopments or have been remodceled as tourist attraclions.
However, these systems can be made more hygienic, and
the operation less labour-intensive, so that they can be
employed in developing cauntries o supply cold potable

water for a community.

For example, the system can

employ a heat exchanger of a cooling tower Lo cool water

in winter and us¢ a pump
withdrawing cold water

electric or hand-operated) for
rom the bottom 1n summer.

These cisterns can also store cold winter water for appli-
cations other than drinking water They can he used for
food preservation and other industnes in the developing

countries.

THERMAL ANALYSIS OF A CISTERN

The exact thermal anal

ysis of cisterns is a formidable

, - task and beyond the scope of this investigation. In order
% to simplify the analysis and sti!l be able to obtain reason-

& ably accurate resulls, we
; tions as listed below.

i

an‘om

) make the following assum
v analysis:

need to make several assump-

2 ,We consider a cistern, about 2000 m’ in volume. For
smplification purposes we choose a umt with a square
;- floor, 16m to the side, and a height of 8m. We further

ptions in order to simplify our

|. The mean daily temperature of the ambient air can

be represented by

T =T, +  Asinwii+ @), (n
where
T o ATl + T2 )
A= (T~ 1) M
o = 2ny365 day ' (4)

and T, and T, are the mean daily temperaturesin Fuly

(the warmest month} and
respectively, and 15 the
lag. For ¢ = — 106 days,

temperatures occur on Jar

July 16 (day number 197),

2. The soil surrounding
isotropic, and with constan

although far from rcality.
result for the performince
Lo determine the soul propy
the performance ol the <l

3. The temperature of U
away from cach wall and:
the floor of the cistern (|

January (the coldest month).
day pumber. and ¢ 15 a tme
the minimum and maximum
uary 15 (day number 15) and
respectively.

the cistern is homogeneous,
properies This dssusption,
5 necessary Lo obtm a general
alcisterns Otherwise, one has
riies of i site and then anatyze
crn o he budd et that locanon

e ot at vertical surlaces 10m

horizontal surface [0 m below

cm trom the ground levelyare

unaffected by the prosence of the astern. [hat s, witler

in the cistern with 4 volun
1s surrounding sl with

4. The heat flow m the
surrounding the cistern (a
from the cistern walis) s

ool 204% m s interaching with

solume of 21280m”
cions ol the undisturbed soil
distinees ol oy 1O or more

onc-dimensional with the sonl

temperature distribution goen by [159]

T(y,00 =T, + id[expt

v )

cosntr L a4 ) {5}

where y is the distance from the ground level and « is the
thermal diffusivity of the soil.

5. The heat flow in the water in the cistern and the
soil surrounding it is two-dimensional. The heat vransfer
between the water layers is taking place by conduction,
and between the surfaces (walls and floor) and water by
natural convection. The heat gain from the floor and the
walls is used to heat up the colder water layers immedi-
ately above or adjacent to it so that thermal stratification
is always maintained. This is similar o the model con-
sidered by Truman er af. [14] in thetr study of chilled
water storage tanks.

6 The heal ffow in water at distances of 2m or more
from the wall is one-dimensional (that is, in y-, or vertical
direction only). The water temperature at each level is
equal to the water lemperature at the same level 2 m from
the wall.

7. The water sucface in the cistern when full is below
the ground level (see Fig. 1) at a distance so that the
hourly temperature fluctuations in the ground are
damped out at that level. This surface is taken as the
reference ground level (y = 0). At this level the soil tem-
perature remains equal to the mean daily ambient air
temperature of that day. Depending on the soil thermal
diffusivities considered in this study, this depth is between
30 and 60 cm.

Development of the governing equations

The temperature distributions in waler in cistern and
in the soil surrounding it was detcrmined through a two-
dimensional finite difference approximation of the heat
flow in water and the soil. Figure 2 shows the nodes of
the network considered in this analysis for a section of
the cistern That is, in our analys’ we replace the original
cistern with a hypothetical one. ntinitely long (normal
to the plane of the paper), 8 m wide, and 8 m high {as the
onginal cistern), and consider only a portion or “slice™ of

GROUND LEVEL, y+0O

t
I
| T
1 120 ) 1En:o > L] o2
! LB |
. & -

130 o o e s ' & [ o3

I .
gy
1 L
| LR i‘
| -t’Ll'j
x

! V4o v o @ » a o 214

Fig 2 Asectionof theastern and s surrounding soil considered
for thermal analyvsis, The nodes are spaced, depending on their
locations. 1. 2 or 4 m {rem each other.

- . -

LA YINIAIVA

JINHY

4

COeNIAINA Y

S o em s b F Ll e e e

R AT Tk



it, 1 m thick. In this way, the effects of the heat conduction
around the vertical edges are ignored and the analysis is
simnplified appreciably, The grid sizes of | m near the wall
and the floor of the cistern, then of 2 and finally of 4m
at distances far from the cistern wall and floor are chosen
in order to simplify the analysis further.

There are four regions in this network : the soil. the
waler, the region where the soil and water are in contact
with each other, and finally, the water surface. We write
the energy balance for different nodes shown in Fig. 2 in
explicit form as follows :

I. For node A in the soil, where the node is not at the
centre of the grid

T, = Tu“ —aAr(1/2xx, + 12xx, + 11222, + 12:2)))
+addT,, i 2xx, + T, | 2xx,
+ T, 22,47, [2:2] (6)

where a is the thermal diffusivity of the soil, Ar is the time
interval, T and T the temperatures of the soil at the
present and the next time step, respectively, and x,, x,,
z,, 24, %, and z are the dimensions shown in Fig. 2. In
this and the subsequent equations i refers to the columns
and j to the rows. For nodes such as B, C and D, where
x, = x; = l/2xand z, = z, = 172z, the above relation sim-
plifies to the following equation

To, =T, 0= 22Au1x + 1z 4+ aAd( T, +T | )’
+(T,o0+T, %L (D

The above cxplicit fimite-difference equation is stable il
the following reiation is satisfied [16]):

1= 22A0bx" #1239y » 1, ¥y

For the values of v, z. the time steps of one-hall hour to
one day, and the soil properties considered in this study
the condition of cquation 8 is always satisfied.

Equations such as 6 or 7 were written for all the nodces
with/ =4-7.and;j =2 13 aswellase = | 3andj= 10
13 (a total of 60 nodes). For the nodes on the ground
level or the ones with i = 4.8 and j = 1, which constitute
one of the boundary conditions, the temperatures are
determined from cquation 1. For all the nodes with ¢ = 8
andj = | 14 aswellasthe nodes withs = 1 Xand; - 14,
which constitute other boundary condiions, the tem-
peratures are determimed from equation S As can he seen
from these cquations. the boundary condinons are not
constant, but varuble with (ime

2 For the nodes such as £ located mothe water nea

the wall of the astern. the Tollowine relanon cian be
written
o= ot A, 2 Ary 22 Ao

choAl D Oy AP

cx A d ! ) ()
where N b Je, s the convection beal transtar
coethcien i the wall of the astern, € the thermal

capidity ob wates and s the thermal difbosivay ol
witler

In this cquation we have conadered o convection heat
transfer between the node and the wall adjaeent 1o, and

conduction heat transfer between this nod.: and the nodes
surrounding it in water.

Similar relations were writlen for all nodes with i =2
and j = 2-8, or a total of 7 cquations. For nodes with
j =8 and 9, convection from the floor was considered.

For node F we have

T =T 1=, ArtE 2 i, + X))+ 2/27)
fa AT, 2w, v+, + T, W2,
(10)

where v, = I22m .y, =6m.and - = 1 m.

Similar relations were wnitten for all simitar nodes with
i = tandj=2-8, oratotal of 7 equations.

3. For node G, which represents a point on the wall of
the cistern, we have the following relation

Ty, = Ty 1 —2kAIHC 5 C)x? — 2R ALHCH C)x
=k +k JAC+C )28
+2AIT, HC+CO)x +2h,AtT, JIC+C)x
+k+ kAT, + Ty, )(C+C,)z? (t1)

where k is the thermal conductivity and C the thermal
capacity of the soil, and the same terms with subscript w
refer to walter. In this equation x = z = 1 m.

Similar relations were written for all the nodes on the
wall of the cistern (1 = 3) and j = 2-8, or a total of 7
equations.

For node H or a point on the floor of the cistern, we
have a relation similar 10 that given by equation !,
except that we have to use k,, or the convection heal
transfer coeflicient with respect to the floor. The energy
cquations for other nodes on the floor, including the one
at the corner of the aistern were written. For the node at
the corner, there is heat transler by conduction from the
soil on three sides and convection from the water side.
To shorten the discussions, they are not reproduced here

4. For node I on the water surfuce we have:

T = Tl =20+ oA Coz—a, A2 4 1/x )
o AEC X+ 2h, + AT C, 2
1AM 2T+ T i)
AT Cov 2onh AC, s €

where ooas the consection heat  transfer cocflicient
between water surface and the asr on top, &, the thermal
radirtion heat transfer coctlivient between the water sor-
lace andd the cetling, m the rate of evaporation from the
water's surface, and A s the latent heat of vaparizalion
ol water. Other terms i tus equation have been defined
belore

Stilar cguations were weatten lor the other node on
the water surface and for the node at the top corner o!
the cistern. For the node al the top corner (1= 3,7 = 1),
we considered heat and muass transfer from the watet
surliee, heat transter from the node on ats night (theough
the senldk by conduction, wond s left (through water) by
comvechion and throngh the soil and witer From the node
underneath, by conduction

When water level drops due 1o the removal of water
from the bottom of the storspe. the wills of the estern
become exposed to the sor in the aistern. They then ex-
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change heat with the air by convection and with the ceiling
by thermal radiation. The same is true when water is
completely withdrawn from the cistern (for cleaning pur-
poses) and it is left empty. The heat transfer equations
of the nodes on the wall and the floor were modified as
these surfaces became in contact with the air.

Selection of the relevani parameters
To solve the above gaverning equations and obtain the
temperature of water In the cistern and the soil sur-
rounding i, we need lo select or assume several
parameters. In selecting or assuming these parameters,
we had to keep in mind the approximate nature of our
analysis, the computational costs, and the fact that the
exact description of these parameters does not necessanly
improve the accuracy of the results greatly.
Of particular importance was the consideration of the
- goil properties which we assumed remained constant. The
soil surrounding the cistern is never homogeneous nor
with constant properties. With a rainfall and water
migration in the soil, the properties change both spatially
*" and with time. Yet, we had to assume constant properties
"** for the soil (as well as|a two-dimensional heat flow) in
2 order to simplify the analysis, save on the high com-
putational costs, and be|able to estimate the temperatures
of water and the soil.

Selection of the use pattern of the potable water. The
atilization of the stored cold water generaily begins at
about mid-April. It reaches its peak during the summer
months, then reduces toward winter. To simplify our
analysis we assumed a constant water consumption rate
from the cistern beginning mid-April and ending mid-
December. We further [assumed a step-wise water with-
drawal rate such as shown in Fig. 3. That is, we assumed

& WATER AT THE BOTTOM FOR DRY CLAY SOI.
& WATER AT THE BOTTOM FOR DRY SANDY SO
o WATER ON TOF FOR DRY CLAY SOIL
& WATER ON TOP FOR DRY SANDY SOtL

zer
26 [
24} v
22} !
20 ' v
-1
I8
4
F44
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MEAN DAILY TEMPERATURE, C

O N B &

| THE HEIGHT ASSUMED
N THIS ANALKSIS

SR S S R A PR N S | P AP -
l23456?3910i||2
(JAN)

HEIGHT OF WATER IN CISTERN, m

MONTH

Fig 3. Water temperaturdm the astern bor dry clay soll (6 .25

Wm 'C landr  2SR[- 100 m s amd dry sandy ol (k

1.2Wm "¢ ocand x| B 05«10 mT s D with imbal water
temperature of 2 (" Tor the hirst year ot vperation

BAR 13:).C

that the cistern remained full during the months of Jan-
vary—April, then during each succeeding month the water
level in the cistern dropped by | m.

Selection of the soil properties. We considered (wo
types of soit ; (1) a dry clay soil with 5% moisture content
with a density of 1000 kg m . thermal conductivity of
k=025 W m ' C ' and 2 thermal diffusivity of
¥ =258 10 Tm’s ' () a dry sandy soil with 5%
moisture content with a density of 1600 kg m ™, thermal
conductivity of & == 1.25 W m ' € ', and thermal diffu-
sivity of x = 805 x 10 "m’ s . These two types of soil
were selected to provide rather extreme conditions for
dry soils which may be found in the hot, arid regions.

Selection of water and air propertics, We assumed
water with constant properties ol ; thermal conductivity,
k,=056Wm ' C' thermal diffusivity, a, = 1.34 x
10 7 m? s ', and latent heat of vaporization, h, =
2480 kJ kg " '. The air properties werc evatuated at the
mean daily temperature of the ambient air,

The ambient air conditions. We assumed the potable
water storage system to be located in a hot and rather
arid region with daily temperatures fluctuating between
20 and 40°C in July, and between 0 and 10°C in January.
These correspond with the mean daily temperatures in
Tuly, T..., and in January, T,,,. of 30 and 5°C, respec-
uvely. It is clear that the hourly temperature variations
do not affect the operation of the storage greatly and are
neglected in our analysis.

The average ambient air dew point temperatures for
different months were sclected as follows: Jan, —5;
Feb, —4:Mar., —3: Apr.. - 2. May, — 1 Jun,. 0; Tl
1;Aug.,0;Sep., —1,0c 2. Nov., —3,; Dec., —4°C.
With the above average dry-bulb lemperatures and dew
points, the corresponding relative humidities in January
and July are 46% and 15%,. respectively.

Evaluation of the heat and mass (ransfer coefficients.
We need to determine b, h, B kL and i

Convection hetween water and the walls and e floor
of the cistern. With the operating conditions ol the cistern
considered in this analysis. the Rayleigh pumber s
hetween 107" and 10" and the natura! convection heat
transter helween the cstern’s walls and the floor with
water 15 turbulent. Therelore,  the  heat  transfer
cocilicients 4, and f, can be determined Irom the fol-
lowing relations [16]

hoo =0 datAl !
I SaAT

where ¢ is o constant which depends on the mean water,
surfuee temperature in the cistern, and AT s the tem-
perature difference between the surface and waler wilh
subscrpts woand f refernng o the wall and Hoor, respec-
tively, Through teial and error process. the average wall
(when m contact with watery and Hoor temperatures were
estumated. with water temperatures near cach surfuce
heing very close to st To smphify our analysis, we
assumed a fixed value Tor the water surface mean tem-
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C " ** Then, the above heat transfer cocfficients become:
.= T6.5(AT.)"’ (13)
A, = L14.7S(AT,)"" (14)

where subscripts w and fin A refer to wall and floor,
respectively.

h

Convection between the water surface and the air.
Through tnial and error process 1t was found that waler
temperature s always lower than the air temperature
except for the month of November, when the water level
in the cistern is at its minimum. The natural convection
heat transfer coefficient, &,. between water and the air in
Oclober was estimated tobe 1.25Wm “C ' When the
cistern s full of water (assumed to be during the months
of January through April), the wind towers circulate air
over the water surface with an average speed estimated
to be 0.5m s ', In this case, the convection heat transfer
coefficient was estimated to be 4.3 Wm > C~". For the
months of April through October we assumed a linear
variation of h, between the above two values. When the
walls of the cistern are exposed to the air, the natural
convection heat transfer cocfficient was estimaled to be

I3BWmIC

The thermal radiation heat transfer coefficient. The
thermal radiation heat transfer coefficient between the
water surface and the ceiling of the cistern, assumed to
be equal to the mean daily lemperature of the ambient
air, was esttmated during each time step. It was found to
vary between 410 SWm “C '

Evaporation rate from the water surfuce. The rawc of
evaporation from the water surface was determined from
the following relation

m,o= h AW, - W,), {15)

where A, 1s the mass transfer coefficient and W, is the
humidity ratio of the air above the water surface and W,
is that if the wir were saturated at the water surface
temperature, Duc o hugh ventilation rates created by the
wind towers, condition of the air above the water surface
was tiken as that of the ambient air.

The Lewis relation gives

h, = h, C {16}

pa

where O, s the speaific heat of air at constant pressure.

The relations between the humidity rino and other
atmosphene parameters are found i air-conditioning
texts or ASHRAF Handbooks [17) They will not be
repeated here

SOLUTION OF THE GOVERNING
FQUATIONS AND PRESENTATION
OF THE RESULTS

Nolution of the gorertiond i
A total of 94 energy equations sentlar Lo equations 6

F2 owrtten Tor all the nodes i the sorl and witer i the

astern, along v th cquations |5 and 13 16, and the
cquations determmang Ao W and B ot wiven here

re R T e W e Ry TR e e Tl leeransn el s W wend J e W e
climatological condition, two types of soil, two initial
water temperatures, and one cistern use pattern as
described carlier. The following initial conditions were
assumed for the solution of these eguations.

On January | of the first year of operation, it was
assumed that the cistern ts empty and the temperature of
the soul surrounding the cistern is determincd through
cquation 5. That is, we assumed that the presence of an
erapty cistern has not disturbed the normal heal con-
duction through the soii (which resulted in the tem-
perature distribution given by equation 5). We assumed
that on the following day the cistern was filled with chilled
water at a fixed temperature. That is, at time 7 = 0 chilled
water at an initial temperature 7, is suddenly brought in
contact with the cistern whose floor and wall tem-
peratures are determined by equation 5, In actual oper-
ation of cisterns, it normally takes several nights to fill a
cistern. However, for simplificalion purposes, we
assumed that the time it takes to fill the cistern is neg-
ligible and the cistern is full of water at midnight on
January 1.

As the cold water becomes in contact with refatively
warm soil, there is a high rate of heat transfer from the
soil to the water duning the first few hours of the storage.
This corresponds with rapid heating of water and cooling
of the soil surrounding the cistern. To determine the soil
and water temperatures more accurately, we took a time
step of ¢ = 30 min for the first 5 days of operation fol-
lowed by a time step of | day for the rest of the year.
During each time step the ambicnt air temperature was
determined from equation |, the heat transler coeficients
from equation 13 and 14, and other governing energy
equations were solved stmuliancously as it was discussed
carlier.

In our analysis, we first considered a perfect mixing of
water in the cistern. This resulted in a very high tem-
perature of water at the bottom of the storage during the
summer months, in disagreecment with the experimental
data obtained by the authors for Aub-Anbaurs in Iran.
Then, using the equattons reflerred to tn this seetion, a
thermal stratification model for water in the cistern was
employed, which resutted in & more reliable resull. This
madel was used for the rest ol the analysis.

The nuyor source of heat gain by water is from the air
which warms the water Jayers on top. Since the rate of
heat gain from the sonl s small (except for the first few
days ot the first year of operiation). and since there is e
agitation of water 10 the cistern as cold water s being
withdriswn trom the hottom. thernad stratlication
mantaimed in the cestern at al umes. The heat transterred
from the Roor of the cistern o the Layer of witter adgicent
Lo it o turn transterred to the cooler water Lavers
above 1t Duning cach time step, we first estimaled the
temperature ol water at dalferent nodes in the astern
{which showed a0 warmer water at the bottom), then
constdered a rnxing of this warmer water with only those
lavers of water ahove 1t which were at o lower 1en-
petiture than ths laser The resulting lemperatures were
then wsed s the wrtial values Tor the next step of simul-
ation The beat pinn from the watl by convection was
assuined towarm the water adjacent to the wall which i
twrn exchanged heat with i surrounding water {nodes)




DISTANCE FROM GROUND LEVEL, m

0D A Dd W=D

- &

o] ¢ 20 1 20 La] 20

Fig. 4. Mean daily iemperatures of water and the soit surrounding the cistern for

indicated. The soil is dry clay with k = 0.25 Wm'
first year of operation with an initial water temperature of 2°C.

by conduction. With this model, the final estimated water
. temperatures were in goad agreement with the sporadic
, experimental measurements which had been made by the

authors in the past summer months. (Since there was no
experimental data on the properties of the soil sur-
rounding the cisterns, and no initial waler temperaturcs

were available,

no direct comparison of the measured

water temperatures with Lhose determined analvtically

was possibic.)

Presentation of the resulis

Figure 3 shows the temperaturce ol waler at the top
and the bottom of the cistern for the two Lypes of soil
considered in our analysis. The figure is for an inetial
water temperature at 2 C, and only for the first year of

operation of th
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[t 1 interesting to note that while the water tem-
peralure on top follows the ambient air temperature very
closely, the temperature of water at the bottom layer, or
the temperature of water being withdrawn by people for
consumgption, is very low. The waler temperature at the
bottom is higher for dry sandy soil with higher o
than it is for clay soil which has a much lower a.
For both types of soil, watcr lemperdture increases very
rapidly during the first few davs of the storage (as was
mentioned before), then the increase hecomes gradual.

It 15 seen from Fig. 3 that the temperature of the water
on top 1s mostly affected by the ambient air temperature
rather than the soil properucs. It iy alco scen from this
figure that the water temperature at the bottom layer,
while being appreciably lower than that of the top layer,

imereases with game as water s being withdrawn from
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the cistern. But for the hottest months of June through
August the water temperatures are below 10°C. It is
indeed the thermal stratification in water which makes it
possible to maintain such a large temperature gradient
from top to bottom of the cistern and keep the winter
walter cool for summer use.

Figures 4 and § show the temperature disteibutions in
water and the soil surrounding the cstern for different
months of the first year of the storage for the same initial
water temperature of 2°C and for the two types of soil
considered in this analysis. In these figures, x represents
the distance from the wall of the cistern. Comparison of
these figures show that at any given distance from the
wall, the presence of chilled water in the cistern has a
more pronounced effect on the soil temperature when the
soil has a higher thermal diffusivity.

The above energy analysis was repeated for another
case with an initial water temperature of 4°C. The energy
simulation was carried out for 3 years of operation of the
cistern. At the beginning of cach new year of the storage,
the same initial water temperature (4°C) and the weather
data of the first day of the new year were employed. The
initial conditions for the soil temperatures were those of
the last day of the previous year.

Figure 6 shows the temperature of water at the bottom
of the cistern for 5 years of operation for the two types
of soil coasidered here. [t is seen that at any given month
of the year, the water temperature reduces greatly from
first to the second year of operation, changes very little
from the second year on, and does not change beyond the
fourth year of operation. However, the monthly warming
trend of water remains the same as that of the first year
of the storage.

The soil temperature distributions were also deter-
mined during this simulation. 1t was found that while the
soil temperature at any given location and a given day of
the year changed from the first Lo the second year, the
changes were smail after this year and negligible beyond
the fourth year of the storage.

CONCLUSIONS

Seasonal storage of chilled water in a large under-
ground storage was investigated by considering a two-
dimensional heat flow in water and the soil, and em-
ploying a fintte-difference technigue for the numencal
solution of the govermimg enerpy cquations. The heat
gain by wulter s mostly from top  from the ambient air
circulating over the water surfuce. Irom the ceiling, and
from the sonl surrounding the cistern There is also a heat

O WATER AT THE BOTTOM FOR DRY CLAY SOiL
A& WATER AT THE BOTTOM FOR DRY SANDY SOt

MEAN DAILY TEMPERATURE, °C
®

o N & O

1 . i 1 i i 1 I 1 1. i J
1 2 53 4 5 67 8 9% 100 12
(JAN)

MONTH

Fig. 6. Water temperature at the bottom of the cistern for differ-
ent years of operation for dry clay and dry sandy soils. The
initial waler temperature is 4°C.

loss from the water surface due to evaporation to the
dry ambient air flowing over the water surface. Thermal
stratification is maintained in water in the cistern, with
cold water being withdrawn at small low rates from the
bottom without disturbing the thermal gradient.

The analysis showed that while the water temperature
at the top layer follov. .ic ambient air temperature
closely, and it is very high, the water at the bottom
remains at very low temperatures. For a cistern located
in 2 hot and very dry location (such as the desert region of
Iran), where the maximum summer temperatures reached
40°C in July afternoons, and for two types of dry sandy
and clay soils considered in this analysis, the water tem-
perature at the bottom layer in July was befow 10°C. This
temperature was dependent upon the soil propertics, the
initial water temperature in the storage, and the year of
operation of the cistern.

The system analyzed here can find applications in the
hot, arid regions of the developing countries, The winter
cold water may be stored lor summer use in a large
community cistern either lor drinking, food preservation,
or other applications. The system can also be used for
cooling of buildings.
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