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I: Intrecduction

Imirgine yYou have a rmreenhouse in Pelgium. Fere vou
have a natural solar cellector that doesn't cost »ou anything,
btut vou still spvend thousands of dellars a year on heating
fuel. Whrat's more, and this is the really frustrating mnart,
on the fewv teautiful days there are, you have to open win-
dows to let out the hct air durins the day, and then heat
with 0il during the night. You think this is crazy, which
it is, and ycu decide to capture scme of that heat you're i
letting out during the dny, and use it at night.

So what dc you do? There are several nossihilities.
You can put some rocks under your greernhouse, and then blow 3
the hot air through durines the day and bleov cold air throush

the hot rocks during the night. Or vou can fill old coke

bottles

with varaffin, or sore other phase chance material,

and run the hot air throusgh them,

tional heat capacity in the same

That way you have

addi-

volume, due to the heat of

fusion of the material.

Alse the storarge will be at a

nore

or less constant temverature, the temperature of fusion, while

it is being loaded and unloaded with heat. Another thing you

might do would he to put some plastic tubes under the greenhouse,

put the phase chanfe materizazl in between the tudbes, and then

blow air through the tubes. The hot or cold air will then
give or take up heat as it passes. Finally, yvou could put

a phase change material in tubes, and blow the air throush
the tubes. There are other possitilities, ané the different
geormetries and encansulation methods are limited only by
one's imasiniation.

What would be pood to know is how to make a heat storarne
system that, over the lifetime of the sreenhouse, will
maximize the amount of money saved by acting, instead of
continuing to throw out the heat cantured during the day.

For the storage system you'd like to know how to set

the most heat in and out in the shortest amount of time;




trat will corresponid to the minimum amount of electric enerny
needed for blowins the air. In fact fcr a storare svstem, one
can name a criterion, a coetficient of nerformance, just like
a heat pump has, which tells how miuch hea* is saved for a given
auantity of work, or pumnine enerry.,

The goal of this rensrt 15 Lo use the results of an ex-
perimental investigation three heat exchanger storare units,
in order to decide which 1s best. the advantares and dizad-

thods and peometries will be

3
(¢4

vantages of the encapsulaticn
discussed; together with this, a theoretical model and its
relation to the exnerimentally observed results will be pre-

sented.

IT: Review of Literature

For his doctoral thesis at the von XKarman Institute,
Theunissen(8) nas done a review of the state of the art in
heat exchanger modeling and the chemical processes which are
involved in heat-of~-fusion storage systems. As the present
work is comvlementary to the Theunissen thesis, a short re-
view of some additional articles is presented here.

The world expert for phase change materials is Dr.

Maria TelkXes. She first sugpested the idea of using Glauber's
salts, paraffin, and eutectic salts for storing heat in the
1950's . In Solar Engineering (1) she notes in a review of
the costs and benefits of various storage systems, that the
people who work with phase change materials should be physical
chemists, since many of the problems associated with these
materials are chemical problems. FExamples of this are the
separation of the liquid from the solid in hydrated salts,

and supercooling during the resolidification of the melteid
material. She also points out the need for attention to be
paid to the method of encapsulation of the material.

In the Journal of Solar Engineering(2) a numerical sim-
ulation is presented which is similar to the one done in the

present program. That is, the model consists of enerpy balances




both on the heat transfer fluid and on the s0lid vphase,

which receives the heat. In the trade publicaticn, Colar

Are (3,4) passive latent heat storaze svstems are discussed

as are hybrid systems and the need for low-energy-consuminr

In another article by Velkes(S), the need tn consider
systems whici use electric resistance heatins during off-
peak utility rericds, and the need to censidar the encapsulation

are discussed. mith et al. (f) note that the limiting

yde
n

facter in heat exchanrer nerformance of storage svstems
the resistance to heat transfer in the solid nhase,. In
modeling the microscoric phenomena of the phase chanese heat
exchanne, they stress the imnortance of natural convection in
determining the shave of the melting front and in thus in-
fluencine the rate of heat transfer.
The heat transfer coefficient, h , models all the heat
transfer from the fluid to the solid phase, or vice versa.
This is always based on empirical correlations, and thus may
be a dominant cause of error in any modeling of hWeat exchangers.
In this brief sample of tre literature on the latent-heat
storape sublect, there are three problewms which are ccntinually
mentioned. First, there is the need to model matheraticnlly
the performance of the heat storage unit. Cfecond, there is
the need to Adevise low-cost encavsulation methods. Finally
there is the need to consider the pumpine requirements for
any heat exchanger, and to relate these to its thermal per-

formance.

ct
=2
0
n
s}

The goal of thre present work is to address each of

3
"1
e
3
M

three issues, baced on the experimental prosram of the s

of 1981.




I1I: Theory
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We have the first law of thermodynamioss, which

that, for a piven device,

Rate of heat Inte of heat Rate of heat
1

going in + TProcduaction = proins out

For the air going into 2 heat accunmulatcer, one can

consider the rate of heat going 1n to be:
U. ALC . T,
int 3 p,air in

The rate of heat going out equals

Convection of hot air in

) . . .
e“". U Convection of hot air out

intABCp,airiout

+ h1A1( ai (y)- PC”(y)) Heat given to solid

from air

(T (v)-

\
2 4 ambient throuzh walls of
anit
Vhere A1= Heat exchange surface area
A2 Accumulator cross-sectional area
A3 Accunulator interstitial area
Ah External surface area of acunulator

£

The rate of heat vroductiocn, in the case of a machine

derrading electrical or mechanical energy equals:

eaw- Vaircp,nirdTair/dt

If we put all these terms into an equation according

the first law of thermodynanics, we have:

. . ‘ . + . . . . =
PalrulntABCp,aer1n Falrva1rcp,a1rdTaJr/dt

h A (T . (¥)-T (y)-

m m
eniruintAicp,air‘out+ 1™ air PC’(y))*b Ah(

air

(y)) Eeat given to exterior

storare

to

T .
anbient




5
Now 1f we take this eauation and divide all terms b
the volume of the accuriulator, we have (remembering that
volume 1is eaual te lenath times cross-sectional are<«):
Q L. A_C LT, R A_C .7 .Y .. C .o dT o,
21r 1nt 3 p,alr 1in ?xnr int 3 r,axr out al1r alr mv,alir alr
- —— - + —_— =
AL A, L dt
2~ AL fe
h, A (T . r)=-7 ) h A, ("7 v)=-T . (v
1 1( alr(“) PC"(J) . 274 Tai (¥) armbient ))
AL AL
2 2

From this equation, we let

g.= Ay /AL

6 .= A3/A2
€= Vair/AQL
a

h

= A1/A2L
= heat transfer coefficient between air and solid inside
the heat accunmulator

h,.,= heat transfer coefficient between air inside and outside
of the heat accumulator

Rewriting the energy balance with the new notation,

we have:

v (24} - m
Qairvincﬁst,air\‘in,air *out,air)_ +€v@acn &ird'l‘air/dt _
: 27y

L
hpa (T p (W) -Tpayu(¥)) + hpS (T 9T vient ()

Letting the length of our accunulator become infinitesimal,

we have:

/dy +¢ dar .r/dt=

PairVint€sCp.ai e
air 1nt*s p,a1r a v 11r p,air "ai

- o -
h1as(Tair(y) TPCH(y) + h2'c air Tambient(y))

or a complete statement for the energy balance on the air .




Similarly, we have an enerrsy btalance for the PCY, that
is that all the heat it receives results from keat pgiven up
ty the air:

d /dt = hT;\’(iair(y)—l (¥))

ePCMVPCMCp,PCH “pPCH PCi

liow we begin to make assumntions. First of all, let us
say that the external losses and the accumulation of heat in
the air are negligible when compared to the convection terms

in the energy balance. The enerry balance then becomes:

-Pairulnt st,aird*air/dy = h1as(Tair(y)—iPCM(y))

together with the equation above it on this page.

The next assumption is that the TPC“ is constant with
time and space, at the temperature of fusion of the PCH,
while the fusion is occuring.

Thus we obtain:

= - dy
Tair(y)_Tfusion pairuintescp,air
Remembering the definitions of a_ andﬁs, we have:

dlair(y)

dy
T . {y)-T .
air fusion Ajhpairuintcp,air

and we sce that the multiplier of dy equals:

C . L
p,air

where m is the air mass flow-rate.

N




wow integratine both

oo ()

alr - .
1 . (5
‘ ;xr‘J)

™ '

in(v:v . (.\,) —_m
alr
wnich

fuci1on

s, evalunted,

from wnich we arrive at:

T . (y)- 7 .
alr(f fusion
T. - T .

in fusion

vhere St’

is defined as

mC

1

h A

i

sides of the
oA
194 ¢
1
h
nC L
a1

p,air

Pnysically this dimensionless

o

gives us the ratio

of the

to the heat convected throurhn

From this derivation we can

T‘Air (”/L) - TF\JS-'NI \

1}mﬂﬂ T;whu \

construct

Froup the Stanton

heat transfered

energsy

btalance, wehave:

dav
1 g
mC . i
Pyair
nunbhor

in the heat accumulator

the accunulator.

the follewinge oronh:

0 e—

=

4X

U

9/

N

s,




The slore ~f thiz ~rarh at y=0 {s simriv:

dlexp(-C¢ ¥/ -y = -
toy/L) N
Thus ."t,éé zan ‘(4: dedrcea from Lne oravh oas /Y,

Fhuerically thic meqn: the rumiey of timars 7o radonned

temrerature decars by o factar of 1/a=" % sires 1un

orizinal value, Trus, Tor oan acegmalatns wisihoa e ¥ oo

10, the value of ths ariinate will be (1/0)1r times ivr-

orisinal value ty the time the accumulator is corvletely

traversed, while for 2 €t of 2, the reduced temrcrature
% will decay by a factor of (1/e)7 times its oriminal value

o
2
0
(%]
ot
A
1%
I
W
ot
Q
2
e
]

by the tirme the traversed, The rmravh telcw

Cas = -

illustrates the sirsnificanca of this decay law,

Tar (Y/") - Tr«;-'e- \
TAI"’-, w T Tru{:c..

0 0.t oS !

)

The higher the Stanton number iz, the higker the heat
transfer will be, and the higher the rate of reduction of
air temrerature will be as thr accumulator is traversed.
This has 2 important censeaquences. First, if one is interested
in storings heat rapidly, one wants as larse a temperature
reduction as possible, Efecondly, one must consider a closed

loop solar heating system, includ a solar collector angd

[
e ]
or}

a heat storare unit. The hipher t

5%

n temrerature goins intn




the collector s, the hirker the temrergture ynoide Sthe
cnllector will te, rerefare %as rent leseecs of the el
will dnerence, ani 2nllertsr effigiencr will lenreace,
Te 1a i AT ~reat interert o Yeel Libe alr temrperature
saine imen tne ~alloncar low.,  This i woanomyltooat b
Vavine 4 rmoaraqse grie o ial cnoa 1o pubt Lot temsaraTure,
drd 1 rnaans chanoe Stornss it a hilen Teanrorn numter anc
LRt reanlit,
STORAGC
Y
BLOWER
Diarsram cf Collector-Cterase Loon

One may have noticed bty new that not rucnh rar teer
about h1, the heat transfer coefficient. This is a rrobl
whicn can be nddressed only oy means of emnirical

Yo Xnow that oririnally, the Stantern nunmbter
h .. C .U, =
1/ alr "vy2ir int
h,» /k X k/ C . X . n =
t p/ / p,air / int r
%a it remains to find the Russelt

Nu/Prias

nimher by means

correlations.

For a packed bed,

we have:

3

6T

.0557 3e’

Pr

14

Nu= (1+1.5(l—£v))(2+.66h

While for the tuhe cross

flo

W

’

ye2. 4L (Frl/3

Nu=
and

hus=

.
»
e

r
0.22

.6

3R
or the tube narallel flow,
P i, B
r- 'Re

in the turbulent

-1)39—

r

O“

o1

e

-
-

)

eal LS

e




By rearrannines the terms in the enersy balance eauation=

we Aarrive at the followinr:

d7_ . Ja{y/L) = r, A /(0 S LU
air (y /L) 171 a3 e n nir inte
47, /AT = h a L . C
I 1 E - 2irp,air . \
— - - ‘air Cpovy’
0 . C_ .. 1-& P ..
valir r,a1r’int £s v Pctip, 00

These ? eauations and their discretization form the subjest of
tre work of Questois (9),.
A brief summary of the numerical apprcach follows. We have

a backward time, backward space discretization scheme:

dT/dT = 7(1,j)-1(i-1,3)/aT for i=1 to n
ar/al(y /L) = T(i,3) - ®(i,j-1)/ 8 (y/L) for j= 2 tom

This is strairshtforward; the only part which reaquires a bit

of thousht is what to introduce as the heat capacity of the
PC!’ whern the fusion is occuring. The arproach chosen is first
to use a delta function, of finite width to exrress a "heat
capacity of fusion”. Normally this would be, with a nrecise

fusicr temrerature;

o 1

4
-rn)swnl T
This is first modelled by havins a finite-width spike centered

on the fusion temperature;
p——

CP A {

—_—— e

>
Teosen T

and then by a smoother distritution of heat cavraciity atkeat the

temperature of fusion, 25 shown on thn tep of the next =ar~e.

ol
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IV: Compnarizon of

simulation thereforne
fusion

the tomrerature

Nifferent

-y -
TF\AA e

temperature

ineraiseg

th

is

A4

n heat carv

approached

Storare Srstems

To ccmpare the

different

irmrortant to consider:

a wvater storare,

metheods

of heat s

a rock

weivy of

, ani the

remaining constant during

torage, it is

ted storare,

a paraffin phase chanrge storage, ani a CaClPGHqO systemn;
2

all these systems are comvared

fluid.
Water

s
.

Pirpes
Storage
tank

. Heat
exchanger
Blower
Vater
pump

. Ducting
for air

=
-
~
w
V]

N Vs W

Volume
required Water
Volune
Heat
Exchanger

volume

Operation
costs
rate of

1.
2.
3.

L.

1.

In all cases,
the pressure loss
the air.

Rock ted
Rocks

Air blower
Alr ducts
¥Walls to
hold rocks

Volune of
rock ted

for

ai

r as the s

Paraffin

. Paraffin

. Encansu-
lation

. Ductinr

. Blower

volume of

olar-heated

15
CaC126“20
" o &4
1. qavlpcbfo .
?. Fncapfsuletion
3. Ducting
L, Biower

PCY¥ 4 Fncarpsulation

LI

a function of the heat transfer coefficient,

across

the

storare,

and the volure flow



From this qualitative evaluation we ro to 2 gquintitative
comparison of volume requirements for different ntornice media

given a 3et sterace cavacity of SCC merajoules, eiven 2 tenmn-

erature change from 19°C to 35°C,
Por water, € = i Voal/K3-°C = .19 Fioule/rn-°0
5 /
Thus the volume of water reauired should be:

; 3
5 X 103/(h.10 107 X 2 % 101} = €.,.07 X 10 VG = §9.,7 73
For rocks, C = .0 Kjoule/¥G-°C, = 2500 VG/IB and we

n

will assume a void fracticn of C.h, One cubic meter of
storage will then contain 0.€ 23 of rock, or 1500 KG.

We then have:

S X 108/(900 X 20)= 2.8 X 10 K3

L
2.8 X 10 /(1.5 X 107)Y= 18,5 of rock bed

For Paraffin, € = 2000 JOULE/¥G-°C and we see that
8, L .
5 X 107 /(2000 X 20) = 1.25 X 10 K% are renuired. Therefore
the mass of paraffin reguired will te lower than that of water
or rocks, but one must remember that encanrsulation is required,

which will have void space as well as volume itself.

For CaClEGHQO, the heat, sensible, of solid and liquid
phases is 2000 Joule/tG-°C, the heat of fusion is 170000 Jjoule/¥G
the temperature of fusion is 29°C , the solid density is

1.5 XG/Liter, and the liauid density is 1.4 KG/Liter. We have:

5 x 108/ (20°C % 2000 + 170000) = 2.4 X 103 ¥
2.4 X 103 / 1500 = 1.6 M3

As with paraffin, there is encapsulation and void space reaquired
but there is still a significant velume reduction over rocks

or wvater.

Together with less volume, there i1s a smaller bed throush
which to pump the hot air from the solar collector, and this
will result in lower blowins or »umrine costs, since there is

less pressure loss with the smaller accurmulater,
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V. Exrerinentul Systen

As mentioned before, three hea*t accumulators,

nmethads of encarsulation, were tested.,

and a

flow,

tube cross fflowv, tube parallel

are diaprammed bhelow.

( (~ I'*

(SEE A7rPEnDIX For
PueTOGRAPH )

ToP VIEW
Tube Parallel Ylow Tube Cross ¥low Packred
In addition to thermal characteristics, Such as the

nunbver, there are

may be comnpared, as tabulated below:

The concents

racked bed.

or three

are;

Ty éﬂ"

stanton

several other means b¥ which the accurmulators

Tube Tute
Cross ¥Ylow Yacked Red Parallel Flow

Heat exchange s 3 >
Surface area 18.1 u° 14.3 u° 5.0
Void fraction 0.58 0.4 0.35
Vol. PCY _ p . p
Vol. total 0.26 0.5 0.6
Vol. encavrsulatian
Vol. total 0.17 0.11 0.03
Heat Capacity/r-i3 . .

' 77 mepajoule 154 megajoule 188 mermajoule

(15°C to 35°C)

Total Volume 333 Liters 175 Liters

8 mn HQO

Pressure drop 1.5 mnm HQO

210 Liters

.
3 mnm .120




From a first examination of these data for the three
accumulators, one can see some obvious tradeoffs. For exan-
ple the tube parallel flow, while having the highest hent
capacity ver unit volume, also has the least area for heat
exchange. The volume of encansulation is5 also low, which
results in a low first cest, tut this advantage is offset by
the low heant exchange surface area, which results in hirfher
operating costs due t. greater volumes of air beins pumned
for the given amount of heat transfer to take place.

Looking at the data for the three accumulators shows that
the packed bed gives the best compromise between heat exchanre
surface area and volume of encavsulation material. Ancther
factor, which must not be overlocoked,is flow distribution.

In the course of the experimentel program , it was found that

in the case of the tute cross flow and the tute parallel flow,

8ll the air flow tended to go down one side of the storasge

unit due to an elbow and a broad angled Aiffuser just upstream

of the storage unit. The packed bed, on the other hand had the

advantage of evenly distributine the flow of air about itself.

Vi: Measurement Svsten

The measurement system consisted of two measurement chains.

The more elaborate is the thermocouple temperature measurement
chain. This starts with copper-constantan thermocouples, and

is shown in the diagram below:

ASUREMENT.
’#sés‘mpgﬂlpl.c
Srract
yr
MLTIALEXER ANALOG - MEK I PET Haro
—% L _Jpicirar |4 micno- |—] CommonorE corY
COMVERTER ProcE3SOR ComPVTER. PRINTER
"t
REFTRENCE
Taeamocoumt

The Mek II microprocessor commands the syster, and the
rultiplexer scans 48 channels of thermocounle measurements,

which are then digitized by the analopg-te-dirital convertor.

.
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The hexadecimal number |, an averase of 32 measurerents taken
sequentinlly in tinme, i35 transferred from the merorvy nf the
Mek Il microvrncessnr to the Pot Commodore conmuputer. There
a software prorra=m including the calitration curve for the
thermocourles mates the final conversion frem the miliivele

[y

reading of the “lultirlaxer to the Lewmreratire data whieh are
required.

The second measurement chain 1s the fleow measurenment
chain. Thirs 15 simrly an orifice plate flow-meter, with
a water manometer used to measure the pressure drcp acrngs it.

For this measurement, a previously ottained calibration curve

was used to determine the air mass flow rate.

VII: Exvperimental Prorram and Results

The experirental vprogran vas desizned to test 2 ide=as.
First of all, the validity of the numerical model needed to
be established. Second, the assumvtions going into the model
needed to be tested. The most dangerous assumprtion is that
the flow of heat into the accumulator is evenly distributed
at each point in the cross-section perrendicular to the flow.
It is a one-dimensional model. In each of the three accum-
ulators tested, the accunulators were instrumented with thermo-
couvrles in the peometriec center of the cross-section perven-
dicular to the flow, and at severalpoints along the length of
the accumulators. This enabled a visualizaticn of the evolution
of the air and phase change material temperatures along the
length of the bed. At three levels in the accumulators thermo-
couples were put at different points around the cross-section
in order to test the uniformity of air and phase change material
temperatures.

A resum? of the experirents done follows. The primary
goal was to do one complet charge and one compnlete discharge
of each of the three accumulators. This was achieved. A lar;e
amount of time went into instrumenting the accumulators, and

' in the svstem and correcting them.

then finding the "bugs'
There were 14 tests altopether, which are tabulated on

the next nnue, tomether with a 1ist of other nrerarator: activities.




Test

dumber

n

(V8]

10

11

12

13

14

Date

Title

2/1/81=-3/14 /861

3/1L /81

3/16/061

3/19/481

3/19/81

3/2L/81

L/9/81

L/10/81

/1L /81

s/12/51

5/13/861

s/1h/81

5/15/81

5/19/81

T/1/381

Charpge of
Tube Cross
Plow unit

"

Discharege
of TCF unit

Charpse of
TCF unit

Dischazgme
of TCF unit

Charre of
TCF unit

Discharge of

TCF unit

Charge of
TCF unit

Y/1h/B1-5/12/81

Charge of
TCF unit

Discharpe of

TCF unit

Charge of
Packed bed

Discharpge of

Packed bved

Charre of

Prenaration,

Comments, urnose

calibration of thermocounles

First charse, complete system workec

Some learxare of linuid P2MY occured;
flow distribution problems

Test terminated before comzlete
resolidification had occured

Foam was added for better flow
distribution ind diffuser

8-hour discharse, still not
sufficient to totally resolidify

More liquid PCM leakase noticed;
also leakzge in ducting and danmvers
wvas discovered

Comnlete discharre achieved;
solidification in mcre than

re-
15 hours

a. Preparation of thermocouples
for vacked ted and tube parallel flo-
b. Resolution of air leakage problenm
¢c. Mixture of PCi{ for packed bed

and tube parallel flow at Solvay
chenmical company

d: Filling vpacked bed and tube
parallel flow units with PCM

Sure of leak=-proof air system;
air flow measured downstream of

accumulator, as well as upstrean

Problems with data acquisition
during test

Some leakape of PC'
comrlete discharsge

o vproblenms,

Ko PCY leakape, very long time

Tube parallel required for PCY to rmelt

flow unit

Tute parallel ? days reauired for exmerirent

flow discharge
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franhs of the exverimental results follow: they are
groured in the tiree categories: tube cross flow, nachked
bed, and tube parallel flow,.

A. Tube Cross Fleow:

The tests on the tube crocs flow unit served to rmive e
rience with the exrerimental avpnraratus, but due to the fact
that there was marked leakare in the vnase chanse material,
they are not conclusive. Additional nhase chanze material
was not available, and developing a system for sealing the
tubes at either end wonld have constituted a complete project
in itself. The vroblem lay in degradation of the glue at
either end of the tubes, where pnlastic cavns were fixed,

In addition, since the air flow rate going into the accu-
mulator was less than what was measured at the orifice plate
unstrean, due to air leaks in the damner system, the convective
heat input was not known with sufficient vrecision to warrant
a comparison with the numerical simulation. A comvarison
of the numerical results and the experimental results for Test
number 1 showed that the phase change in the exreriments vproceeded .
much more slowly than the computer simulation rredicted. This ‘
was tecause the mass flow rate which was used as irput for the
simulation was that which was measured at the orifice plate
upstream of the accunulator, and did not take into account 4the
air leakage which occured between the orifice plate and the
accunulator.

These lirmitations not withstanding, some meaninesful
information can be drawr from the experiments on the tube cross
flow unit. Graphs 1 and 2 show the evolutions of the air ani
phase change material temperatures. These have the characteristic
plateau of fusion. Also as expected, the air temperature at
each point is higher than the PCY temperature, until steady state,
when the whole accumulator is at the influent air temperature,
is reached. The time for reaching steady state, at 60°C, was
T hours.

The other information that can be drawn regards the evenness
of the flow distridution, and the thermal nerformance as reneated
charres and discharres were nerformed. The second charece, as

shown in praphs 3 and L, shows already that the vreotty nlateaur
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of the first cnarre are less flat than in the first test.

Also the time for charring is avout 4 hours, as versus 7

hours in Test 1. This should be due both to the fact that
scme PC'1 had already leaked, and the fact that the PCM may not
have been compnletely solidified when the test was started.

The secord condition would mean that some of the lrtent heat
of fusion remained in the bed at the test's start.

Graphs 5,6, and 7 address the auestion of air temperature
distribution abcut the cross sections of the accurmulator.
These show that in each cross section, the temperature in
the center of the tube on the side (curves 8,11, and 13)
were higher than the temperatures at the 2 ends of the central
tube., This can be attributed to a higher heat cavpacity of
the greater anount of nlastic at the ends of the tutes. This
higher heat capacity will result in a lower rate of temverature
increase for a given heat input. In addition the air flow
rate should be somewhat higher at points 8,11, and 13 than at
points 7,9,10,12,14, and 15, due to less resistance to the flow.
The slightly hipgher flow rate would again result in a higher
rate of temperature increase for the points expnosed to the
faster flow.

Graphs 8,9, and 10 from test number 4 show that the same
pattern of temnerature distributions about the cross-sections

remains, even with the additon of foam to even out the flow

going into the accumulator. Thus one can conclude that the
addition of the foam resulted in additional pressure loss which
was not justified by an imrrovement in thermal performance.
Tests number 6 and 7 were rade to see the temrerature evolutiorn
during a complete discharge. Graphs 11, 12, and 13 show the
inlet and outlet temperatures, their difference in time, and the
integral of the temverature difference, respectively. The
corresponding curves for the discharge are shown in grapks 1k,
15, and 16. Graph 15 shows the phenomenon of surercooling

aprearing in the dip in the temperature difference and subsequent

rise. Both graphs of the integrals of the temnerature differences

should be multiplied by the same mass flow rate to arrive at the

amount of heat accumulated or discharpged. fince the interral is

not multiplied bty ﬂCF air in either case, the nurmerical valuer
1,7




can bhe camrared: we gsee that for Lbe charce it 1o .11 Y G0
whoreas for the discharre it
0f the heat rmust be lest thrnugh leabarce, Granh 17 she

how t

cours
same

that

cross-—

these
fusio

verat

K PCY temrerature collows the air temvreratura durine the
o of a charre 0of the stnraze unit, and Graph 17 shows the same
2 curves for 2 aisedrarce, Tranhs 10, 20

the 'OM temveratures are mare or less ceonstnant akcut the

n

ections

]

durins the disecharce.

%

The local rhencrenon of sumnercooline can 2l1so hre reen from

h

[

srarhs., 17 ¢ is a decrease of the %temnerature telow the
n temrerature, followed by a sharp rise to the fusion ter-

ure as resolidification occurs, and then & decrea e in tem-

id
perature to that of the influent air. The sunercooling poses

prohl
heat

thus

ems for the latent-heat-of-fusion systems hecausa: 1) All the
is released in a short tirme when the chrystallization occurs,
causing difficulties in controliing the solidification and

2) Durinm the sunercoolins, air is beins pumvped at an exrense

in electric enersgy, for no benefit in thermal energy transfer.
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B, Packed Red:

Gravhs 22 through 27 show the inlet and outlet
temperautres, their difference, 2and the intecral cf thnat
difference as a function of tire, in the same fashion as the

pgranhs for the crarese and discharre fcor the turdh aross flow.

I
1o

e the numerical values Af the Interrals are closer to each
C

o}

er
ther in the charse and discharse, 2t 4,72 ¥ 177 and h.LP7
T

~
\t

107, resvectively.

Gravhs 26 and 26 show the air ard PO temreratures at
the tor, middle, and tottor of the accumulators, and Grants
30,31, and 32 show the IPCY temveratures at cross-sect
the inlet, middle, and outlet ¢ the accumulator. It is e
dent that the temperature is very uniform across the cross-
sections, and, as r :ntioned before, this is a marked advan-
tace of the nacked bed. In the discharee of the packed bed
there is again the protlem of suvnercoolire (Gravhs 33-3),
but by having the encansulation small, and thus makinF the
exit from supercooling occur in a more disversed fashion,
the effect 1s smoothed out in the air outlet temnerature
readinms. Also, the air temperature is made more uniforn
about the cross-section as the bed is traversed(3ravhs 35-33),

during tne charge of the unit,

L

™



]
il
CECSSSTESISSBONIIN B

WHITE P

)“
< e
s
- E
. BRD
T
e
Cewen
e ok
&y

*
A A It L i

B

.
aad a\ o g g

SN EELESTEE

e aatosasde

LTS LI LTI LEE T SIC LT ST LSS 5E 82828

Lo LTS

“.’o{, Ny

(X

s s e 4

UETSTROEY K

(

ELMER

£ OF-H

C

THEUMIS

Granh 22

”’4_’_,_4___‘_—\/—-}—’_&"/4 W"t_ ~—
///'f
| /
60 IO T /""
/
/
“n‘
/
40 .01 /
V
/
/
S/
/
/
o
o
w0l
/C;
l//
I4
/
/
TINE (SECH
20 .0 - - a
0.0 7200 .0 14420 .0 2ietsd AR
TENFERATURE AS A FLECTIOH OF TIlHE
AIR ENTREE ET S0ORTIc-CHARGE OE L ACC.,
DATE=1d-0-31
AIR FLOW FATE= .07 KG FER ZECOHND
FACKED BED WITH CACLE-ELRID
- 1 . v . « N - ~ . ~




caciwar [P Wisww Jav LLLL [SENET IR

)
D b
‘51
< 9 =) )
o [o5]
= cn
AN )
Lt
—
f— () 2
= o S|
. | s o
= = © )
< 9 o 3
5 2 52
N = O O
Let J
f— w .
b — Ll
1 = [ . -]
= w o J
[« ] — e o =<
- =
(] = [ I )
1 © L}~ > =
=t Ly ——
=T hat- 2NN I ) rt~ 2
-~ = L R /
Ly .
a3 D [1 -
— il
il =l v =
QO xZ 0O X .
\_ P = - | o A
. Ll g U LJ
) o G 1 =
.f o3 . W —~ 3 O
o~ (W 1w w
—_ -— L X
N O 3 = 2 O
[ — L = )
—_ << O < Q |
R U
=
= <
(o] < J
A.;u 2 + —t T
< = < < = < J
(] < (] (@) (] ()
s} -3 (€2} (&Y} — P
J
- v
o AFULSLING (R RE! d JLTHN H-d NISSIMNIHL
::.:.3.;:.:-Z:n::ﬂula.3:::::34:::3::“:::3::::.::3::3»:3‘:»»m»anu:a:::nﬁp )
AR AR R S A R R R AR A R R R AR R R AL LA XSRS ALY TRt I I ER0IT00T8100T78¢08¢000TRETISRTEIIRITILESS, |
eaan ol D S hﬁh-:-h..u--.ﬂ. erisFIsinERRRT p..:.::.ua:::o::»p::.nwmm:n»:»—.:’aona»nwowsoawwmapommammmmmhmmn h
v ) . ) . it iad 2l 1okt .11 e e .4.‘4.! il aares anlh a2 00 4 sat an e W g P - u
. oYY




=
3 L 4
—~ m o=
NS 3 = J
wr e =
D91 = on
PN D 3
=D
rm i o
= L
=
= == < J
— rTc &1
2 o . @ )
2w o 2
s L F Qo 3
= H‘u el m O y
— <
& & oa O O
= L P
b O % B
N I E— L)
~ — — [0t (@]
o = w o »
[} — o =
* L~
(s ] O [ I}
= 45 x = -
= = 1w =
=T [} [l O~ 0
—_ - = = Q
— hi
(&S] <L T n T
L r w o -
& G Ul o e 7
* . w o, «w = .
&) - B Z 0 o o
~ T = W Ly
—_ s — = = o
3 = D
= 1768 W = = I3 O .
@ AR U5 B TR TR WY -
> — 3 uJ X
o ~ = = o O
..M 2 =T =T
e O o < a
o
= -
= 2
r— [} <
- 1 s - 4
[N (€] [X] [b] U
o < < < < y
-+ + + -+ +
Ll wl L L Ly
&S| o~ ™ H -t
o~ o~ O ad 3 _
~ ol o — o .
< v,
N . R ,
g A304L5L30 [~ H3IW13 d 3LIEN H-d N3SSIHN3IHL
SIS LLI 3BT FSELPCTISPIPILLISALLELTICEELGEFEFEILTEETSFLIESSTIEICESGLISSESESESIFLETEILIICTCICELCETCSTCECILELSS -t

ﬁﬂﬂwﬂdQﬂ.ﬂA.d..naﬂﬁﬁnﬁﬂwﬁﬁ.wﬁﬂﬁﬁ*ﬁﬁﬁﬁoﬂﬁa.ﬂaﬁﬂﬂﬂmﬁdvﬁﬁﬂw_oa.aw#%%*W&A.Omw.ra.nﬁd_»,9990*'0&*'*0u&ﬁw*ﬂﬂﬂﬁhﬁn!n&.&n‘aﬂﬁﬂ.nosovaﬁ*
b N e Y I e I S S S A A R A A A A R R A PR R A XN
MOEACAE LA 10 shn £t A 1ol a0 S 0 Al @ B I e o e e oo o
(RN PR T : o b

WL ot i o N S T T R R T P rprre

IR

s e el B N s
B A I S e . Cos o




It

12N = \
- — -
[ O]
(. h - ;
ul &=
e _L.m._
i ~ -t P
c ’
/o L
\ hnt -
\\ — | o J
- il
i iy = | =
/ T .
1 7
\\ ﬁ_ [ _-_L —
”N.. )] -l L — !
/! " A 3
/ FO 1 J
- (5]
.\....\ cty __ “L .l.lf N ) \.u
- ¢ T -— I J
\\ R o123
. - B ) ]
_ 1l o <<
‘\_r oh vy () J
[ — il
_A i ° [ Ly
o= [~ 0 .
- 4 len =3 oL 2
& - - =
| C: =
[ B ur /
= T
“. oh N UD e
a - -— Ciz fnes] -
|
u (8W] u> = O
« T p 1 (i = TRy B
| ey — 1 g
A t— [ T
a ot O
o e A - i [SH V) I ST -
5 i o N PY Y I S A
N»-J \ 4_ Yy _ﬂi,” - 'A\' ”HI. -.lv“
/ _ s - —So O -— =L "
S 4 - Lid . -
- prd .;._u &l f—
[ \\\\\ ; [t
b o / 2
—_ ll\lu\l‘kn\llu\ Iy e}
< n\\\\l\n\\i c 1 ~a
0= J—— S e 2
<t e t } ——r
< < = = < = )
[ s [w] [} ) o)
(@] uo ~t v 3 — )

bl Al
o T - . - J ,
L A A30H1313 NREITaE d 3LIHY H-d N33SIHA3HL |
1SR T3S LA RASLLEL AL RIS SASAI SRS SRS NEASAAEEL AL AR ESESESERR RN wan..auaw.nl.m.ﬂlwlm.ﬂ.la.ﬂ.,ku..u»u.u.mém49.~4vu».~.n4uu.u.$a.n.nl 2 “

XX LI X ETEEN] RN RN PR R SR EE AL LK XN




Lo Y Lo Gl b Jdy e >

+ = U
(s}
o1 = o~ -
= [
o © -
S il
oy - -
4 f
, & < o
K = Uy
\ [&9] )~ N
3 (] -
(o] f— oY
* D al 0
(] [ N I~
[ i [ R -
T~ = = . :
— Ly [ ]
(&N Ly o) W -
O = Ll = -
oy O~ = ¢ D < O
. J O —
£ ¢ @ = | (o] -
% nth\. = U = W 1
o T =t af o I QO o
- ~t W o= 3 -
[ el «— = 0. 0O uw 0O
Ll = (1]
o™ X W W v
4 L = = v O =
_ o L < <
. 20 2 O = o
S 1§ &5 :
o~ a <
[ ot
Lt -
<
iy <=
(@8] < -
<% +— L4 + T
S = = = S = )
= > () (] (] (e}
uo -z o™ (&) —
[ “aa ~ - -
s 4 AFOHLSLIM r u33 d JLIHA H-d NI3SINN3HL
TL13138131 ﬂu.w»,ﬂ*Qﬂﬁwﬂ%aﬂﬂﬂ%vﬁﬂ&&ﬂﬁﬂﬁvﬂ.a,vﬁ&@%%@!éﬁwﬁeQQu.nﬁﬁﬁﬁﬁﬁ@ﬁﬂﬂ».»a.*».ﬁ%é@u.@&n.éuﬂﬂﬂﬂﬁmanﬂﬂ.&a.uﬂﬂ,ﬂ*ﬂ.ﬂﬂ.%%ﬂﬁ&ﬁﬂ'ﬂnﬂﬁ' LN
B R A R NI R L s TEASLIIRFIILIBRLI O LIS o0t 0 s Tan e LITEIStI e teee et ettt e AR AALTALIET
et 7 et L M g e T LTS T oo e R LT T T T
_*...u SRy St ot Cl K e RERY A 5 A Jn...M..\ .d.ﬂ”lﬂilllvlv!u:-v‘v.vvvvvluvvvvlnivlﬂwiﬁﬁﬁaaﬁﬂlaanooonou'.n




3 INT{DTAIR*DT) (C*SEC)
L

)

-
"

{

S oad

3400 .0

TIME (SE

0.0 7223.3 14466.7

) [Ca] (0] [§9) [538]
> < < > <
+ -+ + + +
LJ L o Lt Ly
ad (55} D (8] 1w
- ] (o] [ (o))
~ 2 « -

=<t

7

0164 .7

¢
N

"
\J

2
<

28933

0

1700

[
<

Q
=<
—
Ly
=
=
=
Gl
L
==
)
@
L

1
LR

’
1

TIME INTEGRATION OF ODIFFERE!

(Kisy
LI

Us TI

y

-~
“
~

OUTLET TEMPERATUREST(INTIDTAIR+OT)) VER

DATE 81-5-10

KG/CEC
E CA

07
{ED BED DISCHAR

MASS FLOW RATE

PACH

SH20

CLE-

~
.

4 AF0HLSLINT

H-d NISSIKM3HL

..A.n.vll:u\tll!llllliillllll
S ne———

'\I!l!ll'!!llll
LA iil.! 144\14 141a<u

!l\llvldivvlvilvvvdvi

LY

SESETITLLEDTICITILCLESLBLILIALIEISEEISBLLTIELIEDICICL4TILHEEITLT TS TEEETSSLSCECLISEECEEPESITLLTIITTICSTIIESSL480T638828
'ﬂnﬁndﬁﬁaad$u9¢444an&$%«4ndaaa.@ﬁﬁ%%ﬂﬂﬂﬂﬁﬂwaﬂﬁw»Rﬁﬂﬂwﬂﬂ*%ﬂ»ﬂw»uﬂ»*nma9»vaﬂpwwﬂambﬁmﬂwﬂmﬂﬁﬂa$OﬂﬂumA»vdnnwnw4ennuna’
4 g - ..il!!tt.!:tntlz.t!l!l,cuLWWl!W.IuqblﬂﬁltJWl!ll!99:!'1!1'.!4!1!'!

e Wk
dvlvilvvivrdiufuvfwdﬂﬂ!ﬂﬂ.!gﬁﬂ‘ﬂﬂﬂdinaan

-

~~

k- 24




o0 .0 7

0

2

o

‘=
[~
oyt
J——
: =
b (]
L1 o
o (a9}
I 1.1
P ° Lud
_.v . _l.\
Vo
E— - C:Z
ot (]
L) sl [
¢ i
T i (]
T il
-1 ) £~
— i (]
~r - I
1l E—
| S [SE
| i s
R U I AU B
-3 [ i i Ll
- toouT
Lo | = (W0
[T N
- e -— | (]
[ i e Ly
Lid e
B T S S W
— - — -0
= (O =<
o]
[ ]
[
<
cd

TEETTTETE
o

aﬂ<AA¢%uuama»gu»uc»qﬂnm‘»uﬂ». ~uu0uuuuuanﬁﬁm

#4411 482949402104 1d444191944249d1¢8 74202418

t A'“~«»;..AA%unnI#!ﬂﬁ.aaan»ﬂ.ha¢awﬁ;.a»h~

7

‘s

‘s




H..uJ( - [ a2 \‘u -
T — 3 -] ’
jf.lﬂv?f Gie -
— [T -
T L Ll .
. 77— = =
- N T
o — B~ o { ¥ S s
- Toooud
e ~y [ | i Y = B
e I UV WM o
+ = . e | -
e - t —— . —
Y ~Lx R oo B TR TR WY
o) e ta) oo ld 2l
—_—_— S e S
P R ’
3 a. O =< A
S~

(5 ¥ AFNLSLM SRR d 3LTHA H-d W335 IRIEOHL _

TEETTESILEEFEETEOITELEPEFTELS P02 42019 TTOT R TR P30T 014 ¢ 10 ELEFFTIEGPLLTPOERTIHCII719423121F424 0118020142212 001%
TALEAELITT TN AT LA TALRLIAS AT LA LA AL ELTLE LA LAAA A2 1104404102014 200409424 "1 5311132431983 8853330720¢92311%

M i o
BRI

A S s A Ak o P " Lo in Ol 4 2 i i oy




5¢C

I ..Ah :
- I )
T
: ﬁ o -~ (o]
{ e t o ot )
h TR | o
<] - [ ]
e 1 ul v}
o A% B [ XD}
- T 5
) o ] L P
() T ° po
’ S S
L 3 Tw J
w1 7 -
< -
— &y [we] J
- i
1.2 L
L ORI e ?
o ot () .’
— {— o I |
S S S Ty LL 4
= (88 E— i e =]
= —.,.u 1 (] -t (a0
T . Wl - 3 O 2
W“ Z; " e Ly
(W3] Led =
. = Tz = o
‘ i S g — =17 J
< . O < a.
= J
() o]

TF

o0 .07

40

30

0.0
[

.

o AL L3N0 (EREE d ALTHY H-d N335 THNGIHL

FLIERTLT 1L LT Et bt ARttt s Tt d Rt 3 Tt 3 bt 1 E 0T e 131t 9 1014801411011 10214914111 1481p011 0110174844101 210328t J
'4.“““.“."‘..4"ﬁﬂ.“ﬁa“‘ﬂ.ﬂ“’%&‘ﬂ.lﬂQJ.A.»%Q».A‘..Q.‘ADliatiaixooknlh‘l-uk-l.hdi\é)iunkli-!AAAA.E%&)AQII.)iBl tdaesaed¢r e ey
R R PR TR PSP AR S S SRR S T R T T T Y S T T s P e S S S P P P P O P P v n P P U ap PO L r s PP PPESr SR rP I PP
it el e T  E F T I Y P P B - - L a . .
] IRty L e s Sttt atstiebiivie Sttt A T L L L L L SRR R S P P P
) o . g o . ) . , (. .\. .;41 ;«1... ,

. e

[}

Lo . . T P
FERIS S . . . . . o . . T . . 4

IR
3
<
4
|
E
P o ity




- . 7
[SaN Ny
[ ” “ )
Ll ﬁ 1
L )
e | J
».._u_
| =
| , - \
! Y [}
| - /
] g —
1 1o £ _ -
H t - [
i -y Lt e = 4
. [ — (]
1 - ()
P N L B P
I R [ I "
— - )
i— (e o 34 -z
[ T T Y] 4
oy ket * [
° AT I )
(] [T [T | Y
1 cn 8 I 0
-t T =L
T L4 i~ 2
-~ 4 (] 7
_J *
p— T
pgmd il .
- — = .
- AN B iy
— f— 0 ! o o]
- RS T Y
= Py (WA I T a0
i - (SR e T
« 13 [ U A S B
e - oD (L G T |
= L Ly ol
_ — 1T = ol s
. Y T e =L
Nb o
c »
— (]
-ie
o < L J

o

U
o
4o
7
no
<

o AJIHLE L

ESASEARE S5 B a;*»aa.44u494.49_a 113 @ﬁénssaaa-uuaa~qnaa‘a.9‘.n~.-au~4ﬁ~¢aaa‘_uanuwﬂaﬂ‘uuuva?u—vur IS ERS ST S22 RRS RS ARY) *

2LFITTIALTF 21 11 T 121 A2TELAS 3421272284484 FAIAALTIRANT AN A 1014944140 AL TSI A s ae el teUstItIeRTnesonte

A T N PEAMA SRR NI LIITBINLLLTISLLLISOLLILISIAMLNLL S

433 d 3LTHEN H-d NISINIHL

aaas.anau.aa..¢q...v

Lttt NN “.....a....lr.».s-uan»aruava‘..?f’4r~
" (bt i L s oy oo " LR v e caesen: B - L T R
v [N . . B CE N A S At M e nyr ”
. PR . L , Lo N . < ec Ot A A g ) o

v




V]
J
Lo
a y
-
[}
. J
[
L.
I £l S
—— L3 -
cl o
T ) J
() - 1)
.
[ ] ce
= ° Ll 4
e el O
.. -
fe} L~ [ .
] e o
s Sl
et Lol { >
— (] = (o)
R -
- £~
(8] ] bt -
Y C — =
o R ¢ ]
— E— 1 (2
C - -_ —_ g
- SR . o
c S ] [u i}
o Ly o 3
1 o ud — [ i
- TTOow o 1)
. = = b= .t o
L1 .z L
-~ e O oo ..
B
-— a -
P, K
5 b p—
Ci ..m:A\ iy <
— A (]
- - + + + 1
b < ] <o ‘
[} i’ [4ed o
) u> -4 C -
~
unw. . — Tt T T o T 4
- ; oLy 4 - WMITRTHND ’
i a AdeLs L (RERE d 3LIHY H-d N353 IHNGHL
J— e e — —— .
ﬂ&unm»uaa.AﬁuéndH»ﬂawﬂwAﬂ.wwaaaaaéaaa_eau—‘uaruaa»a;-u»undaada4Avaa.wm.uum»+~aav.».»rﬂvgv»‘nuﬁvaAA.umduau._nmau~_a._a.»uu»~.
Qd‘b"”"l‘l’ﬂ;#i%‘tna ~% ‘ﬂ&‘\“QQQ 1 L\bn 43.1 m<bdu“a0ﬁ‘vQAnlﬂA.W§-<-m¢-u-q‘Au“All‘l.‘"“‘A%R‘ll.“i“ﬁit‘i‘*é‘
N ANt e aets s rr il -~y —r vivf.,-..-::..vvvn-v.vvpvvvovo40;411!4.40'-.‘9:-3'.-&-o
o, ) S . . . ; . L . . ot A 2 a0 it
ot . " e . , . : : e . . . . . L,

-——



o f_2
VAN — -
[
L
o
_ o .
15d
ool r
— °
— [
)
-y
el
o3 L .
-— [
I !
‘T o o
- L .._Vl-
AL i
4 3 [} e D Cl
ol [y i
= o ° L
R s B ] RN
— ° (] (v
Lo B S oz
° 1 - Ll
o ZT [~ 5
4. | <& S oul = N
__%. [ TS e
5t — — -
] LU0 T e w o /
) I = o
4 .‘ ¢ " [T ST
R s - IZ — @ O y
™ = f o = . -
o AT i Ly =— LD I
T T L E= 0 Ioul
= it =t / - I 2 = _31 o <
£, ol gl S/ — fmoudw@ou
e P - :7 [N [
% 7 [ Ce w o ul y
« L O o B Do
v TN O
4. O = o<
. + Ly - -~
[} &=
= J
L nv.ll.u
o .
= NI = W - J
- TR R TR AT T e e T +
3 (am] < -] fw] .
1 (9] (@] (oW} ] [
&) uo <t ) S| — P

g AJ0ELE LI M Hakn3 d JLTHA H-d N35351NMZHL

$LLTLBIPLSHTLLETT 4434 BT 0314424043744t TH4 10434040333 130 4323049119312 TST 4472713310132 ¢T10068¢3020032CTS <

€A T TEIEC IR EIEI LA I LAE TR 2RAAIIESTEIETEQT LTI EARLIAT A A T0NETAEAACAERERIAAIRIATEALETEIRANEEeeeA IRt Inasodesreradntsvocdacan
3

C e oy

I




Sraoh 34

‘1

)

A TPCH(C

L o
= -1
“2 e
L - :
i -
L Li!
2 bl [~
_ — *
o — (Y]
ik 4 e
‘s P
)
» o L
N PENEEN NS [
= > - 4 — r
o - - =
S : L
o ST L — 1
MMMHLHM‘W\ 1 SR )
— (%] w3
\.\ll - L) [N
£ - ~ =<
— T [
P — L =
. . - (]
[t PO {~ 0
[ - Lid (] Lr.
1 o L == ® e
— I | oI
(AN ] - e [N B
pent = 0
L o, [T 37, —
7 o ~T0 oz ~—t [ -l [
v Sl
) Ll — U = O
T -1 1. — ! [ [N
— o — o 1 ¢
S N P s B T
AR UD] |
cn L Ll oLyl
- Ly Z &= U} s
[ s = S
U CUR R s
1 -3 (8] a
bl =
e [
N °
LR R <
AT Y .
. a t t t +
L] > (e Lt} Nl L]
(] (] (] (] Py L
(o] (ip] -t o) N —

d AFTHLILIN R R d 3LIHN H-d HISSTRHAIHL

2SR EARSR SRR ST LS IAE SAS SRS IS LRSS SARNSI SRR S S AR LSS SR RS SR AR EA RS A R R R RS R AR A RS RS L S S R SR R R E Y S AR ER SR X ]
LALLREELEECLELTELAE 24 QLR EERARLL P20 e A IUTEIRETP 1T AT AE21€22 U2 ALEE 22133t tdAL1ededddditadcsdatdiddedtaddcccccdens

- msaeV RAN L.

i
b
¥
:
!




35

Granh

s

Lo T
(W] A
oy el -
P |
e L.l
—~ Tz
- -
—
1yl -
pay 10
_ v ]
W“ - H
Lo .
il o t
+ (] - [ |
-1 S
P < 15
(e - ~ =t o
r— 5 s
| e
[ . 1.
.n;rvH (] [~ [
R —_ [ I
b k- S
(e a1
B SO W Ly o
R — DO
- ue -3 —
» P R ™SS o]
) {
Ll = D I
7 [ | T b
i N B R BC
—-— | a3 B € SO U
-1, L [
) S Lz .rb.._
- L P s
e __ o
PESE 0 5 =t
—_ 4 L [
(-] —
= )
-
L] ] [
< < < " o -
(&} uo =z ™M <~ —

4 AZ04L51L300 NMEIRE d JLIRA r-d N33STHIOHL 4»

AR A RS R R SRR R L LS4 BLA AL LSS S NSRS SR SRR SA RS RRS LSRR RS LI RNE EEAALEE RIS SASESRRARSA RS ARESSIRI SR SR AL S 3 X1
€ a 28 g 1ed Rttt tadee rsttedtee ittt i I eadtatqdtedtadttddidt 10011 eEEERTEITICITE1TEdTI4t1¢TI¢Er082dACcevesdtavdedeces
3 M

o |

o as i p e




€
Vo :
A -
f] iy
R |
s
Y Lo
R B
) —- °
| S
J, \ 4 -
a5
L _ .
. (!
GE,
—HA 3
v i)
Ty -
N PR
3 [
-—
[ |
L -
N ool
o ¥
-3
= -3
[« —
4
L 1TV
ey -
_— T
[
[g
= [
S o o
&= 2
- + r
L] [ () [}
[y (@] [ [ ]
(® u> - —

LRI St

-

FATE

'

FLOY

- -
LSRN

o

M

PACH

g AL LAND EITHE g JLIHN

H-d NI35THIEHL

: !

i

M ’ r . .

‘
B NN

(2RSSR LR RN IEARE I ISR X EA IS SIS ASAAAT RS REAS LA A SSSARS AL SAAS SR A RSO RAA RS SR AR LA REARE SRR S S RASS R IR SLR IR IRARARA SR
€10 2E 11212222 ¢ (1 LETRETEE2 L CLELE AT+ A ATALTLEERTE 22 E L2426 T L ETRACEEICC17¢¢LE1¢dat1eddtIT¢dtecnaetedtecededecectece

[




37

ranh

~
(]

2

)
AN

\Th[

6¢.0

4 AZ14L5L300 [ 43113 d 3LIHY H-d _.JMJ.wm.-c.__.wu_*.P@

LS SRS E AR L R AR A AL A RARS SRS R A SRS SRS XL SRS S AL TS S SRS SEAS SRR EER SLE LR SAS LSS RIS SRR A SR SRS IRREL SRR SASSE ~

TratEICTAREI R I AR LAt AT tAdERddddddeEEk LA tAarddddad tA I EA A tdEtdaddatdddsodtdtdddasddatdtcrdaadaderddccdtdtecetatcon

i
f
;

[ R T




DY LA
[} 7
— — ,
tid
bl BN
b
(Nl
] -
.1’;
[l WAM
a !\\>|
L o
+ .ﬂu _& |
_.Mw_ .;,._ .
) RS
() [ -
L] iy
° Led
(g [
[ [ R
T o - I
— —
LN W 1
[ 10
I~ . W <17 —
- =X T — D
< Loy S b = oo
- 5 1) e =
ST S SO R Y
A - ooy — 1 )
£ — = w9 L
o LV [y
[ - [ [S8 R PV RSN
o T Ly 0l BT owd o lal
~ Lao -~ <7 =17 “_
., el OO =
—_ + Mu_ Ll [wl J
) - =
e 2
— ]
P ~a
= < v
-ty
< o2 o
(] [ep]
[{n) —
J
J
" { I .A_ I T ‘17 LIy . Ul B X1 1 -/
d AL 33 d ALIHY H-d N3S5INN3HL
. v

EER RS A SRS RS2SR S AR IN A R AL R RS A R AR AR R R A N R B A R R A R N Y Y I R R R R R A RS S I RS2 S XA RS )
ttdte2r7trerrEr RSt ﬁDQ.QhOQDQ.»Oﬁ.PFO.\RIQQA‘.RDP.‘%Z— egtdergtTadardd PR g AR ARG ET 14t 0d 24 @1qd 14782 THa1ddatd 14124 2Cs2eataten
: 7

Ty
Tomm e




C. Tube Parnllel Flow:

Here again the inlet and outlet air temveratures in
the center of the accumulator, their difference, and the
intesral of the dirfference are shown on Sranhs 3. to It
This c¢an be compared with confidence to the data for the
packed bed charere, since we are confident of the mass flow

rates. We determint the averare rate of enerpgy storare as

follows: t
Packed Ped: ~C .(SAT dt)/t
n,Alr

(o]
.07 ¥e/sec X 1008 Joule/Kr-°C Xu72,000 °C-sec

/23000 sec
1450 joule/sec

charge

Tube Parallel flow
.095 Kg/sec X 1008 Joule/¥s-°C
X 883000°C-sec / 70000 sec
= 1200 joule/sec

Thus we can see that the packed bed stores heat at a rate
1.2 times that at which the tube parallel flow stores heat.

Further indications of the thermal vnerformance of the
tube parallel flow unit are shown in graphs L and 4. These
show temperature evolutions at different heights in the ac-
cumulator. Graphs 44 and 45 show the inlet and outlet air
temperature distributions about the cross-section of the
accunulator., These last 2 gravnhs show the surrrising
result that the air temperatures are close to each other as
the accumulator is entered, and there is a larger spread amnonr
them at the exit from the accumulator. This may be due to
irrepgular melting of the PCM atout the accumulator, as well as
motion of the melted PCM from one part of the accumulator to
another. A complete discharpge was performed on the tube parallel
flow uﬁit, and the noteworthy aspect of that test was that it
took almost 48 hours for the resolidification to oceur, bLecause

of an air inlet temperature of 18°C.
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VII1: Comparison of lumerical and Experimental Results

Graphs 46 and 47 show the numerical curves and the
experirmental points for the vracked bed unit. Granh 4O shows
that for the charre, the numerical simulatiorn rroceeds faster
than the exverimental data. Again for the discharpge, in Granph
W7, the numerical curves proceed more abrurtly than exneriment.
This difference tetween the nurerical and exverimental results
is protabtly due to the resistance to heat transfer of the PCM
in the solid phase. Sfuch a resistance, neglected in the
numerical simulation, would indeed result in a slowver rate of
discharging and charpgincg. Thus if this added resistance wvere

taken into account, the experimental and numerical results

would be in better agreement.
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IX: KEfficiency Considerations

The mechanical energy required to store the heat in enct

.
v

accumulator can be written as 4P ¥ ¥ = Power = W. This SAYs
that the power required to maintain a volume flow cf y aernss a
pressure difference of AP, i35 eaqual to the product of the two.
Lookinz at this in terms of work, it can be said that W 15 the
amcunt of work done in moving a volume of fluid V across a
pressure drop AP. Thus we have the amount of work required for
our accumulators by measurinz the nressure drop accross thenm,
The thermal enerry transfer is hcn, airA'I‘, wheredT is the
difference between the inlet and outlet air temneratures, and
m is the mass flow rate. We then find Q = QQCP 47, Now if
we want a measure of the amount of heat transferred in relation
to the amount of work required to transfer that heat, we can
devide Q by W. This is simply CPAT/AP. This then is readily
available data from the experiments, and it has been found that
in every case it is on the order of 50 to 100. This higu
apparent efficiency though must be considered to be divided
first by 2, since there 1s a charge and a discharge of the
accumulator in any application where the heat is used. Then it

L

mus‘' o2gain be divided by 3, ifor the oversll efficiency of
the electric system. This brings it down vy almost an order
of magnitude, to 8 to 16 already., down from 50 to 100.

Together with this idea of efficiency, a criterion for
stopping the charge or discharge should be devecloped. That 1is,
the W remains more or less constant during the charge and dis-
charge while Q decreases with time due to AT decreasing with
time. Thus the efficiency is decreasing throughout the experi-
ment and after a certain point, 0il or electricity could be used

more advantageously than by pumping low temperature air in ani

out of a storage unit.




X: CONCLUSIONS AND RUCOMMONDATIONS

The experimental study shows that {rom a heat transter
standpoint the packed bed is the best method of encapsulation.
It has a negligible pressure loss, large heat exchunge sur-
face area, a self distribution of the flcw and an nvoidance
of the problems of supercooling. On the other hand, the gec-
metry which was worst in heat transfer characteristics, the
tube parallel flow, was the only one of the three that haéd no
PCM leakage problem, while the packed bed,though the containers
were sealed with silicon rubber on the caps, did have leakage
problems. Thus the problem is one of feasibility and cost of
construction as well as heat transfer.

Fur+her studies of such storage units should include an
operation over a broad range of Reynolds numbers, to find the
optimum range for thermo-mechanical efficiency. Also,
experiments should be done which include solar :zollector w’
inlet temperature varying with time, instead of the fixed

inlet temperature which was used in the past experiments. :
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Photo 5: Filling elements of

Packed Red Unit
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Appendix T7T

Diagram of S.U.N. Facility




exrerinments

» charging

discehar~e exrecrirentc
fo

for
Narpers

erant

F4
Flectric resistance henter

Leat accumulator
Alr Blowver
Freurmatic

Refri

2
3
i
5
6







