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Abstract

This research work is to study phenoﬁncna of latent heat storages d-irectly contacted with
working fluids during charging and discharging processes. The systéms studied are the units for
heating and cooling purposes. 7

For heating purpése, the storage medium is sodium thiosulfate pentahydrates of which
- the melting point is 48 C. The unit exchanges heat Wifh heat transfer oil which is injected from
the bo.ttom of the unit. During charging and discharging proccsse-s, the medium transforms from
solid to liquid and liquid to sold respectively with uniform temperatures. The volumetric heat
transfer coefficients are in the ranges of 4-16 kW/m3K and 2-4 kW/m3K, respectively. It is
found that the injector size has no effect on the thermal behaviors. The parameters affecting the
unit performance are the medium height and the oil flow rate. As the medium height is higher or
the oil flow rate is low, the hot oil temperature leaving during charging process could be kept
nearly constant for a longer period. The lumped analysis could be used to predict the temperature
histories and also the solid fraction in the siorage medium with good agreement with the
experiments,

For the cooling purpose, the storage medium is water-ice. Different methods are
considered as follows:

a. Injection of chilled oil through water column

b. Injection of refrigerant jet through water column.

¢. Turbulent injection of R12 through water column

In the case of chilled oil injection, the inlet oil temperature, the number of injectors and
the water column height arc main parameters affecting the thermal behavior during ice
solidification and the height of the ice column is main parameter during ice melting. However,
this method is not suitable in practice because the rate of ice forming js very low

For injection of refrigerant jet through the water column, the phenomena of ice forming
around a jet column of different refrigerants, R12, R22 and R134a are carried out. It could be
found that the ice formation could be undertaken for tﬂe starting of the process and after that the
rate of ice formation is rather low. Moreover, it is rather difficult to control the refrigerant steam
as jet thus this kind of technique is not recommended

For the unit having turbulent R12 injection, the ice could be formed quickly. It could

also be found that the lumped model could also be applied to predict the femperature and the ice



fraction of the storage medium. During ice melting, the unit could generate chilled ‘water for
cooling i)urpose. This techniglic has; a high potential to be developed and implemented.

- During the phase transformation of the s'torage media’ from liquid -to solid, for sodium
Thiésulfa’ge—oil, Water-chilléd oil and water-R12 (turbulence), the voh_;metric heat transfer
coefficient, U, could be form in a dimensionless term and is related with other dimensionless

groups as

log(—,i) = log(St) = ~1.4033log(Ste Pr®*)+1.8292
(mC,),

The evaluated properties of the dispersed flnids are taken as the fluids are m liguid

phase.

Keywords : Direct-contact heat transfer, Latent heat storage, Ice-thermal energy storage
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T, = qmugﬁwm Heat Transfer Oil 441 (K)
T,, = a1 U84 Heat Transfer Oil 11980 (K)
m, = ¥I0UBUNGD sodium thiosulfate pentahydrate (kg)
m = 8951013 110U949 Heat Transfer Oil (kg/s)
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Subscript
oil = Heat Transfer Oil
s = Solid Phase
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PERFORMANCE ANALYSIS OF A REFRIGERATION CYCLE USING
A DIRECT CONTACT EVAPORATOR

T. KIATSIRIROAT*, P. SIRIPLUBPLA AND A. NUNTAPHAN
Department of Mechanical Engineering, Chiang Mai University, Chiang Mai, 50200, Thailand

SUMMARY

This research work studies an ice thermal energy storage having an injection of R12 refrigerant into the water to
exchange heat directly. The water temperature decreases to the freezing point and ice is formed. The ice is used for
creating chilled water for an air-conditioning purpose. The system consists of a compressor, a condenser, an expansion
valve and a direct contact evaporator. This system has a capacity of approximately 2 tons of refrigeration. The
system simulation created from the mathematical model of each component has been carried out. It was found that
the performance of the system depends on two factors, the compressor speed and the mass flow rate of the refrigerant.
The suitable conditions are 8-10rps for the compressor speed and 0.04-0.06 kgs~™! for the mass flow rate. The
coefficient of performance is about 3-4-3-6 which is higher than that of the conventional system. © 1998 John Wiley
& Sons, Ltd.

"EY WORDS refrigeration cycle; direct contact heat exchange; ice thermal energy storage

1. INTRODUCTION

Ice thermal energy storage has been proposed to assist air.conditioning systems to set a uniform load during
a given day. During the night time ice could be formed in a storage tank and there is a circulation of cool
water from the storage tank to the air conditioning system during the daytime for cooling purposes.
However, there is a significant problem during the ice making. Conventionally, there is a refrigerant
circulating in a set of evaporator tubes submerged in the water in the storage tank. As the ice layer is forming
on the coil, poor heat transfer between the water and the refrigerant is obtained because of low thermal
conductivity of the ice. To overcome this problem, the direct contact heat transfer technique is conducted.

Subbaiyer et al. (1990) showed a simulated result of a refrigeration unit with a direct contact evaporator.
The unit required only 50-60% of electrical energy consumption per ton of refrigerant compared with
a cooling coil ice generator.

Nuntaphan et al. (1997) studied the parameters affecting thermal performance of a direct contact
evaporator. It was found that rapid sensible heat cooling of the water in the evaporator was obtained with.
a high value of Stanton number of the refrigerant.

In this research work, performance of a refrigeration unit having a direct contact evaporator for ice

“ermal energy storage has been investigated. At thisstage R12 is the refrigerant thus the pressure of the unit
15 easily controlled. The mathematical model of each main compound has been developed and the system
simulation has also been carried out.

*Correspendence to: Professor T. Kiatsiriroat, Department of Mechanical Engineering, Chiang Mai University, Chiang Mai, 50200,
Thailand

CCC 0363-907X/98/131179-12$17.50 Received 27 April 1998
© 1998 John Wiley & Sons, Ltd. Accepted 29 May 1998




1180 - T. KIATSIRIROAT, P. SIRIPLUBPLA AND A. NUNTAPHAN |

2. EXPERIMENTAL SET-UP
Figure 1 shows a schematic diagram of the experimental set-up. The unit has the two following duties.

(a) The first duty is for ice generation. The refrigeration system consists of a compressor, a condenser, an :
expansion valve, a direct contact evaporator (ice storage tank), an accumulator, a drier, an oil
separator and a recciver. R12 refrigerant is injected through the water in the storage tank and
exchanges heat between the water and the refrigerant. The temperature of the water is reduced and the

_ refrigerant exists at the top of the tark and returns to the condensing unit. The moisture in the
refrigerant is eliminated by baffle plates and the drier. The compressor is stopped when the amount of
ice required has been achieved. '

(b) The second duty is for the air-conditioning purpose. A stream of water is circulated from the chilled
water storage tank through the fan coil unit to generate cool air and returns to the storage tank to melt
ice. The cold water obtained then flows to the chilled water storage tank to restart the cycle.

3. MATHEMATICAL MODELLING

3.1. Compressor

Kiatsiriroat et al. (1994) generated a mathematical model of a reciprocating compressor which is modified

from Stoecker (1989) as
m. T3, ) ' .
= , N ()
Pcp [} f( Pcp 0

OIL SEPARATOR

ACCUMULATOR
DRIER

EXPANSION VALVE

" BAFFLE PLATE
=Y

&
1
FAN COIL ? s =——%
T
3

R

ICE STORAGE -
COMPRESSOR

TANK

CHILLED WATER

PUMP —5—

CHILLED WATER __|
STORAGE TANK

MEANING OF LETTERS
P: PRESSURE GAUGE
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RECEVER  F:FLOWMETER

S SIGHT GLASS

Figure 1. Schematic diagram of the experimental set-up

© 1998 John Wiley & Sons, Ltd. Int. J. Energy Res., 22, 1179-1190 (1998)
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The pressure ratio could also be calculated from

P . \K/tk—1)
PCP,I = (’TI:GP.I) (2)
tpo ep, o,
k is the polytropic index which depends strongly on the refrigerant mass flow rate or
k=f(m]) (3)

From the experiments the relations in equations (1) and (3) are shown in Figures 2 and 3 and could also be
expressed as

’ m TO-S \ m TO-S
p_. [(O0027N * — 0-0705N + 0:3297) (——rpﬂ)z + (— 0-0013N? — (0-028N + 0-1428) (ﬁ)
cp,i
= 4

Cp, 0 ¢p, 0

Pep,o + (0-0026N? — 0-0685N + 0-6253)

k= 17525m, + 1-1571 5

3.2. Condenser

At the condenser, the temperature ratio could be characterized as

Ta.o - Ta A (UA)cd
7 —f( ) ©

Tcd. i~ fa n, Cpa

\WA).q is the product of the heat transfer coefficient and the heat transfer area of the condenser.

0.600
N=174
0.500 + -
Ne=95m
g 040 & "
& 0300 + T ON=118m
]
& 0200 1
0.100 -+
0.000 } + } } }
0.000 0.200 0.400 0.600 0.800 1.000 1.200

LX]
o (Tep,0) /Pep.o

Figure 2. The relation between pressure ratio of compressor and mass flow rate of refrigerant at various compressor speeds
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Figure 3. The relation between mass flow rate of refrigerant and the polytropic index of the compressor

! © 1998 John Wiley & Sons, Ltd. ) Int. J, Energy Res., 22, 1179-1190 (1998)
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Figure 4 shows the characteristic curve of the condenser which could be expressed as

Ta o .Ta (UA)cd)
—me ™ 2 _02g97{——=2
Tcd.i — da . (macpa 4 (7)

The pressure drop across the condenser in this experiment could be expressed as

Puaso = Peg.s — 0:03 - | 8)

3.3. Expansion valve

The pressure of the system could be controlled by the expansion valve. It is found that the pressure ratio at
the expansion valve depends on the refrigerant mass flow rate and the compressor speed and could be
characterized as

P

ﬁ =f(mnN) %)

Figure 5 shows the relationship between these parameters and could be expressed as
P..., |[(0-4839N 2 _ 12:657N + 59-808)m? + (— 0:0252N?% 4 0-5546N + 0-9465)m, 10)
Peii + (0:0031N2 — 0-0783N + 0-6857)

3.4. Direct contact evaporator

It is found that the temperature of water is uniform during an injection of R12 into the water and
temperature of the refrigerant exiting of the water is also close to that of the water. Thus a lumped model
could be conducted to analyse the thermal characteristics of the water in the tank.

The energy balance at the direct contact evaporator could be written as

3 (M) + MG SE = mlha — ) + (UANT, = T a

The left-hand terms are the tates of enthalpy change of the water and the container. The first right-hand
term is the rate of enthalpy change of the refrigerant and the final term is the external heat gain from the
surrounding ambient. When the unit is well insulated, the heat gain could be neglected.

During the sensible heat process and the tank temperature is assumed to be the same as that of the water
inside, equation (11) could be rewritten as

— ho)A
Tt o, g b = heAt

wt 12
MC, + M, C, (12)

0.40
-< [
3 0.30 -
g 020 + -
%
g oo

0.00 } } t } { t

0.00 0.20 0.40 0.60 0.80 1.00 1,20 1.40

(UA)co/(maCpa)

Figure 4. The effect of mass flow rate of air and total heat transfer coefficient to outlet temperature of air

© 1998 John Wiley & Sons, Ltd. Int. J. Energy Res, 22, 1179-1 190 {1998)
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Figure 5. The effect of mass flow rate of the refrigerant and compressor speed to the pressure ratio of the expansion valve
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Figure 6. The relation between heat gain and the temperature difference between the refrigerant and the surrounding ambient at the
evaporator—compressor section

T3 is the water temperature after the time lapses At. During the ice formation, the water temperature is
constant at about 0°C. Consequently, equation (11) could be used to find the mass of ice formed during
a period of time At as
mr(hm - hri)At

Mice = 1,

(13)

3.3, Pipes heat gainfloss

Since the pipe between the evaporator and the compressor has low-temperature refrigerant flowing inside,
there is heat gain from the surrounding ambient. The heat gain depends on the refrigerant mass flow rate, the
ambient temperature, the evaporator temperafure and the COompressor temperature as

mrcpr(Tcp.i - Tev.o) =f(T: - (&E;__T"‘l'i): mr) (14)
a.. . the relation is shown in Figure 6 and expressed as
[ T ¥, 0 Tc i 2]
(— 0-0459m2 + 0-0005m, — 00003)(T. - (%))
- ’ 2 o Tev.o' + Tcp.i
My Co(Topi — Tev,o) =| + (09138m?2 + 0-1596m, + 0:0356)( T, — — (15)

© 1998 John Wiley & Sons, Ltd,

+ (2:663m? + 1-1131m, — 0-1304)

Int, J. Energy Res., 22, 1179-1190 (1998)
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Figure 7. The relation between heat loss rate and the temperature difference between the refrigerant and the ambient at the
compressor—condensor pipe

For the pipe between the compressor and the condenser, there is heat loss from the refrigerant to the
ambient. The rate of heat loss could be characterized as

mrcpr(Tcp.o - Tcd,i) =f((&i#) - Tas mr) (]5\

The relation is shown in Figure 7 and could be expressed as

(1-607m? — 0-0298m, — 00146)((3:"-‘-’%%) - Ta)

mrcpr(Tcp.o X Tcd.i) = (17)

+ (— 20-432m} + 1-9399m, — 0-293)

4. SYSTEM SIMULATION

With the mathematical modelling of each component the performing of the refrigeration system could be
simulated. The computational steps are shown in Figure 8.

5. RESULTS AND DISCUSSION
3.1. Cooling period and ice formation

From the system simulation, the cooling period to reduce the initial water temperature to the freez’
point and mass of the ice during ice formation could be evaluated. The results are shown in Tables 1 and 2: 1t
could be found that the simulated results agree well with those of the experiments.

The power input at the compressor could be simulated with different mass flow rate of the refrigerant and
the compressor speed. At higher mass flow rate or increased compressor speed, a higher pressure ratio is
obtained which results in higher power-input at the compressor. The result is shown in Figure 9.

Figure 10 shows the simulated heat transfer rate at the direct contact evaporator The heat rate strongly
depends on the mass flow rate of the refrigerant. As the mass flow rate increases, a higher heat transfer
coeﬁiclent is obtained, which results in a higher cooling capacity.

© 1998 John Wiley & Sons, Ltd. Int. J. Energy Res., 22, 1179-1190 (1958)
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Table 1. The comparison between the simulated and the experimental results of the time lapse from the initial condition
to the freezing point

Mass of water (kg) Speed of compressor Initial temp. of water Flow rate of ref, Time from exp. Time
(ps) (°C) kgs™Y) (min) from sim.
{(min)
20 95 271 0-044 - 10 8
20 118 278 i 0022 18 16
20 11-8 260 0033 14 12
30 71 258 0-022 23 22
30 95 249 0033 19 16
30 11-8 273 0044 14 12
40 95 268 0033 22 20
40 95 26-3 0-044 15 14
40 11- 261 0022 - 32 28

Table 2, Mass of ice formation

Mass of water  Speed of compressor Flow rate of ref. Time Mass of ice (exp.)  Mass of ice (sim.)
(kg) (rps) (kgs™’) {min) (kg) (kg)
20 95 0-033 16:0 90 9-04
95 0-044 80 50 606
) 11-8 0-044 70 4-5 528
30 9-5 0-022 500 170 18-57
30 11-8 0022 . 800 255 29-79
30 11-8 0-033 300 150 16-04
40 71 0022 54-0 180 20-56
40 11-8 0-022 680 240 2531
\ .50
200 L N=1lms
) N=3%rp
2.50 -
E 2.00 + NETm
£ Lo+ :
1.00 +
0.50
0.00 } -t } } t
0.020 0.030 0.040 0.050 0.060 0.070" 0.080
mr (kg/n)

Figure 9. The power input at the compressor at various compressor speeds and different tefrigerant mass flow rates

Figure 11 shows the effect of the refrigerant mass flow rates and the compressor speed on the COP of the
system. It is found that the proper condition of mass flow rate of the refrigerant is between 0-04—0-06 kgs ™!
and the compressor speed should be low. However, the speed could not be lower than 7 rps because as the
speed is reduced the discharge temperature of the compressor is lower and effectively closed to the ambient
and the system performance will be poor. The COP of the system could be up to almost 3-4-3-6 which is
better than that of a conventional unit [5] which is reported to be almost 2.

© 1992 John Wiley & Sons, Lid Int. J. Energy Res., 22, 1179-1190 (1598)
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Figure 10. The relation between mass flow rate of the refrigerant and heat extraction rate of the evaporator
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Figure 11. The COP of the refrigeration system at various conditions
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Figure 12. The air and water temperatures during an air-conditioning process

Figure 12 shows the air temperature at the fan-coil unit and the temperatures of water entering and leaving
the ice storage tank (direct contact evaporator) during an air-conditioning process. It could be seen that with
the inlet water temperature of about 16°C after passing the storage tank, the outlet of about 5°C could be
obtained and the air leaving the fan-coil unit could be reduced from about 23°C to about 18°C.

© 1998 John Wiley & Sons, Ltd, Int. J. Energy Res., 22, 11791190 (1998)
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6. CONCLUSION

' From the research work it could be concluded that the technique of direct contact heat transfer could give
high performance (COP = 3-4-3-6) with rapid cooling of the water and ice forming. The ice stored in the
direct contact evaporator tank could be easily used to cool down the water for cooling purposes.
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NOMENCLATURE

A = area (m?)

C, = specific heat (kJ/kg-K)
COoP = coefficient of performance
h = enthalpy (kTkg™ )

L = latent heat (kJkg™1!)

M = mass (kg)

m = mass flow rate (kgs™!)

N = compressor speed (rps)

P = pressure (MPa)

9 = rate of heat transfer (kW)
£ = temperature (°C)

t = time (min)

(UA) = total heat transfer coefficient (kWK ™1}
v = velocity (ms™?)

W = rate of work (kW)
Subscripts

a = air

amb = ambient

cp = compressor

cd = condenser

ev = gvaporator

ex = expansion valve

f = fan coil

ice = ice

o = outlet

r = refrigerant

t = tank

" = water-

APPENDIX
Refrigerant equation of R12

Saturated condition

T Toar \2
1P = . . sal _ K Sat
nP,, 156+896(100) 1038(100)

© 1998 John Wiley & Sons, Ltd. Int. J. Energy Res., 22, 1179--1190 (1998)
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sat
hf— 2398 + 1006(100)

Superheated condition
h=173-52 + 130110 P + (0-57 + (0-0826)In P)(T — T,))
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- ICE FORMATION AR_OUND A JET STREAM
OF REFRIGERANT
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ABSTRACT

}

The phenomenon of ice forming around a jet stream of refrigerant injected from the
bottom of a water column has been investigated. Different types of refrigerant which are R12,
R-22 and R134a have been used. It could be found that the stream of R22 gjves better heat
transier and ice could be formed quicker than the other refrigerants. A numerical mode] to
predict the water temperature and the thickness of ice forming has also been developed and the

results agree quite well with those of the expeﬁmenfs. Ice Formation  Direct-Contact Heat

Transfer Ice Storage.

NOMENCLATURE

A1 Cross-sectional area between the i and i+1%® shells.(m*)
Aiy; Cross-sectional area between the i~1% and i shells.( m?)
n-1a Cross-sectional area between the n-1% and o shells.( m*)
C,.  Specific heat of ice.(J/kgK ) |

pw  oSpecific heat of liquid. (J/kgK.) |

H Enthalpy of water.( J/kg )

‘ tazm:xﬁuu..........»......u....‘..mwai.....................ﬁl
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H, | Enthalpy of water at the i sheli.( Jkg)
H;* Ent.vhalpy of water at the i" shell after At Ihas lapsed.( J/kg )
k Theﬁm] conductivity of water or iqe. (W/mK)
L Length (m)
I, Radius of the i shell.(m ) ‘
I, Radius of the n® shell. { m )
S Distance.( m )
T, Temperature at the 0 shell.(°C )
T. Temperature of water at the i shell.(°C )
T..  Temperature of water at the i+1" shell.(°C )
T,  Temperature of water at the i-1® shell.{ °C)
T, Temperature of water ;';ﬂ‘. the n™ shell.(°C)
w1  Temperature of water at the n-1" shell.( °C )
Tp . Temperature of refrigerant.( °C)
At Time. (s )
V. Volume of water. (m’ )
A Latent heat of water solidification. ( J/kg )

P Density of water. ( kg/m®.)

INTRODUCTION

Ice thermal energy storage has been proposed to be assisted with conventional air-
condijtioning system to set a uniform electrical load during a day thus the peak load could be
reduced. During the night time, a refrigerant circulating in a set of evaporator tubes

submerged in a water storage tank decreases the water temperature to the freezing point



and the ice could be fbrme;d around the tubes and after that, during thé day tlme there is. a'
" circulation of cool water from the stora-ge tank to the air-conditioning unit during the
daytume for co;)Iing purposes. As the ice is férrm'ng on the evaporator tubes, because of it’s
low thermal conductivity.' » poor heat transfer between the Awater in the storage ta;nk and the
refrigerant is obtained and results in low cooling performance of the refrigerant unit . To
overcome this problem , the direct contact heat transfer technique is conducteci .

| Some studies on direct-contact heat transfer between immiscible fluid and phase-
change medium have been carried out. Most of them are the applications for heating purposes
[ 1]. Only a few studies on direct-contact exchanges for cooling applicatlons have been reporied
[ 2 ,3]. Different types of vaporizing fluids are sprayed into water and the heat transfer
coefficients in terms of the vessel volume are reported to be in a range of 45-130 kW/m’K.
Nuntaphun and Kiatsiriroat [4 ] also injected R-12 into a tank of water storage to generate ice

as shown in Fig.l1 . The water was well stirred by the refrigerant and the volumetric heat

transfer coefficient was about 300-2000 kW/m’K.

Fig.1 Injection of refrigerant in to a water storage [4 ].



In tlns paper, instead of generating bubblesr of refrigerant vapor into the water, a jet
stream of refrigerant has been used. The phenbmenon of ice formation around theA refrigerant jet
| stream has been observed. Different types of the refrigerants have been carried out and a .
‘numerical model to predict the ice-water temperature and the ice thickness is also described .

The available results could be used for allocating the injectors spacing in a direct-contact ice

thermal storage unit .

EXPERIMENTAL SETUP

i

Fig 2. shows a schematic sketch of the experimental sél:up. A stream of jet refrigerant
15 myjected from the bottom of the water vessel which is an acrylic plastic cylinder of 0.09 m.
diameter and 1 m. length. The cylinder is contained in another air-evacuated vessel having
plastic cover on each side thus the ice forming phenomenon inside the inner cylinder could be
observed directly. The diameter of the refrigerant nozzle at the bottom of the tank is 0.0064 m.
The temperatures of the refrigerant after the expansion valve , entering and leaving the storage
tank , and those of the water at different positions are monitored by a set of K-type
thermocouples . The water temperatures are measured at three levels which are 0.1 , 0.25 and
0.4 m. from the nozzle and at each level , three positions from center, each of 0.01 m. apart

are recorded. The refrigerant flowrate could be read directly from a rotameter.



Fig .2. The experimental setup

NUMERICAL MODEL
\

In this study , three reﬁgermt types , R-12, R—22 and R-134a have been injected
into the water vessel . The water surrounded the refrigerant jet is cooled down and starts to
solidify as its temperature reaches the freezing pomt .

Fig 3. isa schematic sketch of the water-ice model in the cylindrical vessel . The
temperature distribution is assumed to be one dimension in radius direction . The water
volume 1s aivided into n+1 concentric cylindrical shells with locating point 0 ton at the

boundaries between each shell and the next . The water vessel is assumed to be well insulated |

Fig 3. Ice formation model in the water cylindrical vessel .



The heat trénsfer coeflicient between each refrigerant and the water has been found to_'
bel65-140, 135-115 and145-120 W/m’K for R12, R12 and R1 34a, respectively. To simplify

the calculation, at the o™ shell the temperaturé' is assumed to be high thus.

] | (1)

-where Ty 1s the refrigerant temperature.

With the energy balance equation around the i shell ,wherei=1,2, 3, . n-1. The

enthalpy of each shell after the time lapse At could be evaluated in numefical form as

2 2 £
sY sy
V, =7 [rl +—] —(ri ——-J
2 2
S is the distance between shells.
Atthe n® shell, the enthalpy change after the time lapse At is also written as
[ | 1
® At Th— "Tn)
Hp=Hp+ {kAn—l,n _J > (3)
PV, S

where
) s\ .
An—Ln =27 In"‘; L

g2 -(a-3 b



When solidification occur, the temperature at the -shell between ice and water is
assumed to be 0°C Thus the enthalpy at the i" shell, which is next to the ice surface, i-1%, could

bé evaluated from

[ ] |
{ At T ~ T
H} =H; +— kAi,i+1(__H-ls—l)+hAi—l,i(Ti—l “Ti)Jl: (4)

2

h is the convective heat transfer coefficient between the ice surface and the water which
could be experimentally evaluated to be about 125-150 W/m’K, The thermal conductivity k is
also changed with the phase of the continuous medium. HB,HT and H; are the specific

enthalpies of the shell 0%, i and n™ , respectively after the time At has lapsed. The values

of the enthalpy could be related with the water/ice temperature as shown in Fig 4.

Fig 4. The relationship between the specific enthalpy and the temperature of water/ice .



The relation could be expressed as

~0°C<T<0°C ;H=C,(T,, +40), kI /kg
T=0"C ;80klJ/kg<H<412ki/kg . (3)

T)y0°C ;H =Cpe(40)+ 2+C,, (T-0),kJ /kg

With the initial conditions of the water in the vessel , the volume of the water, the
temperature and the mass flowrate of the refrigerant , the temperature of the waterfice in the
vessel at any posttion and also the portion of ice formed could be evaluated.

}

RESULTS AND DISCUSSION

Temperature distribution in the waterfice vessel.

Fig.5 shows the temperature distributions in the water vessel . With different mjected
refrigerants, it could be seen that the rate of temperature teduction in the case of R-22 is faster
than those of R-12 and R-134a because of its better heat transfer coefficient. From the Fig. , the
temperature histories calculated from the developed model have been presented . The results
agres well with those of the experiments. However, since the model is assumed to be one-
dimensional heat transfer in the continuoug medium, therefore, higher the height of the medium
will result in higher deviation in the temperature prediction. From Fig.6 |, it could be seen that
higher deviations in predicting the temperatures have been found when the medium height is

0.573m compared with that is 0.387 m.
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Fig 6.Comparison of the temperature profiles in the water/ice vessel with different height,
The refrigerant injected is R-134a.




fce Formaﬁon

As temperature ~in the continuous mediﬁr_n reaches the freezing pOil-lt , Ice could be
formed around the refn'ge.rant stream Figs 7,8 and 9 show the histories of the average diameters
of the ice forming for different reﬁ’igerants'inject.ed.

In Fig 7 ,it could be seen that as the ice is forming around the refrigerant stream , the
ice thickness increases slightly with time because of low conductivity of the ice. The calculated

results agree well with those of experiments.

Fig 7.The diameter of the ice around the R134a refrigerant jet.

Fig.8. shows the predicted results of the average diameter of the ice forming for
different refrigerants. From the Fig., it could also be seen that the starting period of ice
formation in the case of R-22 is shorter than those of R-12 and R-134a because of its higher

heat transfer coefficient.




Fig 8. Comparison of the predicted and the measured values of the diameter of the ice forming.

Fig 9. shows effect of the medium height on ice diameter with different refrigerants. The
heat transfer coefficient of R-22 is higher than the others, though the continuous medium height
Is changed, the phenomenon of ice formation slightly changes compared with those of R-12 and
R-134a. Moreover, the ice diameters seem to be quicker generated. However, from the
experiment, since the pressure of R-22 is rather high, therefore the medium height should not

exceed 0.5m, otherwise the ice column is easily broken because of the pressure.




Figd. Effect of the medium height on the prediction of ice diameter.

CONCLUSION

From the research work, it could be concluded that the developed one-dimensional
model could be used to predict the temperature and the diameter of the ice forming around a
refrigerant jet with good agreement with those of the experiments . The validation of the

model is quite high when the medium height is less than 0.5 m. The diameter of the ice obtained

is in a range of 0.02-0.03 m.
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Fig 7. The diameter of the ice around the R134a refrigerant jet.
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PERFORMANCE ANALYSIS OF A DIRECT-CONTACT

THERMAL ENERGY STORAGE-SOLIDIFICATION

T. KIATSIRIROAT
Department of Mechanical Engineering, Chiang Mai University,

Chiang Mai 50200, Thailand

J. TIANSUWAN, T. SUPAROS and K. NA THALANG
King Mongkut’s University of Technology Thonburi
Bangkek 10140, Thailand

Abstract - Performance of a direct-contact latent heat energy storage during discharging process has
been investigated. The storage medium used is sodium thiosulphate pentahydrate of which the melting
temperature is 48°C and the heat exchanging fluid is heat transfer oil. An empirical expressiqn\tq________
evaluate the volumeitric heat transfer coefficient has been carried out. A lumped analysis is also found
to be quite suitable to analyze the temperatare of the storage medium and its solid fraction including

the temperature of the oil leaving the storage. The results agree well with those of the experiments.

Keywords : Latent Heat Storage, Direct-contact heat transfer, Solidification



INTRODUCTION

. Energy storage is essential whenever the suﬁply of energy could not meet the demands. In
latent heat storage, thermal energy is stored in materials Wi]ich undergo change of phase in a suitable
temperature range. Solid-liquid transformation is most comﬁlonly utilized ax;d the energy stored could
Be discharged at a constant crystallization temperature. However, most of the solid-phase material
usually have low thermal conductivity, therefore, during the discharging process, as the material

solidifies onto the heat transfer surface, high thermal resistance is obtained.

Direct-contact heat transfer is another technique to enhance the heat transfer. F igure 1 shows

the physical system under consideration.

F 3

heat transfer liquid

pump

e X
coo! fluid Heat
exchanger

U heat transfer liquid

Fig. 1. Schematic of the direct-contact thermal energy storage.

A 4

During the discharging process, a liquid lower in density and immiscible with the storage
material is injected at the botiom of the storage unit. The lquid rises through, agitates the storage
medium, extracts heat and leaves from the top of the storage tank and transfers heat in a heat
exchanger. High heat transfer coefficients at the storage have been reported by several workers [1, 2,

3].

In this study, thermal behavior of a sodium thiosulphate pentahydrate storage exchanging heat
directly with a heat transfer oil during discharging process has been investigated. Effects of several
parameters such as the flow rate of the heat transfer oil, the volume of the storage medium on the heat

transfer coefficient are also considered.



THE EXPERIMENTAL SETUP

Figure 2 shows a schc_:matic sketch of the exp.erimental setup. The difect-contact storage unit
| is an acrylic plastic cylinder of 0.12 m diameter and 0.7 m length containing sodium thiosulphate
.pentahydrate inside. The unit is covered with another acrylic plastic cylinder of.0.3 m diameter. A heat
transfer oil is injected th;rough a multi-head injector at the bottom of the storage tank, exchanges heat-
with the storage medium and leaves at the top of the tank because of its lower density. The experiment
is ﬁrstl},-f performed by pumping hot oil from the hot oil tank to melt all the storage medium. The hot
oil at the top of th-e storage tank could be returned back to the hot oil tank by gravity. The discharging -
process begins by feeding cool oil from the cool oil tank to the storage tank. The hot oil leaving then
exchanging heat at a water-cooled heat exchanger before returning back to the oil tank. The
temperatures in the storage medium at different levels of 0.02, 0.12, 0.22, 0.32 and 0.42 m from the
bottom of the storage unit including the oil inlet and outlet ‘are monitored by a set of K-type

thermocouples. The oil flow rate is read directly from a calibrated rotameter.

Flow meter
' < | < oil
Hot oil _
I tank tSaIt (F S\
rap
% Direct-contact
- storage tank
Water__¢ [ Bk l ~
cooled _/
heat 3 pump
exchanger ] i
Cool oil
tank >

Fig. 2. The schematic sketch of the experimental setup.



TEMPERATURE HISTORIES

Before starting the experiment , the storage medium is heated by hot oil until the whole body
is over its melting point (about 43°C) and the whole storage medium is in liquid phase. Then cool oil

is injected at the bottom to extract heat from the storage medium.

Figure 3 shows the temperature histories of the storage medium during discharging process
with different inlet oil temperatures of about 33.2 and 37.5°C. The height of the storage medium is 45

cm (12 kg) and the oil flow rate is 2.125 Vmin.
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Fig. 3. The temperature histories of the storage medium of 12 kg (0.45 m height)

with different oil inlet temperatures.

High heat fransfer is obtained with direct contact heat exchange so the temperatures of the
storage medium at different levels are nearly the same. Lumped model could be applied when the inlet
oil temperature is high. It could also be seen that as the inlet oil temperature is higher the temperatures

could be kept nearly constant for a longer period.

Figure 4 shows the effects of the mass flow rate and the height of the storage medium on the
temperature histories. It could be seen that the unit could be treated more correctly as a lumped model
when the flow rate is higher and the amount of the storage medium is less. Moreover, for bigger the

size of the storage medium, the outlet oil temperatures could be kept constant for a Ionger period.
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Fig. 4. Effects the oil mass flow rate and the storage height on the storage temperature histories,

The oil inlet temperature is 37.5°C



OVERALL HEAT TRANSFER COEFFICIENT

Volumetric heat transfer coefficient.in the direct-contact thermal energy storage could be

calculated by
Uy, = Q/V(AT),,, (W

Where 0=(mC,) (Tpu=Toun) - @

oil

Q is the heat exchange rate, V is the volume of the storage medium, and (AT ) m 18 the temperature
difference between the storage medium and the oil temperature. The temperature difference could be

defined as

( orI m) ( ]:JJI out)
(A7), = : ®
In [( o:l out)/ (:Z—.; oil m)]

T, is the average storage temperature, T, and T, are the temperature of the oil entering and

oil,out

leaving the storage medium, respectively.

Figure 5 shows the overall heat transfer coefficients during the discharging process with
various oil flow rates. The heat transfer coefficients are nearly constant during the phase
transformation of the storage medium and highly fluctuated when the storage temperature is lower
than its melting point. It could be seen that higher the oil mass flow rate results in better heat transfer

coefficient.
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Fig. 5. The volumetric overall heat transfer coefficients during the discharging process.

The storage is 12 kg, the oil inlet temperature is 37.5°C

Some other experiments [4] have used chilled oil or refrigerant injecting directly into water
columns to generate ice. The volumetric heat transfer coefficients have been expressed in term of a

dimensionless group, St, which depends on the other dimensionless groups, Ste and Pr, as

St = f(Ste,Pr) (4)

St is Stanton number, St =U V/ (m C FJ ; Ste is Stefan number, Ste = [C (AT ,m] /L

!

and Pr is Prandtl number, ( uC,/ k)

I

By fitting all the experimental data of [4] with the present data, the dimensionless groups

could be expressed as
log(St) = Iog(LS’te.Pr"'25 ) , (5)

The result is shown in Figure 6.
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Fig. 6. The empirical relation of the parameters affecting

the direct-contact thermal behavior during solidification.

LUMPED ANALYSIS

Since the temperatures of the storage medium from the experiment are nearly uniform,
therefore, lumped model to predict the thermal behavior of the storage during the solidification
process has been used in this study. With the lumped assumption, the energy balance at the storage

tank when the heat loss is neglected could be written in numerical form as

M, (h”m - ht)/Af = (m ij _ (I;f.',m - Taif.our) @)

oil

The right-hand-side term is the heat exchange rate at the storage tank and could also be

calculation from

(m ij _ (j;ﬂ,:'n - I:)i[,ouf) =, (AT)zm

oil
(]:w - ?:afr,fn)_ (Ts - T:ail',ouf) ] (7)
" 10(T; = T}/ (T~ Tona)|




The specific enthalpy of the storage medium could be related with its temperature as the

_diagram in Figure 7.
h (J/kg) .
~ Liquid
258.282%103 |- emseeemmemcmcaees /
187x10% J/kg
71.232X10% |ommemmemomm e | 1
y |
— T (°C)
0°C 48°C S

Fig. 7. The enthalpy-temperature diagram of sodium thiosulphate pentahydrate.

The relation could be expressed as
h=1484T ;T <48°C

258.232x10° > h>71.232x10°; T, =48°C
h=258232 + 2411 (T,-48) ; T,> 48°C. (8)

The solidified part of the stofage medium during the discharging process could be calculated

from

_ 258232x10°
- 187x10°

(9

With the initial condition, the mass flow rate of oil and its inlet temperature, the mass and the
volume of the storage medium, the temperature and the mass fraction of the solidified part during the

discharging process could be evaluated. The step of calculation is shown in Figure 8.
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Fig. 8. Step of calculation for the thermal behavior of the storage medium.



Figure 9 shows the simulated results of the oil temperature leaving the storagel medinm and

the storage medium during the discharging process. The results agree well with those of the

experiments,
65
——
QO
[ — )
o 55 ave. Ts (exp.) .
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E J / e
E :\.0 * o oo o OOOQ,ATM_Q\O.
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F 35 I [
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Fig 9. The temperature histories of the oil leaving the storage medium
and the storage medium during discharging process. The oil inlet temperature is

37.5°C, the oil velocity is 2.125 /min and the amount of the storage 12 kg .

Figure 10 shows the calculated solid fraction of the storage medium during the discharging
process. In case of the experimented data, the solid fraction is estimated by direct observation. The

simulated results are slightly higher than those of the experiments.
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Fig. 10. The solid fraction of the storage medium during discharging process :
The oil inlet temperature is 37.5°C The oil flow rate is 2.125 Vmin,

the amount of the storage 12 kg,

CONCLUSION

High heat transfer rate is obtained with the dircct-contact heat transfer technique. The
temperature of the storage medium during discharging process is nearly uniform and the lumped
model could be performed. With the lumped analysis, the simulated temperatures of the oil outlet, the
average storage medium and the solid fraction could be evaluated. The results agree well with those of

the experiments.
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NOMENCLATURE

CF specific heat, J/kgk -

h specific enthalpy, kg

k thermal conductivity, W/mK
L latent heat, J/kg

M mass of storage medium, kg
m mass flow rate of fluid injected, kg/s
Pr Prandtl number,

Q heat transfer rate, W

St stanton number

Ste stefan nimber

T, oil temperatdre, °C

T storage temperature, °C

(AT) o Jog mean temperature difference, °C

At time lapse, s

U, volumetric overall heat transfer coefficient, W/m'K
vV volume of the storage medium, m’

x solid fraction

Greek symbols

H absolute viscosity, Ns/m’
Subscripts
I liquid (fluid injected)

s storage
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APPENDIX
Heat transfer oil properties :
Density (kg/m’) = 880-0.6T ;T in°C
Specific heat (kI/kgK) =3.02+0.00348 T ; Tin°C

Sodium thiosulate pentahydrate properties :

Melting point 43°C

Latent heat 187 kl/kg
Specific heat

Liquid 2.411 kI/kgK

Solid 1.484 kI/kgK
Density

Liquid 1.67x10° kg/m’

Solid 1.75x10" kg/m’
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