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1. Introduction

An intermittent solar activated charcoal-methanol adsorption
refrigerator has been designed and is now fabricated at AIT.
The design of the system is based on p-T-x data determined with
our laboratory measuring equipﬁent for one of our charcoal
samples (extruded type 207E3) from Sutcliffe Speakmen Carbons
Ltd., U. K. The first series of laboratory measuremenis has been
cﬁrried out on activated charcoal from a local factory in
Thailand. Although this local sample was capable of adsorbing and
desorbing methanol, large hysteresis was observed during
adsorption and desorption at low evaporator pressure. Due to
this reason this charcoal has not been used in the design of the
system. But a new sample prepared with special care has been
acquired from the same local factory and is being tested. If the
tests show encouraging results the solar refrigerator will also

be tested with the local charcoal.

1.1 Ideal Cycle

The ideal cycle operating this type of system consists two
isosters and two isobars. The sensible heating and sensible
cooling before and after generation follow two 1isosters; and the
generation and the adsorption process follow the isobars. The

cycle can best be illustrated in the p-T-x diagram of Fig.

a. Sensible Heating A,-G,

Starting in morning, charcoal having rich concentration of

adsorbed methanol is heated by solar energy to a temperature TgG1
until vapour pressure of methanol becomes equal to the

condensing pressure. The concentratioan of methanol contained in
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charcoal remains constant and thus the process follows an

isoster.

b. Generation Process TG1”TG2

During this process refrigerant is driven off at a constant
pressure corresponding to the condenser temperature and the
adsorbent becomes more and more dilute. This continues until the
highest temperature for the day is reached. The refrigerant

condensed in the condenser is collected in receiver.

c. Sensible Cooling TGZ'TA1

The collector/generator is cooled and the pressure of the
methanol decreases as it cools until it equals the saturated

vapour pressure of methanol at about -10°C. This cooling is &n

isosteric process.

d. Adsorption TA1-TA2

Methanol evaporates at constant pressure and is adosrbed by
the charcoal in the collector. Since the adsorption process is
exothermic, the heat of adsorption has to be lost by the
collector to the ambient air. The methanol takes its latent
heat of evaporation from water surrounding the evaporator and ice

starts to form. This process starts late evening and lasts until

next morning-.

1.2 Heat of Adsorption/Desorption

The isosteric heat of adsorption can be determined from the

p-T-x characteristics of the pair using the Clausius-Clapeyron



equation #s follows:

Hogs = B 1n Pp/Py /( 1/T4 - 1/Tp) (1)
= Rx (siope of the ln P vs ~ 1/T diagram).
vhere,

H Heat of adsorption, kJ/kg of refrigerant,

ads
P,Ty and P, T, are pressure/absolute temperature combinations
on the same isoster,

R = Gas constant for the methanol vapour, kJ/kg-K.

Based on this principle; the heat of adsorption for each
isoster (in Fig. 2) was calculated. It was found to vary fronm
1097 kJ/kg at 21% concentration to 1944.2 kJ/kg of refrigerant
at 7% as the isosters have different slopes. An average value
of 1500 kJ/kg of refrigerant has been assumed for the design of
the system. The heat of desorption has been assumed equal to

that of heat of adsorption.

1.3 Design of the System

The evaporation temperature Tp depends on the applications;
for ice production it has to be in the range of -10°cC. Tciis
the condensing temperature which should be as near to the ambient
temperature as heat transfer and ecoanomics will allovw.
Similarily T,, should be as low as possible so that the rich
concentration is ;s high as possible. This maximises the
concentration change thus minimizing the quantity of charcoal
that must be (wastefully) heated and cooled with the adsorbed
refrigerant. But T,, depends on the night-time ambient
temperature and also the heat transfer characteristics of the
collector. For design calculations it has been assumed equal to

300C. Thus the point corresponding to the evaporation .
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temperature of -10°C and adsorber temperature of 30°C fixes
point A, in the p-T-x diagram. The concentration corresponding

to it is 15% by weight. This system has a water cooled
condenser and condensing temperature is assumed equal to 30°C.
Following 15% isoster and condensation pressure corresponding to
30°C, peint G; can be located which gives generator temperature
of 86°C. Assuming a generator temperature Tgp2 equal to 100°c,
typical of the flat-plate solar collector and condensation at
309, the final concentiation of the refrigerant in charcoal is
7%. This gives a concentration change of 8%. Similarly the
generator has to be cooled to 60°C before the adsorption starts
at pressure corresponding to the evaporation at -10°c. This
adsorption process starts late at night and continues until next
morning. This fixes the ideal cycle on which the design is

based. The corresponding state points are shown in Fig. 2.

1.4 Heat Transfer iﬂ the Cycle

Let mo and mpy be the mass of the coiiector/generator and
adsorbent (charcoal) contained in the collector respectively.
Let C. and Cp be the respective specific heat of the collector
matefial and the charcoal. The specific heat of the adsorbed
phase has been assumed equal to that of the liquid phase and
denoted by Cg. Assuming the collector, charcoal and the
adsorbed phase are at the same temperature, the heat to be
supplied during the sensible heating Qs from temperature Tp, to

Tgy can be estimated as:
Cs =(mc Cc + mp Ca+mpaXeonce Cr) (Tl - Ta2) (2)

where XcConc is the rich concentration, kg of methanol/kg of

charcoal.



The desorption or generation process starts once the
temperature reaches to Tg) and continues until the highest
temperature of the day 7Tg, is reached. After this heat loss from
the collector becomes greater than the heat input and generation
stops. Thus heat supplied during the generation process
includes sensibie heating of the collector, charcoal, the
desorbed phase and also the heat of desorption. Assuming the
'sensible heating of the desorbed phase is equal to that needed to
raise the mean mass of the adsorbate durirng desorption to the
final temperature Tgy, the heat needed to be supplied Qg can be

approximated as:

Qg = ((mg Cc + my Cp + mp Cp (Xcone *+ ¥pi1)/2 ) (Tg2 - Tgy) +

mp Hpes (Xconc - ¥pil) (3)

where Xp;p is weak concentration at the end of generation.

The total heat that has to be supplied during the sensible
heating and the generation process is approximately the sum of

the guantities given by equations (2) and (3).

The heat that has to be lost from the collector during the

sensible cooling process Tgy to Tp; can be calculated as:

Qc = (mg Cg + mp Cp+maXpy; Cp) (Tgz - Tay) (4)

The heat needed to be rejected from the collector during

adsorption process can be approximated as:

Qa = ((mg Cc + mp Cp + my Cp (Xgope + Xpi1)/2 ) (Tay - Ta2) *

Ma Hads (X¥cone - Xpil) (5)



The useful cooling Q- that can be produced by this system

during night can be given as:

0c = mp (Xcone - ¥pi1) (hge - Pgc) (6)
where,
hge = Specific enthalpy of the refrigerant vapour leaving the
evaporator, kJ/kg,
heo = Specific enthalpy of the refrigerant vapour leaving the

condenser, kJ/kg.

But Q- can be approximat=d as:

Qc = mp (Xconc - ¥pi1 ) ( L - Cr (T~ Tg) (7

where L is the average latent heat of the refrigerant liquid

leaving the evaporator, kJ/kg.

Thus the thermal coefficient of performance of the system is

given as follows:

But the overall coefficient of performance the system will
be equal to the thermal coefficient of performance multiplied by

efficiency of the solar collector/generator.



1.5 Design of the Components

1.5.1 Solar collector

The solar collector consists of an array of 15 copper tubes
21/8"(53.97 mm O0.D.), 0.528" (l.47mm )thick and 1.2 m long. This
configuration provides an effective collection area of 0.9715 m?,
Although calculations were done on the different materials such
as brass, stainless steel, aluminum tubings and also aluminum
sections, M-type copper tube was chosen for the following

reasons:

- availability of the material and fittings

- ease of fabrication such as by soft soldering, silver
brazing etc.

- low specific heat but high conductivity of the material of

the tubing.

Each copper tube contains a centrally piaced perforated gauge
tube of 3/8" diameter which is connected to the common header at
the bottom of the collector. This was done to ensure even
distribution of the methanol vapour in the charcoal and to reduce
the pressure drop. Each tube containing charcoal has screw-type
caps at one end and flare jeints at the other end. Thus tubes
can be individuwally dismantled from the main assembly to
facilitate change of charcoal, if necessary. The arrangement is
shown in Fig. 3. The collector as fabricated has 37 kg of copper
in tubes containing charcoal, header and gauge tubes, 3.5 kg of
brass in end caps and nipples; and 1.63 kg in stainless steel
caps. The total weight of the collector grid is 42.18 kg and it

can contain about 17.46 kg of charcoal.


http:21/81"(53.97
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FIG. 3: SOLAR COLLECTOR GRID. Dimensions are in mm.
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The collector has a 4mm thick glass cover at a distance of
32mm from the top surface of the collector tubes. One glass cover
was choosen based on the previous experience at AIT (Exell and
Kornsakoo, 198l). The top surface of the collector array is
covered with selective MAXORB Solar Foil (INCO SELECTIVE
SURFACES, U.K.) coated with a special pressure-sensitive acdhesive

which can be used at high temperatures.

The assembly is housed in a galvanized iron sheet case of
size 1.5m by 1 m. Polyurethane foam is used for insulating the
pipes. The insulation fills in the casing and forms a mould
90mm thick. The back insulation of the collector can be opened
by lowering the back of the casing which is hinged at the bottom
and bolted in position at the top. The panel is tilted at an
angle of 14° facing south. This collector at 30 to 35 %
collection efficiency can provide heat needed to desorb
approrimately 1.4 kg of methanol and has sufficient area to
dissipate the heat of adsorption when back of the collector is

lowered. Detailed calculations are shown in appendix.

1.5.2 Condenser

The design of the condenser is based on the condensation of
1.4 kg of methanol vapour at 30°C to methanol liquid at the same
temperature. The total amount of heat to be released in the

condenser can be calculated as follows:

From the methanol property tables (Liney, 1982), the enthalpy
of the methanol vapour at 30°C is 1776.5 kJ/kg and the enthalpy
of the methanol vapour at the same temperature is 613.85 kJ/kg.
So, a total of 1627.7 kJ has to be released in the condenser.

Supposing condensation takes place during the period of four
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hours, the heat rate is 113.03 W.

The surface area for heat transfer can be calculated as:

A = 113.03/U 4t, m? (9)

where U is the overall heat transfer coeffircient in W/mz—K and at

is the teniperature difference in degrees.

The overall heat transfer coefficient by natural convection
in the static water tank with some fouling was estimated to be
170 W/mz-K from previous experience (Exell and Kornsakoo, 1981).
Assuming 5°C temperature difference between the vapour and the
cooling water, a heat transfer area of 0.133 m2 is required. A
prefabricated car radiator with copper fins has been adapted and
used as condenser in this design. This provides an enormous heat

transfer area, which is estimated to be approximately 7 m2.

Since the total heat to be released in the static water tank
is about 1627.7 kJ, and allowing a temperature rise of 1.5°C, the
amount of water needed in the tank is 260 kg. The water tank is
made up of mild steel sheets and has dimensions 1lm x 0.7m x 0.4

m; it can contain 279 kg of water.

1.5.3 Receiver

The methanol receiver holds about 2.5 kg of methanol liquid,
which amounts to 14.3 % of methanol cycled. Although this
system is expected to cycle only about 8% but this prcocvision was
done to test other charcoals without changing the receiver. The

methanol is contained in a brass container 150 mm in diameter and

180 mm long.
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1.5.4 Evaporator

The design of the evaporator is based on the following

assumptions:

1. The amount of methanol to be evaporated is l.4 kg.

2. The refrigeration process takes 12 hours.

3. The evaéorator temperature is -10°C.

4. The specific latent heat of evaporation of the methanol vapour
between 30 to -10°C is 1189 kJ/kg.

5. The conductivity of the ice layer is 2.2 W/m-K.

It follows from the above assumptions that the maximum amount
of ice that could be produced by this systen from water initially
at 30°C is about 3.3 kg. The total cooling produced is 1511 kJ
and the heat flow rate required is 35 W. This heat flow rate
must be maintained by the freezing water-until the last bit of

ice is formed in the cycle. Thus,
35 = 2.2 Ap AT/x W (10)

where,
Ap = Heat transfer area of the evaporator, m2,

AT = Temperature difference between evaporator and water
surrounding the evaporator, °C,

x = Thickness of ice, m.
Thus from equation (9). Ap/x = 159 m (11)

The specific volume of ice at 0°C is 0.001091 m3/kg and the

total volume of 3.3 kg of ice is 0.0036 m3 which gives:



Ap x = 0.0036 m3 (12)

Solving equations (ll) and (12), the surface area of heat
transfer is equal to 0.07566 m2 and the maximum thickness of the
ice is 47.5mm. After several trials a trapezoidal section has
Lsen selected for the evaporator . This section prcvides
effective surface area of about 0.13065 mz.and the effective
thickness of ice will reduce to 28mm. The evaporator was made
out of the brass sheet and has the total mass of 1.61 kg. The
volume of the methanol liquid that can be contained in the
evaporator is about 5% of the total that this system is expected
cycle. This configuration will also allow easy removal of ice.
The receiver/evaporator assembly is shown in Fig. 4 and the

sectional view of the whole refrigeration system is shown in

Fig. 5.

2.1 Pressure Drop in Connecting Tubes and Charcoal

The worst possible case that might be encountered is a
temperature of 260 K (~13.15°C) during evaporation, the specific
volume of methanol vapour at this temperature is 39.49 m3/kg and
the corresponding pressdre is 1700 Pa. Since the total amount of
vapour to be cycled is about 1.4 kg in twelve hours, the average
mass flow rate is 3.24 x 105 kg/s. The average velocity of the

methanol vapour V can be calculated as:

<
L}

nd /A (13)

where,
m = Methanol vapour rate, kg/s,

Y - gpecific Volume, m3/kg,

Af = Cross-section area of flow, m2.
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To keep the pressure drop in the connecting pipe low a
smooth drawn 13/8" (32.8mm I1.D.) copper tube has been choosen.
This tube has a flow area of 0.0008296 m? and the average

velocity of vapour flow in the tube is 1.54 m/s. Assuming the

average viscosity of the methanol vapour‘/ﬁ equal to 10.1 x 10-6
Ns,/m%, the Reynold's number Ry is given as:

Ry = 4 M /x Djfl & 126 (14)
where,

D; = Internal diameter of vapour transport tube, m,

Since the Reynold's number is less than 2000, the flow is
laminar and the Fanning's friction factor f is equals to 16/Ry
(Perry and Chilton, 1973), and the pressure drop 4P (Pa/m) in

the connectiﬁg tubes can be calculated as:
ap = 1/2 v2(f/p; y) (14)

For the 1 3/8" connecting tubes, the pressure drop is equal
to 0.1161 Pa/m and pressure drop in gauge tubes is 1.9 Pa/m,

which is satisfactory.

The flow is laminar and the pressure drop in the bends is
small but the bends and sudden changes in the internal diameter

of flow have been kept to minimum.

Since gauge tubes have been used in this system, the
effective thickness of charcoal in the tube in the radial

direction is only 21 mm and the pressure drop in the charcoal

will be negligible,.



- 18 =~

REFERENCES

Exell, R. H. B., and S. Kornsakoo (1981). Design and Testing of

of a Solar Powered Refrigerator Research Report No. 126,

Asian Institute of Technology, Bangkok. p. 60.

Exell, R. H. B. (1983). The Theory of Simple Solar Refrigerator.

Reneawabie Energy Review Journal, Vol. 5, No. 2. pp. 1-17.

Holman, J. P. (1981). Heat Transfer. McGraw-Hill International

Book Company. pp. 283.

Liney, P. E. (1982). Thermodynamic Properties of Methanol.

Chemical Engineering, pp. 50-51.

Perry, R. H., and C. H. Chilton (1973). Chemical Engineer's

Handbook. McGraw-Hill Kogakusha Ltd. pb. 5-22.



- 19 -

APPENDIX

Table 1: Properties of different materials used in the design.

Average Specific Heat of Liquid 2.55 kJ/kg-K
Average Density of Liquid 791.00 kg/m3

Average Latent Heat of Evaporation

of Methanol Vapour 1189.00 kJ/kg
Cooling produced by

Methanol Vapour at -10°C
from Liquid initially at 30°¢ 1087.0 kJ/kg

Charcoal Properties

Bulk Density 500.0 kg/m3
Average Specific Heat 0.7 kJ/kg=-K

Other Properties

|
|
|
|
|
l
|
I
I
|
|
I
Average Heat of Adsorption/Desorption 1500.0 kJ/kg |
|
I
I
I
I
|
|
I
|
I

Average Specific Heat of Copper 0.381 kJ/kg-K

Average Specific Heat of Brass 0.385 kJ/kg-K

Average Specific Heat of Steel 0.470 kJ/kg-K l
I
+
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Design Calculations

The solar collector consists of 37 kg of copper, 3.5475 kg of
brass and 1.63 kg of stainless steel. The total amount of
charcoal that can be filled in the generator/collector is 17.46
kg. From the p-T-x diagram, it is clear that the rich
concentration of methanol is 15% and the weak concentration will
bé 7% if the generator temperature reaches 100°C. If the system
follows the ideal cycle, the collector, charcoal and the methanol
adsorbed in charcoal have to be sensibly heated to 86°C. Thus
the heat to be supplied during the sensible heating process from

initial temperature of 30° to 86°C is:

(37 x 0.3831 + 3.5475 x 0.385 + 1.63 x 0.47) (86 - 30) +
(17.46 % 0.7 + 17.46 x 0.15 x 2.55) (86 - 30)
1971.59 kJ

Qg

Similarily, the heat supplied during the generation process
from a temperature of 86°C to the maximum generator temperature
of 100°C when the concentration of methanol in the charcoal

decreases to 7% is:

Qg = (37 x 0.3831 + 3.5475 x 0.385 + 1.63 x 0.47 + 17.46 x
(0.15 + 0.07)/2 x 2.55) (100 - 86) + 17.46 x 1500
x (0.15 - 0.07)
= 2563.16 kJ

So the total heat to be supplied by the collector is the sum
of Qg and Qg and is equal to 4534.75 kJ. The total heat needed
to heat the container from the state A, to G, is 1141.46 kJ
which is approximately 25% of the total heat that has to be
supplied to the system.
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If we assume the average efficiency of the solar collector
equal to 30%, the total amount of solar radiation incident on
the surface of the collector has to be 15.115 MJ. Since the
effective collection area of the collector is 0.9715 m2, the
solar radiation incident on the surface of the solar collector
by the end of generation has to be about 15.6 MJ/mz. But if the
efficiency of the solar collector is 35%, the above amount
reduces to 13.3 MJ/mz. Since the average solar radiation for
Bangkok is about 16 MJ/mZ, the peak being approximétely 20
MJ/mz, the solar collector has sufficient area to supply the

required amount .of heat to the system.

I1f we negelet the thermal mass of the receiver, the
evaporator, and heat leak, the net cooling produced by the
evaporation of about 1.4 kg of methanol is 1521 kJ. Thus the
thermal coefficient of performance of the system is 33.5% but
the overall coefficient of performance will be between 10 to
11.7%. But the thermal mass of the recgivei, evaporator and the
heat leak to the receiver/evaporator box will reduce this
performance further. The overall coefficient of performance of
the system is expected to be around 10% and the system is

expected to produce about 3 kg of ice from water initially at

30°c.

Estimation of Heat Loss by the collector during Adsorption

After the generator temperature has passed its maximum for
the day, the back insulation of she collector can be lowered to
cool the generator and the charcoal contained in it. If we
assume half of the circumference of each tube to be exposed
to the ambient air the total heat transfer area is approximately

1.5 m2. The heat loss from the back of the collector will be
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mainly by three modes of heat transfer (i) natural convection,

(iii) forced convection due to wind, and (iii) radiation.

(i) Heat Loss by Natural Convection

For a heated plate facing downward the Nusselt number Nu is

given by Holman (1981) as follows:
Nu = 0.56 (Gr Pr Cos o )1/4

But the Grashof number Gr = gF (Ty = Teo ) x3/i)2

where,
B = volume coefficient of expansion = 1/T, where T is in
Kelvins,
Tw = Wall temperature, K,
Too = Free stream temperature, K,
b 4 = Length of the plate, m,
9:?? = Kinematic viscesity of air, mz/s,
/1 = Dynamic viscosity, ky fm-s,
Pr = Prandl number = b/q , and o = k(fcp
k = Conductivity of air, W/m-K,
(7.3 = Diffusivity, mz/s
6 =2angle made by the heated plate with the vertical,

degrees.

In the above equatién T is calculated as:

Other properties are evaluated at temperature T; which is

given as:



- 23 -

Ty = Ty - 0.25 (T, - Tgo)

Assuming the wall temperature equal to 35°C and the free
stream temperature of 30°c, F is equal to 1/304.4 and the fluid
properties have to be evaluated at 29°Cc. This gives Gr Pr equal
to 687#106. Thus the convective heat tranfer coefficient can be
given as:

hc = Nu k/x

The above equation gives a convective heat tranfer coefficient
due to natural convection h, for 1.2 m long tube equal to

1.39 W/m2-K.

(ii) Heat Tranfer due to Wind

Assuming the average wind speed of 1 m/s and applying the
empirical relation of Watmuff, Charter and Procter (Exell, 1982),
the convective heat tranfer coefficient due to wind flowing over

the plate is:

h = 2.8 + 3.0 = 5.8 W/m2-K

W

Thus the total heat lost by natural convection and the wind
blowing across the exposed area of 1.5 mz, assuming the average

temperature difference of 5°c between the back of the collector

plate and ambient is egqual to 53.92 W.
(iii) Radiation

Assuming a temperature difference of 50C between the

collector and the ambient at 30°C, and emissivity of the back of
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the coated collector equal to 0.8, the heat transfer through the

surface area of 1.5 m2 is:

q, = €6(T,%4 - 1,H) A
q, = 0.8+5.669%1078(308.15% - 303.15%)x1.5

= 39.5 W.

Thus the total heat lost by the back of the collector by
above three modes of heat transfer is equal to 93.4 W. I1f the
time to release the heat is 12 hours, the total heat that can be
lost is equal to 4036 kJ. The heat to be lost during adsorption
period is equal to 2731 kJ. Thus the back of the collector can

dissipate the heat during adsorption.



APPENDIX I

AN ACTIVAIED CHABCOAL = UEIHANOL REERIGERAIOR
QBPERAIED BY SIEAU

K.Sridhar , Energy Technology Division, AIT

1. INTROBUCTION

A Charcoal-Methanol refrigerator,working on the principle of
intermittent adsorption,uwith steam as the powering medium for
heating the charcoal has the following adyantages-

a. It can be made independant of the solar cycle ie. production
of ice does not depend on whether it is night/dav.

b. Steam can be produced using any waste heat source or even the
waste heat (for eg.flue gas) can be used directly.

c. As a corollary to a.,the optimum cycling time can be studied .

With these points in view, a Charcoal-Methanol refrigerator has

been built already and currently it is in the commisioning

stages. This report highlights the design aspects and a feuw
constructional details also. Also the propaosed adsorption cycle
is discused.

2. MATERIALS

The activated charcoal {(AC) being used -is the model 207C,
supplied by Sutcliffe Speakman Co.Ltd, UK. The AC is a coconut
shell based carbon. In the months of Feb and March this
-~ year,tests were carried out in our laboratory to determine the P-
T-x {(pressure,temperature and concentration) characteristics of
the 8C (Fig 1). Though these tests are not extremely accurate,the
data obtained is accurate enough to design and estimate
performances like COP,for a refrigeration application. Also in
Apendix A.1 are 1listed the properties of 207C, supplied by
Sutcliffe Speakman Co. Ltd.

3. THE REFRIGERATION SYSTEM

The schematic diagram of the complete system is shoun in Fig 2.
The main components of the system are the adsorber, the
evaporator,a condenser and the steam generator/boiler.

3.1 The adserber

The adsorber is a 1.8 metrelong column consisting of 3 concentric
cylinders.The innermost pipe, 2" in diameter, provides passage
for steam for heating the AC or for the cooling water to cool the
hot AC. The next outer pipe is 4" in diameter and between the 2"
and the 4", the AC is housed. Both these pipes are made out of
hard drawn copper.The outermost pipe is 8" in diameter and is
made of HDOPE. This encircles the polyurethane foam 1insulation
provided for the AC. Fig 3. illustrates the adsorber in detail.

Y



3.2 The Evaporater

The evaporator with a level gauge for the methanol level,has been
sized on a 4 Kg charcoal basis. The evaporator area is 0.58 sq

metre and the estimated quantity of ice produced is about 10 Kg

per day. The evaporator is made up of hard draun copper tubes of
1-3/8 " dia.The ice box capacity is 18 litres and the insulation
provided 1is polyurethane foam. Fig 4 illustrates the details of
the evaporator and Fig 5. gives the features of the ice box.

"3.3 The Condenser

This is provided to cocol! the methanol vapour coming over when the
AC is heated. The condenser is a water cooled one, with the room
temperature water at the inlet on the tube side. The designed
rise in the water temperature is about 3 degrees C with a flow
rate of 6.5 lit/min.The methanol on the shell side condenses at
30 degrees C and falls into the receiver cum evaporator.Please

refer to Fig 6.
3.4 The Steam Generator/Boiler

This is simply a vessel made of a brass tube 75mm in dia and 500
mm in length. An electric heater (rating 3 kW) provides the input
for steam production. An electric heater is being used initially
to estimate accurately the performance of th evaporator. After
certain initial tests other ways of heating AC will be
investigated. Polyurethane Toam insulation is provided.

4. CYCLE ANALYSIS

When the design and fabrication was started in Dec 1986/Jan 1987,
the PTX chart for the AC presently used was not available. So the
sizing up of the refrigerator was based on the relations of
pressure,temperature and concentration developed by the French
researchers. After testing the carbon 207C in our laboratory we
find that the design based on the French equation is still valid.

For Charcoal-methanol mixtures the PTx relation wused 1is as
follows ¢ :

exp L -3.22 x 10~-7 * (Tc In Psi/Psmt )"2.1 ] eee (1)

X = .322 »
uvuhere X = concentration (Kg methano! / Kg Charcoal)
Tc = temperature of the charcoal (K)
Pst = saturation pressure at the charcoal temperature
Pesm{ = saturation pressure at the methanol temperature

( in condenser or evaporator )



Point 1 ¢ Tm = -10°C Tc = 30°C x = 0.185 (from ean 1)
Point 2 ¢ x = 0.185 ; to find Tc ,
Using ean 1 for both points 1 & 2 and then equating
the x valueso(since we are going up an isotere) we
have Tc= 75.4 C.
By.the Clausius-Clapeyron Equation
R In P2/P1
AHads = ———=——m=m——ems where 1 and 2 are same concC.
1/71 - 1/72
R =8.314/32.04 T1 = 30 3 T2 = 75.4 3 P2 = 20.19 ; Pl = 2.05
A H ads = 1380 kJ/kg methanol.
Point 3 ¢ P=20.19 T = 373.15 K Psat (373) = 340 kPa.
x = 0.,08028 o
Point 4 ¢ As in point 2, we can calculate T4 = 48.6 C.
A H ad = 1386 kJ/Kg methanol.
4.1 Heat Input per Kg Methanol driven off
Cuncentration change during cycling x = .18496 - .08028 = .1047

or it is (1/.1047 = 9.55 ) Ka charcoal / kg Meth driven of.

ie Heat to charcoal (1 to 3) = 9.5 * .7 * 70 = 468 kl

ii. Heat to Methanol (1 to 2) = 1.766 * 2.55(75.4-30)
= 204 kJ.

iii. Heat to liquid methanol in going from 2 to 3

Assuming linear variation of liquid MeOH with temperature
QG = Cp (T3 — T2) * mean mass of MeOH
= 2,55 % 24.6 * 9.55 (.185 + .080)/2 = 79 kJ.
' ive Heat of desorption = 1380 kJ.
Tota)l useful heat input = 2131 k] 7/ kg Methanol driven off.
4.2 Cooling per Kg of Methanol driven off

Initial state is liquid methanol at 30 degres Centigrade.
Final state is Methanol vapour at -10 degrees Centigrade.

Approximately h = 1189 - 40 * Cpl = 1087 kJ/Kg.
1deal COP = 1087 / 2131 = .51

This does not take into accodnt the heat losses from the various
system components and also the thermal mass of the adsorber.

"
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4.3 Practical Cooling available

The ice box has been sized based on the maximum ice yvield with no

heat loss.

Per cycle methanol cycled .1047 kg/kg charcoal.

.1047 x 4 = .4188 kg of methanal
Cooling produced . 1087 x .4188 = 455.26 kJ
To cool water from 30 C ta ice at 0°C we need 126+333 = 452 kJ

1 4

Therefore maximum ice yield per cycle = 1 kg.
Assuming a cycle duration of ! hour, we can produce about 12 kgs
of ice per day. With a U=0.2 W/sqm K there is about 6% loss.

Hence predicted amount of ice production is 10 kgs per day.

The originally plan was to have a cycling time of 15 minutes but
this seems too optimistic after some of the tests done in our
lab. So a ! hour cycling time seems within reach.

Further Work

Right now the degassing of the charcoal is in progress. There is
a Jlimitation here because of the maximum temperature attainable
is only about 93°C on an average. After degassing the charcoal
methanol will be charged into the system and cycling attempted.
Hopefully by the end of this month there should be some
interesting results.

Beferences

1. Pons,M and Guilieminot,J.J.-"Design of an experimental,solar
powered ice maker'",Journal of Saolar Energy,July '86.

2. Pons,M and Grenier,Ph.~"Solar ice maker working with activated
carbon-methanol pair ,Intersocl 85,pp 731-735.
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WALVES
vi,v2 -
v3 -
v -
vs -
ve -
v7 -

STEAM OUTLET/
COOLING WATER INLET

VACUUM GAUGE CONDENSER | GLASS FIBRE INSULATION
v DRAIN
]
2 ADSORBER
O
g
Y _|_POLY URETHANE
o INSULATION
h VI3 CHARCOAL
PLATFORM ' [} L
vit viz
METHANOL '
CHARGING
VESSEL
/ BOLER
r'-_—ﬂ POWER SUPPLY REFERENCE
- vi Vv8 V9 I
WATER SUPPLY .
oRanl
ve OPENED F COOLING WATER REQD. FOR CHARCOAL
' CLOSED WHILE CHARCOAL IS HEATED
ISOLATION VALVES FOR VACUUM PUMP ve VALVE FOR STEAM OUTLET
ISOLATION VALVE FOR PUMP AND PRESSURE GAUGE vo WATER INLET VALVE FOR BOILER
ISOLATION VALVE OF REFRIGERATION SYSTEM Vil - ISOLATION, \ALVE FOR BOILER
VALVE FOR CHARGING METHANOL INTO BOTTLE vi2 - COOLING WATER OUTLET FOR ADSORBER
VALVE FOR CHARGING METHANOL INTO SYSTEM vi3 - BOILER DRAMN VALVE
VALVE FOR WATER INLET TO CONDENSER vie - ISOLATION VALVE FOR PRESSURE GAUGE ONLY
vis -

EVAPORATOR DRAINAGE VALVE

FIG. & SCHEMATIC DIAGRAM OF THE REFRIGERATOR
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PART DETAILS

PART NO. MATERIAL DESCRIPTION
| Copper 50 mm dia, |.5 mm thk steam/cooling water
2 Act. Charcoal | Model No. 207 C
3 Copper Adsorber outer tube , 100 mm dia , 2.4 mm thk.
4 Polyurethane | Ingulation |
S PVC 200 mm dia , to hold insulation
6 Rubber foam | insuletion , 10 mm thk
7 (e} I"pipe connection {o boiler
8 Gl Reducer 2" to |" braced to(D
9 Copper l%u( 35mm) outlet froh adsorber

{ connected to evaporator ) , 1.5 mm thk

10 Glass fibre Top insulation

i Rubber Rubber socket glued 1o top for steam outiet
12 | Etec. heater 3000 W rating

13 Gl Drain pipe 12.5 mm dia with valve

19 Copper %" soft Cu tubes for 4 thermo coupls conns.

with inside end sealed .

Valves : All valves are shut off / on type
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Appendix Al

COCONUTSHELL BASED CARBONS

TGRADE 7 | i SURFACEAREA jiziwr | - % (BULKDENSIIVor-y: | &% CTCRL| AEASHAc
CRRE R [ g N e | Tt ggeg SRR e g B U g Fi
~203C =1 -+ 700—=800'gT. 055—059 '~ |  .20—30 | 1.0-2.0
~205C 1 - 900 — 1000 F e o~ 053-057 ' | - 35-445"| 20—-2.5
/207C_ - |- 1100 — 1200 <t . |~ . '0.49-—053 "% " *50~60 25-3.0
208C | 01200 ='1300 AL v 1047~051" '+ |- - 60=70 | 3.0—-4.0
607~ |7 1100 1200 ‘ezt | " v 049-053 % | :50—601°0.5--1.0
7610 . ;|- e 130015007 o vuws 0,40 044 Bl i %80 =4 90;[ '3.04.4.0:

t Type 607 is 2 specially prepared acid washed carboﬁ with low ash and high ignition temperature for use in

. solvent recovery or condensate de-oiling.
* The bulk density is carried out on dry base carbon with nominal mesh size 7-18BSS.

"207E3(EXTRUDED) i | :-7i " 1100 ='1200 7R T e 0,45=0.49 ™o % [t 55465} 14.0-8.0%
207E4(EXTRUDED) ! | -+4 7% %777 1100 <i 1200 @i’y | © i =m0 0.45% 0.49. i | 25 65 65| 14,0 X 8,01
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APPENDIX II

SIUDIE$ ON ACTIVATED CHARCOAL = HEIHANQL £.3IEN

WITH RELEVANCE IQ ICE MAKING
" by K. Sridhar

PRI 1 i CHARACTERISATIION OF AYAILABLE ACTIVAIED CHARCOALS

Introduction

In recent times much work is being done on the Charcoal=Methano!l
adsorption system for it is superior thermodynamically to the
2eolite-water or other well establiched systems. With this in
view, .a laboratory test rig was built to study the adsorption
characteristics of various activated charcoals available
A{particularly the local samples) with methanol. From these tests
the isoteres of methanol adsorption can be uvbtained and also the
validity of Dubinin’s equation (Marsh and Rand,1970) can be seen
with respect to these charcoals.

Thebry of Adsorption in micropores - Basic Principles

The basis of the theory is that there is 3 limitina wvolume of
micropores that can be filled by adsorption, W . The wvalue U
represents the volume of the adsorption space of micropores per
unit mass of the adsorbent. There are 2 functions that need to be
introduced here.

(1) The first is A = RT#1n(Ps/P) which when interpreted

thermodynamically is a decrease in frece energy in adsorotion if
the adopted standard siaté is the state of the bulk fluid at
temperature T in equilibrium with the vapour 3t saturation
pressure Ps, This decrease in free energy represents the
differential molar work of adsorption, A.

(2) Volume of adsorption space filled ie. W. U is aiven by xv
where “x' is the adsorption value at a temperature T and ‘v’ is
the molar volume of the substance adsorbed.

For a number of microporous adsorbents, particularly carbonaceous
types, the equation of the characteristic curve can be given as?

W= U[- exp k A/p4]
where R . is the affinity coefficient ¢ in comparison to a
standard reference substance ).
Thus finally the thermal equation of adsorption takes the form
x = xo[-exp(DT*10q, Ps/P) ]
or In x = 1n %= D [T 1n Ps/P1*  uhere D=B/p2.

This: is known as the Dubinin’s equation of the characteristic
curve. '
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objectives of the Laboratory studies
For the various charcoal samples available

i. Obtain the P-T-% -data and thus the function x=x(T,P) for
mathanol adsorption

ii+. To drau out the Clapeyron Diagram ie. 1n P vs -1/T .

jiii.To derive the equation of the Characteristic curve.

Gamples available

A total of 8 samples are presently available. The data of these
charcoals are summarised belouw.

Sample Place/Source Manufacturer’s Data
;655—_ gsz;;;;;;—;;eakman Co. UK. 4
205C - do -

207¢ - do -

: _ - Refer Appendix Al
207E - do -

607 : - do -
610 - do - .

X Suratkal,India. _ No details available

Y UBP Co. Thailand Refer'Appendix A2

The laboratory Test Rig

The 1laboratory test rig is as shown in Figure 1. The amount of
methanol adsorbed can be calculated from the amount remainina in
the methanol receiver,since the amount of methanol in the system
is knowun. The temperatures and epressures can also be measured.

For every equilibrium point the following parameters are noted :
temperature of charcoal (Tch), temperature of methannl (Tm),
pressure in the system (P) and the level af methanol 1in the
receiver (lvl) .and hence concentration of methanol in <he
charcoal per unit weiaht of charcoal (x) can be calculated.
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Figure 1 ¢ The Laboratory Test Rig

TO FIGURE

1/4 inch Cu tube

1/4 inch Soldered valves
Charcoal container.

Activated Charcoal.

Thermocouple Connection

Water bath with electric heater.

7.
8.

10.
11.
12.

Mercury in glass thermometer.
Liquid methanol.

. Graduated cylinder.

Water bath.
Rubber cork sealed with araldite.

Vacuum Gauge



procedure

|, The weight of charcoal 1paded.,M (in ams) was noted.

2, The charcoal was desassed (heated and evacuated) to clean it
from impurities. :

3. About 10 ml! of methanol was boiled off to remove anvy moisture
in it.

4. The startina Tevel of methanol in receiver was noted. The
methanol receiver was kept at Tm=20°C and valve ovened to
charcoal for adsorption. After eauilibrium 1is attained. note
level and hernice .

5. In - steps of 10°C tha temperature of charcoal was increased
till 100°C and at each staae measured T.P & x. Similarly x,T.P
vas measured on the way downwards til)l 30°C .Thus the heating and
coolina curve for 3 particular value of Tm was obtained.

6. This was repeated to aet consistent data and end points for
one particular value of Tm.

7. The same is repeated for Tm=0"C.

8. For each Tm, plot the averagde % versus T curve and then plot
{he. Clapeyron Diagram ie. In P vs -1/T.

9. Plot (-1n %) versus (T In Ps/P) curves and derive constants
for the Dubinin’s equation.

Results and Conclusions

So far 3 samples have been fully tested and a fourth one is in
proaress. The three *hat have been tested are 207C, 207E and the
Thai sample. In thic section. for each of these charcoals the
follouwing results,in the form of araphs, have ben presented.

i) The concentration (x) versus the temrerature of the charcoal
(T, .for the two presures correspondina to the methanol
temperatures 20°C and 0°C. '

ii) The Clausius-Clapeyron diagram. which is the In P wvs =1/T
diaaram, which illustrates the isoteres.

iii) The characteristic curve in a Yinear form and the wvalidity
of the Dubinin’s equation can be seen.

The samples 207E and 207C have given reasonable aareement when
filled to the Dubinin®s equation. However the sample Y 1ie. the
Thai sample fits the equation poorly. This is particularly due to
the large hysterisis exhibited by the charcoal.

The results in brief are @

Dubinin’s Equation : x = %, [~exp (DT 1n Ps/P)"n]
Sample n X D * 10° Wo Corr Coeff, r
ka meth/ka*C 1/ka
207E 2 . 2642 . 9645 »334 .96
207C 2 « 2285 . 3796 . 289 .88
Thai 2 . 1606 «3040 .203 .39



These results are comparable to those obtained by researchers or
other activated charcoals. The parameter n was also varied bul
found that the value n=2 was the best fit possible. Presently the
sample 610 is being testedﬂ

To conclude, {he availability of an equation that describes besi
the behaviour of these charcoals would be of immense wuseir

modelling, prediction and sizinga of adsorption refriaerato#%,
utilising these charcoals.
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reeal Type ¢

Curve fit for the D—R Equation (Extr)

4.2

{ =In X) v

(Tin Px/P )~2 207 E

3.8 -
3.6 -
3.4
32 -

3 -
2.6 -
2.6 -
2.4 -
2.2

2 -
1.8 — a

1.4

(n] Data Paints

Extruded Tyse ns
Decesber {986

(Tin Ps/P)*n #{0%%  « -lnsg
.87 0.02 3.912023
1,74 6.05 2.595732
1.3 0.07 2.6572860
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Appendix Al

COCONUTSHELL BASED CARBONS

GRADE"".;«“'&" -*f:.'-*«SURECEAREA’I&‘”:‘- £ |t *BULK DENSITY i | 472, CTC 2%, | -4 ASH b
AHEFR AL S ‘ﬂ‘..'xmz/gB ETNZV-'* : ’J« SRl gfee AR Ve g WE Y g 0
7703c wn i 2 055 =059 St |y 1.0-2.0"
:TZOSC»‘!:'.'*’.-“""I s ...~¢~.o.53 w057 et | 20=25

iBreer 0,49 ~- 0.53 ,w 2+ 50 60| 2.5 — 3.0

[207CHr 7 o
0BG [Fm T 1200 &5 1300 SR A | i T 0.47 £ 0.5 7w | T 60570 | 30240
A| EeruRi]100 22 1zooc<'e Tecdk SR 049-5053 | 4450 2,607 0.5 1.0

'h‘ q,l)z‘IBOO tlSOOJJ; "‘.’)ﬁfﬂ" l MR l— i 80 90’ l3 0 ad 4 o‘

ey mx X ima
1 Type 607 is a specially prepared acid washed carbon wxlh low ash and high ignition temperature for use in

. solvent recovery or condensate de-oiling.
* The bulk density is carried out on dry base carbon with nominal mesh size 7-18BS5.

S e e ———— e

IMPREGNAIED & MISCEL LLANEOUS SPECIAL CARBONS

TE3(EXTRUDED) #HE| Brsini 1100 1200 B Vi 8y, | P g raser, Cie 0,45 30,49 ‘P k| 930t 55 £65 ¥ % 4.0 3 8,05
7E4(EXTRUDED) 5l | '8 4% 1000 | 200020 4 4w | AR WA 287203 0.45 120,40 VAR R | H 55X 65 1% k4.0 £ 8,01
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Appendix A2

TYPICAL APPLICATIONS : MD-G 7746
MD-G 7746 is designed for removal of odourous
atmosphere in industrial processes and in air condi-
tioning systems, including a varicty of purification
and separation processes in the chemical industrics.

GENERAL SPECIFICATIONS AND

PROPERTIES

Mesh Sizes 4%06
lodine Number Min. 1050
Methylenc Bluc Number Min. 200
Abrasion Number Min. : 80
Hardness Number Min. 90
Moisturc as packed Max. % 3
ResiduconIgnition, Max. % 3
pH 8-2
Surface Area (Ny-b.E.T.) LI0-1200
Duli Density, g/cc. (.40-0.45

TYPICAL APPLICATIONS : MD-W 7830

MD-W 7830 is rccommended for water purilica-

“tion both in municipal and industrial usc. It is also

popular in a varicty of scparation and purification
processes in the organic chemical industrics.

GENERAL SPECIFICATIONS AND

PROPERTIES

Mcsh Sizes 8% 30
lodine Number Min. 1050
Mcthylenc Blue Nuimbher Min. 220
Abrasion Number Min. : 80
IHardness Number Min. 90
Moisturc aspacked Max. % : 3
Residuc onIgnition, Max. % 3
pll 8-9
Surlace Area (N,-B.E.T.) —1150-1250
Bulk Density, g./cc. {.50-0.55

(73] UDP.CHEMICAL CO., LTD.
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T

776 SO KLONGNONGYAL SHKIIAI'IHAN.I Rl).' DANGKAT PASIUCHAROEGN BANGKOK 10160
TLELEPHONE ¢ 413-2024, 4132258, 413-3776, 4134750 TELEX @ R2090 UCHIEM T11
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APPENDIX III

SUMMARY OF RECENT WORK ON

SOLAR ZEOLITE-WATRER REFRIGERATOR

Zhu Zepei, March 20, 1987

I. INTRODUCTION

Work have been done on estimating the maximum heat leak to

the cooling bo: of the solar zeolite-water refrigerator by an
experiment and the results are presented; the maximum heat leak
is about 1 W/m2-C, which was got from data taken in the early

afternoon. Modification of the zeolite refrigerator also have
been finished and the change of some arrangement of the system
would make it more convenient to control the experiment on the
refrigerator and get more accurate data in the test. Froblems
existzd at present in the experiment and the futher theoretical
analysis on the refrigerator are discussed, and future plans are
proposed as well.

II. HEAT LEAK EXPERIMENT

In crder to ;iimate tre maximum heat leak of the cooling box
of the :zeolite-water refrigerator for further research, the solar
collector (also a regenerator) had been covered for a couple of
weeks and the desorption and adsorption of the water
(refrigerant) became so small that the water change in the
receiver could be ignored during the experiment. There was a
small amount of water (about 1.25 KBTU of the glass bottle scale)
kept 1inside the glass bottle (which functions was as receiver &
evaporator). A known quantity of ice was put into the cooling box
and temperatures were recorded cecntinuously and the amount of
water due to melting of ice was collected and measured in every
15 minutes. The value of heat leak was estimated around 0.72 -
0.99 W/m2-C during noon. Thus, we can say that the {1 W/m2-C is
the largest value of the heat leak. The experimental data and the
calculated results are given in Appendix.

ITI. MODIFICATION OF THE REFRIGERATOR

After finishing the heat leak experiment, work on modifying
the system began. Many days of experiment had been done since
last October and the cooling produced in a refrigeration cycle
was so small that the water adsorbed by the =zeolite in the
collector during the night was only about 1/5 - 1/4 of the amount
claimed by the inventor, even during a fine sunny day with a
fairly low ambient tempei-rature at night. Eecause of not enough
accuracy of Bourdon vacuum gauge installed on the system before,
a mercury rancmeter was installed with some isolating valves

b |



which would make it easier to control the evacuation and the
recharging of the system. In an unexpected accident, the glass
bottle (which acts as a receiver/evaporator) was broken and it
was replaced by a nearly same cize bottle. Ore of the important
modification was a ball valve installed between the condenser and
the glass bottle. With the help of the ball valve which can be
full opened and closed, it is quite convenient to control the
experiment of the refrigerator. The schematic diagrams of the
original refrigerator and the modified one are shown in Fig 1 and
Fig 2, respectively.

IV. PROBLEMS EXISTING AT PRESENT

1) According to the analysis of previous experimental data and
the results, the amount of water desorbed and adsorbed (scale 0.3
KBTU = 0.227 Kg) was much less than the one (lopading 1.285 -~

1.796 Kg per cycle) reported by the Zeopower Company. Since the
climatic conditions in the experiment were not much different
compared with the ones reported on the paper, the performance of
the refrigerator was so poor that make us to think weather or not
the zeolite had deteriorated before being filled into the
collector panel. It is very difficult to prove that because there
is no natural zeolite sample available at the moment.

2) More information are needed for further studying the
performance of the equipment experimentally and theoretically,
such as p-T-x diagram of the natural zeolite, and what kind of
inert gas had been filled inside the collector panel. If natural
zeolite sample was available, we could do some experiments to get
p~T—-» diagram in our research laboratory.”

V. FUTURE PLAN FOR THE RESEARCH WORK

1) Evacuate the system and withdraw the water adsorbed by the
zeolite as completely as possible. To withdraw the water inside
the collector panel, higher adsorbent temperature is necessary.
The higher the temperature in the collector panel is, the lower
will be the water concentration of the zeolite. East-west booster
mirrors can be applied to enhance solar radiation falling on the
collector surface. With the booster, considerable temperature
jncrease of the collector panel may be reached and most of the

water would be desorbed from the zeolite and can withdrawn by &

vacuum pump during day time.

2) Fecharge distilled water into the zeolite and estimate the
water concentration in the zeolite. Repeat the experiment on the
refrigerator and theoretically calculate the performance with
more accurate temperature and pressure measurements.

3) Analyse the expermental results and compare them with
previous results and the results presented in published papers

2
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and ~odify the system if necessary.

4) Evacuate and withdraw the water inside the system completely
and recharge the system with methanol, then the zeolite-methanol
pair will be studied. Before taking this step, modification of
the system should be finished becaucse the flamable and explosive
properties of methanol make it difficult to solder the pipe work
for modifying the system. According to a2 newly published paper
(1) that Zeolite/Methanol pair cannot be used because, at
around 100 C, zeolite is a catalyst of the reaction;

Methanol --> water + Dimethyl Ether.

Therefore, careful ihvestigation should be done before recharging
with methanol.

REFERENCE
1. M. Pons and J. J. Guilleminot, Design of an Experimental
Solar-Powered, Solid-Adsorption Ice -‘Maker, Journal of Solar

Enerqy Engineering, Transaction of the ASME, Nov. 1986.



HEAT LEAK TO THE COOLING BOX OF THE
SOLAR ZEOLITE-WATER REFRIGERATOR

ZHU ZEPEI  FEB. 1987

OBJECTIVE:

Finding the possible heat leak of the cooling box of the
solar zeolite refrigerator for further research.

Methodology and Calculations

When the temperature inside the coolig box is lower than the
temperature outside, heat will transfer from outside to inside of
the cooling box through conduction, convection and radiation, and
the temperatures would reach constant value at an equilibrium
state. Because the cooling box can be considered hermitically
tight. The diffuse radiation that can be absorbed by the walls of
the cooling box would increase the temperatures of the walls. For
the heat leak calculation we mainly considered the heat
conduction between outside and inside walls. The cther
constituents of heal transfer are so small that can be neglected
with l1ittle error on the estimation of the heat leak.

Based on the consideration mentioned above, the <calculated
energy balance equation can be writen as: :

@leak = Qcond . (w (1)

actual heat absorbed by ice and other components in the cooling
box can be expressed as:

6] = Q + Q - Q W) (2)

absor molten water cool
where,
Qleak =-- calculated heat leak into the cooling box from
" environment, (W)
Qabsor =--- heat absorbed by ice and components 1in the
cooling box, (W) : ,

Q —-— heat transfer through walls by conduction, (W)
cond

Gcool -—-— heat for the tempersture change ©of the

components in the cooling bex, (W

Q -—= latent heat of fusion (W

molten :
1



Quater --- heat for temperature change of molten water
above zero degree. The temperature
difference was approximately O — 5 C

Heat <conduction through the walls can calculated according
to the temperature differences between the inside and outside of
the walls of the cooling box and the area of heat <conducting
surfaces, it can be expressed below as:

k k k k k

Qcond=Al——=(T1-T7)+A2-—=(T2-T7)+2A3--—(T-T7)+A4-—-(T9=T7) +A5-~=(T8-T11)

hi h2 h3 h4 h5

where, area of the walls are:

Al = AS = 0.59 x 0.44 = 0.26 m2
A2 = A4 = 0.44 x 0.42 = 0.185 m2
A3 = 0.59 x 0.42 = 0.496 m2

and thikness of the walls

h1 = h2 = h3 = h4 = 0.05 m

hS = 0.025 m

k --- heat conductivity = 0.05 W/m-C (a2ssumed for
polyurethane foam)

T1 to T11 --- temperatures of thermal couples on the

cooling box

Substituting the data into the equation and simplifjying:

Q =0.26[T1+2(T8-T11)J+0.185(T2+T9)+0.496T-T7(0.26+2x0.185+0.496)

cond
(W)

Actual energy balance in the cooling box can be expressed as
Equation (2) and the details can be described below:

Q = Mw x 334 / (dt x 60) (W
molten '
Q = Muw x 4.18 x dT / (dt x 60) (W
water ‘
Q =(Mw x 4.18 + Mg x 0.84E3)dT6 / (dt x 60) (W)
cool
Uherep
Mwu —-— mass of water due to melting of ice measured
in burette (g9)
2



Mg --- a part of mass of the glass bottle (g)

dT --- assumed temperature increase of water leaving
the cooling box, approximately 0-5 C

dT6 --- temperature difference of the bottle (c

dt --- time interval of each measurec.aent (min)

Although Mw, Mg would change depending on the water level
(expressed in KBTU) which varied with days, and they <can be
considered <constant during the day at which the experiment was
carried on because the <collector had been <covered amd the
desorption of water is very small.

On 25 January, the water level in the bottle was 2.5 (KBTU)
Mw = 1250 g, and Mg = 526 g

On 4 February, the water level in the bottle was 2.0 (KBTW)
Muw = 1000 g, and Mg = 462 g

To estimate the overall heat 1leak coefficient, simple
equations are proposed according to the previous analysis as
follouws:

Q = UAdT (D) (3)
leak
and also
Q = UAdT J) (4)
absor
where,
A —-- total area of the heat conduction (m2)
U =-- overall hgat leak coefficient (W/m2-C)
dT--- temperature difference between the average outside
and inside wall temperatures (C)

A=Al + A2 + A3 + A4 + AS = 1.882 m2
dT = (T1+T2+4T8+T9)/4 - (T5+T6+T7+T11)/4
Substituting the data into the Equation (3) & (4),

U =0 /7 (dTxA)
calcul cond

and U = (Q +Q -Q ) /(dTxA)
actual molten water cool

3



EXPERINENTAL DBSZRVATION O THE HEAT LOSS OF THE IEOLITE-WATER RECRIGERATOR

DATE: 25 AN, 1987
HHH S R R R H
T TIME  QUTSIOE WAL TEMP, AOKT DOCR  WALL TEWP RECEIVER/EVAPGRA, AMCIENT MELTEX  RATER
INERVAL 2 9 8 i 1 5 b ] WATEE  TENP

BALK T6P  BOTTON  OUTSIDE INSIDE INSIDE 7P BGTION My
VIOL.DOT RED DOT BLACK -0 RED-0 BLUE-D VISLET-D ALUE 00T ¥EL, DOV BLACY 07T
air { ¢ ( ( ( ¢ . ( ) el (
HH B B R R
00 A0 0 2 Wb 8 L 150 U4 2.3
11,20 2 5.0 M4 20 M54 34 181 104 27 1360 164
11,35 G289 5 5 M2 1220 1300 134 10,0 27 80 16
12.00 5 Wt U AU B2 15 130 132 9.3 2.1 1480.0 148
12,40 8.0 246 220 w00 128 131 13.2 &3 2.5 180.0  20.2
12.54 B0 24 A9 %4 300 132 {32 &1 229 880 185
12.20 B 2260 200 24 B4 {34 (36 135 LT 0.0 1460 198
13.35 5 6.0 244 24 By 113 13 13.7 L1 A4 70 19.4
14.00 LN a4 I B4 B2 135 137 1.3 4.4 1320 189
14,16 6 %5 A5 14 w5 132 {Le 3.4 1.3 244 830 19.4
14,35 9 B5 B2 24 B 115 LT 137 6.9 2.0 940 1719
14.50 3 W3 s A8 BE 32 137 137 6.8 2.8 82,0 118
13.00 0 2.0 23 2.2 %0 LI 36 3.4 61 2. .00 3.9
HHHHH O HHHHEHH H H H HHH

(ALCULATED DATA OF THE HEAT LOSS CF THE IEOLITE-WATER RESRIESRATGR

DATE: 25 JAN. 1987
HE D)
TIRETIME  OUTSIDE WAL TEMP.  FRONT DDOR  WALL TEMP RECEIVER/EVAPIRA. ANEIENT MELTEN  NATER WALL TEMP CALC
INTERVAL 1§ 2 9 8 {1 1 ) 6 3 WATER  TENP  (SIDE3) (CONI

BACK TOF  BOTTON OUTSIDE INSIDE INSIDE  TOP  BOTTOM My (T1478)/72 Ht

VICL.DOT REd DOT BLACK -0 REC-0  BLUE-D VIOLET-D BLUE DOT YEL. DOT BLACK DOT THRO,

rin ( ( ( ( ¢ ( ¢ { ( 8l ( { K

R O
{1.00 e W0 M9 B 198 2.0 180 29.4 31.9
12,20 0 WIS M WT LS 188 (9.8 W8 M5 130.0 164 34,5
11,35 B8 T N4 W3 1120 183 190 (40 3.8 8.0 164 342
12,00 5 N0 RN BT LT 83 185 30 M5 0.0 16,8 34
12,40 0 %3 B3 M4 39 W4 85 (L 3T 1800 202 3.6
12,54 I W 30 0 4 185 185 1.3 M 880 8.5 I
13.20 % B B9 HWT %O 89 194 189 0.7 334 1400 198 35.9
13,35 B W3 Wt N0 B 8 1920 192 107 I 700 (9.4 349
14.00 WS W M 300 T 9.0 19.2 3.5 13,0 185 354

10.2
14.16 4 W7D W BT 19 90 10,2 I 80 9.4 I.0
14,35 950 32 0 W39 192 (9.2 9.4 B4 %0 119 1.4
14,50 533 We w08 BT BT 192 (9.2 %3 M. 8.0 118 35

13.00 0 BT WA M4 B 188 194 (9.4 8.3 W0 S0 139 33
R B P R



122323231

WATER
TEMP

(
HiHHH

16.4
16.1
16.8
2.2
18.5
19.8
19.6
18.9
19.4
i7.9
17.8
13.9
HEHEHEE

HiH B HHH B HHH BT
WATER RALL TEMP (ALCUL. ACTUAL CODLING AVERAGE AVERASE AVERAGE OVERALL OVERALL
TENP  (SIDES) CONDUCT NELTING  FOR  OUTCIDE INSIDE  TEMP. HEAT LOSSHEAT LOSS

(T1+781/2 HEAT  HEAT  OTHERS WALL TERPWALL TE®P DIFF.  COEF.  COEF,
THRO.WALL IN BOX N BOX (ALCUL  ACTUAL

( { N ¥ W ( ¢ ¢ We-C ¥/a2-(
i HH R HH B

33.9

6.4 345 25 b 9 29 174 158 085  1.05
164 3.2 2t 3 9 .6 169 5.8 0.86 0.9
168 344 2 Rl 4 8 166 162 086 0.9
202 5.6 . 28 25 Li 0 167 1.3 085 0.68
8.3 3.4 N k5] L7 WE 169 119 086 0.9
9.8 3.9 2 30 L9 Wl 1.0 13 0.8 0.8
19.6 349 2 9 0.0 30 167 1.2 079 0,88
8.9 354 2 | 20 Wy 16T 14 0B 0.4
9.6 3.0 28 29 0.0 3.4 168 183 0.82 0.4
1.9 5.6 2 2 6 W4 646 LT 019 075

R YA R B A3 30 0.8 3.9 466 163 076 0.%

S £ A | 2 A 1.2 344

HHHEHEHHEHH P R B HEH



HEAT LEAK V.S. TEMPERATURE DIFFERENCE

DATA: JAN 25, 1987
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156 16 B4 168 172 17.6 18 18.4

TEMP-DIF BETWEEN QUTSIDE & INSIDE WALLS
(m CALCUL HEAT LEAK + MEASURED HEAT LEAK
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HEAT LEAK V.S. TEMPERATURE DIFFERENCE

DATE: FEB. 4.1987

+
T T T T T T T T T T T T
6.6 17 17.4 78 B2 18.6 19
TEMP-DIF BETWEEN OUTSIDE & INSIDE WALLS
CALCUL_HEAT LEA -+ MEASURED HEAT LEAK




