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ABSTRACT

In this paper, an investigation of aqua~ammonia solar absorp-
tion refrigeration system for domestic use is presented. The ref-
rigeration system investigated here is a conventional aqua=-ammonia
absorption refrigeration system powered by solar heater. The solar
«<heater used is a stationary, hyperbolic sprial solar concentrator
equipped with a glass tube For convection loss suppression. A ge-
nerator temperature as high as 140°C is reached. The lowest temp-
erature reached in evaporator is 2°C, with an additional external
heating source. The various parameters affected the cycle perform-
ance and cooling ratio, such as, the generator temperature, evapo-
rator temperature, collector performance and condenser temperature
are presented. For fixed initial conditions, higher generator
temperature and lower condenser temperature increases the coeffic-
ient of performance and improves the operation of the system.

1. INTRODUCTION

The critical shortage of the conventional sources of energy
has motivated the search of alternative energy sources. Solar en-
ergy is one of the major alternative energy sources. In cooling,
the absorption refrigeration system has proven to be adequate for
the utilization of solar energy. Despite that this system has been
in use Ffor many years, only recently it has been considered as a
means of refrigeration by solar energy. Many investigators have
worked on the absorption refrigeration system {1-4]. A comperhen-
sive review is presented in refrence (3].

Any refrigeration system dperated by solar energy comperises
mainly the following elements,
1- Solar collection unit .
Z- The cooling machine.
3- A storage system to regulate the energy supply.

1.1 Solar Energy Collection Unit.

Flat plate and concentrating collector may be used. The flat
plate is used with refrigeration system of relatively lower gener-
‘ator temperature,\pbout B0 to 100°C. Different modified forms of
flat plates are known today. They produce thermal energy at comp-
Pratively reasonable temperature range to ordinary flat plates
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Is, 6]. Stationary concentrating collector of moderate types are
used for systems of generator temperature up to 130°C. Concentra-
ting collectors utilizing the direct portion of solar energy
producing temperatures from 100°C to 400°C are used in solar
.refrigerators [7}. The concentrated radiation at the focus of the
concentrator is collected by a heat exchanger mounted in the focal
plane. This heat exchanger is called target and its shape is det-
ermined according to the concentrator type.

1.2 The Cooling Machine

1t is usually absorption refrigeration machine. Two main ty-
pes are used, intermittent and contineous machines. In the first
the cycle comprises two major operations regeneration and refrige-
ration. In regeneration the mixture is heated up to vaporise the
refrigerant and subsequently condensed in a condenser. In the
refrigeration operation the liquid refrigerant passes through the
expansion valve where the temperature dropsto the evaporator tem-
perature. The refrigerant vaporises in the evaporator and the opetat-
ions occur intermittently one after the other.

The second system is the contineous refrigeration absorption
system. 1n this cycle the production of cooling is at the same
time of regeneration of ammonia. The flow of refrigerant is cont-
ineous from the condenser to the evaporator, then to the absorber,
where it is absorbed by the refrigerant - absorption solution. The
strong solution is driven to the generator where it is heated up
to vaporize the refrigerant and driven in the condenser. This
machine has no valves and all operations are done in time.

A schematic diagram of a conventional contineous solar absor-
ption cooling system is shown in Fig. 1. Chinnappu [8] has inves-
tigated the different cycles configurations. The results show that

Storage Tank
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\
C - Eondenser A -absorber HX - heal exchanger
E - Evaporator (3 - generator AX - external heat source

P - pump
Fig. (1) Schematic  Presentation  of a Conventional Cerkineous Selar Cooling

system .




Mansoura Bulletin Vol. 10, No. 2, December, 1985 M.15

ON THE INTEGRATION OF MOMENTUM EQUATION WITH
BOUNDARY LAYER SUCTION

BY

S. F. HANNA, & M. A. MOSAD

ABSTRACT

Boundary layer suction is one of the effective methods for the prevention
of flow separtion. In this paper, a method is introduced to integrate the momentum
equation, in which the suction velocity is assumed constant, and the velocity gradient
varies. This particular type of flow can be used to form an estimate of the quantities
of air that must be sucked on an aerofoil, so that separation of flow does not take
place. In this case, although the boundary layer is very thin before separation,
the velocity gradient may be very large, and it is cbvious that only small quantites
of air withdrawn are sufficient to delay the stall.

NOMENCLATURE

C free stream velocity, m/s

c velocity at the outer edge of the boundary layer, m/s

Cy velocity of the fluid inside the boundary layer in x-direction, m/s
Cy velocity component inside the boundary layer in y-direction, m/s
Cyo suction velocity, normal to the surface, m/s

Hyz boundary layer form parameter

p free stream static pressure,  N/m?

X streamwise coordinate

y coordinate perpendicular to surface

& boundary layer thickness, m

6“ momentum thickness, m

Tw wall shear stress, N/m?

b¥) kinematic viscosity of fluid, m?/s

¢ density of fluid, kg/m?

1- INTRODUCTION

With the rapid development in the field of aeronautical engineering in recent
years, the need arose for a broader treatment, especially of controlling the behaviour
of boundary layer. In particular, ‘it is often to prevent separation in actual applica-
tion. Suction, is one of the effective methods which have been developed for controll-
ing the separation. The application of suction is successfuly used in the design
of aircraft wings [1] in order to reduce drag and to attain high lift.

By the use of suitable arrangements of suction slits, it is possible to remove
the decelerated fluid particles from the boundary layer before they are given chance
to cause separation. This enables g¢ shift the point of transition in the boundary
layer in the downstream direction.
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2- MATHEMATICAL MODEL OF THE GENERAL CASE

Owing to the importance of the method of boundary layer control by suction,
various mathematical methods, for the calculation of the influence of suction on
boundary layer fiow have been developed. Approximate methods, which deal with
the boundary layer on the surface of an arbitrary shape and with arbitrary suction
distribution, were developed by Schlichting [1] and Torda [2]. These methods, like
those for the case of no suction, are based on the momentum integral equation.
Therefore, the effect of the surface suction on the momentum equation may now
be considered:

R O S (1)

The derivation of the momentum equation (1) , where the velocity normal to the
surface is CYo , is given in [3].

Equation (1) can be written in the following form:

e
2 46 (2+H X ) @)

¢ -
dc c, _»
12 ax Yo 2

In conjunction with this, the condition heolding at the boundary is used, which can
be obtained by putting y = O in the following equation of motion:

3 cC C 2
C __..:.(._ + C a-_x— = - l... g_P + a_-_cf_ (3)
X J X Yoy P d x 3 y2
Thus
. d ¢y . de ( 2 Cx)
Yo L85 ) yoo = ax * 32y (4)

A qualitative picture of flow under the influence of suction can be obtained by
means of equation (&).

Let
dc -
X C
( S)T ) y=0 -6--.- Y[’,
2
(3% ey
Y y2 é'*Z 2’

Yl ,Y2 being numbers, where Yl may be of any value or zero. It may be assumed

that Y2 = O which denotes the Blasius profile , and hence in this case, Y1 = 0.2205.

Therefore, equation {4) becomes :
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-
d - Lk
S (- 4< S, yys Y )=, ()

From the previous equation, it is possible to deduce the qualitative nature of several
types of flow, Now, a special type of flow, will be considered and one can easily
estimate the amount of suction necessary to delay the stall of serofoils.

3- FLOW WITH VARYING VELOCITY GRADIENT AND CONSTANT SUCTION

The fellowing methed may be used to integrate the momentum equation, in
which constant suction velocity is assumed, and the velocity gradient varies.

Suppose that, a velocity distribution is maintained, which approximated closely
to the Blasius [#] distribution (i.e., Y, = 0.2205 ) , thus:

¥ x
37 'y-o

0.2205 (95-“—- ,

—
1
1
:
:O
1
1
—
1
o

- y
4¢_ 02205 - (6)
dx

Then, the boundary condition, in equation {4), is satisfied. The momentum equation
therefore becomes:

- S > dc »
C —a-i-- = = ( le + 2 ) g ** —a—;: + Cyo + 0.2205 8_i_i_
Therefore ,
7 - - -
d“c C » dc
- 0.2205 ¢ =[0.2205(H,, + 2} + Ilc _ + 25— == (7)
yo dxz(dE/dx)z 12 yo cyo dx
Equation (7) would be difficult to solved, however for the case of H , = 2.5345, the
previous equation may havs the following form :
2- -
d 1 v dc
- + 84,5345 =0 (8)
d’  (d&/dx)? Z.g *
Yo

That equation can be integrated to give
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L owsws Y _10g £ -0 9)
o/ dx Yo Ceo ]

The integration constant has beer adjusted so that when dc/dx= -eo,i.e., at the
begining of boundary layer where S =0in equation (6), € = c__.
The equation (9) ca.a be rewritten as “

Vv dc C
- 1+ 4.534 1 = 0 (10)
‘_'. CZ d x o8 CI:D

Yo
By integrating the previous equation, the following form 1s obtained :

X.C ~ - -
— Y0 4535 (log—— - =% +1) (11)
¥ c Cen Ceo

The integration constant may be adjusted using the following condition :

at x = 0 ¢ = cq )
From equation (10}, d€/dx is found in terms of €, and by substituting dc/dx in equation
(6), & can be obtained.

The calculations of the above equations give the results which are given in
table |. Moreover, these results are illustrated in Fig. |, which shows the flow
with varying velocity gradient and constant suction.

4 CONCLUSION

The previous method may be used to integrate the momentum equation, in
which constant suction velocity is assumed, and the velocity gradient varies. The
particular type of flow can be used to form an estimate of the quantities of air
that must be sucked on an aerofoil at high incidence so that separation of flow
does not take place. In this case, although the boundary layer is very thin before
separation, the velocity gradient may be very large, and it is obvious that only
small quantities of air withdrawn are sufficient to delay the stall.
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further-deveTdpment may' be' through the multistagging. The choise
of working fluid for the design of the solar absorption system has
been investigated by Alizadeh et-al., {11 and Ellington et-al.,[7L
It has been shown that the choise of mixture (refrigerant and abs-
orbent)isdependent on the operation temperature. and the properties
of mixture. The refrigerant should have a boiling point in the
vicinity of 0°PC to 100°C with a vapor pressure close to atmospheric
pressure. This assuresa pressure close to atmosphere in the abso-
rbent. - evaporator to minimize the effect of leakage in the equip-
ment. The absorbent boiling point should be high and its vapor
pressure should be low to avoid the use of rectification. The co-
mbination of refrigerant - absorbent should have the following
characteristics;

i- They must be mutually soluble.

ii~ They should have low viscosity.
iii- The specific heat should be low.

1.3 Solar Energy Storage

Considerable attention has been given to the problem of sto-
ring solar energy due to the intermittance nature of sun's radiat-
ion energy. A short term storing system is one in which solar ra-
diation is stored during the day and used during the night.Storing
solar energy during long summer days for use in long cloudly spells
of winter denotes the long term energy storage. Many storage systems
have beenestablished such as thermal, chemical and electrical.
Among which is the heat storage system. It is classified into two
main types, sensible heat storage and change of state heat storage
systems. The capacity of a sensible heat storage system depends
mainly on the storage material which is water or pack pebbles. In
the second system heat is stored by transforming the material to
another, i.e. changing water to steam or soild material to ligquid.

The objective of this research work is to present the experi-
mental performance of a domestic aqua-ammonia absorption refriger-
ation system working by solar energy. Thermal analysis of a basic
refrigeration system using solar concentrating collector is given.
Some efficiency factors are defined to help in evaluating thesystem
performance. Solar energy supply to the refrigerator is measured
for El-Mansoura area and temperature levels of concentrating coll-
ector, evaporator and condenser for a certain cooling loads are
investigated.

2. EXPERIMENTAL SETUP AND PROCEDURES

The' solar refrigeration system used in this experiment compr-
ises two main parts, the cooling machine and the solar heat source
to operate it. The schematic arrangement of the experimental setup
i1s shown 1 Fig. 2. The cooling machine investigated here is a conv-
entional aqua-ammonia absorption refrigeration machine powered by
solar heater. Its major components are a generator, condenser,
evaporator and absorber as shown in Fig. 3., The refrigerant passes
through all units, while the absorbent is confined to movement

through the generator and absorber.

A primary set of experiments were made on the cooling machine
to deduce its performance. An electrically heated fluid was used
to operate the refrigerator with different power input and temper-
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ature levels. From these experiments it was found that the elect-
rolux refrigerator used in this work is capable of carrylng gyer a
machine cooling load of 101 KJ/hr effectively. The average coeff-
icient of performance in that case is 0,247 and the produced cold
space temperature varied between 2°C to 10°C. The required quant-
ity of heat supply to the generator is about 409 KJ/hr, the maximum
fluid temperature required in the generator is 130°C. According
to these requirements, commercial electrical motor lubricating oil
is suggested to use as a working fluid in the generator heat exch-
anger. It has a boiling temperature of about 190°C, thus it can
carqymthe load by sensible heating to avoid the troubles of evapo-
ratlom.

The solar collector used in this work is a moderate concentr-
anr, hyperbolic spiral [5)},Fig. 4. Its projected area is 0.939
m-. It is used to heat a working fluid to the required temperature.

Receiver

adjustement
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Adjustable points., adjustement
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hing
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s
Fia. (4} Collector svstem ;
This hot fluid, then replaces the electrical heater in operating
the generator of the cooling machine. Thus, it is clear that a
solar refrigerator system must include at least two heat exchangers.
The first heat exchanger linked with the solar radiation energqy
which is used to heat the working fluid by solar radiation (solar

2
Dy
Vi)

Frame himg

absorber). The second heat exchanger is linked with the ammonia
generator to heat the solution. The generator heat exchanger used
in this work is shown in Fig..5. It is a counter flow heat excha-

nger. It consists of two concentric tubes, the hot fluid (oil)
flows downwards in the outer tube, while solution is flowing wup-
wards in the inner tube. The solar absorber heat exchanger used
in this work . mainly consists of two concentric copper tubes
34/40 and 76/80 mm diameter of 1600 mm length.

The solar radiation intensity, normaly transmittance and ref-

. lectance is measured by a silicon cell Pyrheometer. The total .solar
beam radiation is measured by a silicon cell Pyromemeter. A set

- of caelibrated copper-canstantan thermocouples with copper leads in
connection with a multimeter temperature recorder were used to
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measure the temperatures at different — N To tondenser
locations. The thermocouples are loca- jplet fluid

ted as follows; 3 at the solar absorber
terminals and center, 2 at the generataor
terminals, 3 at the glass cover termin-
als and center, one at the condenser
surface and one at the evaporator surf-
ace. Error analysis has been conducted
according to the standard procedure.

The expected error in temperature is less
than + 0.5% and the expected error in
solar intensity measurement is + 1%.

N

3. THERMAL ANALYS1S
This part deals with the evaluation

7777 ‘f

77777777

of all thermal processes in a solar reE—
rigeration elements. The system compon- outlet fluid
ents as shown in Fig. 2, are mainly AT irom absorber

solar collector, storage equipment and
absorption cooling machine.

- Fig. (§) Generator Heat Exchanger
3.1 Solar Collector Analysis

The solar heat received by the solar reflector surface is sub-
jected to both optical and thermal losses. The amount of solar
energy received is a function of solar intensity and the collector
net area. Thus, the design of a solar system to operate a refrig-
erator is controlled by many factors, among of which are the fol-
lowing;

1- The availability of solar energy in refrigerator location,

2- Amount of energy required to operate the system,

3= The required temperature level to start and continue the oper-
ation.

4- The atmospheric condition.

A pattern of the total daily solar radiation measured for nor-
mal incident of Mansoura Laboratory is shown in Fig. 6. From this
diagram it can be seen that, the total daily solar radiation inci-
dent,on the normal surface at El-Mansoura varies between 4600-5500

_(_"/_"' day). | The useful heat gained from the sum is a function of sc_nlarii"'te”ﬂ.ty
Iand the collector net area and its efficiency. It is considered as the Input of the
‘'solar refrigerator system and is given bv

Quse = 0t (1)

- Q1osses

where,
Qt is the heat received by|the solar absorber surface at a focal plane

Qlosses ?9 Fhe amount of heat losses either by convection or rad-
iation.
Quse is the amount of heat. exchanged by the solar abeorber to the

heating fluid by convection.
The equations given below represent these quantlties of heat,

0losses - Qconu + Qrad

(2)



M. 26 M.A, Rayan, A.A. Desoky & H.JI, Osaman

H,  (total incident)
1000~
900
E
~
z [
c 7001,
Q
= N
b
= 600
el
m P
= 5000
2]
ul
= L
%) 4001,
300,
| l ) } " | I 1 ] | 1 i 1
9 10 11 12 13 14 15 16
AM Noon P.M hr.
Fig. (6): Solar Radiation Along the Day.
Qconu = A h (t - ’l‘.z-:{)4 . (3)
Q[‘ad = e o~ A (T - Ta) N (q')
Quse = M o, ( Btg) (5)
The collector efficiency (‘z ) can be defined as,
? _ uuse (6)
Q

3.2 Refrigerator Thermal Analysis

The performance of the refrigerator system is measured by its
coefficient of performance {COP). Three COP may be defined for
the system, thermodynamic COP, experimental COP of the machine and
finally the COP of the complete solar refrigeration system. From
the thermodynam§xsanalysis of reversible refrigeration system con-
sisting of a generator, condenser, evaporator and absorber, Fig.7.
the thermodynamic COP can be defined as;

_ T, (1,-X
(top)th = Q,/q, = 1 ‘g i? (7)
T, (T,-T))
4 27"

From equation (7), it can be indicated that, the (COP} inc-
reases with increasing the ratio of evaporator to generator "absol-
ute temperature (T /Tq). It is desirable to have a large tempera-
ture difference be%ween the generator and condenser, | and a small
temperature difference between the condenser and the evaporator.
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To determine the experimental COP, it is required to determine
the actual heat quantlties that would be involved in the individual
processes., Thus it is required to analyze the cycle in greater
detail and to use the estimated or actual thermodynamic properties
of the refrigerant and absorbent. For one Kg of refrigerant (NH3)
circulated through the system per unit time, the corresponding co-
nditions through the cycle are shown in Fig. 7. By making heat and
mass balance for the different processes, the following relations

are obtained;

Generator, 9z = hl—Fh4+(f—l)h5 (8)

Absorber, 9y = h3—Fha+(F-l)h5 (9)

Condensor, Qe = hl - h, (10}

Evaporator, gqp = hy - h, (11)

where, f = _)_(M:'.é_:_}_{‘l@@lf--_ (12)
Xrich ™ Xeeak

qE_\$>\

(2) 1Kg -
Evaporator < Condenser <
T Ty \
, 9%
3 ¥ 4<1 "
Kg
(4)
qp > | > |
Ny
. Absorber Generator «_|
T, T, \\“\\\ ac

| - I
(9 )

Fig. {(7) Schematic Diagram- of Absorption cooling system

Thus, by using the enthalpy - concentration, (HZX) thermodyn--
amic charts for the ammonia - water, various heat quantaties invo-
lved in the different processes in the cycle can be obtained and
hence the experimental COP can be determined as;

A

coPp = —— (13)
9%
The final and the most important is the actual measure of the
solar refrigerator performance, COP . It is defined as the ratio

of the cooling obtainable to the amddAt of solar energy absorbed
or received by the solar collector, i.e.

copSys = q./Q, = 'Z -+ (COP) (14)
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4, RESULTS AND DISCUSSIONS

Series of experiments have been carried out in groups. Each
group of experiments have been made for a certain cooling load at
different evaporator temperature, condenser temperature and gener-
ator temperature. The cooling load is chosen to be a defined mass

of water undergoes either sensible or freezing changes. The cond-
enser temperature has been changed by using an electrical fan for
cooling the condenser with different velocity of air stream, The

whole plant is charged to a pressure of 17.6 ata. The partial pr-

essure of the liquid ammonia in the evaporator falls to 4.8 ata.

The major parameters affecting the performance of an absorption

solar cooling system are the following;

i - Solar coolector performance.

ii- Coefficient of performance COP of the cooling machine as defined
by equation (13). Equation (14) can be used to calculate the
COP provided that working fluids characteristics at different
parﬁgsof the cycle are known.

The solar collector used with the cooling machine has been
tested along the day. The temperature gradients of the fluid and
the ambient temperature are shown in Fig. 8. The results shown 1in
this figure are obtained with and without glass cover. These res-
ults demonestrated that the temperature gradients are a function
of incidence radiation and time It may be seen from these diagrams that
the maximum outlet fluid temperature is 105°C without using the
glass cover, while the maximum outlet fluid temperature reached
125°C when using the glass cover. Also the collector efficiency
. results °~ are shown in this figure. The maximum collector effi-

ciency obtained as defined by equation (&) is found to be 46% at
noon, and decreases with reasonable values before and after noon.

125 [ ——with glass cover
115 | «~~without glass °
B cover
105 | _
i
95 |,
85 |
%,
) 7 |- R . \ e J 5
| ] ” ’ )
o ——-D—-n\ .
s &} / & —— 1t6 ?
H
-E 55 F o outlet fluid temp. \n\u ].3
& & inlet fluid temp. )
g 45 | p collector efficiency i .
8 :
" i 3 i : 1 o1
g 10 11 . 12 1z 14 15 16

Fig. (8):. Inlet, outlet fluid temperatures and
collector efficiency along the day.
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The dependences af the machine cooling ratio.iCOP upon evapo-
ration temperature (Tﬁ), condenser temperature (TCJ and generator
temperature (Ts) are shown in Figs. 9 through 13. As it can be
expected, the’'machine COP decreases with decreasing the evaporation
temperature (Figs. 9 and 10). For a given evapration temperature,
an increase in condensation temperature gives a decrease
in machine COP (Fig. 10), the decrease in COP is nearly the same
for all evaporation temperature and generator temperatures examined.
lt is observed that the machine COP reaches a maximum value when
generator temperature increases, the evaporator temperature incre-
ases and the condenser temperature decreases, figs. 11 through 13.
The increase in COP as the generator temperature increases is less
pronounced at higher generator temperature and lower condenser
temperature. It has been found that the minimum generator temper-
ature required to operate the cooling machine is 130°C, (Fig. 14).
This is why an additional heating source is necessary for these
experiments. The use of such external heat source can be avoided
by optimizing the solar collector unit by using the evacuated glass

tube. '

The effects of condenser temperature and evaporator temperat-
ure on COP are shown in Fig. 15. The results shown in this figure
indicate that, increasing the evaporator temperature results in an

increase in COP. The change in evaporator temperature is achie-
ved by using a temperature control {(thermostat )} and changing the
cooling load. The curves also indicated that, the condenser temp-

erature have a greater influence on COP, Decreasing the condenser
temperature results in markedly increases in COP.

The effects of evaporator temperature and condenser temperat-
‘ure on system COP.as defined by equation (14) are presented in Figq.
l6. The values of COP are relatively lower than that of the mach-
ine COP. This is due B8°the collector thermal losses. The COP___
increases as the evaporator temperature increases or the condenS¢E
temperature decreases. The increase in CUPS s is markedly pronou-
ced at lower condenser temperature. The ma¥ifium value of COP
obtained during these experiments is 0.29 at condenser temperatife
24°C, generator temperature 130°C and evaporator temperature 10°C.

From the forgoing results it appears that, it is possible to
power the demostic refrigeration system by solar energy. From
these primary results, it has been found that the optimization of
such system should go through the increment of generator temperat-
ure by using an efficient solar collector and modifing the refrig-
eration machine to include a heat exchanger between the absorber
and the generator. Certainly, more research work is needed to put
the relation between these variables in an optimum form.

5. CONCLUSIONS

Based on this investigation, the following conclusions are

of fered. :

l1- The electrolux absorption refrigeration system for domestic
use may be powered by solar energy. In this experiment, the
maximum cooling load achieved is 101 KJ/hr, the corresponding
system COP is 0.1.

2. It was approved from the experimental results that, the theor-
etical analysis is important for the prediction of the system
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Figs. (9 & 10): Effects of Evaporator Temperature, Generator Temperature
and Condenser Temperature on COP.
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Figs. (12 through 13): Effects of Generator Temperature, Condenser
Temperature and Evaporator Temperature on COF.
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performance. Since the solar collector temperature is relati-
vely limited, a generator temperature as low as possible must

be selected.

b

3- The energy balance shows that the auxilary systems, such as
pumping use a 10% of the total energy. This fact must be
taken into consideration since the system will not be fully
dependent on solar energy.

6. NOMENCLATURE

A Absorber projected area m

CoP Cooling machine coefficient of performance

CopP Solar refrigeration system coefficient of psrformance

h SYS Convection hest transfer coefficient, X3/ n°. hr.

me Fluid mass flow rate Kg/hr

X Concentration, mass of NH3 per unit mass of aqua-ammonia

Atf Increase in fluid temperature ac, 9K

T1 Evaporator temperature oK

T2 Condenser temperature 9K

T3 Absorber temperature oK

L Generator temperature oK

Qcon Convection heat losses KJ

-[irad Radiation heat losses dilfngnsion ess
Solar collector efficiency 2

o Stefan Boltzman™ constant 5.66 x10™w/m". X
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