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Abstract

This paper present theoretical analysis for a solar refrigeration process to generate cold
air for air conditioning by parabolic collector in AL-Samawa city conditions . The working
fluid in the cooling cycle is water only, which is used as refrigerant fluid. The mathematical
description based on the conservation equations of mass, energy, momentum, some gas
dynamic equations, and state equations, is made to understand the flow inside the ejector.
Engineering equation solver (EES) software is used to solve the nonlinear partial differential
equations. The objective of work is to study the performance of solar-ejector conditioning
system, on 21°* day of July and December months in 2011 according to Al- Samawa climates
condition the different from other city is by received solar intensity and the position of the
city in longitude and latitude lines . The results of performance of the system show that the
coefficient of performance between (0.05-0.33) with cooling capacity between (0.1-0.56)KW

during the day for a collector of 10.5 m? area.

(oS adad JSG 93 A8l pana aladiuly &) ggd) &y alBY daae Al )

Qe Jo 33 a8 s 313 2aa
daadall Y ol /AN g \S & gl :\.ula 5 glawd) / gﬁﬂ\ gxall
LAY

ssls,d\CLuS\gaw@Me\muw\iﬁuhdauq)uh}hdhpbbadd\\_m‘;sr-u
‘;.;.'al_))]\cljaﬂ\m\_h}ﬁd\gégﬁﬂ\ﬁjjagéeﬁméﬁgw\e\ﬁu\r-.ﬁISJLAJ\@AA‘;&‘;S\:.}]\
Jal Bl glsa e g agdl Al Aalea s S jall Slall Y alaa g A8l 5 ALK 5 a3 51 ¥ alas e 3 glatall
ol o AdaaSU) 4y el Alialal) Yl Jad (EES ) Slise s Gl 3 5l 3 90 ld Jiay (g2 silal)
dﬂm;ﬁa@éq&;ZOll ewdj\}”uy&})}m%ﬁ:wz:l_ e}dhh)@\g‘ﬁ\ﬁmﬂ:\“‘J-ﬂ\bMu‘
FJS‘.MS\‘i‘mﬁﬂ\t\xﬁh]\Mdﬁ\‘;\ﬁamtljd\ﬂsﬂ&:\;%&‘d\&jﬁaé&q})ﬂ&é}hw\ol&s

*Received at28/10/2012 * Accepted at 29/9/2013

ALMUTHANNA JOURNAL FOR ENGINEERING SCIENCES 46 VOL .(2) NO.(1)



Hassan & EGab : NUMERICAL STUDY OF AIR CONDITION SYSTEM USING SOLAR
PARABOLIC COLLECTOR

O s o A shaiall ¢ a) Jalas (o)) Lale J gema) 25 il i) Comaa gl i jadl 5 J shall Ja shadd dilly Lgad sa g
20 10.5 daluays aals osad paney dan Ao shaial dpailly Lol 51 (0.1-0.65) 0w 28 Jeala a5 (0.33-0.05)

Nomenclature

As1 . Cross-section area inside the tube (m?)

A, : cross-section area of the absorber (m?)

A.ny : Cross-section area of the glass envelope (m?)
C, : specific heat at constant pressure (J/Kg K)
COP : coefficient of performance
D :Thesun's declination angle ( Deg)
h : Specific enthalpy (J/kg)

| :solar radiation (W/m?)

m : mass flow rate (kg/)

M : Mach number

P : pressure (N/m2)

Q. :The total heat transfer between the absorber and the glass
envelope (W/m)

Q. The total heat transfer between the glass envelope

and the environment (W/m)

anine g The heat transmitted between the absorber and the heat
transfer fluid (W/m)

Qenv abs, - The absorbed solar energy by glass envelope (W/m)

QS ahs. - The absorbed solar energy by absorber tube W/m

R : universal gas constant (kJ/kg K)
T : Temperature K

U : velocity m/s

V ¢ : Volumetric flow rate of the heat transfer fluid ( m*/s)
Vwing - Wind speed (m/s)

n : The day number of the year

W : pump work

W : Aperture width of collector

Greek-Symbols

n Efficiency

o : Angle of incidence Degree

91 : Zenith angle Degree

91 : Zenith angle Degree

& . Effectiveness

E : Transitivity of the glass tube

p : The density kg/m®

T :Thesolar time or ratio (Te/Ty) hr
¢ : The hour angle degree

¥ :M ass ratio, entrainment ratio

« . Absorptivity
¥ . Reflectivity of the reflecting surface

& : Collector optical factor
Subscript

Abs : Absorbed solar energy
¢ : Cold fluid side

col : Collector

d: Diffuser

e : Evaporator

f :The heat transfer fluid
env : The glass envelope

s :The absorber tube

t: throttle

g : Steam generator

I :inlet

L: Load ,hot fluid side
m : Mixture

no: Nozzle

0 : Outlet

st : Storage tank

y: at Section y-y
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1. Introduction

The solar-driven ejector refrigeration system appear as an attractive alternative for
refrigeration technologies due to its capacity to use low temperature heat supply. It major
component include solar collectors, a hot oil storage tank, an ejector cycle as shown in Fig.(1)

6  Ejector 10
E— —
\
Storage Generator Condenser Evaporator
tank
N
2 4 5 8 9
L=
Pump Pump Pump Expansion Valve

Fig.(1) : Solar — air conditioning system diagram

The collector pump circulates oil between the collector and the storage tank. The oil conveys
heat from the collector to the storage tank. Then, hot oil from the storage tank is carried to the
generator where the refrigerant vaporizes. When the heat provided by the storage tank is not
sufficient, may the auxiliary pre-heater acts as an additional source of energy to ensure that
pressure and temperature conditions required by the ejector are achieved. The high pressure
primary vapor flow is generated and the low pressure vapor flow of the refrigerant coming
from the evaporator is induced to the ejector. The primary and the secondary vapor stream are
mixed at the mixing section where an aerodynamic shock is included to create a compression
effect. The mixed stream is then discharged, via a diffuser, to a condenser rejecting heat at
ambient temperature to the cooling water system. Then, the refrigerant flows through an
expansion valve to the evaporator, where it absorbs heat at low temperature from chilling
water. The remaining liquid refrigerant is pressurized by refrigerant pump and vaporized in
the generator using heat from the solar collector system, thus completing the cycle as shown
in Fig.(1) This work gives particular attention to the use of an ejector in the cooling cycle, due

to it is construction simplicity, absence of moving parts, operation at low temperature and a
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low operational cost, being attractive for refrigeration and air conditioning applications. It has
been shown that the cooling cycle performance.

2. Literature review

A number of studies can be found in the literature concerning solar ejector cooling system
. A theoretical work on solar air conditioning system can be found in Hung et al. 1985 [1],
developed a high —performance solar ejector refrigeration system using R141b as the working
fluid. They obtained a coefficient of performance of a single- stage ejector cooling system
around 0.22 at a generating temperature of 95C° condensing temperature of 32 C° and
evaporating temperature of 8C°, and solar radiation of 700 W/m?. Water was used as the
refrigerant in the modeling study presented by Khattab and Barakat in2002 [2]. Very low
generator temperature (50 C°) and cooling load (0.4 kw) were considered. In 2006, Vidal et
al. [3], analyzed the solar ejector cycle using R-141b as its working fluid by using the
TRNSYS and engineering equations solver (EES) simulation tools. The system was designed
to deliver 10.5 kw of cooling with 80 m? of flat-plate collector, and 4 m* of hot-water storage
tank. They reported the maximum COP of 0.22 at a generating temperature of 80 C° an
evaporating temperature of 8C° , and condensing temperature of 32C°. in 2009, Clemens
Pollerberg et al. [4], present experimental work by design a system of a solar driven air
conditioning system, with water as working fluid in the system, a designed cold capacity was
1 kw, the investigation shows that the cooling water temperature as well as the cold water
temperature has strong influence on the coefficient of performance of a steam jet ejector.

3. Theoretical analysis

Detailed information about solar radiation availability at any location is essential for the
design and economic evaluation of a solar energy system . its known as direct solar radiation
on a surface depends on the sun's position in the sky . the sun's position is a function of the

latitude (1) , the solar declination (d) , and the hour angle (¢ ) .from the fundamentals of solar

geometry , these parameters are given by [6];

d= 23.5Sin[%(284+ n)j [Degrees] (1)

Where (n) is the day of the year.
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0=15 (r -12) )
cos(8,) = cos(l) cos(d) cos(¢) + sin(l) sin(d) (3)

The incident angle @ of solar beams on a surface is given by :
cos(6) = [cos2 (6,) +cos?(d)sin® ((p)]“2 (4)

The solar intensity on a surface isgiven by [ 7] ;

solar beam radiation component =1_,.cos(d) (5)

A and B are monthly dependent parameters tabulated [ 7] .

3.1 Solar intensity in AL SAMAWA City

As mentioned previously , the solar intensity can be calculated using equations 1 to 4 . its
noted that the solar incidence on a surface depends on three important variables : the solar
declination (d) , the latitude (1) and the time (t) . equation (5) represents the final equation

where the solar incidence radiation for any location can be calculated .

3.2 Collector model

The sun’s energy, reflected by the mirror, fall on the absorber after passing through
the glass envelope . the differential equations for the temperatures of the HTF, the absorber
and the glass envelope are established. The differential equations are coupled through
relations for the heat transfer between the different parts of the heat collection element. To
derive the appropriate differential equations. The heat collection element consists of the

absorber pipe in which the HTF flows. A glass envelope covers the absorber pipe.

A Transient energy balance for the HTF leads to the following partial differential
equation for the HTF temperature [8]:

Gl

Ps Cp s As,l ot

T,
==Ps Cp s Vf (t) E-I_anined (6)

The distance along the collector is z, and t is the time. The boundary condition for equation
(6) is:

Tf (O’t) = Tf,i (t) (6 a)
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with Tf,i as the HTF collector inlet temperature. The initial condition for equation (6) is:
T, (z20)=T,, (6 b)
The differential equation for the absorber temperature is given through [8]:

oT,

Ps CP,s As E Qs,abs. - Qin. - anined (7)

The initial condition for equation (3.11) is:
T, (2,0)=T,, (72)

The differential equation for the envelope temperature is given through [8]:

aTe nv
ot

penv CP,env Aenv = Qenv,abs. + Qin. - Qex. (8)

The initial condition for equation (8) is:
Tenv (Z’O) - Tenv,O (8 a)

The interacting dynamic of the temperatures given through the differential equations
(6), (7) and (8) is determined by the heat transfer between the HTF, the absorber, and the
envelope.

the solar absorption in the glass envelope becomes [7]:
Qenv,abs. = yaenv§WIDN COS(Q) (9)

While , the equation for the solar absorption in the absorber becomes [7]:
Qs,abs - yéa55W]DN COS(Q) (10)

(anined), (Q,,) and (Q,, ) values can determined from heat balance for the element of

collector pipe . finally, the collector outlet temperature (T:,) is calculated by solving the
nonlinear differential equations ODE (6) ,(7) and (8) using numerical solution (finite

difference method) .

3.3 Storage Tank Model

The hot oil outlet from solar collector provide heat to a thermal storage system. The

advantage of having a thermal storage system is that it can store the thermal energy generated
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during the peak radiation hours for later use when solar radiation is unavailable. A full mixing
model is assumed in order to simplify the energy balance of the system all the fluid inside the
storage tank is considered to be at the same temperature, the storage tank diagram as shown in

Fig.(2) , and the system pipes are ideal, without friction and storage tank is also insulated.

For insulated storage Tank the equation above becomes :

. a1, | )
(m Cp )st-d_tt: My Cp (Tf,o _Tst)_ M, Cp ¢ (TL,i _TL,O)‘ (11)
With initial condition ,
at t=0 T, =T, (11 a)

In order to find Ty ,Eq.(11) solved numerically for each time step (At) .

’nf’Tf,o n.qL’TL,i
—_—>— |——>
Storage
Tamp Da Tank
mf 1T5t r.hL ’TL,O
_<_—I I—<_

Fig. (2) : Storage Tank diagram

3.4 Steam generator Model

Generator vapour is a heat exchanger connected between solar heat system and ejector
cooling system as shown in Fig.(3), and operate as a heat source to the ejector cooling cycle
.The model of generator is based on effectiveness-NTU method [9].

By considering overall energy balances for the hot and cold fluids, the total heat transfer
rate is obtained as,

q = ngin (TL,i _Tc,i) (12)
For any heat exchanger, ¢ is a function of two parameters, which are NTU and C; :
¢ = f(NTU, C) (12 a)

The effectiveness ¢ is given as [41]:

1—-exp[-NTU@-C,)]

_ b
“T1-C, exp[CNTU@-C,)] (125)
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Where, NTU is the number of transfer units, defined as ,

UA
NTU = (12¢)

C min

C, is the heat capacity ratio, defined as ,

C min
Cr = (12 d)
C max
Where , Crhax = Cc or C, whichever is larger . (12¢e)
From storage tank To ejector cycle
- " 5 >
Hot oil , inlet < | | »- Steam generator, outlet
T ;,m T, orT,,, m,
Hot oil ,outlst Condensate water,
‘|'L’0 ,m, 4_—‘| l_’— inlet Tc’i y M,

Fig.( 3) : Flow diagram of steam generator

3.5 Ejector Model

An ejector is a device in which a higher pressure fluid (also called primary fluid) is used
to induce a lower pressure fluid (called secondary fluid) into the ejector . As shown in Fig .(4)
, The high pressure primary steam starts to accelerate as it enters a convergent section of the
nozzle and reaches the sonic level at the nozzle throat section (1-1). The speed of primary
flow is further increased while expanding through a divergent section of the nozzle. At the
exit plane section (2-2), the primary fluid expands out with supersonic speed and results the
low pressure region section (2-2). This pressure is lower than the pressure in the evaporator
and allows a liquid refrigerant in the evaporator to vaporize at low temperature to create the
refrigeration effect (Heat used to vaporize this refrigerant is the cooling load of the system) .
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Suction scction Constant —area section  Ditfuser section

m

.ll i«

| Pressure

| Sonic velocity

Velocity

Fig .(4) Variation in steam pressure and velocity along the ejector [10]

The evaporated *““‘secondary fluid’” will be entrained from the evaporator and flow out without
mixing with primary fluid immediately . Both fluids assumed that to be start mixing
somewhere at the downstream of the nozzle exit section (y-y) in the suction chamber ,then the
mixing stream enter the constant area at section (m-m). A normal shock wave is then induced
in the ejector throat section (s-s), creating a compression effect, and the flow speed suddenly
drops to subsonic value. Further compression is achieved when the mixed stream passes
through the subsonic diffuser (d) [11].

The following assumptions are made for the analysis :

1-The process in the ejector to be adiabatic and the flow inside the ejector is assumed to be

steady and one dimension..
2- Kinetic energy of the inlet and outlet flows is neglected .
3- Friction and mixing loss is accounted in the form of isentropic efficiency.

5- The working fluid is an ideal gas with constant properties c_ and }~ .

6-The two streams starts to mix at the cross section y—y with a uniform pressure, at suction

chamber before the shock which is at the cross section s—s .

7 - The constant-pressure mixing occurred at the inlet of the constant area section .
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3.5.1 Governing equations

Under ideal condition ,the general governing equations for the suction ,constant area

and diffuser are as the follow [10] :

Conservation of momentum PA+> mu =PA +> mu, (13)
. 2 2
Conservation of energy > m, (hi +u’”/ 2) =>m, (ho +Uu; /2) (14)
Conservation of mass Z PUA = z PU A, (15)
Definition of Mach number M = u © C= J;RT (16)
Cc

A- Primary flow through nozzle (section 1-1)

For a given inlet stagnant pressure Pg and temperature Tg , the mass flow through the

nozzle at choking condition is given as :

(r+1)
- :PgAi\/moy[ 2 j Y6 (17)
- T\ R (y+1
¢]

where n,,, is a coefficient relating to the isentropic efficiency of the compressible flow in the

nozzle.

B- Nozzle - Suction chamber (section 2-2)

The gas dynamic relations between the Mach number at the exit of nozzle |\/|2 and the exit

Cross section area Az using isentropic relations as an [12]:

2 (7+1) ”
(Azj ! [ 2 (H(y—l)Mzzﬂ Yo (18)
A MZ, [ y+1 2 o

And ,the relation between primary Mach number at exit nozzle and pressure at nozzle exit

P, isgivenas:

92

[F’QJ _ (“ (72—1) M2 j/” (19)
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While, the relation between secondary Mach number nozzle exit and pressure at nozzle exit
P

L s

M- | 2 (Pejm)_l (20)
y-1\R

C- constant area section

The mixing process is modelled by one-dimensional continuity, momentum and

energy equations. This section include the following subsections :
1-Mixing section (m-m)

These equations are combined to define the critical Mach number of the mixture at
point m in terms of the critical Mach number for the primary and entrained fluids at point 2,
based on assumption 4 and 7, the momentum eq.(14) between section 2-2 and m-m can be
simplified into [13] :

7. (myug, +moug, )= (m, +m,) u 1)

m

with 77, as the efficiency for the whole mixing chamber .

by using Eq.(16) and Eq.(21) then the Mach number of two streams at constant pressure is
givenas [12] :
M, +o Mt

M = (22)
(1+ 07)(@+1))

The relationship between M and M~ at any point in the ejector is given by this equation [13]:

Moo | M+ (23)
MZ(y —1) +2

Eq.(23) is used to calculate M "¢z , M"g2 My, .
2-Mixed flow across the shock section (m-m to 3-3)

A supersonic shock will take place at section s—s with a sharp pressure rise. Assuming

that the mixed flow after the shock undergoing an isentropic process, the mixed flow between
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section m—m and section 3-3 inside the constant area section has a uniform pressure P3.Using

normal shock relation , the Mach number of the mixing after the shock wave is :

(24)

_ m (25)

D- Mixed flow through diffuser

After passing through the constant area throat section from section (m-m) to section (3-3)
the flow is expanded through a diffuser with a given isentropic efficiency to the condenser
pressure ,The pressure at the exit of the diffuser follows the relation, assuming isentropic

process :

71(r-1)
Pd:(lﬂd(yz—l)wj (26)

3

The area ratio of nozzle throat and diffuser constant area is givenas  [12]:

P Uy P (-1 \M?

A T S

Py 1 " [Pd.] { (Pd.j } (27)
P\ (1+ o)L+ 0r) [ 2 ]WD[ 2 jm

A
A3 -

1--
y+1 y+1

3.5.2 Performance of the ejector cycle

The performance of a refrigeration cycle is generally expressed through the coefficient

of performance, which is the output cooling power for a unit energy input:

cop-_2 (28)
Q6 +W

g

Also there is another performance element it is the mass flow ratio between

the evaporator and generator streams , called the entrainment ratio (®) :
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w=—" (29)

3.6 Condenser

The condenser is an indirect contact heat exchanger in which total heat

rejected from the refrigerant fluid is removed by a cooling medium like air.

The energy conservation in the condenser could be calculated as follows:

Qcond = rhcond (hs - h4) ( 30)

Where , m

cond.

=m, +m, (30 a)

3.7 Evaporator Model

The evaporator in ejector refrigeration system ERS which is a vessel content
the water that will evaporate by subjecting liquid water to a pressure below the
saturation pressure corresponding to the temperature to which the water will be
cooled. Fig.(5) shows schematic of evaporator only a small fraction of the water's
mass need be evaporated for an appreciable temperature reduction, due to the high

enthalpy of vaporization of water. [13].

The cooling capacity in the evaporator is given by :

Qe = me(hlo - hg) (31)

Entrained vapour to low pressure 10 T m
region in ejector °

4
.~ /,Ak -
L Q.
Refrigerant liquid at[————— {1
P.T - -]

Fig.(5) Schematic representation of evaporator
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4. Result and discussion

Figures (6 ,7) shows the direct normal radiation and its component (incidence radiation)
for the summer month July and winter month December , with a sine profile behavior, which
reach a maximum value in range around (850-900 W/m?) in mid-day, as demonstrated in its
noted that the values of the direct normal radiation and its component are very close to each
other in July , because the tilting of incident solar radiations are small in summer seasonal,
therefore, the maximum values of their useful solar radiation are about in the range (985-900
W/m?) in summer months.

Figures (8, 9) shown the solar energy in July and winter month December, increases
from zero before sunrise time, and then a best value occurs at (12:00 p.m.) depending on the
component of direct normal radiation, after that decreases progressively to zero at sunset. It
can be seen from these two figures that the absorbed energy by tube reaches to value above
(3000 W/m) I July while it reach to value above (2000 W/m) at period from (9:00 a.m.) to
(15:00 p.m.)

Figures (10,11) , represent the collector outlet temperature behavior in July and
December the value increase from value equal to ambient temperature at (5:00 a.m.) to reach
maximum value about (163 C°) on July while in December reach to (135 C°) at (12:00 p.m.)
then the collector outlet temperature is about (40 C°) at (12:00 a.m.) depending on the
absorbed solar energy.

Figures (12,13), shown the value of storage tank temperature vs. time for July and
December , is reached slightly to a maximum value during period from (13:00 p.m.) to (18:00
p.m.) according to the value of collector outlet temperature, while after sunset it take to
decrease in value at mid-night.

Figures (12,13) , also demonstrated the generator outlet temperature in July and
December beginning before sunshine with value about (24C°) closed to ambient temperature,
then the temperature of generator was increase step by step with the sunshine due to increase
in storage tank temperature to reach maximum value to about (125C°) in July while in
December is about (110 C°) at (16:00 p.m.), then the temperature was taken in decrease
slowly after sunset to reach to its value about (100 C°) in July at (23:00 p.m.).

Figures (14,15) , shows the entrainment ratio (w) and coefficient of performance (COP)
vs. time for July and December , as it is clear from figures that the (COP) and (w) start with
value below (0.05) at (5:00 a.m.) and then when sun rise the values rise to reach maximum
values (COP) and (w), respectively at period from (12:00 p.m.) to (20:00 p.m.) because of
generator pressure and temperature above 1 bar in this period, then decrease slowly after
sunset according to gradually decreasing in generator pressure and temperature.

Figures (18,19), demonstrated the cooling capacity of system in July and December , start
to increase and has maximum value at (16:00 p.m.), then decrease slowly after sun absent
depending on generator pressure and temperature and entrained mass flow rate (m-) value
according to eq.(29).
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Figure (16) , shows the COP vs. condenser temperature, as shown from figure the COP
increase if condenser temperature decrease, while the COP is decrease if condenser
temperature increase because the effect of the condenser temperature on the back pressure and
that leads to effect on secondary mass rate value.

Figure (17), shows the COP vs. generator temperature, as its demonstrated from figure,
the COP increase with increase generator temperature and vice versa because the increase in
temperature leads to increase in pressure that in necessary to create vacuum and entrained the
secondary mass from the evaporator.

5. Conclusions

In this study, theoretical analysis model is made for performance prediction of solar-
driven ejector refrigeration system for providing air conditioning was studied. The results of
the mathematical simulation have demonstrated that the solar-driven ejector refrigeration
system can be designed to meet the cooling requirements of air conditioning for houses in Al
SAMAWA
city . The following conclusions were obtained :-

(1) It is concluded from the present study that was performed that solar driven air
conditioning has practical and economically because it is used free energy when compared to
conventional vapour compression air conditioner .

(2) For the studied case, the condenser temperature influences more on the performance of the
SERS than the generator temperature.

(3) From 12:00 p.m. to 17:00 p.m. , on typical clear sky days, the average COP of the system
is 0.33 with most of the daytime remaining steady between 0.3-0.33, except at 24:00 a.m. ,
when it

drops as low as 0.28 .

(4) The coefficient of performance COP and cooling capacity QE difference is more

noticeable in the summer months than in the winter .

(5) The modeling results of this study give guidance for the possible use of solar energy to
driven conditioning application in al Samawa city.
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2011
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Fig.(8): Absorbed Solar Energy from the solar

field for 21 July 2011
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Fig.(9) Absorbed Solar Energy from the solar
field for 21 December 2011
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Fig. (10): Collector outlet temperature vs.time
for Samawa city on 21 July 2011.
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Fig. (12): Storage tank tank and generator
Temperatures vs. time on 21 July
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Fig. (11): Collector outlet Temperature vs. time
for Samawa city on 21 December 2011
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Fig.(13): Storage tank and generator
Temperatures vs. time on 21 December
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Fig.(14): The Coefficient of Performance and Fig.(15): The Coefficient of Performance and mass
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Fig. (16): The effect of the condenser temperature Fig. (17): The effect of the generator temperature
on the optimum COP on the optimum COP
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Fig.(18): Cooling Capacity vs. time for Samawa

city on 21 July 2011
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