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ABSTRACT 
The evaluation of flat shallow cavity solar collector inserted with porous substrate was 

investigated experimentally and numerically. The aim of this work is to improve the thermal 

performance of flat plate solar collectors using enhanced heat transfer technique. Porous 

media were made of multilayer of aluminum mesh to form a porous layer of thickness 25 mm 

inserted under the absorber plate with porosity of 0.9 and permeability of 84.87.  The solar 

collector was installed in Baghdad south facing at a fixed tilt angle (45°). Three types of solar 

collector have been designed and constructed namely solar collector made of shallow 

enclosure (model I), solar collector made of shallow enclosure inserted partially with porous 

layer (model II) and solar collector with channels of corrugated channels inserted partially 

with porous layer (model III). The results of parametric study of model III in case of 

continuous operating showed that the maximum average water temperature difference of 

water between collector outlet and inlet exceeds (7.21°C) and the maximum outlet 

temperature exceeds (50°C) at solar noon for (November, and December 2013). The thermal 

efficiency for collector model III was ranged from 47.52% to 52.2%, while that for model I 

was ranged (33.5% to 42.3%) under the same environmental conditions. 
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 مسطح نوع حيز ضحل ذو طبقة مساميةتقييم مجمع شمسي 
 

 فهد عبدالله زغير                                                                     كريمة اسماعيل عموري  

                                                                                       

 

لخلاصةا  
من هذا العمل هو تحسين الاداء  عمليا وعدديا .الهدف  تقييم مجمع شمسي مسطح نوع حيز ضحل ذو طبقة مساميةتم 

من طبقات متعدده من  الماده المسامية الحراري لمجمع شمسي مسطح باستخدام تقنيات تحسين الانتقال الحراري. صنعت

.  السطح الماص اسفل بتماسووضعت  84.87وذو نفاذية بمقدار  0.9ملم وذو مسامية مقدارها  25بسمك  شبكة الالمنيوم

من المجمعـات   واعـة انـثلاثيم وتصنيع  ـم تصمـ. لقد ت˚45باتجاه الجنوب وبزاوية ميل  لشمسي في بغداد  تم تنصيب المجمع ا

الشمسي مسطح نوع حيز ضحل يحتوي  مجمع, ل ) النموذج الاول(ـشمسي مسطح نوع حيز ضحع ـمجموهي الشمسـية 

حيز ضحل وبثلاثة قنوات متموجة الجوانب مجمع شمسي مسطح نوع و الطبقة المسامية ) النموذج الثاني(على جزئيا 

اعطى اعلى فرق بدرجة حرارة   لنموذج الثالثا ان ت النتائجبين. ويحتوي جزئيا على الطبقة المسامية )النموذج الثالث(

الخارج من م( . وزادت درجة حرارة الماء  ˚  7.21)زادت على   الشمسيالماء بين الخروج والدخول من والى هذا  المجمع  

للنموذج الحرارية    الكفاءهمدى    .  2013خلال شهر تشرين الثاني وكانون الاول  عند منتصف النهار      م˚50ع تتجاوز  المجم

                          %.42.3الى  %33.5من % ، وللنموذج الأول كانت تتراوح 52.2% الى 47.52الثالث كانت 
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Symbol Definition Symbol Definition 

A Area of solar collector (m2) Ra Rayleigh number 

Cp specific heat  S      Absorbed solar radiation (W/m2) 

FR Heat removal factor  T     Temperature (°C) 

F' Collector efficiency factor u Velocity component in x direction (m/s) 

F" Collector flow factor Ub Back loss coefficient ( W/m2. K) 

G Gravitational acceleration (m/s2) Ue  Edge loss coefficient ( W/m2. K) 

h  Coefficient of heat transfer ( W/m2. K) Ul  Overall loss coefficient ( W/m2. K) 

It    Total incident radiation ( W/m2) Ut  Top loss coefficient ( W/m2. K)  

K Permeability  v Velocity component in y direction (m/s) 

 Mass flow rate of water (kg.s)  Velocity vector (m/s) 

Nu Nusselt number w Velocity component in z direction (m/s) 

Q     Energy (W) 
x,y, and 

z 

Cartesian coordinates 

Greek Symbols 

Α Absorptance of absorber µ Dynamic viscosity ( Ns/m2) 

β   Tilt angle (degree) ν Kinematic viscosity (m2/s ) 

Η efficiency ρ Density (kg/m3) 

ℇ Porosity  τ Glass transmittance  

k  model constant ω Specific dissipation rate 

Subscripts 

A Ambient m Mean 

B Bottom o Outlet 

C Convection p Plate 

E Edge, or effective r Radiation 

F Fluid s Solid 

G Glass sf Solid-fluid interface 

I Inlet u Useful 

  w Water 

 

 INTRODUCTION 

Energy consumption in providing hot water comprises an important fraction of the total 

worldwide energy consumption (Suarez et al. 2009). Heating and domestic water production 

represent 50–75% of the energy consumption of the residential sector, according to the 

climate (Motte  et al. 2013). Solar thermal collectors are one suitable tools for cleanly 

providing houses with that needed energy. The incorporation of solar thermal collectors or 

photovoltaic (PV) panels to decrease fossil energy consumption in the residential sector is 

becoming more common every day [Chow et.al. 2009]. Most thermal collectors consist of a 
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flat plate of approximately 2 m2 that is placed on the building’s roof for low temperature 

applications 30-70°C and/or for applications that require heat during the winter months.  

         (Chiou 1982) developed analytical model for determination of the deterioration of 

thermal performance of flat plate solar collector due to flow no uniformity in the risers.  He 

found that the deterioration of the collector efficiency becomes quite significant if some tubes 

are completely plugged up. Also a relationship is found between the deterioration of the 

collector efficiency and flow no uniformity parameter. (Hassab et al. 1987) investigated a flat 

plate solar air collector in which air flows perpendicularly from the transparent cover to the 

porous absorber plate. This collector is designed such that no natural convective currents take 

place under various system parameters. The results indicate that the best operating efficiency 

can be obtained when running the collector with a mass flow rate of  .  

 (Zerrouki, et.al. 2002) presented an analysis of natural circulation of a compact 

thermosyphon solar domestic hot water (SDHW) system produced and commercialized 

locally in Algeria. Calculations and measurements were performed on the mass flow rate, 

temperature rise of fluid and absorber temperatures inside the thermosyphon of parallel tube 

design. (Chen and Liu 2004) studied numerically heat transfer and air flow in a composite 

wall solar collector system with a porous absorber. They used this collector as a thermal 

insulator when sunlight is not available and as an air header during day. The effect of porous 

layer thickness on air temperature inside the heater room has been investigated. They found 

the space temperature reaches 27 ˚C for wall porosity of 0.25   when the outside average 

temperature was 10 ˚C and maximum solar radiation was 350 W/m2. (Yousef 2008) studied 

theoretically the effect of mass flow rate, flow channel depth and collector length on the 

system thermal performance and pressure drop through the collector with and without porous 

medium. The solution procedure is performed for flat plate collector in single and double flow 

mode. The results show that the system thermal efficiency increases by 10-12% in double 

flow mode than single flow due to the increase in heat removal, by 8% after using porous 

medium in the lower channel as a result of the increase of heat transfer area. At the same time 

the pressure drop is increased also. (Sekhar et.al. 2009)  evaluated the top loss coefficient of 

single glass cover flat plate collector both theoretically and experimentally under laboratory 

conditions. He concluded that the emissivity of the absorber plate has a significant impact on 

the top loss coefficient and consequently on the efficiency of the flat plate collector. The 

efficiency of flat plate collector is found to increase with increasing ambient temperature. 

There is no significant impact of tilt angle on the top loss coefficient. 

    The aim of this work is to investigate the effect of inserting a porous layer in shallow cavity 

solar collector after designing, manufacturing and instrumenting three types of solar 

collectors.. The contribution of the present work is to investigate a collector with wavy 

channels inserted with porous layer. Develop and solve a mathematical model of the adopted 

design, with the the adopted design, with the appropriate boundary conditions and interface 

condition utilizing FLUENT software and specify the effect of using this new type collector 

on the thermal performance of solar water heating system for Iraq climate conditions. 

 

THEORETICAL AND NUMERICAL MODEL 

     Computation of fluid flow and heat transfer of water within different solar collector model, 

the overall heat loss coefficient the useful heat gain, and the efficiency of the solar collector as 

well as the of pressure drop across the porous medium were calculated.  

 

Mathematical Model 

 Governing differential equations  

         To obtain a mathematical simulation for steady state, turbulent, natural convection heat 

transfer in solar collector partially filled with porous layers, several assumptions have been 
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made Steady three dimensional incompressible fluid flows, all thermophysical properties of 

water are independent of temperature except the density, neglecting the back and edge heat 

loss from collectors and finally water enters the collector at uniform temperature with 

parabolic velocity profile. 

The fluid saturated porous medium is considered in local thermal non equilibrium, i.e. the 

energy transport is based on the twophase equation model. A key modeling equations in  

FLUENT  for  fluid  flow  and   heat transfer in  plate solar collector  channel  from   natural 

convection are  the  conservation of mass,  momentum , and   energy. (Fluent version 6.2.16 

user manual). Flow under consideration and coordinate system is shown in Figure(1). 

Continuity Equation: 

                                                                                                 (1) 

 

Momentum Equation in x direction is:   

                                            (2) 

Momentum Equation in y direction is: 

                                             (3) 

 

Momentum Equation in z direction is: 

                                       (4) 

 

Energy equation: 

                                                                                                                                       (5) 

where:  

keff   is effective thermal conductivity (W/m.K) calculated as  

 subscript f, and s hold for fluid and solid respectively 

  components of water velocity within the collector (m /s) 

   is time (s) 

Turbulence Model 

      The standard -  model is a semi-empirical model based on model transport equations 

for the turbulence kinetic energy ( ) and its dissipation rate () and more appreciate. The 

model transport equation for ( ) is derived from the exact equation, while the model transport 

equation for () was obtained using physical reasoning and bears little resemblance to its 

mathematical exact counterpart. 

     The turbulence kinetic energy ( ) and it's rate of dissipation () are obtained from the 

following transport equations (Collie et. al., 2001): 

  

                                                                  (6) 

and 

 

                                                    (7) 
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The steady state has been adopted in this case by analyzing the solar collector at solar noon, 

i.e the transient terms has been ignored in this work 

 

Boundary Conditions 

    Referring to Fig. 1, the associated boundary conditions necessary to complete the 

formulation of the present work are: 

Inlet to the collector  

Steady uniform velocity at the collector inlet 

     ,                                                                                        (8) 

(where the inlet pipe is located at the center of solar collector thickness which is 50.8 mm or 2 

inches).  The inlet temperature is taken from measured data (at solar noon). 

Exit of the collector  

At        the pressure is equal to the head difference between the free surface in the 

storage tank and exit height, 

                                                                                                                                       (9) 

and 

 

                                                                                                         (10) 

Along the solid boundaries of the solar collector the no slip conditions are used. 

                                                                                                          (11) 

Also all sides and back surface of the collector are taken as insulated surfaces such that  is 

 = 0                                                                                                                                     (12) 

 

where n is normal unit vector on the surface. The absorber plate is subjected to constant heat 

flux  where 

                                                                                                                    (13) 

is the transmissivity of the glass cover. 

is the absorptivity of the absorber.   

is the thermal conductivity of the absorber plate (W/m.K). 

 

EXPERIMENTAL SETUP 

The outdoor test was conducted during the period November and December (2013) in 

Baghdad. The collector was south oriented at 45˚ (For winter load, the tilt angle should be 

latitude + 10o and for year round use, the tilt = latitude, Degirmencioglu, 2006). The 

experiments were carried out from 8:00 AM to 17:00 PM for clear and cloudy days. Fig. 2 

shows the general aspect of experimental setup. 

      Solar collectors are designed to meet the regulations defined on ASHRAE Design 

Manual Sec3.3. These collectors have been manufactured locally from galvanize plate of 

dimensions (0.05*0.57*1.75 m) and a thickness of (0.9 mm). Porous media made of 

multilayer of aluminum mesh is inserted under the absorber plate. The absorber is coated with 

black mat paint. The collector was thermally insulated from all sides and bottom by glass 

wool insulation of (50 mm) thickness to reduce the heat losses. A glass cover (4mm) 

thickness and (1.75*0.7m) dimensions is used and sealed to prevent leakage of air. The gap 

between the glass cover and the absorber plate was (50mm) and the porous media depth was 

(25 mm). The solar collectors designed, manufactured, and tested are shown in Fig. (4) and 

Fig. (5).  

In this work, the total solar radiation was measured by a digital Data logging solar power 

meter TES-1333R of accuracy within ± 10W/m2. The solar meter was south oriented and 
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tilted at the same tilt angle of solar collector (i.e. 45˚). 67 Thermocouples type k with a range 

between -200 to 1370 º C and accuracy of ± (0.1 K ± %0.05 of measured value) was used in 

this work. These thermocouples are connected to three digital temperature reader types 

(BTM-4208SD) thermometer of 12 channels with data recorder.Water inlet and outlet 

temperatures, back plate, porous media, absorber plate, glazing cover of the collector and 

ambient temperatures have been measured as shown in Fig. (6 a, b and c) for collector model 

(I), (II) and (III) respectively. All data have been recorded every 10 minutes. 

 

Data processing 

The following simplified steps were used to analyze the thermal characteristics of the solar 

collectors based on the experimental measurement. The absorbed energy by the absorber plate 

could be calculated by the equation below (Duffie and Beckman, 2013):  

                                                                                                                (14) 

where, It is the total incident radiation. The effective transmittance-absorption factor (Ft) is 

calculated from the following equation: 

                                                                                                          (15) 

where; 

Shading coefficient. 

 Dust coefficient.  

 Is calculated as follows:  

                                                                                                            (16) 

The energy loss from solar collector is given by: 

                                                                                                     (17) 

Mean plate temperature ( ) is calculated as follows (Duffie and Beckman, 2013): 

 

                                                                                                       (18) 

The heat removal factor  (FR) is given as: 

                                                                          (19) 

where the collector flow factor F" and the collector efficiency factor F' are calculated as 

follows: 

  

                                    (20) 

                                          (21) 

                                                                  (22)                  

where the mean fluid temperature is calculated from the following equation:    

 

                                            (23) 

                                                                         (24)     

                                                       (25)   

                         (26)    

                            
The collector overall heat transfer coefficient ( ) is the sum of top, bottom and edge  
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loss coefficients: 

                                           (27) 

The back loss coefficient is found from: 

                                 (28) 

The edge loss coefficient based on the collector area is found as: 

                                            (29)                       

where the edge area is the product of the perimeter of the collector by the collector thickness.  

The top loss coefficient from the collector plate to the ambient for this single glass cover 

system is as follows: 

 

[  ]-1                                         (30) 

The convective heat transfer coefficient (hw) is calculated based on wind speed (v) (Duffie 

and Beckman, 2013): 

                                                                                                                   (31) 

The radiation heat transfer coefficient from the glass to the ambient ( ) is calculated as: 

 

                                         (32)  

where ) is sky temperature (in this work ) is taken equal to ambient temperature). 

The radiation heat transfer coefficient from the plate to the glass cover ( ) is calculated 

as: 

                               (33) 

The convective heat transfer coefficient is calculated as: 

 

                                            (34)  

where (Dh) is the equivalent (hydraulic) diameter of the duct. In the case with porous media 

(Dh) is given by (ASHRAE solar design manual, 1980): 

 

 

                                            (35) 

where ℇ is the porosity of the porous medium, w is the width of the duct and d is the depth of 

the duct.  

Nusselt number  for the air gap below the glass cover is a function of Rayleigh number Ra 

which is given by (Duffie  and Beckman, 2013): 

 

                             (36) 

"The (+) sign indicates that only the positive value taken into account" 

 Rayliegh number is calculated as: 

 

                                (37)  

where  is the space between the glass cover and the absorber plate. The properties of air are 

evaluated at the ambient ( ). 

 

                                 (38)  
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The useful heat gain Qu of the solar collector is calculated as follow:  

 

                                          (39) 

which  can be calculated as:  

 

                                          (40) 

or the outlet temperature is evaluated as: 

 

                               (41)  

The thermal efficiency of the flat-plate solar collector ( ) is define as the ratio of the 

rate of useful energy supplied by the collector ( ) to the rate of incident solar energy in its 

area. 

 

                                 (42) 

The incident solar energy on the solar collector area is found by multiplying the total 

solar intensity (which is found experimentally) by the collector area.  

 

RESULTS AND DISCUSSIONS 

Experimental Results  

        Outdoor tests from November 2013 to April 2014 in Baghdad are conducted. The test 

extended (from 6:00 am to 5:00 pm) for clear days. Figure (7) shows the variation of the 

hourly measured solar radiation, ambient temperature and wind speed on clear day (14th Nov. 

2013). The intensity of solar radiation increases steadily with time and reaches its peak value 

at the mid-day (was 782.189 W/m2) then decreases steadily towards sunset . The maximum 

air temperature was (22.4˚ C) , while the wind speed was varied from 8km/hr (2.22m/s) to 

10km/hr (2.78m/s) . Figure (8) shows the variation of measured water inlet and outlet 

temperature to and from the collector with time on (14th Nov. 2013) for the three types of 

collectors. The water outlet temperature from collector at solar noon was (35.2°C) for model 

(I), (40.6°C) for model (II) and (43.1°C) for model (III) on (14th Nov.2013). The temperature 

difference reached the maximum value between (1:30th to 2:00 pm) then it decreased with 

time following the solar radiation. Figure (9) shows the variation of calculated useful energy 

gain with solar radiation at solar noon for collector model (I), (II) and (III). The maximum 

useful energy was recorded for model (III). For incident solar radiation of 1016 W/m2 the 

useful heat gain was 525.7 W for model III, was 495.3 W for model (II), while for model (I) 

was 425.83 W.  Figure (10) presents the collector thermal efficiency with no water 

withdrawal from the system. The collector maximum efficiency was 52.22% for model (III) 

(on 1st Dec. 2013) at solar noon, 49.2% for model (II), and 42.3% for model (I).   

Figure (11) shows the Variation of total heat loss coefficient with (Tp– Ta)  at solar 

noon for the three models  (I, II, and III)  ( 2013). Inconsiderable difference in the value of Ut 

is found between the three tested models, with maximum heat loss coefficient is reported on 

(1st Dec. 2013). Figure (12) shows the variation heat removal factor with solar radiation at 

solar noon. The  maximum heat removal factor was 0.9366 (W/m2. o K) for model (III) on (1st 

Dec. 2013). Figure (13) shows the variation of mass flow rate with solar radiation at solar 

noon for the models (I), (II) and (III) on (13th, 14th, 27th and 30th Nov. and 1st Dec. 2013). We 

note that maximum mass flow rate was 0.012 (kg/s) in model (I) on (1st Dec. 2013). 

 

Computational Results  

Figure (14) shows the distribution of temperature contours resulted from the adopted 

computational algorithm for the absorber of the studied three collector models. A clear 
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temperature rise is shown along the collector for the three models, but model (III) reveals best 

distribution of temperature compared with model (I) and model (II) because of the existence 

of corrugated sides for the ducts which affect the fluid velocity within each channel as it is 

proceed in its movement toward the exit.  

 

CONCLUSIONS 

 The conclusions can be drawn from the present work that porous media which placed 

into the flat plate solar collector as a heat absorber has a positive effect on collector 

efficiency, the variation of water temperature difference between inlet and outlet of the solar 

collector with time was higher in model (II) and (III) than (I). Highest values of useful heat 

gain were found for model (III). Highest thermal efficiency of solar collector model III was 

obtained compared to that models (I, and II). The mass flow rate in model (III) was the 

highest. Inconsiderable difference in total heat loss coefficient is indicated for the three tested 

models. More uniform temperature distribution for model (III) is found computationally 

compared with that for models (II, and I). 

 

 
Fig.(1): Schematic diagram of the solar collector inserted with porous media 

 
 

Figure (2) General Aspect of Experimental Setup. 

 

 

Flat plate ollector(III) 

(III) 

Flat plate collector (I) 

 

Flat plate collector (II) 
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Fig.(3):  Schematic model of the Solar Collector 

 

 

 
 
 
 
 
 
 
 
 
 
 

 

Fig.(4):  Solar Collector Model II, a) Porous media ; b)collector. 

 
 

 

Fig.(5): a)Porous media to be inserted below the absorber ; b) Corrugated channels of solar 

collector model (III). 

 

 

 

 

 

 

 

 

(a) (b) 

Porous 

layers 

Porous layers in 

three corrugated 

channels 

(a) 

 
(b) 
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(a) 

 
(b) 

 
(c) 

Fig. (6): Schematic diagram of the tested solar collectors a) model I. b) model II. c) model III. 
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Fig. (7): Variation of measured solar radiation, ambient temperature and wind speed with time (14th 

Nov. 2013). 

 

4 6 8 10 12 14 16 18

Time (hr)

10

20

30

40

50

60

T
em

p
er

at
u

re
 (

 C
)

Inlet water

Outlet water (I)

Outlet water (II)

Outlet water (III)

o

 
Fig.(8): Variation of inlet and outlet temperature with time for collectors  

(I), (II) and (III) (14th Nov. 2013). 
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Fig. (9): Variation of useful energy with solar radiation at solar noon  

for three models (I), (II) and (III) during five clear sky days  

(13th, 14th, 27th and 30th Nov. and 1st Dec. 2013)(Exp.) 
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Fig.(10): Variation of experimental efficiency with solar radiation at solar noon  

for models (I), (II) and (III) (2013) (exp.). 
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Fig.(11): Variation of total heat loss coefficient with (Tp– Ta) at solar noon for  

models (I, II and III) (2013). (exp.) 

 
 

Fig.(12): Variation of Heat removal factor with radiation at solar noon  

for models (I), (II) and (III) 

 

 
Fig.(13):Variation of mass flow rate with solar radiation at solar noon  

for models I, II and III (2013) 
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model (I) 

 
model (II) 

 
model (III) 

Fig. (14): Computed temperature distribution within collector for  

the three models (I), (II) and (III) on (14th Nov. 2013). 
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