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ABSTRACT

Convective heat transfer coefficients (CHTC) fat linglazed transpired solar collectors have beerpated using
high-resolution 3-dimensional steady RANS CFD satiohs. The Standard&-Renormalization Normal Group k-
¢ (RNG k=), Realizable ke and Shear Stress Transpob KSST ke) turbulence closure models were used and the
results were compared with experimental data frbwn literature. The validation study showed thathbtite
Standard ke and the RNG k- model performed better in terms of matching thpeednental data and showing
consistently faster convergence. Local CHTC aldrglate were evaluated with the validated modetftierent
suction flow rates (0.0448 to 0.0688 m/s) and &eam turbulence intensity (0.8% and 20%) at 6apfgoaching
flow velocity with the results showing that the lutence intensity has a more profound impact onaverall
convective heat transfer process. The local CHTthansolid surface region of the collector remaiosstant after a
certain length for the cases considered; howeherstarting length was found to be longer comptoetie values
reported in previous analytical studies.

1. INTRODUCTION

Unglazed transpired solar collectors (UTCs) consfstlark porous cladding installed as the extelayer of the
building envelope (normally roof or facade) witmarrow gap beneath it. The cladding absorbs sat#iation, thus
heating up the air flowing through the perforatioshdven by a suction fan. UTC’s can be integrateidh w
Photovoltaic systems, thereby generating elegtrimiid heat, resulting in overall efficiencies thah be up to 70%
(Athienitis et al. 2010; Bambara et al. 2012).Hade systems, the hot air is collected at the toartie it can be used
to preheat ventilation air, fed into an air sounsat pump to preheat domestic hot water and/origeozooling
using desiccants or absorption technology, thusfgatg part of the building’s heating and cooliregjuirements.

An important parameter that determines the perfaomaand efficiency of UTC's is the convective heansfer
coefficient (CHTC) between the heated plate andathbient air due to the wind flow over the collecterevious
studies on CHTC for UTC’s (Kutscher 1992; Golnesi®93; Van Decker et al. 2001; Gawlik 1993) mainly
focused on analytical and experimental investigeti@ue to the lack of advanced computational teghas.
Schlichting and Gersten (2000) pointed out thattiooous suction provides stability to the flow oweflat plate,
raising the critical Reynolds number by a factod86. For laminar, uniform approaching flow, theuhdary layer
thickness is constant after the starting lengths ttmne Reynolds number based on boundary layeatiss and wind
speed will no longer increase. If this Reynolds hamis below 70,000, transition to turbulence csnaoth plate
with uniform suction will not occur, regardlesstbé plate length.
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Kutscher (1992) and Kutscher et al. (1993) dermatei an analytical solution of the Navier-Stokgaations for
flow over a flat perforated plate with homogenesustion, which means that the perforation spacistadce is
smaller than the boundary layer thickness (normelih a magnitude of a few mm). Results showed that
velocity and thermal boundary layer thickness renwinstant along the plate after the starting leragid the
convective heat loss from the plate due to the viioal is quite small as the heat will be recapturelden the
ambient air is drawn into the gap. This solutiomplies that the CHTC along the plate remains condtangiven
conditions. However, it is only valid for laminarpiform approaching flow conditions and homogenesusgion,
which may be an oversimplification, for the anadysf transpired solar collectors mounted on sudadebuildings,
which are immersed in the atmospheric boundaryrlayiereover, the low porosity and large perforatgpacing
distance of UTCs would typically result in discrstection rather than homogeneous suction.

Kutscher (1992; 1994) conducted experiments toustalthe overall convective heat transfer procesdJfTCs
subjected to uniform approaching flow with turbudenintensity of 0.8% and the following empiricalriegation
was obtained for the average \Nof the entire plate:

0.48

Nup = 2.75[(%)_1'2 Re%* + 0.0110Rep (”7”) ] 1) (

where Ny is based on the perforation diameter; P is thehgéngth; D is the perforation diameter;;Re based on
the suction velocity and perforation diameteris the plate porosity; Jis the wind speed; and V is the suction
velocity. A few numerical studies followed the wdrk Kutscher (1992) limited the studied geometratpitch by
assuming that UTCs are a combination of multipleh@s with similar thermal performance. For exampl
Arulanandam et al. (1999) simulated a quarter tfhpunder no wind condition using a laminar Compatel
Fluid Dynamics (CFD) model and obtained a Nu numdmrelation including the suction flow rate, pegtion
diameter, as well as the plate thickness, admigtamz] porosity. However, to the authors’ best kedge, there is
no previous study in the literature that has ingesed the convective heat transfer process foettiiee perforated
plate subjected to turbulent approaching flow ctiods.

The rapid development of computational power arebdpmakes CFD techniques a powerful alternativéuioher
investigation of convective heat transfer on UT&aninating difficulties associated with the impautradiation
and the precise control of experimental conditiomsich requires considerable time and cost for @ouiate data
acquisition process. By solving the conservationagigns of mass, momentum and energy, CFD can g®ovi
guantitative answers for various airflow and heansfer parameters in this system when properlidatad. It
offers a higher degree of flexibility and detaik.iit can distinguish convective heat transfemfn@diation and it
can provide local convective heat transfer coedfits.

The overall goal of this research program is toettgy models for the design and analysis of buildimggrated
photovoltaic/thermal systems combined with trarespiair collectors. The present study is the fitspsn this
direction and the objective is (a) to test the aacy of different CFD models in evaluating the cdempconvective
heat transfer process on UTCs; and (b) to compuseage and local CHTC for horizontally placed UT@sler
turbulent approaching flow conditions. The main guaeters considered in this study are the wind speed
(approaching flow velocity), suction flow rate amabulence intensity.

2. NUMERICAL APPROACH

The commercial CFD software, ANSYS (version 13.@swsed to conduct all the simulations and Gam#it2
was used to develop the geometry model, whichasvehn Figure 1. In the region above the plate,|éfieside of

the domain was defined as the velocity-inlet witBpecified approaching flow velocity and the rigide of the

domain was defined as the pressure-outlet with gatme pressure. The plate was set to be a wdllthitkness of
0.00086m and the perforations on the plate weretcsdte ‘interior’. The bottom of the cavity was ohefd as

velocity-outlet with a specified suction velocifiyhe left and right side of the cavity were defirmedadiabatic walls.
A symmetry boundary condition was used for all otfaees, which means zero velocity and temperajtadient.

The upper domain is 0.3m height, which is suffitim the boundary layer growth.

The plate is divided into two parts in the streaimendirection: a perforation row and a solid rovaeTperforation
row includes all the perforations and can be carsid as a ‘discrete suction’ component. The salidl covers
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more than 90% of the plate area and it is simdaa smooth, impermeable flat plate, but the flowlifferent from
the classical flat plate case due to the suctieated by the perforation row. A perforated platthwain area of 0.6m
x 0.6m and a cavity with 0.15m height were con®deiThe plate has pitch length of 0.01689 m anéopsion
diameter of 0.00159 m. Considering the small siz¢he perforations , their shape was assumed tsdoere,
instead of the circular shape used in the expettisn@fan Decker et al., 2001), for model simplicifthe simulated
solar radiation in the experiments was around 6@0Wthe ambient air temperature 298K, and the turimee
intensity of incoming flow 0.8%, which is considdr® be uniform. These values were used as inputisei CFD
model.

The Standard k; Renormalization Normal Group &k{RNG k<), Realizable k: and Shear Stress Transpori k-
(SST k) turbulence closure models available in ANSYS uiitlw Reynolds Number Correction were applied to a
3-dimensional computational domain. A second omggwvind scheme was adopted for all the variablesxc
pressure. The discretization of pressure is baseal siaggered scheme. The SIMPLE algorithm was taseduple
the pressure and momentum equations. If the suabsdlute normalized residuals for all the cellflomv domain
became less than %dor energy, 13 for other variables, the solution was considerauverged. In all simulations,
the y+ value is maintained around 1to satisfy thieamced wall treatment requirement.

The grid independence for each case was verifiejukree different grids to ensure that grid resoh would not
have a notable impact on the results. The restiltseogrid independence study are listed in Tabl€hk difference
between each grid is less than 1%, thus Grid 2sekscted for the simulations.

Table 1 Grid independence study

Plate temperature/ Cavity outlet temperature Cell numbers .
K] Grid 1 (338232) Grid 2 (416352) Grid 3 (789270) TXPerimental data
Casel:
wind speed=1m/s, suction vel ocity=0.0688m/s 315.0/306.1 313.5/306.1 314.7/305.9 313.9/306.5
Case2:
Wind speed=0, Suction velocity=0.0564m/s 315.7/305.2 313.6/305.2 315.4/305.2 312.9/305.3

Y
[
—_
— z
— T
— T |
/7
7 o«
Uniform-’él = ‘ IPitch length
Approach > —
Flow -'é/y Suction velocity = } ‘
e '
o
—=
Perforated plate
Cavity outlet Solidrow
Perforated row
=]
Figure 1 Computational domain
Table 2 Tested cases for model validation
Cases 1 2 3 4 5
Wind speed [m/g] 0 0 1 1 1

Suction velocity [m/s]  0.0564 0.0680 0.0448 0.0688 0.0774
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Figure 2 Comparison between CFD results and experimental ¢&) average plate surface temperature; (b)ycavi
outlet temperature

3. MODEL VALIDATION

The tested cases are listed in Table 2. The avenatge surface temperature and cavity outlet teatpeg computed
using different RANS models are compared with tkgegimental data and the results are shown in Eigufa, b).
For the plate surface temperature, the agreeméntba CFD results and experimental data is satmfaevith the

error within 2 K. The Standard&kand the RNG k-model give similar results with the Realizable kxodel but are
more stable in terms of convergence and more densisThe performance of the SSTokmodel is different than
all the ke models with the results showing that surface teatpee is overestimated.

For the cavity outlet temperature, all models piled identical results. Thus, based on this compariboth the
Standard ke and the RNG k- model can provide sufficiently accurate resultstfeermal modeling, however, the
Standard ke model was adopted for the parametric study duéstslightly lower computing time and better
convergence process.

The averaged Nusselt numbers for the entire phkig)( obtained from the CFD simulations are compared ti¢h
empirical correlation based on Eqn. (1) and resatts shown in Figure 3 for four different suctioelocities
(0.0448m/s, 0.0564m/s, 0.0688m/s and 0.0774m/s)tlamed different wind speeds (1m/s, 4m/s and 6ni/kg
numerical results compare relatively well with thasbtained using the correlation with a maximunfedénce of
20%. These differences may be due to the staggeeddration arrangement used in the experimentssgfer,
1992).

4. RESULTSAND DISCUSSION

A parametric study was carried out for differenprgaching flow conditions with 0.8% and 20% turimde
intensity, a suction velocity of 0.0448m/s and @®®/s and 6m/s wind speed. The perforation rowtaedsolid
row have been investigated separately as their features are dominated by different mechanismsuReare
plotted for the centerline of the perforation romhich crosses the center point of every perforatasshown in
Figure 4. However, the temperature and CHTC albegcenter line change periodically over each pation due
to suction, thus only the values for one point.antm after each perforation are plotted (point@ijnilarly, results
at the corresponding point B for the center lin¢hefsolid are shown in the following figures.
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Figure 3 Comparison of average Nwbtained from the CFD simulations and the empliGoarelation
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Figure 4 Configuration of the perforated plate with thergsiconsidered in the analysis

With regards to the solid row section, the uppes twaphs in Figure 5 show that the vertical temipeeaprofiles
for same turbulence intensity are mostly identiegjardless of the suction velocity; this indicattest turbulence
intensity has a more pronounced impact on the testype profile shape in the near wall region thas $uction
velocity which is expected as the suction areasrelaively small and aside of the solid row regidtor the
perforation row, the impact of suction velocity andoulence intensity on the temperature profilen@e complex.
This is due to the fact that suction itself hasnin@st significant impact on this region and thegerature profiles
are more sensitive to the existence of suctionerathan the actual velocity magnitude of the sucfiow. To

investigate the problem more closely, the thernmndlary layer thickness growth in the stream-wisection is

plotted in Figure 6. For the solid row region, th@undary layer thickness varies for approaching ftmnditions
with different turbulence intensity at the sametisucvelocity and wind speed. Also the thermal kaany layer is
thicker for higher turbulence intensity as expectddwever, for the perforation row, the boundarmgelathickness is
the same for both cases: T1=0.8% and T1=20%.

It should be also noted that for lower turbulengtensity (0.8%) the boundary layer thickness remaonstant after
x=0.35m, which indicates that the starting lengtimiuch longer than expected when analyzing the plate with
homogeneous suction as suggested by Kutscher (1982) contours presented in Figure 7 show the gieab
behavior of CHTC over each perforation and alsdcaig that a constant CHTC is maintained after atce
starting length for T1=0.8%.

Based on the results displayed in Figure 8, itlmaiconcluded that the impact of turbulence intgrgdiminates the
overall heat transfer process as the solid roworegovers more than 90% of the plate area. A cah&HTC is not
observed in the perforation row, as expected, dike decreased wind speed over this region causéue suction.
However, after x=0.3m the CHTC on the solid rowisagmaintains a more constant value compared teldssic
empirical correlation for a turbulent boundary laflew over an impermeable flat plate (Incroperalet 2006). For
a constant heat flux boundary condition as implemenn UTC applications, constant CHTC implies d¢ans
surface temperature. Thus, for collectors with @daarea, using an average CHTC or representingutface



3462, Page 6

temperature with measured data from one locationldvprovide sufficiently accurate results, as loag the
measurement points are located after the staréngth, which is found to be larger than the valegorted in
previous studies (i.e., 0.3 m in the present saglgpposed to 0.06 m for collectors with homogesenigtion).
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turbulence intensity at solid row (SR) and perfiorarow (PR)
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CHTC: 10 20 30 40 50 60 70 80 90 100 110

Figure 7 CHTC contour plot on the exterior surface of afgrmated plate under wind speed of 6m/s for(a) Sucti
velocity = 0.0448 m/s, Turbulence intensity =0.8%9; Suction velocity=0.0688 m/s, Turbulence intgnsi0.8%;
and (c) Suction velocity=0.0448 m/s, Turbulencenmsity =20%
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Figure 8 CHTC profile on the exterior surface of a perfethplate for 6m/s wind speed (a) perforation raaft)
(b) solid row (right)

5. CONCLUSIONS

CFD simulations were performed to investigate thevective heat transfer process for an unglazetpieed solar
collector. Numerical results for the surface andetwair temperature were found to be in good agese with
previous experimental data, with an accuracy of Akong all the turbulence models investigated,Stendard le
and the RNG ke model performed better with respect to accuraoy stability. By investigating the thermal
boundary layer growth and the convective heat fearedong the plate for a perforation and a sobil separately,
we found that although suction velocity effects @dTC more in the perforation row, turbulence irsignhas a
more significant impact on the solid row and conssdly on the average CHTC over the plate as thid sow
covers a larger area. CHTC in the solid row regemains constant after a certain length; therefoeesurface
temperature and CHTC obtained after this lengthbeansed to represent the surface temperature A€ ©f the
entire plate with an acceptable accuracy. It shbelshoted that the starting length for discretdisnand turbulent
approaching flow conditions is much longer thanorégd before. However, a more detailed analysisulshbe
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conducted for a larger plate that is similar tos#hdound in real applications. Also, other flowtteas such as
impingement and separation as well as corrugataig gleometries integrated with Photovoltaic systehmild be
investigated to better understand the UTC perfooman
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