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Abstract

A comprehensive numerical study of wind effeating Computational Fluid Dynamics (CFD) technigoesthe low-rise
hipped roof building is presented in this paperoTReynolds Averaged Navier—Stokes Equations (RAf&)niques such as
the Standardk - ¢ turbulence model and the Renormalization group (RING ¢ turbulence model were adopted in this study
to predict the wind loads and the flow patternsuacbthe hip-roof building. The computed wind presscoefficients on the
roof of the hip-roof buildings were compared witietwind-tunnel data. It was found that the resalitained using RNG
k - ¢ turbulence model are in good agreement with thahefwind-tunnel data than the Standard ¢ turbulence model. It
was also found that the CFD techniques are antaféeand alternative tool, less time consumingyeashandle, as well as low
cost approach for evaluation of wind effects in panison to wind-tunnel experiments, using the altavieulence models and
with the available resources.
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1. Introduction

A hip-roof, or hipped roof as shown in Fig. 4 ai type of roof where all sides slope downwards¢owalls, usually with a fairly
gentle slope. Thus, it is a house with no gablestloer vertical sides to the roof. Hip roofs arastltommonly seen in places of
heavy wind such as in hilly regions, coastal regjoetc. and are subjected to drag forces. Corremmive a relatively large
outward pressure. A flat roof experiences an oudvpaessure or uplift, in addition to drag forcebeTpressure on a pitched roof
varies depending on different factors such as litygesof the roof and the building dimensions. Eaaed overhangs are affected
by entrapped wind underneath them which leadspiessure stagnation on them (Taher, 2010).

Wind flow is turbulent in nature and consists odimy complex flow patterns. The field of wind engirieg generally comes
across with these types of flows. Wind pressureduaitdings and structures depend upon the velqmitfile and turbulence
characteristics of the upcoming wind. These factorgirn depend on the roughness and general aoatwn of the upstream
terrain (Bitsuamlalet al., 2004). Wind loads generally govern the lateralrgjte of a building and this aspect is more evident
areas of severe wind (Ahmatlal, 2002).

Xu et al. (1998) carried out wind-tunnel tests on the modékip-roof building on a scale of 1:50 (prototygienension 14 m x
7 m x 2.9 m eave height) with pitch®.2C, 3¢ and studied the wind pressures on the roof. Thledsit peak suction at the corner
was experienced with a slope of°3The worst peak suctions are much smaller on ifredof than on the gable roof for 4&nd
20° roof pitches. A wind-tunnel study of the effect géometry of hip-roof building on wind pressures low-rise hip-roof
buildings were also carried out by Shakeel et alA{8nadet al, 2002) taking the same dimensions of the modelsuwoét al. He
concluded that variation of overhang ratio (0.1260and 0.38) on the hip roof with 3@of pitch have shown moderate effects on
roof pressures. Both the overhang and aspectwatio found to influence the magnitude and distidyubf pressures on the hip-
roof.
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In the above studies, Xu et al and Shakeel eidahat place the pressure taps on the overhangppsrtcorner regions and sharp
edges of the hip-roof building in their wind-tunre{periments. This may be due to practical diffiguh placing and fixing of
pressure taps in the overhang and ridge portiohe. pfessure coefficients measured were eitherpiated or interpolated in
those regions by Xu et al and Shakeel et al. Sig, fiiot always possible to plot the exact valuegpressure coefficients in all
regions using wind-tunnel data. The above discreiparin the determination of pressure coefficiemghe hip-roof building can
be resolved by using computational fluid dynaméshhiques.

Nowadays, Computational Wind Engineering (CWg&)abranch of CFD is rapidly superseding experiaiamork to evaluate
the interaction between wind and structures nurallyioffering an alternative technique to practiegplications. Earlier the
fundamental errors in the numerical modeling of tilmbulent component of fluid flow were one of timain reasons why CFD
techniques had not been fully accepted by the VEingineering community. But, an improved understagdiow exists for the
development of large suctions near leading roofeedand roof corners; the modeling of these phenanterthe wind-tunnel
remains a problem. Development of improved turbcgemodels like LK (Launder and Kato), MMK (MurakarMochida and
Kondo) predicted value of turbulent viscosity ratimuch closer to the real values of fully developgbtulent flows (Huangt al,
2007).

For evaluation of building performance, Tsaiwal. (2001) presented the development process antiseduseveral research
projects for applying computational fluid dynami@FD) to architectural design. Studies done byeHal. (1997), Lienet al.
(2004), Zhanget al. (2005) focus on simulating flow in different kdilhg arrangement or blocks by means of CFD. Thegse
behind these works was to validate the numericadletiog and understand the interference effectsuofosinding groups of
buildings. Blockenet al. (2009) provided a brief overview of the statustlmé application of CFD in building performance
simulation for the outdoor environment. Concludithgt CFD offers some considerable advantages caup@ar wind tunnel
testing and simplified empirical or semi-empiriegjuations, its practical application in at leashdviriven rain, convective heat
and mass transfer. These studies indicate thatpgsieeam buildings play a significant role on wiadds and flow pattern around
the test building in straight-line winds.

Design engineers usually determine wind loads weference to the pressure coefficients fromdbee of practice, which in
turn are based on data from the boundary layer windels. Actual field situations are not alwaysated in these codes, making
wind-tunnel tests necessary to determine the woadd. As detailed wind pressure coefficients onrbgf buildings are missing
in most of the international codes including IS5&¥art 3 (1987) for the purpose of design. Theesfan extensive research is
needed to evaluate pressure coefficients on hip-bilding considering various building parametensd different terrain
conditions.

Meecham et al (Meechast al, 1991) performed aerodynamic studies on hip andegadifs and concluded that there is little
difference in overall lift and overturning loadsiever, differences has been observed in localspres and in the loads applied
to the primary structural elements. And furtheredithat, these differences appear to explain tipeawed survival of hip roofs.

Keeping all the above mentioned facts in view, same hip-roof building is selected in the prestudy to observe the effect of
various wind angle attack on the roof using CFDuation. The result of present numerical invest@ais also compared with
the available wind-tunnel test results of Xu el Shakeel et al with that of the two RANS methicglsthe Standard - . and
the RNG i - ¢ for evaluation of wind forces on hip-roof buildingn addition, the reasons to cause the differehetween the
experimental data and numerical results are asmudsed.

2. Present Study

A geometric scale of 1:50 of a hip-roof builgifprototype plan dimensions 14 m x 7 m and 2.%areeheight) with 30roof
pitch was selected as the test building. The mduheénsion of the above building is 280 mm x 140 amd 58mm eave height as
shown in Fig. 1. The building was simulated forfeliént angle of incidence varying frofl @ 90 at an interval of 15 degrees.
The data used for numerical simulation were takemfthe experimental study of Shakeel et al (S. Afhet al, 2002) and is
shown in Table 1. A similar experimental study veéso done by Xu et al (Xet al, 2002) on the hip-roof building and the data
used by them is also shown in Table 1.

Both Shakeel et al and Xu et al have used theesaodel in their experimental study but the experits were performed in
different wind-tunnels. In order to obtain the betigreement between experimental and numericaltseshe boundary
conditions adopted in the numerical simulationsusthdoe the same as those in the experiments, ediyefar inflow boundary
conditions. Therefore, the inflow boundary condiSand other parameters from the experimental siti®hakeel et al have been
used in all the simulations. The friction velocfty, = ¢.567m /s ) and ground roughness length (9-10 mm) were derr@m the

wind profile obtained from wind-tunnel experimeonfsShakeel et al. The log law velocity profile Haeen simulated for the inlet
boundary conditions for the CFD analysis from timutated atmospheric boundary layer in the windatlrstudy. The inlet wind
profile is shown in the Fig. 2. The mean longit&diwind speed profile of Shakeel et al measurethénwind tunnel is in good
agreement with full-scale profile with a power-laxponent of 0.15 whereas in case of Xu et al tiveepdaw exponent is 0.14.
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Table 1. Summary of wind-tunnel data from the study of Slehlet al and Xu et al

S. No. Parameters Value from wind-tunnel data of
Shakeel et al Xu et al
1. Mean Wind Speed 10.7 m/s 10.1 m/s
2. Power Law Coefficientof 0.15 0.14
3. Roughness Length (¢ 9-10 mm 10 mm
4. Longitudinal Turbulence Intensity 18% 20%
5. Integral length scale 0.45m 0.8 m

3. Turbulence models and numerical methods

Computational fluid dynamic techniques suchhes Reynolds Averaged Navier-Stokes Equations (RANSJlels have been
used to predict the wind flows around the hip-rboilding. The Fluent codd-{uent 6.2.3 User Guide, 2006) has been used here,
which provides variety of turbulence models suclhaesStandard - - and the RNGk - ¢ of the RANS technique. The Fluent
code is based on the partial differential equati@i govern the movement of viscous fluid i.e. Navier Stokes equation (1) and
the continuity equation (2).

0V,
pﬂ =-0P +i 7] ﬁ + _1
Dt 0 ox;  Ox 1)

av =0 2)

Wherep is density D/Dt is the substantial derivative, V is the velocityetar, P is the pressure ands the effective viscosity.
There were many difficulties in simulating the floavound the sharp edge bluff body because of I&ggnolds number,
impinging at the front, remaining effect of flow sihcles at outflow boundary etc., while analyzing tlow using computational
fluid dynamics techniques as reviewed by MurakaMurgkami et al, 1998). Many efforts have been devoted by various
researchers to overcome the problems in turbuleradeling, the wall boundary conditions and the gu@&duction of turbulent
kinetic energy near the sharp edges etc.

Both the Standaid- . and the RNG - ¢ have nearly similar forms with transport equatitorsy (turbulent kinetic energy) and
£ (dissipation rate), however, there are major diffiees in calculating turbulent viscosity and thedpiction and dissipation of
turbulent kinetic energy while modeling turbulen@ée standard - . model proposed by Launder and Spalding (Laumrdet,
1972) is a semi-empirical model based on modekfrarnt equations for the turbulence kinetic enengg s dissipation rate. It
has been recognized widely that the Standard: can predict the general wind conditions arounddiug reasonably well except
those in the separation regions above roof sudacdeside walls and can be attributed to the ovienatbn of turbulence energy.
As the strengths and weaknesses of the Standagdmodel became known, improvements were made taithelence model to
improve its performance and in this sequence thésRN, turbulence model by Yakhot et al (Yakhet al, 1982) were
developed.

The RNG-based- ¢ turbulence model is derived using a rigorous dtatistechnique, called renormalization group tlyeor
from the instantaneous Navier-Stokes equations. RN& model has an additional term in dtsquation that significantly
improves the accuracy for rapidly strained flowHe&t of swirl on turbulence, analytical formular furbulent Prandtl numbers
and an analytically-derived differential formular feffective viscosity to accounts for low Reynoldsmber effect (analytical
derivation results in a model with constants ddfdr from those in the standard . model) is also included in RNG-
based - ¢ turbulence modelRluent 6.2.3 User Guide, 2006). These features make the RNG: model more accurate and
reliable, gives better results for a wider clasfimf/s than the Standakd- . model.

These models are commonly used in simulatiowinél flows around bluff bodies. All the discretizeduations are solved in a
segregated manner with the Semi-Implicit Method Roessure-Linked Equations (SIMPLE) algorithm. Bi®MPLE algorithm
uses a relationship between velocity and pressamections to enforce mass conservation and toiroli@ pressure field. The
SIMPLE algorithm substitutes the flux correctioruations into the discrete continuity equation téagba discrete equation for
the pressure correction in the cell. The seconaromplicit scheme is used for time discretizatioecond order upwind
discretization uses large stencils f8f @rder accuracy, essential with triangular or te¢dral meshes or when the flow is not
aligned with the grid. The only drawback it hastttiausing second order upwind discretization tliea convergence is slower
(Gambit 2.6 User Guide, 2006).

4. Computational Parameters
The computational domain, coordinate definitaord boundary conditions for the present study enrtlodel of the hip-roof

building are shown in Fig. 3 and Fig. 4. The reakwnchoosing a large computational domain is tmiglate the flow obstacle
effect on the inflow and outflow boundary conditomhe Reynolds numbers involved in the simulatiwase in the range of
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1.35x 1§ to 2.4x 10 for both wind-tunnel experiments and computatiomahlyses. Although hip-roof building model is awer
simple, its computational mesh generation is n@tigiit forward in consideration of boundary layenditions and wind attack
angle. The problem occurs while generating quaigsh near the overhang portions, corners and orotiiavhere the direction
of the roof slope changes. Besides this, the mastbar must be as low as possible as we could atmeefficient computation.
The mesh generating software Gambit 2Garfbit 2.6 User Guide, 2006) here is used for all the models. The prymar
characteristic of this mesh style is that the bogdnodel is nested in a rectangular cylinder mlacher than itself. In the nesting
rectangular cylinder, an unstructured mesh is gaadrwhile outside the nesting rectangular cylindlee structured mesh is
applied. This arrangement makes it easier to gemeranesh fine enough in the neighborhood of thiklibg surfaces while
keeping the mesh in zones far away from the bujldiarfaces unchanged or in a proper coarser shamther important
advantage of this arrangement is that the mesmedigo the building surfaces does not need to tetched with the wall
boundary layer grid as the structured mesh doesio¥& mesh schemes were generated and simulatedxémining grid
dependence. In all the mesh arrangements densbemegre provided near the wall and mesh becomeisaswe go away from

the wall surface, while keeping the value of walituy” = (y+ = pu,y/,u) same in all the models. The standard wall functivase

used and the values ¢f were kept in the range of 30-120 for all the med€&ig. 5, 6 & 7 shows the mesh arrangement for the
hip-roof building model.

It is an unfortunate fact that no single turbukeneodel is universally accepted as being supevioalf classes of problems. The
choice of turbulence model depends on considemgoch as the physics encompassed in the flonedtadblished practice for a
specific class of problem, the level of accuraayureed, the available computational resources,thacamount of time available
for the simulation. To make the most appropriateicd of model for one application, one need to vstdad the capabilities and
limitations of the various options. Large Eddy Siation and Direct Numerical Simulation (DNS) arengmutationally very
expensive and cannot be employed for all the runs.

It is very difficult to simulate the open windharacteristics exactly in a wind-tunnel. Even ditdifferences in experimental
conditions causes discrepancies between measureesiits from different wind-tunnels. However, irder to obtain better
agreement between experimental and numerical seshl boundary conditions adopted in the humesitallations have been
taken the same as those in the experiments, eipdorahe inflow boundary conditions.

The numerical time step for the RNk3- ¢ model and the Standarkl- £ model wa® x 10735 ; 4000 steps were iterated to
obtain the time-averaged results. The statisticatage of flow field was taken for the last 400€pst (8s). In the present study

mesh used is of the order of’if each model. As standard wall function is usedthe value ofy’ (y-plus) is managed within the

range of 30 to 120. This is necessary to avoidchthed for very fine grids to resolve the large epatigsipation gradients in the
near wall region and thus reduce the computation@theads of a given wall bounded problem.

5. Results and discussions

The numerical calibration and grid independéund were considered in the present study keepigumity'in the range of 30-
120 for the various cases of incident wind angfe8°ao 90°, i.e. the mesh near the wall were r@tnged while the mesh away
from the wall changed for grid independent studiye§e models were computed almost under the sante anesigements and
under the same inflow boundary conditions as thesrilated in the wind tunnel test of Shakeel efTéle building models in
atmospheric boundary layers with Reynolds numbegelathan 10 have been presented in this paper. The effectsgené the
turbulence models and numerical treatments forisglthe practical problem with high Reynolds numbere investigated in
details.

Table 2. Maximum and minimum pressure coefficients on theroiof building

Wind Standard - ¢ Turbulence Model RNG - £ Turbulence Model

Incident Maximum | Minimum - | Maximum Minimum Maximum Minimum Maximum Minimum

Angle -ve ve +ve +ve -ve -ve +ve +ve
0° -1.25 - 0.52 - -1.10 - 0.60 -
15° -2.47 -0.07 - - -2.33 -0.10 - -
30¢° -2.82 -0.18 - - -2.25 -0.12 - -
45° -2.91 -0.99 - - -2.41 -0.10 - -
60° -1.36 - 1.0 - -1.35 - 0.89 -
75 -1.48 - 0.57 - -1.49 - 0.55 -
90° -0.77 - 0.74 - -0.765 - 0.72 -
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Figs. 8 to 10 show the comparison of the wingspure coefficients obtained from the numericauition using the Standard
k -& and the RNGk - ¢ turbulence model on the roof of the hip-roof dinify to that of the wind-tunnel study on the same
model by Shakeel et al (S. Ahmeichl, 2002) and Xu et al (Xat al, 2002) at & 45> and 90 wind incidence angle.

The numerical values of the mean pressure coeffisiare compared with the available experimeratd th order to check the
accuracy of the CFD results. It can be seen thamntimerical results fall in the range of the experital data in general, but
substantial discrepancies exists near the shamsesiyd where the slope of the roof changes. Tloeeghancies are because in the
wind-tunnel experiments, the pressure coefficiemése not recorded in the overhang portions andhetsharp bends. In these
regions the pressure coefficients were either jiati@ted or extrapolated. Overall the trends ofdbetours plotted for different
wind attack angle as well as the numerical valeesains approximately the same as that of the compioti of Shakeel et al and
Xu et al.

For 48 degree wind attack angle, the experimental (wimthel) values of pressure coefficients (suctiom)lass in comparison
to CFD simulated values. Whereas for the case’@nd 90 wind attack angle the wind-tunnel values of presstoefficients
(suction) are higher than the CFD simulated values.

In Figures 11 to 13, comparison of pressurefiumets obtained using the CFD techniques andatimel tunnel data, along the
rakes (as shown above the figure) on the hip-rioafe been made. At zero degree wind incidence aimgtee windward region,
pressure coefficient values of both SKE and RNGKE dipart from that of the wind tunnel values. Hoeg in the leeward
region RNGKE gives reasonably good values. Wheraag5° and 90° wind incidence angle, the resuitmined from CFD
simulation remains in good agreement with that ofdatunnel data, except near ridge where both dicalyand experimental
values fall apart. This is due to the reason thadwunnel values were extrapolated in that regiod no observation has been
made directly. Pressure coefficient obtained frown $tandard k-method and the RNG «method on the roof of the hip-roof
building is shown in the Figures 14 to 20. The tdetaf the comparison can be seen in the Table 2.

It has been found that the Standards models have a good reputation for its efficienng @asy implementation. It has been
recognized that the widely used Standards model can predict the general wind conditions adothe building reasonably
well, except those in the separated regions abowtsurface. This can be attributed to the overestibn of turbulence energy
where the slope of the roof changes. It can be demn the Table 2 that the pressure coefficientsaioked from the
Standardk - £ models are more than the RNG- ¢ turbulence models. The maximum pressure coeffigi@nthe roof has been
found for 48 wind incidence angle and the least fof @ind incidence angle.

The RNG k - ¢ turbulence model was found to be the best choicengnthe RANS models for rapid solutions. It gave
encouraging results for the mean pressure cogffgi@ most cases. Accurate modeling of the boyndanditions on the incident
flows such as the velocity profile and turbulenetnsity profile in the numerical simulations isgrEat importance for getting
good agreement between the numerical results gretiexental measurements.
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4, Conclusions

In the hip roof building, the slope of the raffanges along all four outer walls. Because ofptlesence of these sharp edges
and corners, there is an over production of tumtulénetic energy near these edges and corners. ishthe reason why the
standarg - ¢ over predicts the pressure coefficients. Critanagjle of wind attack is found to be 45°, having imaxn negative
value of pressure coefficient on roof. Among theDQPodes used, the RNG - . method seems to be in close proximity with the
experimental work. Suitable turbulence model fondvengineering should be used to model the turbilen.

The maximum and minimum values of wind pressurdfimients do not match exactly with the values dhavtunnel data near
edges and bends, because near sharp edges andsctitaewvind tunnel data is not available. The @alof the wind pressure
coefficients in these regions are either intergaladr extrapolated from the neighboring data. Tiesgure taps in those regions
cannot fixed.

To get more accurate results near to the winddldata, it should be simulated with more enhdr@ED codes such as DES,
LES and DNS. Modeling of the boundary conditionsnaident flows such as the velocity profile andbtulence intensity profile
in the numerical simulations should be accurataighdo keep good agreement between the numeridadgerimental data.
Development work on CFD code has witnessed theesgfiel implementation and testing of methods fodetiag turbulence and
fluid flow mechanism. Encouraging results have béemnd using CFD techniques. Both the wind-tunredts and CFD
techniques are complementary and are still advgndmprovements are needed for CFD applicationsvimd engineering,
including grid generation strategies for compleluson domain, application of higher order of numel schemes for space and
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time discretization, more general and reliable gtil-scale turbulence models for LES, more accuaatt realistic methods for
generation of inflow boundary turbulence charastas, etc.

Abbreviations:

CFD: Computational Fluid Dynamics DES: Directdydimulation

DNS: Direct Numerical Simulation LES: Large Ed8imulation

MMK: Murakami, Mochida and Kondo P.C.: PressGaefficients

RANS: Reynolds Averaged Navier—Stokes Equations NGRRenormalization group (RNG@)- ¢

SKE: Standard - ¢
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