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With the purpose of evaluating validity of the application of CFO on the problems of cross-ventilation, 
numerical simulation was performed, using standard k- E model and two types of modified k-E models 
which improve evaluation accuracy in production term of turbulence energy, and also using LES, and 
the results were compared with those of the corresponding wind tunnel experiment. As a result, it 
was found that the defects of the model characteristic to the standard k- E model could be improved to a 
certain extent by application of the modified models. However, from the reasons that the effects of 
improvement are not necessarily remarkable, it was judged that the standard k- E model could be 
applicable to a certain extent in case general cross-ventilation phenomenon is to be predicted. On the 
other hand, when LES is used, the factors such as wind pressure coefficient, turbulence energy, etc. are 
more accurately reproduced than k- E type models. Based on these results, the results of calculation 
of LES were separately assessed, and turbulence structure specific to cross-ventilation was evaluated. 
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INTRODUCTION 

There are now increasingly strong interests on the utilization of cross-ventilation with the purpose for 
environmental control in damp heat season and intermediate season. However, there is not much 
progress in the study to elucidate these problems because cross-ventilation is a complicated turbulence 
phenomenon where airflow inside and outside a building are interrelated to each other. To overcome 
the problems, it has been proposed to use numerical simulation, and there have been several cases 
where the standard k-E model was actually applied (Frescos, 1998 and Iino et al. 1998). However, it is 
difficult to apply k- E model to turbulent flow where turbulence around the flow stagnation point 
initially plays an important role, and the reliability is not perfectly ensured. Under such circumstances, 
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we performed calculation using the standard k-i: model and the modified k-E models to cope with the 
flow field where flow impingement exists, and also using LES. Based on the comparison with the 
results of the experiment newly performed, validity of the application of the models was assessed. 

OUTLINE OF EXPERIMENT AND NUMERICAL SIMULATION 

Building Model and Wind Tunnel Experiment 
The study was performed on a building where a pair of openings was mounted at the center of the 
building as shown in Fig. 1. A model with height of0.15 m was prepared and wind tunnel experiment 
was then performed. Fig. 2 shows the profiles of average wind velocity of approach flow and 
turbulence energy. For the measurement of airflow, split-film type anemometer was used. To 
determine the ventilation flow rate, a constant quantity of ethylene gas was continuously introduced 
into inner space of the model, and concentration near the opening on outflow side was measured. 

(x, ) • • ... (u, ) 
x •.. k 

. .· 

._.--''�-.."'--...,.1 {u1} 
... k 

Figure l : Flow configuration Figure 2 : Profiles of (u,) and k at inflow boundary 

Turbulence Model and Simulation Procedure 

It is known that the use of k-E model often leads to overestimation of the turbulence production tem1 
(Pk) because of error in the evaluation of normal stress in case of the flow such as impingement of jet. 
As shown in Table 1, Launder and Kato (1993) demonstrated that this problem can be improved by 

evaluating Pk term using a product of characteristic strain parameter S and vorticity parameter w. 
However, this modification is disadvantageous in that consistency of energy transfer process between 
mean flow and turbulent motion may be lost. Murakami et al. (1996) modified eddy viscosity v1 and 
proposed a model with consistency and providing similar effects. In this study, three types of k-E 
model including the above standard type, LK type and MMK type were assessed. Generalized 
Jog-law proposed by Launder and Spalding (1974) was applied for handling wall boundaries. In LES. 
Smagorinsky model was used with setting constant of the model to 0.13. Wall shear stress was 
estimated by fitting instantaneous velocity component tangential to wall to the universal wall law. 
Separate calculation for plane channel flow was performed for generating inflow condition and the 
stocked data was modified so that distribution of data accurately agrees with the experimental result. 
After preliminary calculation, formal calculation of200,000 steps was carried out and analyzed. 

Standard I 2 k' 
k- E Model P, = v,S 'v, = Cµ-; 

C = 0.09 S = J_!_( a(u,) + a(u I) r aJ = 
" • 2 ax ax · \ 

I I 

TABLE I 
APPLIED k- E MODELS 

LK k2 
Model P,. =v,Sm,v, =Cµ-

E 

_!_(a(u,)_ a(u,)r MMK 2 .k' • { OJ] 
2 axj ax, Model P, = v,S ,v, =Cµ -;'Cµ =Cµ· Ml 1.0,S 
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CO:\ll'AIUSONS OF OBSERVED AND SIMULATED RESULTS \ 

flow Rate , . .. 
In Table 2, the results of experiment on flow rate are compared with calculations. There was no 

substantial difference between the models, and all of the results matched well with the experiment. 

ex rimcnt 
0.043 

TABLE 2 
COMPARISON OF OllSEl\VliO /\ND PREDICTED FLOW RATE 

LES standard LK 
0.042 0.041 0.041 

MMK 
0.040 

.·liiflmv Patterns of Inside and Outside of lite Building 
L\imparison of the average velocity vector is summarized in Fig. 3. The features of velocity vector in 
the experimental results were recirculation at the front edge of roof surface (not identified in the 
experiment due to the limitation on installing probe), extensive recirculation at the lower portion on 

"indward surface, and sudden downfall of the inflow. In the standard k-e model, the shape of 
in·irculating flow in the lower portion on the windward surface was different, descending of inflow 
"as weak, and that recirculation on the roof surface was not reproduced almost at all. In contrast, in 
J.K model and MMK model, the results were closer to the results of the experiment in the features that 
descending of inflow is slightly increased, and that the recirculating flow on roof surface is enlarged. 
On the other hand, in LES, the recirculation on the lower portion on the windward surface was 
somewhat longer in the streamwise direction, but, the features such as shape of recirculation, 
n.:production of recirculation at the front edge of roof, descending of inflow into the building and aspect 
oi'wake were very close to the experimental results. 

• 
l ..o.� 0 0 5 15 

Distribution of Turbulence Kinetic Energy 
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Figure 3 : Distribution of mean 

velocity vectors 

Fig. 4 shows the comparison of turbulence kinetic energy k. In the experimental results, the value ofk 
re;,iched peak at the front edge of roof surface and there was also a peak in recirculating region on the 
lower portion on the windward surface. Further, the airflow entering the building reached the 
maximum value immediately after entering. In the standard k-e model, the region with high k value is 
extensively spread from the front edge of roof to the windward surface. In LK model, the level of k 
value shows extreme decrease on the windward surface of the building Results of MMK model 
exhibited a distribution intermediate between the standard and LK model. Peak associated with the 

recirculation on the lower portion on the windward surface was reproduced in none ofk-e models. 
On the other hand, in LES, peak values on the lower portion on the windward surface or on the front 
edge of roof surface were reproduced. Regarding the indoor space of the building, k assumes 
re latively higher value on the downstream side of the windward opening. In the wake region, the 
level of k on downstream side of roof surface is somewhat higher than the experiment. 
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Figure 4 : Distribution of k 
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Distribution of Wind Pressure Coefficient 
Fig. 5 summarizes the comparison between the results of experiment and those of calculation using 
k-e models on wind pressure coefficient on external surface of the building in symmetrical surfaces. 
On the front surface of the building, overestimation of wind pressure coefficient was extremely 
conspicuous in the standard k-E model, and the results became closer to the experimental results in the 
order of LK model and MMK model. On the front edge of the roof surface, recirculation was not 
sufficiently reproduced in the standard k-e model, and absolute value of negative pressure on this 
portion was extremely high. In LK model and MMK model, extreme negative pressure did not occur 
as the result of the enlargement of recirculation. Magnitude of the calculated v1 in the vicinity of 
windward surface is significantly small in the modified models than the standard model, and this would 
improve accuracy of Reynolds stress, and wind pressure coefficient consequently. 
Fig. 6 represents the comparison of calculation results using LES and experiment including the case 
where openings are not present. There is no sign of overestimation of wind pressure coefficient on the 
windward surface of the building. In particular, in case there was the opening, wind pressure 
coefficient was slightly increased on the upper portion of the opening compared with the case of no 
opening, and the results of the experiment were reproduced very well. 
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Figure 5 : Distribution of mean pressure 

coefficient (experiment and k- ' ) 
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Figure 6 : Distribution of mean pressure 

coefficient( experiment and LES) 

ANALYSIS OF THE RESULT OF LES SIMULATION 

As described above, it is evident that the results of LES match far better than k-e type models with the 
experimental results, and it can be expected that LES calculation reflects actual conditions even in the 
case, for which it is difficult to evaluate experimentally. In this respect, we attempted to analyze 
turbulence structure characteristic in cross-ventilation based on the results of LES calculation. 
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\/omeutum Balance near the windward opening 
( )nc of the features of the airflow during cross-ventilation is extreme downfall of inflow. To elucidate 
the cause, we evaluated momentum balance along the central axis, which passes through the center of 
the opening. T he equation of time-averaged velocity component in vertical direction at the plane of 
symmetry can be approximately expressed as in the equation (1): 

(I) 

Fig. 7 shows the average airflow field around the central axis and profile of vertical velocity component 
(positive in upward direction). Longitudinal profiles of each term in the equation (I) are given in Fig. 8. 
In the far region from the opening, vertical velocity is turned from positive to negative, and the second 
t�nn on the RHS of the equation (1) is turned to positive. When the airflow approaches the opening, 
acceleration occurs and the second term has a high positive value. The cause to deflect the flow 
dinvnward may be the negative contribution in the equation (I), which offsets the above action. 
According to Fig. 8, the pressure gradient in the first term of the RHS of the equation (I) opposes from 
the point -1.5 to around the opening except in the vicinity of opening where only momentum transport 
lw vertical velocity component takes negative value. We may conclude the primary cause of the 
d;nvnfall lies in the pressure gradient due to the recirculation at the lower portion on windward surface. 

Figure 7 : Flow field near windward opening 
and longitudinal profile of (U,-) 
at central axis of opening 

Deformation of Virtual Flow Tube 
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Figure 8 : Longitudinal balance of (U,-) 
transport equation at central axis 
ofopening 

To elucidate the mechanism of total pressure loss, the shape of a virtual flow tube passing through the 
windward opening was calculated by tracing trajectories of passive markers. Fig. 9 shows horizontal 
and vertical cross sectional views of the flow tube. The flow passing through the opening is turned to 
a complicated flow where acceleration and deceleration occur within short distance. 

horizontal vertical 

Figure 9 : Cross sectional views of virtual flow tube 
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Change of Mean Flow Energy , 
If energy transport equation of mean flow is applied to the f.bw tube, it is known that the streamwise 
change of total pressure corresponds to the work on the surfai.e of the flow tube and to the production 
of k inside the flow tube. Fig. 10 summarizes the changes of sfatic, dynamic and total pressure along 
the central axis of the opening. The total pressure shows extensive change on upstream side of the 
opening due to the negligence of streamline d;,ection. The result of integral averaging along the flow 
tube is shown in Fig. 11. Energy change occurs between static and dynamic pressure due to 
acceleration and deceleration, but almost no change occurs in total pressure. When reaching the 
opening, static pressure is decreased at first, and after passing through the opening, dynamic and static 
pressure are decreased at the same time. The peak of k value is observed immediately after entering 
the opening, and this is estimated as total pressure loss due to production of k in this region 

-, 

-+-Total pressure 
--------Dynamic pressure 
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Figure l 0 : Longitudinal profiles of pressure 

at central axis of opening 

CONCLUDING REMARKS 
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Figure l l : Profiles of pressure nlong with 

the virtual flow tube 

The results of the present study suggest that LK and MMK model slightly improve the problems with 
the standard k-E model, however, it is considered that the use of the standard k-E model can be justified 
as far as the general cross-ventilation phenomenon is concerned. On the other hand, excellent 
agreement was observed in the application of LES. Based on these results, the calculation results 
were analyzed, and it was elucidated that the downfall of the inflow is caused by pressure gradient due 
to recirculation on the lower portion on the windward surface. Further, based on the results of 
calculation of a virtual flow tube, the changes along the flow of total pressure loss were evaluated. 
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Nomenclature 
x; spatial coordinate u;: velocity component 
(i=l ,2,3 streamwise, p: pressure 
spanwise, vertical) (!) : time average of/ 
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