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Abstract

In order to investigate the mechanism of cross ventilation with open windows,
velocity and pressure fields of airflows in and around building models are analyzed in
detail by means of wind tunnel tests and numerical simulations. Large eddy
simulation (LES) is used for 3D turbulent flow analysis. The resuits of LES agree
very well with those of the wind tunnel tests, and thus the accuracy of the numerical
method used here is well validated. By means of LES, the spatial distributions of
mean static pressure, turbulence energy, turbulence energy dissipation rate, etc. are
examined with sufficient accuracy.

The energy dissipating process (total pressure loss) along a cross flow through a
building model is examined in relation to the conventional method for predicting the
airflow rate of wind-induced ventilation, which uses static pressure drops and the
discharge coefficients o of openings. However, in cross ventilation with farge
openings, the dynamic pressure which has a significantly large value in a room,
cannot be neglected. Therefore we cannot predict the airflow rates with the
conventional method based on static pressure drops. The airflow through large
openings still prescrves much of its mean kinetic energy when it remains inside the
room and this is reflected in decreased values of the total pressure loss coefficients.

NOMENCLATURE
X : three components of spatial coordinate k : turbulent kinetic energy (“%—<u’iu">+k*)
(i=1,2, 3 : streamwise, lateral, vertical ) & : SGS turbulent kinetic energy
<f>: time-averaged value of f (=vsgs ICHE, €, =0.085 }
f filtered value of f Ty : wall shear stress
7 : deviation from <f> h : mesh interval
H, : height of building model h, : mesh interval adjacent to solid wall
P : pressure (static pressure) {u), : tangential component of velocity
Py : reference static pressure vector at near-wall node
P, : imal!pressure A area of opening
—oluf, —-ol—-¥: dynamic pressure in stream tube  Q : airflow rate E
u; : three components of velocity vector Corwind pressure coefficient (=(°-Pi—-p<u>?)
u, : u, value at H, Z : total pressure loss coefficie
Ysgs + SGS(subgrid-scale) eddy viscosity o : discharge coefficient (= 1/4)
& : turbulence energy dissipation rate LP : lest power in control volume
du; féu,  dy
(=scs 7, (5-‘: * )) ) Values are made dimensionless by <u,>

K: mean kinetic energy L, and p.
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1. INTRODUCTION

The airflows in and around a building with open windows are very complicated. In
order to investigate the mechanism of cross ventilation with open windows, these
complicated velocity and pressure fields both in and around the building must be
analyzed in detail. Although wind tunnel testing is a very reliable tool for analyzing
these airflows, it has certain limitations; for example, it is difficult to analyze the
spatial distributions of mean static pressure, 3D mean velocity, turbulence encrgy, and
turbulence energy dissipation rate by means of this method.

Several researchers including the present authors have clarified that large eddy
simulation (LES) is one of the most promising methods for analyzing such
complicated 3D turbulent flows with sufficient accuracy [1, 2, 3]. Hence LES is used
for investigating the velocity and pressure fields of cross ventilation with open
windows in this study.

The energy dissipating process along a cross flow is examined in detail by means
of numerical simulation in relation to the conventional and simple method of
calculating airflow rate of wind-induced ventifation, which is usually based on the
total pressure loss expressed by Bernoulli’s law along a stream tube. In this
conventional method, followings are assumed: (1) a discharge coefficient & of a
opening is assumed to be a known value given by the experiments using a
comparatively small opening and usually given as a constant. (2) The driving force
for cross ventiiation is given as the total pressure difference between the inflow and
outflow openings of a buiiding model, and it is assumed that this can substituted for
the static pressare difference in the belief that dynamic pressure can be neglected. (3)
The total pressure difference between the wind- and lee-ward surfaces of a building
model with no openings is assumed to be hardly affected by the arrangement of the
openings.

In this study particular attention is paid to the inadequacy of the above mentioned
assumptions. All of them are clearly related to the energy dissipation process of cross
ventilated airfiow. For the precise calculation of the total pressure loss coefficient by
LES, a new model called "Energy Balance Modei” which evaluales the airflow rates
in flow networks [6, 7] is introduced [8].

2. BUILDING MODELS AND CASES ANALYZED

Fig. 1 shows a schematic view of the basic building model (Model 2). Each
opening is in contact with the floor. The ratio of the opening area to each wall plane is
confined to about 6 % and the openings thus have little influence on the airflows
around the building model {4]. Table 1 shows the types of models analyzed here.
Model 1 has a duct connecting the inflow and outflow opening. Models 2 and 4 have
thick walls and Models 3 and 5 have thin walls. Models 4 and 5 have windbreak
pancls so as to diffuse the inflow jet. The discharge coefficient of an opening is
conventionally measured under the assumption that the total pressure loss throogh the
opening is identical with the static pressure loss because the air on either side of the
opening is stagnant with a small distance away from the opening and thereby the jet
through the opening dissipates all jts mean kinctic energy by turbulent mixing with
ambient air. In the models used here (modeled by considering the scale ratio of real
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Fig. 1. Schematic view of model

Table 1. Types of models analysed

Fig. 2. Vertical profile of approaching wind
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housing), the distance between the inflow and outflow openings is too short for the
inflow jet to dissipate its mean kinetic energy before it reaches the outliow opening,
hut a windbreak is installed so that the inflow air dissipates its mean kinetic energy
thoroughly in the room.

In this study, when physical quantities such as velocity, length, pressure etc. are
expressed non-dimensional form, they are divided by the representative values. The
representative values used are the height of the model building, H,, the air velocity at
the height of building model, <u,>, and the density of air, 0.

3. QUTLINE OF WIND TUNNEL TESTS

The vertical mean velocity profile of approaching wind follows the power iaw,
<u> ¢ %" as shown in Fig. 2. The height of the building model used is 18cm.

Airflow rate was measured by the tracer gas method[8]. An eleciric manometer
{capacitance manomeler) was used 1o measure the static pressure at the floor and the
wall. Wind velocity was measured by a thermistor anemometer and a tandem-lype

hot-wire anemometer which can discern 3D components of velocity vector[8].

4, QUTLINE OF NUMERICAL SEIMULATION

Turbulent flow simulation was conducted based on Large Eddy Simulation (LES).
The governing equations for LES are shown in Table 2. A Smagorinsky subgrid
model is applied in LES, where the Smagorinsky coefficient is given as a variable
following eq.(4) [9, 10]. Numerical simulation with the variable Smagorinsky
coefficient seems to have higher polential 1o describe many sorts of turbulent flows
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Table 2. Model equations for LES [9]

au, _ du duw,_ OPlp 8 du, du.1
I (U Sig) @
. Cs D%/Dt a_lﬂ 6u,
Vo= (GRS (@) 2 =1-Co g @ S=[Ehegz]” @
DoBii( ) ®  Ca<CocCon
X“ Corn=00, Conar=0.27,Ce=0.16 , C, =18

Table 3. Boundary conditionst?2]

6] U,{8), ux{ty, us{Eytime history of velocity in boundary layer of plane
IHOW | annel predicted by LES. (<wlxg> = X%, <ta(x)> =0, <u(xo)> =0 )
outflow W, Uy, 1 ¢ free slip
upper face of | _ side facesof | .
computational | u,, u, : free slip, w = ¢ | computational | w, w : free slip, u, =0
domain domain
(UJr
= LTy X—= 7
fe e <{u)p> @
e wall < Tw>iS esnmated by equation (8).
solid wa <(ul}p> e E- I/th{c,'fzk )"
i — 8
er (€= in )@
<(up>, ke are given by using the results of the foregoing time steps.

[9, 10, 11]. Detail of the numerical method is shown in ref.[1].

The computational domain covered 15.7H, (x,-direction) by 9.7H, (x.-direction) by
5.2H, (x,-direction). This domain is divided into 61(x;) X 47(x;) X 38(x;). The
interior of the model building is divided into 24(x,},21(x.),23(x;}. The opening area is
divided into 5(x;) X 8(x;). The finest mesh interval which is set adjacent to the solid
wall was 1/50H,. Boundary conditions are summarized in Table 3. For the inflow
boundary, time history of u,(t) in a boundary layer of a fully developed channel flow
predicted by LES was used. It is slightly modulated so as to satisfy the condition that
its time averaged vertical profile follows the power law (<u,(x:)> o< x3).

5. VELOCITY FIELDS

5.1. Velocity vector fields

Figs. 3 and 4 show time-averaged velocity vector fields. Figures of the results of
Models 2 and 4 are omitted since the results are nearly the same with those of Models
3 and 5, respectively. The correspondence between LES and the experiment is fairly
good (ex. Fig.3-(1)(a) and Fig.4-(1)-(a), Fig.3-(2)-(a) and Fig.4-(1)-(a)). The
flowfields of each model differ little from each other. A reverse flow along the
ground is commonly observed just in front of the inflow opening. That is, the
approaching airflow near the ground is not induced into the building model. Air above
and in front of the opening becomes a downdraft and flows into the opening. At the
outflow opening, the discharged jet is induced upward by the recirculating flow in
the building wake.

Inflow into the room is contracted at the openings. In Models 2 and 3 large scale
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recirculating flows are observed in the rooms. In Models 4 and 5 inflows collide with
windbreaks and are diffused. [n Models 1, 2, and 3 inflow jets seem to flow out of the
room with almost no decrease in velocity, however, in Models 4 and 5 stagnant room
air accelerates in front of the outflow opening and then flows out.

5.2.8calar velocity fields

Fig. 5 shows contour lines of the time-averaged scalar velocity given by LES.
Figures of the result of Models 2 and 4 are also omitted. High velocity regions are
observed at the upper front and side corners of the models. In Models 1, 2 and 3,
room air has also high velocity along the virtual stream tube [8] from the inflow
opening to the outflow opening. In particular, in Models 2 and 3 inflow jets hardly
diffuse and flow directly out of the rooms. In these cases, the virtual stream tubes in
the rooms have the fine width as the inflow opening. However, in Models 4 and 5 the
inflow jets are diffused thoroughly by the windbreaks and consequently converging
flows appear in front of the outflow openings. The virtual stream tubes in the rooms
then become as wide as the room.

Fig. 6 show the vertical distribution of the scalar velocity and the velocity
component. Here, the correspondence between LES and the experiment is good. The
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Fig. 6. Vertical distribution of velocity (Experiment and LES).

small discrepancies between them may be attributed to the coarseness of the mesh
dividing near the floor.

In Models 2 and 3 two different regions can be clearly observed(Fig. 5-(1)-(b),
Fig. 6-(2)); one is a high velocity region which corresponds to the inflow jet near the
floor and the other is the remaining stagnant flow region. In Models 4 and 5 the
boundary between the two regions becomes unclear because of the windbreak (Fig.
5-(1)-(c), -2)(¢), Fig. 6-(3)-© ). o

In cross ventilation, inflow jets from the windows soon reach the opposite side
wall and there is little time for their mean kinetic energy to diffuse and dissipate
inside the room. Therefore, if there are no objects in the room and the inflow jels are
smoothly exhausted from the outflow windows, a major part of their total encrgy
which is estimated from the product of the total pressure and the airflow rate is
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preserved. According to the concept used in the conventional method, a turbulent jet
discharged into stagnant space through a opening is assumed to lose its mean kinelic
energy completely, but such modeling is by no means correct in cross ventilation with
open windows. Models 4 and 5 have windbreaks which are installed so as to make
their mean kinetic energy to be dissipated within a short distance.

5.3. Airflow rate

In table 5, the airflow rates Q of the cross ventilation are tabulated. The
correspondence between LES and the experiment is very good. Model 1 has the
largest airflow rate and Model 5 the smallest. The airfiow rate of Model 2 was larger
than that of Model 4, which has a windbreak inside the room. A difference of airflow
rate is also observed between Mode! 5 and Maodel 3. This suggests thai a short
distance between the inflow and outflow openings — here only six times the width of
the opening — is insufficient for dissipation of inflow jet kinetic energy within the
room.

6. PRESSURE FIELIDS

6.1.Wind pressure of wall

Fig. 7-(1) shows the distribution of the wall surface pressure coefficient of Model
1. Since the wall surface pressure coefficients of the five Models are the same,
figures of the other cases are omitted. The correspondence between the experiment
and the simulation is good at the windward wall. However, at the leeward wall there
is a common tendency in all models for LES to show a little larger negative pressure
than the wind tunnel test. The reason for this tendency, which appears in other studies
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by the present authors, has not yet been clarified. It should be noted that the
approaching wind in LES is not exactly the same as that in the wind tunnel test, as
shown in Fig. 2.

6.2.Floor static pressure distribution

Fig. 7-(2) shows the distribution of floor surface pressure (normalized by the
dynamic pressure at the model height). The correspondence between LES and the
experiment is in general very good.

As shown in Fig. 7-(2), although the static pressure levels both in fronf of and
behind the models are the same in all models, the static pressure within the rooms
differs greatly. In Model 1, the static pressure in the room is almost the same as that
in the wake region. The static pressure in the room becomes larger in the cases where
the airflow rates are smaller (namely, models 4 and 5, cf. Table 5 & Fig. 7), that is,
the static pressure drop at the outflow opening is largest when the airflow rate is
smallest. The discharge coefficient & of the outflow opening (the total pressure loss
coefficient ¢ ) is the same in all models because of the identical shape of the opening.
The airflow rate is calculated as the product of the discharge coefficient and the
opening area and the square root of the total pressure loss which is usually substituted
for by the static pressure loss. That is, the larger static pressure drop means the larger
airflow rate. In this coniext, this reverse phenomenon, that is, the larger static pressure
the smaller airflow rate suggests that the static pressure drop does not represent the
total pressure drop (because the total pressare drop is directly related to the airflow
rate) and therefore the static pressure does not represent the total pressure of the
room. The conventional airflow rate calculation based on the discharge coefficient
and the static pressure difference thus cannot be used in this case.

When the airflow passes the outflow opening, if it preserves a certain amount of
mean kinetic energy, the need to the transform static into dynamic pressure is not so
large. If it has lost all mean kinetic energy, the need to transform static into dynamic
pressure is very large. In Models 4 and 5, the inflow jets have lost their kinetic energy
entirely; therefore they must have had higher static pressure inside the room to be lost
by transformation into dynamic energy when passing through the outflow opening.
This higher static pressure inside the room means a smaller static pressure difference
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at the inflow opening and consequently a lower airflow rate.

6.3. Spatial distribution of mean static pressure

Fig. 8 shows the spatial distribution of time-averaged static pressure obtained from
LES. The outer distribution pattern of the static pressure of each Model is almost
identical. A high pressure region appears in front of the windward wall and a negative
low pressure region appears at the flow separation point at the frontal edge of the
models. The negative pressure gradually recovers during the flow downwards.

At the inflow opening a region of strong negative pressure gradient appears with
the acceleration of the airflow into the room. This negative pressore gradient becomes
small in Models 4 and 5, since the airflow rate is small in these models. On the other
hand, a quite strong negative pressure gradient appears at the outflow openings in
Madels 4 and 5.

7. ENERGY FIELD OBTAINED FROM LES

7.1. Kinetic energy &

Fig. 9 shows the distribution of turbulence kinetic energy k obtained from LES.
[Nustration of the distribution of mean kinetic energy is omitted since its
characteristics can be easily analyzed from the distribution of the time-averaged
scalar velocity (Fig. 5). Turbulence kinetic energy is produced by the mean velocity
gradient and shear stress. High values of turbulence kinetic energy are observed in the
region where the mean velocity gradient is steep: at the frontal corner of the building
model, at the inflow opening, and in the discharged flow from outflow opening.

7.2. Turbulence energy dissipation rate &

Fig. 10 shows the distribution of turbulence energy dissipation rate £ obtained
from LES. The turbulence energy dissipation rate resembles the turbulence energy in
its distribution. It has high values in the regions where the turbulence energy also has
high values. Since turbulence energy dissipation is directly related to the total
pressure loss, total pressure loss of the cross ventilation mainly occurs in these areas.
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7.3 Energy loss and total, static pressure drop

7.3.1. Energy balance equation

Total pressure and its loss can be defined along a virtual stream tube, However, the
flowfield of cross ventilation is too complicated to define the virtual stream tube
easily. In order to precisely analyze the structure of the total pressure loss, the encrgy
balance of the flowfield is examined. The total pressure loss corresponds to the
energy loss of the flowfield and the energy field is predicted accurately by LES,

Eq. (9) in Table 4 is the fundamental equation for calcutating airflow rate in a tlow
network {6, 7, 8] and expresses the energy balance of the flowfield. It is an integrated
version of the exact kinetic energy conservation equation derived from the original
N-S equations. The energy loss (term LP,(3) in eq.(9)), the summation of mean kinetic
energy transport ( (D in eq. (9)) and the summation of pressure work ( @ in eq. (9))
are balanced in total. As shown in eq. (I2) the term LP consists of the volume
integration of (urbulence energy dissipation rate and other terms. Usually, LP
approximately corresponds to the integration of the turbulence energy dissipation rate
(GB ,£q.(12)), since the remaining terms (@ ~®) , eq.(12)) can be neglected([8]. If the
flow geometry has only one inflow opening and one outflow opening, a virtual stream
tube connecting the two opening can be assumed and this term LP corresponds to the
product of total pressure loss and airflow rate (cf. the note of Table 4). In this case,
the sum of pressure work also cquals the product of the static pressure drop and the
airflow rate.

7.3.2.5tatic and total pressure loss
In table 5, the airflow rate Q(I,Ilin Tabie. 4), the sum of pressure work

JSU.(p/oyds(I) and the volume iniegration of turbulence energy dissipation rate

edv(V ) are tabulated. Two types of airflow rates are compared. One is given from
the experiment (1L Y and the other from LES (I ). The sum of pressure work and the
integration of turbulence energy dissipation rate are obtained only from LES. Except
for Model 1, the sum of pressure work (I} is almost balanced with the integration of
the energy dissipation rate (V') since the first term, (D of eq. (9) in Table 4 is zero
because inflow and cutflow openings have the same area. Except for Model 1, the
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Tabie 4 Energy balance model for flow networks[6]

T YO Pl LP=0 (9. LP=YE.Q.
g LLP

m

(100, BQu=0 aD

fi

Here, LP (lost power) is expressed as follows
a TELR) Ao Sl 10070+ DU

LP={(Z +ebV-Lv
aXF__.J.Dmﬂ, I £ @ @
7E{Uum(K+k)mAm7QmE A‘")"}+E{Um..(me...A,,‘—Q].](pr),,.} (12
e _ AR o

{

* Eq.{9},(10), and (11) are the fundamental equations of Energy Balance Mode! for analyzing flow
nelworks. Eq.(9) expresses the energy balance in the control volume and eq.11) expresses the
continuity balance. Eq.(9) is an inlegrated version of the exact energy preservation equation derived
from: the N-S equation [8]. Q. has & positive value when air flows out of the controf volume.

* over-bar in £q.(12) means volume or area average.

* m is index for each opening of the control velume. 1t is possible for m to exceed 2. I the pumber
of openings is two, it is easy to asstme a virtual siream tube where the flow ratc is the same but has
the opposite sign (= — Q) and eq.(9) reduces to the [amiliar form of the Bernoulli's law muhtiplied
by flow rate (3 .

@, @, @in eq.(9) are proportionale lo dynamic pressure, static pressure and total pressure loss,
respectively),

» Physical dimension of the variables are follows;

o:fkg/m’l,  Q:{mE], A:lw], AK:[m7] e (mis), v [mis]

Ptstatic pressure) : [N/m7], é—p(%}z(dynamic pregsured: [kg/ms® = N/m?]

QLIU(%)2 (kinetic energy convection): IN'm/s = W}, Q%{%)Z: [m*W/kg = m*m¥s"},

Ly st = N/

QP (pressurework) : [Nm/s =W, Q(P/g): [m?* W/kg=m? m?s%,
JU(Pioyds/Q =Plp=[m¥s*=Nm/kg]

o LP=pfedv {energy dissipation) [kgm®/s®= N'm/s =W, LP~fedv =[m*W/kg=m"m¥s%

Tabie 5. Flow rate, pressure work, turbulence energy dissipation rate

1 i 5 O* W v Y] #4s

Q. Qu fU.{p/ords FU.(pio)ds/Q, Jedv | fedv/Q,

. (=ZQ.(Plo)) =AP/o (=P} | (=AP/o)
{LES) {{experiment) "LES) (LES) (LES) (LES)
Model 1 0.021 0,023 {.001 0.05 0.003 0.14
Model 2 0.019 0.019 0.003 Q.16 0.005 0.26
Model 3 0.016 0.014 0.004 0.25 0.005 0.31
Model 4 0.017 0.0i5 0.006 0.35 0.005 0.29
Model 5 0.011 0.012 0.002 0.18 0.003 0.27

. Integration is conducted for the area enclosed by outer boundary surface of model.
The terms @ and @ in eq.{12) of Table 4 can be assumed to be zero.

: In this case, JU(p/p)ds/Q corresponds to the static pressure drop AP/p between the outer
windward opening surface and the outer leeward opening surface.

¥£%: In this case, fedv/Q correspends to the total pressure drop AP/p between the (wo openings.

A

estimated total pressure loss in the room (fedv/Q=AP, fo, VI is almost the same. The
estimated static pressure drop(AP/p, IV) of each model is different. Except for Model
5 these estimated static pressure drops (AP/o,IV) corresponds well to the static
pressure differences between the room and the wake region (cf. Fig. 8). Since the
static pressure changes greatly along the flow and energy loss occurs abraptly around
the opening, and because mesh dividing for LES around here is not fine enough, the
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estimated static and total pressure might have some errors. However, it is obvious that
in neither types does the static pressure drop (AP/o, IV) correspond to the total
pressure drop (AP/o, VI) and it is thus clear that in this type of flowfield the total
pressure drop AP/ cannot be substituted for the static pressure drop AP/p.

8. CONCLUSIONS

1. The results of LES agree well with those of the wind tunnel test and thus the
numerical method is well validated.

2. LES enables us to analyze the velocity and pressure fields of complicated 3D flow
in detail. In particular, it make it possible to analyze the space distributions of mean
static pressure, turbulence encrgy, and turbulence encrgy dissipation rate with
sufficient accuracy.

3. The energy dissipating process along a cross flow through a building modef is
examined from the static and total pressure drop. The static pressure in the room by
no means represents the total pressure and thercfore the conventional airflow rate
calculation method based on the discharge coefficient of openings and static pressure
differences can hardly be applied to such types of flowficlds, since the inflow jets
from the inflow openings preserve some of their kinetic energy until they are
exhausted from the ouiflow openings.
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