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Abstract

Natural ventilation is a sustainable building technology that can provide good
indoor environment and save energy. The application of natural ventilation in
buildings requires a careful design in the early design phase, and simple, fast design
tools are highly needed. As an intermediate approach between computational fluid
dynamics (CFD) and multi-zone model, fast fluid dynamics (FFD) can provide
informative airflow information with a speed of 15 times faster than the laminar
CFD so that it could be a potential design tool for natural ventilation. This study
thus evaluated the performance of FFD for simulating natural ventilation. The FFD
was validated with three cases representing natural ventilation with different driven
forces: (1) wind-driven natural ventilation through a scaled building model; (2)
wind-driven natural ventilation under different wind direction through a full scale
building with partitions; (3) buoyancy-driven single-sided natural ventilation in an
environmental chamber with a large opening. From comparing the results predicted
by FFD and the experimental data, this study found that the FFD was capable of
predicting main air flow feature and ventilation rate with reasonable accuracy for
the wind-driven or buoyancy-driven natural ventilation in buildings.
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1. Introduction

Natural ventilation is a sustainable building technology that can provide
a good indoor environment and save energy. However, the design of natural
ventilation is more difficult than that for mechanical ventilation because the
driving force of natural ventilation is complicated [1] and its performance is
highly dependent on various factors, such as outdoor microclimate, building
shape and orientation. A design tool that can predict the influence of these
factors on natural ventilation will be necessary for architects to optimize the
natural ventilation design.



Many methods have been developed to predict naterdllation, such
as analytical and empirical models for single-sided cross natural
ventilation with simple geometry. With simple edaas, the analytical and
empirical expressions developed in the literatuecemsy to apply and quick
to compute, but they are only suitable for simplesiogle-zone buildings.
For buildings with multiple rooms, multi-zone moslélave been proposed to
predict the natural ventilation rate through thddings. But the multi-zone
model may not be accurate for predicting airflowthva strong temperature
gradient or with a strong momentum effect in a zofilso, this model
cannot provide air velocity or resolve airflow pmatts or temperature
distributions within a zone, which are very impoitdor analyzing the
indoor air quality and thermal comfort. On the othand, with applying
appropriate turbulence models, computational fldichamics (CFD) can
accurately provide the distributed air velocity @aathperature within zones.
It has been successfully used for analyzing thdopmaance of natural
ventilation. However, due to its large demand fomputation, running the
CFD analysis is time consuming and is mainly used ffnal design
evaluation and research projects. For early staddsuilding design, it
would be impractical for architects to evaluate p@formance of each
natural ventilation design by using CFD. Thus, @eal approach for early
design should be able to provide rich airflow imfation in and around
buildings as the CFD does, and should be as efficks the multi-zone
model.

As an intermediate approach between the multi-zondel and CFD,
fast fluid dynamics (FFD) can provide fast simatpf airflow in buildings
[2,3]. Thus, it has the potential for natural viitbn design. Previous study
[4] showed that FFD could provide reliable simuas for indoor airflows at
a speed about 15 times faster than CFD. Howevéd, &5 not been applied
to simulating natural ventilation, so it is necegsdo evaluate its
performance for the current application. This fortims basis of the current
investigation as reported in this paper.

2. Research Method

2.1 Fast Fluid Dynamics

Fast fluid dynamics was originally developed byns{&] for computer
graphics, simulating efficiently incompressibleidlidlows. To achieve high
computational efficiency, FFD applies a three-stigme-advancement
scheme to solve the Navier-Stokes and continuityuaggns for
incompressible viscous fluid:
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where i, j = 1, 2, 3. Uis the ' component of the velocity vector, p
pressurep density, Fi'"" component of body forces, and xi ith component of
spatial coordinates, respectively. The three-sitme-advancement scheme
splits the Navier-Stokes equations into three éitsz®d equations:

Ui-Ui o oYl @3)
At b oox,
UT-U _ FU 1 @
i i = +7F|'
At ox,0x; p
Um-ut o 19p ®)
At pox,

where U and U*'represent the velocity at the previous and curtieret
step, respectively, and U* and U** are the interraé&l velocity obtained
from solving (3) and (4), respectively. FFD firgihges (3) explicitly for
advection by using a first-order semi-Lagrangiarthod. By applying the
Lagrangian advection on the Eulerian grid, the desgirangian method can
achieve enhanced stability at larger time stepssdiee U* in equation (3),
FFD uses backward trajectory to determine the demarlocations of
particles arriving at the grid cells at the engath time step. The velocity at
the grid cells can then be updated with the vejoaftthe departure point,
which can be interpolated from the velocity at sunding grid cells. U* can
be expressed by the following equation:

U:(Xj) =y’ (Xj —Atan), (6)
where U;(x,) is u; at locationx; =(x,,x,,x,) . Thereafter, FFD

solves the diffusion equation with a source ternalfylly implicit scheme to
obtain another intermediate velocity, U**. Finatlye pressure projection is
conducted to project the intermediate velocity dfishto a space of
divergence free vector field to obtain pressure apdated velocity. By
substituting equation (5) into equation (2), théofsing Poisson equation
can be derived:
% _pay’ 7)
ox0x; At ox
By solving equation (7) for pressure, FFD updatesvelocity field with
equation (5) to obtain 0. After obtaining the velocity field, transport
equations for other scalars can be further solwedsimilar manner:
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where® is the scalar to be solved the transport coefficient, and S the
source term, respectively.




Although FFD solves the Navier-Stokes equation &P Gloes, the
computing speed is more important for FFD than @#¥D. The semi-
Lagrangian method that is applied for solving tbeegtion equation allows
FFD to adopt larger time steps, so the simulatp®BD can advance much
faster than that by CFD. FFD also uses simple aned order schemes to
improve computational efficiency. For example, ses linear interpolation
instead of higher-order interpolation in the seragtangian method. The
pressure projection also uses only the first-ong®jection. FFD further
increases its computing speed by reducing thetiiesa for solving the
coupled momentum and continuity equations. In FEDpbtain a more
converged solution for satisfying both momentum aadtinuity equations
inner iterations are not applied for each time sisgn CFD. As a result,
FFD has a lower computing cost but less accuraay @FD.

Because accuracy is not the objective of FFD, FF8intains its
simplicity without integrating any turbulence magleéh the current study.
Instead, a previous study shows that the lowerrasdieeme applied in FFD
can generate high numerical viscosity, which camd®r as a substitute for
turbulent viscosity. Numerical viscosity is depemiden grid size and will
decrease when the grid is refined.

2.2 Boundary Conditions

In FFD, paired boundary conditions for both velp@nd pressure are
required to solve implicit diffusion equations ahe Poisson equation. This
study applied three typical flow boundary typesetinoutlet, and solid wall.
At the inlet boundary, a Dirichlet boundary conglitiwas applied for
velocity. In addition, FFD used the physical vetpdioundary condition as a
boundary condition for intermediate velocity addais:

U:* = U? ®= Uinlet’ (9)
where Uinlet is the given velocity at the inlet.eTNeumann boundary
condition for pressure was derived from equati@std (7):
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where n is the local normal to the studied surfédtethe outlet, FFD
applied local mass conservation for the outflow rmary for velocity.
Similarly, Neumann boundary conditions can be datifor pressure at
outflow boundaries as shown by equation (10).

This investigation applied no-slip wall boundarydiions for the solid
wall. The air velocity at a solid wall boundaryzisro, as shown by equation
(112):

ur=ult=u,, =0, (11
where U, is the air velocity at the wall. Also, equationOY1was
applied as boundary condition for the pressure.



3. Resultsand Discussion

This study evaluated the performance of FFD foruttmg natural
ventilation with different driven forces. First,ighnvestigation applied FFD
to wind-driven, single-sided, and cross naturaltileion in a wind tunnel.
And then FFD was then used to simulate wind-driveatural ventilation
through a four-zone, full-scale building in a witthnel, which is a more
complicated case. The ventilation rate under difierwind directions was
computed by FFD and compared with the experimetddh. This study
further applied FFD to simulate buoyancy-drivemgge-sided ventilation in
a full-scale chamber.

3.1 Wind-driven, Natural Ventilation in aWind Tunnel

The first case study is a wind-driven, natural itatibn case based on
the experiment conducted by Jiang et al.[7]. Thpegrment employed a
scaled building model with openings and a wind &inhhree different types
of wind-driven, natural ventilation were studiedngde-sided ventilation
with a windward opening, single-sided ventilatioithweeward opening, and
cross ventilation with openings in both windwardd deeward walls. The
building model is depicted in Fig. 1(a). The expemnt measured the mean
velocity distribution along ten vertical lines inet streamwise direction, and
their locations are shown in Fig. 1(b).
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Fig. 1 Schematic view of the (a) building modetl §h) measurement positions (Jiang et
al.[7])

This study compared the velocity profiles along teeamwise
locations, as shown in Fig. 2. The results compuigd-FD were also
compared with the CFD results by Alloca [8] foetthree cases. At the
upstream of the building (X = -H/25), the velogirofiles predicted by CFD
agreed very well with the experimental data inthflee cases. FFD also
computed velocity profiles close to the experimerdata with some
discrepancies at Z=0.25. For the velocity distitdutin the building model
(X = H/2), both FFD and CFD predicted low velocity the building for
single-sided ventilation. For cross ventilationO~€ould predict the velocity
variation in the building, but the agreement wasrpothan CFD. Also, at
the top of the building, FFD was not able to capttine recirculation




(negative velocity around Z=0.25) as CFD did. Ae tregion near the
leeward wall (X = H+H/25), the results simulated ®%¥D and FFD agreed
well with the experimental data. However, at thevdstream of the building
model (X = H+H/2), neither CFD nor FFD could nottaibh accurate
simulation results for the three cases. Alloca {30 made a similar
conclusion, that CFD with the RANS turbulence maxt®ild not predict the
velocity distribution well for the wake region batithe building model.
Jiang et al. [7] found that only LES can achieveaagurate prediction.
Through the comparison above, this study found B2 could predict the
main airflow distribution for wind-driven, singléged, and cross natural
ventilation with a lower accuracy than CFD withlktulence models.
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Fig. 2 Mean velocity distributions in the strearseviirection for (a) single-sided, windward
ventilation, (b) single-sided, leeward ventilatiamd (c) cross ventilation

3.2 CrossVentilation Through a Four-zone Building M odel

This study further tested FFD for prediction of timepact of wind
direction on wind driven natural ventilation. Salwaet al. [9] measured



discharge coefficients at the building openings enndlifferent wind
directions using a full-scale building model withuf sub zones in a large
wind tunnel, as shown in Fig. 3. The building modah be rotated in the
wind tunnel to study the impact of different windredtions on cross
ventilation. This study applied FFD to simulate #idlow path through the
building model and the ventilation rate under cresstilation with different
wind directions.

Fig. 3 Sketch of the four-zone building model

The wind direction would change the pressure difiee of the two
openings and thus influence the ventilation rateugh the building. Design
tools should be able to predict the impact of witigbction on ventilation
rate. Fig. 4 compares the ventilation rate computgdFFD with the
corresponding measured data. The ventilation rae highest when the
wind direction was normal to the opening A, and detvwhen the wind
direction was parallel to opening A. FFD could peedhis trend and the
calculated ventilation rate showed reasonable amgee with the
experimental result. Thus, FFD was capable of ptiedj the impact of wind
direction on natural ventilation.
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Fig. 4 Comparison of ventilation rates with diffat wind angles by FFD and the data from
Sawachi et al.[9]



3.3 Buoyancy-driven, Single-sided Natural Ventilation

To validate the performance of FFD for buoyancyein, natural
ventilation, this investigation used the experimagéotse by Jiang et al.[10].
The experiment used a test chamber in a laboratosymulate the indoor
environment and the laboratory space to simulageotitdoor environment.
A 1500 W baseboard heater was placed in the teshlobr to generate
buoyancy force. The door was open to simulate umydriven, single-
sided ventilation. Fig. 5(a) shows the layout o€ tbhamber and the
laboratory and their dimensions. In the experiméing¢ air velocity and

temperature distributions were measured at fivierdint locations as shown
in Fig. 5(b).
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Fig. 5 Sketch of (a) the layout of the laboratangl (b) measurement positions

Fig. 6 compares the airflow field simulated by F&Bd CFD. The flow
pattern predicted by FFD was in good agreement thitti predicted by
CFD. Both FFD and CFD predicted the high speedregalong the top and
bottom parts of the room, and the plume above #a source. Although the
simulated flow pattern outside the door was sliglifferent between FFD

and CFD, FFD captured the main airflow featuressiofjle-sided natural
ventilation just as CFD did.

@ (b)
Fig. 6 Comparison of airflow patterns simulated&yFFD and (b) CFD by Jiang [11]

Fig. 7 compares the velocity profiles computed BYDFand CFD with
the corresponding experimental data. In the chantbe velocity profiles
computed by FFD and CFD showed acceptable agreewitdntthe data.
Both FFD and CFD predicted high velocity near tadireg and the floor and



low velocity at the middle height inside the chamlf®r the airflow outside
the door (Position P1), neither FFD nor CFD coulddict the velocity
variation over the door with high accuracy. FFD &¥D showed similar
accuracy for predicting airflow distribution foretbuoyancy-driven natural
ventilation.

Table 1 compares the air change rates computed-Byard CFD with
the experimental data. Both FFD and CFD providedoeable estimates for
air change rates induced by buoyancy-driven nateatilation, and FFD
performed rather well in this case.
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Fig. 7 Comparison of the computed velocity prafiéth the experimental data at the five
measurement positions

Table 1 Air change rates for single-side naturatietion

Experimenta CED FED
measuremen
Air change rate (AC}H 9.16-12.€ 15.2 9.3€

For the temperature distribution in the chambeg. B compares the
computed temperature profiles by FFD and CFD with éxperimental data
at the five measurement positions. The thermatifstetion was clearly
predicted by both FFD and CFD. Although FFD presticta higher
temperature at the ceiling level, the temperatustribution simulated by
FFD was in reasonable agreement with the experahetata. Also, the



largest thermal stratification computed by FFD oocedi in the middle
section of the room, which was consistent withékperimental data and the
CFD simulation by Jiang.
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Fig. 8 Comparison of the computed velocity prafiteith the experimental data at the five
measurement positions

4. Conclusions

This study validated FFD performance for simulatitiferent types of
natural ventilation. Through the test, this studg to the following major
findings:

For wind-driven, single-sided natural ventilatiomdacross natural
ventilation, FFD can accurately predict the velpaiistribution on the
upstream side of a building. However, FFD was sod@urate as CFD with
a RANS model for simulating airflow distribution side and on the
downstream side of the building. Nevertheless, K@D still capture the
main airflow feature. FFD can determine the impafcivind direction on
cross natural ventilation. The ventilation rate pomed under different wind
directions agreed reasonably well with the corredpwy experimental data.

For buoyancy-driven, single-sided natural ventiiatiFFD can predict
the airflow pattern in the room generated by a keatce as well as thermal
stratification in the room. The air change rategkdted by FFD also agreed
well with the experimental data.
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