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ABSTRACT

In order to create a healthy, comfortable, productive, and energy-efficient indoor environment,
the computational fluid dynamics (CFD)-based adjoint method with an area-constrained
topology method can be used to inversely design the optimal number, size, location, and
shape of air supply inlets, and air supply parameters. However, this method is not very mature,
and the distribution of retained inlets is always scattered. To solve that problem, this
investigation introduced a filter method that smooths the intermediate results during the
inverse design process. Using a three-dimensional, non-isothermal, asymmetrical office with
pre-set air supply inlets as an example, this study verified the performance of the proposed
filter-based topology method. The verified method was then used to solve a multi-objective
design problem and design an optimal indoor environment for a room. The results indicate
that the proposed method was able to find the optimal number, location, and shape of air
supply inlets and the optimal air supply temperature, velocity, and angle that led to a
thermally comfortable, healthy, productive, and energy-efficient indoor environment. Finally,
this investigation installed the optimal inlets in an environmental chamber to mimic the room.
The measured air temperature, velocity, and mean age of air in several typical locations in the
environmental chamber matched the CFD simulation results very closely.

KEYWORDS: [nverse design;, Multi-objective problem, Filter-based topology method,
Indoor environment, CFD-based adjoint method

Practical Implications

e This investigation proposed a filter-based topology method for optimal design of the
indoor environment and validated it by the experiment.

e The proposed method can be used to design an ideal heating, ventilating and
air-conditioning (HVAC) system which create a thermally comfortable, healthy,
productive, and energy-efficient indoor environment.

e The HVAC system in the optimal design can be very different from those in the
conventional design.

INTRODUCTION
In 2018, 40% of the total primary energy consumed in the United States was in residential and
commercial buildings, and nearly 41% of the building energy consumption was for space
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heating and cooling'. Despite this high energy consumption, the indoor environment is often
unsatisfactory with negative effects on work efficiency and the health of occupants. The most
common problem is “sick building syndrome” (SBS) 2. Furthermore, people spend an average
of about 21 hours per day indoors®. It is crucial to design heating, ventilation, and
air-conditioning systems to create an indoor environment that is healthy, comfortable,
productive, and energy-efficient*; thus, the design of the indoor environment is a
multi-objective problem.

For such a problem, the traditional design method uses a trial-and-error process that is
unlikely to identify an optimal solution’. Moreover, the computational effort increases by
several orders of magnitude when the number of design variables increases. Recently,
researchers™ © have attempted to use inverse methods to design the indoor environment. The
major inverse design methods are the CFD-based genetic algorithm (GA)®, the CFD-based
proper orthogonal decomposition (POD) method’, the CFD-based artificial neural network
(ANN) method?, and the CFD-based adjoint method®.

The CFD-based GA method can find the globally optimal solution, but it relies heavily on the
choice of samples and requires increased training time to obtain a more accurate solution,
especially when the design variables increase in number®. In order to reduce the computing
time, Wei et al.” developed the CFD-based POD method, which is a reduced-order method. It
can extract information about the main features of the data from the original complex,
high-order nonlinear problems and construct a simple relationship between the design
variables and the objective function. This method is not very accurate, but it can significantly
reduce the computing time. Meanwhile, the CFD-based ANN method® constructs a black-box
relationship between the input design variables and the output objective function.
Unfortunately, it has the same disadvantages as the CFD-based GA method. To ensure the
accuracy of ANN model calculation, one must train the CFD-based ANN method through a
large number of samples. In contrast with these approaches, the CFD-based adjoint method’
as a gradient-based method is very efficient and is independent of the number of design
variables. The adjoint method can quickly find the optimal design for a multi-objective design
problem, although it may become trapped in local optima. Overall, the adjoint method is the
most efficient and suitable method for the inverse design of an ideal indoor environment.

An indoor environment is controlled by many parameters, such as the number, size, location,
and shape of air supply inlets, as well as air supply velocity, temperature, and angle. If the
design variables are narrowly defined, one will not find the optimal solution. We'!? introduced
an area-constrained topology method combined with the CFD-based adjoint method to
identify the optimal size, location, and shape of air supply inlets and the optimal air supply
temperature, velocity, and angle. The method appeared to design optimal air supplies, but the
inlet distribution was scattered. The same problem has appeared in the use of topology
optimization for structural design'!> 1% 13
checkerboard phenomenon'!# 5, where wall and inlet cells connect at the corners only.
Previous studies'"> 1> 1* have indicated that the checkerboard pattern was not the optimal result
but rather a mesh-dependent and numerically unstable result for low-order elements, such as

. This scattered distribution has been called the
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triangles/tetrahedra or quads/hexahedral elements!'®, which influenced the convergence of the
flow solution. The phenomenon can be avoided in part by utilizing a higher-order element
(polygonal element!'”'%), a mesh regularization strategy!®, or the filter method?®2!-22, In recent
decades, the filter method®® 2! 22 has been widely used in the application of topology
optimization to structural design'>!?, to overcome the checkerboard phenomenon'!5. For
example, the method was employed to design a cantilever beam'®, a
Messerschmitt-Bolkow-Blohm (MBB) beam!?, and a pipe bend?’. However, the method has
not been used to inversely design an indoor environment.

Therefore, this study aimed to integrate the filter method and the CFD-based adjoint method
with the area-constrained topology, and to explore the performance of the integrated
CFD-based adjoint method for multi-objective design problems in the indoor environment.

METHODS

Objective function and its constraints

Our goal was to determine the optimal distribution of inlets, which was the distribution that
minimized a pre-set multi-objective function within a pre-set domain using the integrated
CFD-based adjoint method. The design objective was a thermally comfortable, healthy,
productive, and energy-efficient indoor environment. This study used the predicted mean vote
(PMYV) index?* for evaluating thermal comfort. The index is widely used to express the human
perception of thermal comfort in the indoor environment. However, the PMV does not
account for drafts caused by ventilation, which have been a major concern in office buildings.
Therefore, the percent dissatisfied due to draft (PD) index® was used to assess the draft
sensation. To evaluate indoor air quality (IAQ), this study used the mean age of air 7, >°. The
lower the mean age of air in a location, the better or fresher is the air quality. Research by
Wargocki and Wyon?’ indicated that both thermal comfort and indoor air quality do affect the
performance of office work. So, PMV, PD, and age of air will affect the productivity of the
occupants in the room. The energy consumption £ was determined by:

E = A?‘nlet I/inlez‘[)air Cp (]:mtlet - 7;’116[ ) (1)

where Ainies is inlet area (m?); Vinte: inlet air velocity (m/s); pair air density (kg/m®); Cp specific
heat (J/(kg-K)); and Tinter and Touter inlet and outlet air temperatures (K), respectively.

If the above-mentioned four indexes are used as the design objectives, the corresponding
objective functions are f7, /2, f3 and f«:

PMV? PD T
——dO = _r
A L)l MY £ IQ‘ PDey “ 1. IQZ Fpew " /i E 2)
1 = ; ) = ; 3 = 2 ; 4 =
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where @1 and @2 are the design domains. Each index in Eq. (2) is normalized by the existing
values in the indoor space as a reference.

In the adjoint method, a multi-objective problem must be converted to a single-objective
design problem. This study used weighting factors to construct the objective function as:

J(é) =W/ AW Wi+ w f, (3)

where € = (Vinlet, Tintet, number, size, locations, and shape) is a vector that denotes the design
variables; and wi, w2, w3 and w« are weighting factors. The weighting factors for the above
four indexes were not from the current studies but from literature®®2”- 28, This study used the
weighting factors and normalized them. If w3 and w+ were zero, the weighting factors for f
and > would be 0.455 and 0.545, respectively. These values were derived from a
questionnaire?, If w; and w4 were zero, the weighting factors for /> and f3 would be 0.53 and
0.47, respectively?’. Finally, if w; and w2 were zero, the weighting factors for /3 and fz would
be 0.57 and 0.43, respectively?®. Thus, the weighting factors wi, w2, w3 and w« should be
0.225, 0.302, 0.27 and 0.203, respectively, after normalization. For an enclosed indoor
environment, Reynold number (Re) in the design domain could be small in this study. It was
not laminar since turbulence intensity was high. While the Re at the pre-set inlets, as shown in
Figure 4(a), was 13000 that was clearly turbulent. Zhang et. al* compared different
turbulence models for such indoor airflow and found that RNG k-¢ model have the best
overall performance among the RANS models. Chen?® also recommended the RNG k-g& model
for indoor airflow prediction. So the distribution of air velocity V and temperature T in the
design domain ©®, as shown in Eq. (2), are controlled by the incompressible, steady-state
Reynolds-averaged Navier-Stokes (RANS) equations closed with the RNG k-¢ turbulence
mode]2% 30,31

To minimize the objective function in Eq. (3), this investigation used the steepest decent
method?? to update the design variables:

§1+1=§,—ﬂﬁ% @

where &n, En+1 are design variables at the current and succeeding design cycles, respectively; n
represents the design cycle; and A is the constant step size. Since the objective function
implicitly contains the design variables, we cannot directly calculate the gradient of the
objective function over the design variables. Therefore, we have used the CFD-based adjoint
method with the adjoint RNG k-¢ turbulence model®® to calculate the gradients. A previous
study?®? provides detailed information about the adjoint equations, gradient equations, and
adjoint boundary conditions of the CFD-based adjoint method with the adjoint RNG k-¢
turbulence model. For identifying the number, size, location, and shape of air supply inlets
and the air supply velocity, temperature, and angle, the area-constrained topology'® method
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was the best approach.

Area-constrained topology method

The main idea of area-constrained topology is indirect identification of the number, size,
location, and shape of air supply inlets by updating the air supply velocity of each cell
independently within the pre-set initial air supply inlet. After a certain number of design
cycles, each cell of the initial inlet has a different air supply velocity. The method then adds
an area constraint to close those cells with a low given air velocity. However, the final
retained inlet distribution is scattered and not concentrated, as shown in Figure 1(a). For
simplicity, we'® only used the centroid-based hierarchical cluster analysis for consolidating
these scattered cells, which would change the inversely designed results. For each opening
supply inlet as shown in Figure 1 (a), it contains only one grid. The mesh in Figure 1 (a) was
the same with the computational mesh which was based on our grid independence test and
readers can find the detail information in our previous study'’.
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FIGURE 1 (a) The scattered air supply inlets identified by the area-constrained topology!'®
method and (b) the results after using the velocity filter method.

The checkerboard phenomenon usually appears when the topology method has been used to
design the optimal structure, which inherits the features of the topology method**. However,
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the scattered inlets in Figure 1(a) do not exhibit a strict checkerboard phenomenon. One
reason may be that we'® removed too many cells with small velocity, and the summed area of
the remaing cells was too small. Other important reasons are mesh dependency and numerical
instabilities, which could make convergence difficult. Recently, filters have been widely
employed to solve the checkerboard phenomenon'* 1> and eliminate the dependency of the
optimal design on spatial discretization®>3%37,

Filter method

A filter can be regarded as a regularization function for smoothing the distributions of design
variables by taking weighted contributions from the neighboring values located within a
certain radius. The physical basis of the filter is actually the theory of convolution integrals'®,
which are a function used for smoothing data and were originally used in image filtering.

The most frequently used filters are a gradient or sensitivity filter?® and design variables or a
density filter?"> 22, Sigmund?®® first proposed a gradient filter to prevent rapid variations in
design variables, reduce the mesh dependency of topology optimization problems, and
facilitate smooth convergence> 3¢ 37 Since the gradient filter may still be limited by the
convergence problem?!, a design variable filter was introduced?!, and the existence of a
solution has been mathematically proven'? 6. The filter can reduce large contrasts in design
variables between two adjacent cells'’>?* 3%, For example, Figure 1(b) shows the results after
we applied the design variable filter. For this study, we used the gradient filter and velocity
filter simultaneously. The gradient filter was used to smooth the calculated gradients, and the
design variable filter was employed to process the updated air supply velocities.

The gradient filter used in this investigation, as shown in Eq. (5), re-determines the cell
gradient according to the adjacent cell gradients in a neighborhood of radius ro. The weighting
factors wj are calculated by Eq. (6) as shown in Figure 2. The velocity filter was determined in
the same way, as shown in Eq. (7).

d, J.dJ
el S ; it <
=T S/ s N =lin <) ©
ﬁ- I, — L.
3 _0 7
o= (6)

N N
mletl z lel] j /Z ja)j (7)

where Si is the area of cell I, rjj the distance between cell 1 and cell j, Nj neighborhood element

j, and Hj the convolution operator.
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FIGURE 2 The weight function w(x) for the linear projection scheme.

Note that the original gradients dJ/d§ and design variables Viniet lose their physical meaning.
This occurs because the gradients and design variables are redetermined by the filter. The
redetermined gradient and velocity, as shown in Egs. (5) and (7), are always referred to as the
physical gradient and velocity that are the solution of the inverse design process®. In addition,
the solution of the inverse design process can be affected by the filter radius. According to
recent studies' !2, the proper filter radius can only be determined by a computationally
intensive process of trial and error. For this investigation, the proper filter radius was twice
the average mesh edge length.

Inverse design process

The integrated CFD-based adjoint method was implemented in OpenFOAM (Open Field
Operation And Manipulation)*’, which allows researchers to modify the code according to
their needs. Our investigation began the inverse design process as shown in Figure 3 by
entering the initialized design variables into the software program, and the integrated adjoint
method ran the CFD simulation to evaluate the multi-objective function*!. If the objective
function did not satisfy the convergence criterion, the method calculated the derivative of the
objective function J(§) over the design variables &, so that the method could find the direction
in which to adjust the design variables and further minimize the objective function. Since the
objective function was controlled by the RANS equations with the RNG k-& model during the
optimization process, this study used the CFD-based adjoint method with the adjoint RNG k-¢
turbulence model®? to calculate the gradients. Next, the gradient filter was used to smooth the
gradients. Finally, the study used the steepest descent method* to adjust the design variables*?
and applied the velocity filter. The process was repeated until the objective function satisfied
the convergence criterion. This criterion was set as [Jo-Jn-1| < 8, where Jn-1, Jn are the objective
function at previous and current design cycles, respectively, and where n>2 and § = 104
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FIGURE 3 The inverse design process of the filter-based topology method.

Experimental methods and instruments

To verify the accuracy of the CFD simulation and the inverse design results, we conducted
experimental measurements in an environmental chamber at Purdue University with the
inversely designed air supply system. The inverse design process assumed that 100% fresh air
was supplied by the HVAC system, and this was also implemented in the HVAC system for
the chamber. The experiment measured the air velocity, air temperature, and tracer gas
concentration to determine PMYV, PD, and the mean age of air.

This study used hot-sphere anemometers to measure the air velocity and air temperature. The
accuracy of the devices was £0.01 m/s for velocity and +0.3 K for air temperature, and the
measurement frequency was 1 Hz. In addition, an ultrasonic anemometer with a measurement
error of +2% and measurement accuracy of 0.005 m/s was used as a reference for measuring
the direction and magnitude of the air velocity. A multi-gas monitor and analyzer system was
used to measure tracer-gas concentration, and SFe was used as the tracer gas because the
background concentration of SF¢ was almost zero. This investigation used the step down
(decay) method* to calculate the local mean age of air z by

o _[0 [c(t) —c(oo)]dt ®
c(0)—c(0)

where c(?), c(0), and c(w) are the tracer-gas concentration at t, 0, and infinity, respectively.

Before conducting the experiment, we ran the air-conditioning system for the environmental
chamber for more than two hours to stabilize the airflow. During the experiment, we
measured the air velocity and air temperature in the middle of the chamber and in the regions
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around occupants, since our objective was to design an optimal micro environment around the
occupants. The distance between the occupants and the hot-sphere anemometers was 0.1 m.
For better comparison with numerical inverse design results, this investigation conducted
measurements for 30 min at each point. Repeated experiments were also performed in this
study, and all the data was used for analysis. Since the wall temperature during the experiment
was different from that used in the inverse design process, we used an infrared thermometer
with reading repeatability of £0.02% of absolute temperature to measure the wall surface
temperatures.

RESULTS

To verify the performance of the filter-based topology method, we used it to identify air
supply inlets in a three-dimensional room that had been pre-set by forward CFD simulation.
The inverse method was then employed to design an optimal air supply system based on a
state-of-the-art displacement ventilation design from Shi and Chen**. Finally, the performance
of the optimal air supply system was compared with CFD and experimental data published by
Shi and Chen** and with our measurements in the environmental chamber.

Verification of the filter-based topology method

The case used to verify the filter-based topology method was a three-dimensional ventilated
office with an asymmetrical layout, as shown in Figure 4(a). The geometry of the office and
the sizes and locations of the dummies, personal computers, and tables were the same as in
the case with displacement ventilation. This investigation first pre-set two inlets with an air
supply velocity of Vinet = (0.27, 0, 0) m/s and air supply temperature of Tinlet = 19 °C at the
bottom of the left wall, as shown in Figure 4(a). And the Re at the pre-set two inlets is 13000.
Next, a forward CFD simulation was used to calculate the air distribution. We randomly
selected five profiles of air velocity and temperature in the room (the five red lines in Figure 4)
as design objectives, and then used the inverse design method to identify the two inlets by
specifying the possible region of the inlets as the bottom of the left wall, as indicated by the
green area in Figure 4(b). If the filter-based topology method was able to identify the two
inlets, then the method would be verified. For this geometric model, we used a structured grid
of hexahedral elements with 133,625 cells according to our grid-independence tests. The
details information can be found in discussion part, as shown in Figure 14.

Outlet T Outlet

(a) (b)
FIGURE 4 Schematic and design domains ® of the office
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The objective function for the inverse design can be expressed as Eq. (9). The velocity Vo, i
and temperature To,i along the five lines were from the CFD simulation.

S |Vi_VOi|2 vol, & (Ti_TOi)Z vol,
Lol | ) B7h) |, vol ©)
p

(Tmax - Tmin )2 VOITUtal

| inlet

where ws and we are the weighting factors, assumed to be 0.5 in this investigation; m is the
total number of cells in the design domain; Vi and Ti are the air velocity and temperature
inversely calculated at the five lines, respectively; voli is the volume of cell I; volrotal is the
total volume of the cells in the design domain; and Tmax and Tmin are the maximum and
minimum temperature, respectively, at the boundary.

In the inverse design process, the steepest descent method updated the air supply velocity for
each cell in the initial inlet as shown in Figure 5. At the 25" design cycle, the objective
function did not decrease, and the convergence criterion was achieved. The design process
identified two inlets, although the shapes were not rectangular and the locations were slightly
higher than the pre-set ones in red. Figure 6 compares the air temperature and velocity along
lines 2, 3, and 4 between the inverse design and the original CFD simulation. The two are
very close to each other. Note that the difference could be further reduced if additional lines
were used as the design objective. Thus, the filter-based topology method was verified as
sufficiently good.

1 L
§ 08 |
2
E 0.6 f
0 J,0 = 0.0044 Js =0.00426
S 04
(5]
ey
© 02t
0 L Pl »
0 5 10 15 20 25

Design cycle

FIGURE 5 Changes in the objective function and air supply inlets with the inverse design
process
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FIGURE 6 Comparison of air temperature and velocity profiles predicted by the forward CFD
simulation and the inverse design, where z is the height from the floor

Optimal design of an ideal indoor environment and experimental verification

After verifying the filter-based topology method, this study used it to identify an optimal air
supply method for a room as shown in Figure 7. The room was actually an environmental
chamber used by Shi and Chen* to study displacement ventilation. The displacement
ventilation design was the state of the art according to the conventional design approach.
Displacement ventilation supplied air to the lower part of the room to improve the air quality,
but it also created a vertical temperature gradient that could cause draft. We used the
displacement ventilation system as the initial design and combined PMV, PD, the mean age of
air, and energy consumption into a multi-objective function with weighting factors, as in Eq.
(1), to achieve an optimal design. The design variables were inlet number, size, location, and
shape and the corresponding air supply velocity, temperature, and angle. To reduce the
computing effort, we assumed that the inlets were in the left-hand wall and the floor, as
indicated by the green areas in Figure 7(b) and (¢). The initial air supply velocity through the
right-hand wall was Vinet = (0.5, 0.1, 0.1) m/s and through the floor Viniet = (0.1, 0.1, 0.5) m/s.
The initial air supply temperature was Tinlet = 20 °C. All other boundary conditions were the
same as those used by Shi and Chen* for displacement ventilation. Design domains ©1, as
shown in red in Figure 7(b) were used to evaluate PMV and PD and were 0.1 m away from
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the occupants. Design domains ©: in Figure 7(c) were used to calculate the local mean age of
air in the breathing zones. The convergence criterion was set as |Jk-Ji-1] < 104, where k > 2.
This investigation used a structured grid of hexahedral elements with 275,008 cells to
spatially discretize the environmental chamber geometric models according to our
grid-independence tests.

Outlet

(b) Design domains O1 (c) Design domains ®>
FIGURE 7 Schematic of the displacement ventilation system and design domains ®1 and ©:
used for the optimal design

Figure 8 depicts the design process in which the objective function decreased very quickly
during the first 20 design cycles and ultimately reached the convergence criterion at design
cycle 50. The figure also shows the change in air supply number, size, location, and shape as
well as air velocity. The final results yielded several inlets in the middle of the left wall and
several in the floor. For such a small room, it would not be practical to have so many inlets.
Applying the cluster method that we had previously proposed!?, we used one long inlet in the
left wall and one rectangular inlet in the floor, as indicated by the green area in Figure 9(a).
Table 1 provides more detailed information about inlet size and location, and air supply
velocity, and temperature.
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FIGURE 8 Changes in the objective function and air supply inlets with the design cycle for
the optimal design

(a) Schematic of the room (b) Environmental chamber
FIGURE 9 (a) Schematic of the air inlets in the room that were identified as optimal by the
inverse design process and (b) the environmental chamber.

TABLE 1 Air supply inlet velocity, size, location and Re in the room that were identified for
the optimal design

Vx,inlet  Vy,inlet  Vzinlet  Tinlet Size (m?) Center location

(m/s) (m/s) (m/s) (K) (m) Re
Inlet1 048 0 0 296.25 2.2x0.1 (0.0,1.99,1.75) 6500
Inlet 2 0 0 028 29625 0.8x04 (2.8,3.1,0.0) 10700

In order to verify the inverse design, this study installed the two inlets in the environmental
chamber as shown in Figure 9(b). To achieve a uniform air velocity at the two inlets, we used
porous material with a honeycomb structure. As depicted in Figure 10(a), two layers of
honeycomb were needed to achieve stable air supply velocity for Inlet 1, and Figure 10(b)
shows that one-dimensional air supply was achieved.
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FIGURE 10 (a) Effect of the honeycomb structure on the air supply velocity and (b) the air
supply velocity in three directions from Inlet 1.

In comparison with the displacement ventilation (Shi and Chen**), the objective function for
the optimal design was improved significantly, as shown in Table 2. In addition, the optimal
flow rate (0.195 m’/s) was almost the same as that for displacement ventilation (0.184 m?/s),
while all the objectives in the optimal design were better than those with displacement
ventilation. Thus, the filter-based topology design method exhibits better performance than
the conventional trial-and-error method used by experienced designers such as Shi and Chen.

TABLE 2 Area-weighted objectives and objective function in the optimal design
|PMV|avg PDavg Airavg E J(E_,)
Displacement ventilation 0.69 8 230 1.38 1
Optimal design 0.15 5.7 86 0.58 0.42

Figure 11 compares PMV, PD, and the mean age of air around the occupants for the
displacement ventilation system and our optimal design. The average |PMV| in the design
domain of the displacement ventilation system was 0.69 as shown in Figure 11(a). The
thermal comfort level did not satisfy the ISO7730 standard*’, which recommends that the
[PMV| be less than 0.5. For the optimal design, Figure 11(b) shows that the average [PMV| in
the design domain was only 0.15. Although the average PD with both the displacement
ventilation (Figure 11(c)) and the optimal design (Figure 11(d)) was lower than the 15%
stipulated by the ASHRAE Handbook?*®, the PD around some parts of the occupants with the
displacement ventilation was higher than 15%. The mean age of air in the breathing zone with
the displacement ventilation, as shown in Figure 11(e), was 230 s, which was fairly young,
whereas it was older than 86 s in the optimal design as shown in Figure 11(f). In summary, the
optimal design was much better than Shi and Chen’s* state-of-the-art displacement
ventilation system.
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displacement ventilation system and the optimal design

Figure 12 compares the air temperature and velocity profiles between the displacement
ventilation and our optimal design, in several key locations. The experimental data was
available in nine locations. Since the data sets were similar, this paper shows only the results
for locations L2, L3, and L4, to save space. Our data includes the minimum and maximum
values measured. Meanwhile, Figure 11(f) compares the computed (color cloud) and
measured (values in the boxes) local mean age of air in the breathing zones. The measured
values for local mean age of air were 15% higher than the computed results. It was difficult to
measure the mean age of air since it was obtained through tracer-gas concentration decay. The
decay took a long time and thus was subject to variations in many environmental and thermal
conditions. Generally speaking, the CFD results matched the experiment data very closely,
and therefore all the numerical results presented here are reliable.
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FIGURE 12 Comparison of measured and simulated air temperature and velocity profiles in
locations L2, L3, and L4 between the optimal design and displacement ventilation**, where z
is the height from the floor

Figure 12 also shows that the air temperature with the optimal design was higher and more
uniform than that with the displacement ventilation. A more uniform temperature could
reduce the PD, and a higher temperature could increase the PD. Thus, the optimal design
created a more comfortable environment than did the displacement ventilation. However, the
optimal design did not involve mixing ventilation. Mixing ventilation would have a very old
mean age of air, whereas the optimal design had a very young mean age of air that was caused
mainly by the air from the floor inlet. Meanwhile, the high room air temperature could reduce
energy consumption, as shown in Table 2. Figure 12 also indicates that the air velocity with
the optimal design was higher than with the displacement ventilation, but it was still very low
and thus presented no risk of draft.

Next, Figure 13 illustrates the air temperature and velocity distributions from the
experimental measurements and CFD simulations around the occupants along positions P1,
P2, and P3 in the optimal design. The results show that the computed temperature and
velocity along these three positions matched the measured data very well, except for the
velocity in the lower part of P2. The discrepancy may have been caused in part by
measurement uncertainty, because some equipment on the floor near P2 was not considered in
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the CFD simulation. In addition, the airflow direction from the honeycomb was not exactly
normal to the inlet surface, as shown in Figure 10(b). When the air supply from Inlet 2 was
assumed to be (0.05, 0.05, 0.27) m/s, the velocity in P1 and P2 changed significantly
according to our CFD simulation, as shown in Figure 13. The agreement of the air velocity
between the CFD simulation with changed air supply and the measured data along P2 is very
good. The results not only confirm the reliability of the CFD results, but also demonstrate
good air temperature and velocity distribution around the occupants for thermal comfort.
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FIGURE 13 Comparison of the air temperature and velocity profiles around the occupants
between the CFD simulation and measured data for the optimal design

DISCUSSION

Figure 14 shows the grid independence test for the three-dimensional ventilated office, as
shown in Figure 4(a). Except the temperature of the coarse mesh with 18453 cells is larger
than other two meshes at the lower part, the temperature profiles of these three different
meshes almost the same. For the velocity profiles, the coarse mesh results in most part were
different with other two fine meshes. Since the data sets in other lines were similar, this paper
only shows the results on line L2 to save space. To reduce the amount of calculations, this
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FIGURE 14 Grid independence test for calculation air temperature and velocity profiles on
line 2 of the three-dimensional ventilated office, as shown in Figure 4(a)

The inlets identified by the filter-based topology method, as displayed in Figure 5, were not
exactly the same as the two pre-set rectangular inlets shown in Figure 4(a). One reason for the
difference may be that the continuous adjoint method used in this study provided inaccurate
gradients in comparison with the discrete adjoint method*’. Another possible reason is that
this study only used partial information about the flow field to construct the objective function.
There would have been multiple solutions to satisfy such partial information, and the adjoint
method could easily have been trapped in local optima. It may also be affected by the
weighting factors used in Eq. (9). For future study, we will investigate the effect of the
discrete adjoint method, different weighting factors, and objective function construction on
the inverse design results, and other heuristic algorithms combined with the adjoint method to
overcome the inherent disadvantages of the adjoint method.

This study employed only one wall and one floor as potential locations in the optimal design
process, and these locations may not have contained the optimal air supply inlets. Setting a
larger number of potential locations as the initial inlets might improve the inverse design
results. In addition, this study inversely designed the number, size, location, and shape of the
inlets only, and did not consider the impact of the outlets. The inverse design process may
need to consider inlets and outlets simultaneously.

Since our manuscript focus on studying the performance of the filter-based topology method,
we used four indices to construct the objective function. If the number of indices is increased
or decreased, the corresponding results, such as the number and size of the inlets and the air
supply parameters, would be different.

To achieve perfect agreement between the CFD simulations and experimental measurements
is difficult. The simulation used many approximations, and the experimental measurements
were not free from errors. In CFD simulations, the grid number and distribution, turbulence
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model, and numerical algorithm are very important. In the measurement process, the control
of thermo-fluid boundary conditions, experimental method, and equipment are crucial. This
investigation did not significantly explore the effects of the CFD and experimental parameters
on the accuracy of the results. Doing so would have been difficult, and it was beyond the
scope of this investigation. However, these factors deserve serious consideration in the future.

CONCLUSIONS
This investigation proposed a filter-based topology method for optimal design of the indoor
environment. The following conclusions can be drawn from this study:

e The filter-based topology method was verified by using it to identify pre-set inlets in a
three-dimensional office. The inverse design process correctly identified the two inlets,
although the shapes were not rectangular and the proposed locations were slightly
higher than the actual ones. The filter-based topology method was sufficiently good
for inverse design.

e The filter-based topology method can find the number, size, location, and shape of the
air supply inlets as well as air supply velocity, temperature and angle for the optimal
design. This design can create a thermally comfortable, healthy, productive, and
energy-efficient indoor environment and is better than the state-of-the-art
displacement ventilation system designed by the trial-and-error method. The air supply
inlet location, size and shape in the optimal design can be very different from those in
the conventional design.

e This investigation also conducted experimental measurements of air temperature, air
velocity, and the mean age of air in an environmental chamber to validate the optimal
design by the filter-based topology method with CFD simulation. The agreement
between the CFD simulations and the experimental data was good.
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