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Highlights
e The adjoint method was applied to inverse design of thermal environment
e The design method is innovative for thermal environment
e The design used the mixed and displacement ventilation systems as examples
e The design process can identify the optimal variables in less than 10 design cycles

Abstract

The current thermal environments in airliner cabins may not provide satisfactory comfort
levels, and the design of these environments should be improved. This study aimed to design a
desirable thermal environment for a single-aisle airliner cabin and used the CFD-based adjoint
method to find the optimal design variables of air supply locations, size, and parameters. The
design variables are used as the boundary conditions for solving the Navier-stokes equations. By
setting the occupant region as the design domain with a minimal predicted mean vote for thermal
comfort, this study aimed to determine the corresponding air supply conditions for mixing and
displacement ventilation systems under summer and winter conditions. The results show that it is
possible to find the optimal air supply conditions in fewer than 10 design cycles if the initial
conditions for design variables are provided within a reasonable range. This design method has a
high computing efficiency as it takes one hour for a design cycle using a 16-core cluster. In
addition, the results show that a displacement ventilation system provides a better thermal
comfort level than a mixing ventilation system.

Keywords: Airliner cabin; Adjoint method; Thermal comfort; Predicted mean vote

Nomenclature

Symbol definition
D rate of strain tensor
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Subscripts

a
n
X

y

V4

;y;Z

clothing area factor

gravity vector

objective function

convective heat transfer coefficient
thermal resistance of clothing

inlet size

augmented objective function
metabolic activity

air pressure

partial water vapor pressure
predicted mean vote

predicted mean vote for airliner cabin
Navier-Stokes equations in vector form
continuity equation

momentum equations

energy equation

clothing temperature

air temperature

operating temperature

mean radiant temperature

air velocity vector

external work

index of coordinates

adjoint parameter

inlet

component in x direction
component in y direction
component in z direction

Greek symbols

Hew < PR @ =

thermal expansion coefficient
variation

computational domain
effective conductivity
positive constants

effective viscosity

design variable vector

design domain

1. Introduction

An aircraft cabin is a space with high occupant density, and passengers typically spend
between one and 15 hours on board. Environmental control systems are used to provide a
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comfortable and safe environment for the passengers. The operating power of an environmental
control system in a 400-passenger airliner can be as high as 350 kW, which is about 75% of all
non-propulsive energy consumption on board (Majeed and Eng, 2010). Even with such high
energy consumption, the cabin environment is often unsatisfactory. Haghighat et al. (1999)
investigated the thermal environment on 43 commercial flights. Their study found that the air
temperature was often below the recommended range of 23 to 26 °C, and the relative humidity
was always too low in comparison with the recommended minimum level of 30% in ASHRAE
Standard 55-92 (1992). Park et al. (2011) showed that 25% of passengers were not satisfied with
the thermal environment, as the upper body was too warm or the lower body was too cold.
Therefore, the design of the cabin environment needs to be further improved to ensure that it is
comfortable and healthy for the flying public and crew members.

The conventional design process uses "trial and error" to evaluate the cabin environment
and iteratively adjust design parameters such as air supply airflow rate, temperature, humidity,
and other thermo-fluid boundary conditions. Evaluation of the cabin environment requires
information about air velocity, air temperature, contaminant concentrations, etc., which can be
obtained by use of analytical and empirical models, experimental measurements, and computer
simulations (Chen, 2009). With the rapid development of computer technology in recent years,
simulation of the information by means of computational fluid dynamics (CFD) has become
popular for buildings (Chen, 2009) and airliner cabins (Liu et al., 2012). Although CFD is a
valuable tool, it can be computationally demanding. The use of CFD in the conventional "trial-
and-error" design process would involve a large number of simulations and would therefore
entail days or even weeks of computing for completion of a design. Furthermore, it is unlikely
that the conventional procedure would be capable of determining the design variables that best
meet the desired objective (Jameson, 1988).

In the design of a cabin environment, there are several promising approaches to speeding
up the process and identifying the optimal design. These include the CFD-based genetic
algorithm (GA) method, proper orthogonal decomposition (POD) analysis, and CFD-based
adjoint method (Liu et al. 2015). GA was developed to simulate natural evolution in searching
for optimal solutions (Holland, 1975). The CFD-based GA method has been applied to the
optimization and inverse design of an enclosed environment (Zhou and Haghighat, 2009a, 2009b;
Xue et al., 2013; Zhai et al., 2014). This method is superior for finding the globally optimal
conditions and can effectively reduce the total number of iterations needed to reach one or more
optimal solutions, as compared with the traditional "trial-and-error" process (Bosworth, 1972).
However, the combination of CFD and GA still requires a prohibitively large number of CFD
simulations. In order to reduce the simulation effort, POD analysis uses 10 or fewer CFD
simulations to describe the characteristics of the indoor air distribution and then uses an offline-
online procedure to provide a very quick cause-effect mapping between the design variables and
design objective (Rozza et al., 2008; Haasdonk and Ohlberger, 2011). POD analysis has been
successfully applied in the optimization and inverse design of an enclosed environment (Sempey
et al., 2008; Li et al., 2012, 2013). However, because of the nonlinear nature of the indoor
environment, the method may not be accurate. The adjoint method computes the derivative of the
design objective with respect to design variables in order to determine the search direction for
optimization, and thus the method may identify local optima (Gunzburger et al., 1989, 1991,
1992, 1999). The CFD-based adjoint method requires a lower computing load than the CFD-
based GA method. This difference occurs because the adjoint method can determine the
sensitivity of the objective function to variations in design variables, and the computing effort
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remains the same regardless of the number of design variables (Jameson, 1995). Furthermore, a
CFD-based adjoint method can be more accurate than POD analysis, as the adjoint method
solves the Navier-stokes equations directly with suitable turbulence models by using the actual
thermo-fluid boundary conditions. However, the adjoint method may find local optima and is
often mathematically complex, so it has not been widely used for indoor environmental design.
Our previous studies (Liu and Chen, 2014; Liu et al., 2015) have validated this method for
determining thermo-fluid boundary conditions for desirable air velocity and temperature
distribution in a two-dimensional cavity by means of inverse design. The results demonstrated
that the adjoint method is accurate and stable, although it may lead to locally optimal solutions.

The present study used the adjoint method for inverse design of the complex thermal
environment of an airliner cabin. For a complicated case such as this, it can be very challenging
to define a desirable design objective, obtain accurate results, and reduce computing costs. This
paper describes our effort in these areas.

2. Research Method

This section describes the process of defining a desirable design objective, determining
the design parameters, and using the CFD-based method in the inverse design of the thermal
environment in an airliner cabin.

2.1 Design objective

In an enclosed environment such as a building, the desired thermal comfort level can be
determined by means of the predicted mean vote (PMV) index (Fanger 1970). Because an air
cabin environment has a lower pressure, which will decrease human body heat loss through
convection and increase that through evaporation (Cui et al., 2014), direct use of PMV may not
be appropriate. This study used a modified predicted mean vote for air cabins (PMV,) developed
by Cui et al. (2015) that accounts for low pressure in a cruising aircraft cabin. PMV, can be
determined from PMV as shown in Egs. (1) and (2) for the summer and winter seasons,
respectively:

PMYV (summer) = —0.0758PMV> +0.6757PMV —0.1262 (1)
PMV (winter) = —0.0696 PMV* +0.6906PMV —0.1369 2)

As with the PMV scale, the PMV, scale ranges from -3 (cold) to 0 (neutral) to 3 (hot). The value
of PMV can be calculated by:

PMV=(0.303¢ """ +0.028){ M —W —3.05x107° x[5733-6.99(M -W)—-p, ]
—0.42x[(M —W)—58.15]-1.7x107° M (5867 — p)—0.0014M (34 —T) (3)
-3.96x10™° £ x[(t+273)" —(T. +273)*]1- fh(t - T)}

where

t=357-0.028(M —W)—I{3.96x10™ £ x[(t+273)* —=(T. +273)'1+ (t-T)} (4
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, {2.380 —T)"% if 2.38(t - T)** > 12.1y| U] -

12.1| U] if 2.38(t = T)"* <12.1{/| U|
_|1.00+1.2901 for [ <0.078m*°C /W ©
1.05+0.6451 forI>0.078m°°C/W

In these equations, W (W) is the external work accomplished, M (W/m?) the metabolic activity, /
(clo) the thermal resistance of the passengers' clothing, 7'(°C) the air temperature, 7, (°C) the
mean radiant temperature, U (m/s) the air velocity, and p,, (Pa) the relative humidity or partial
water vapor pressure.

The design objective of this study was to achieve the most thermally comfortable cabin
environment, where PMV, should approach zero. Thus, the corresponding objective function
was constructed as:

O(8) = j (PMV.)*dQ/ de (7)

where Q is the design domain, which is normally the area around the passengers, and & is a
vector that denotes a series of design variables.

2.2 Design parameters

In an aircraft cabin, many of the parameters used to calculate PMV, are known. For
example, this study set the metabolic activity level to 75 W for passengers in a relaxed mood (in-
flight) and the thermal resistance of the passengers’ clothing (clo) to 0.57 clo for summer and
1.01 clo for winter (ASHRAE Handbook, 2005). The external work accomplished was assumed
to be 0 W. Considering the low relative humidity and low pressure situation in an aircraft cabin
(Nagda and Hodgson, 2001; Park et al., 2011), the partial water vapor pressure (py) of ambient
air was set to 221.8 Pa, which corresponds to an average relative humidity of 13% inside a
cruising aircraft. For simplicity, this study assumed the mean radiation temperature to be the
same as the air temperature in the cabin. Then the PMV becomes a function only of air
temperature and velocity.

The air temperature and velocity fields in an aircraft cabin are determined primarily by
design variables such as the geometry of the cabin interior furnishings, internal thermal loads, air
supply velocity and temperature from the diffusers and gaspers, inlet size and location, etc. For
the purpose of demonstrating the adjoint method, this study set only the air supply location, size,
velocity, and temperature from the diffusers as the design variables. It should be noted that the
computing time needed by the adjoint method does not depend on the number of variables.

When PMV. is used to evaluate the thermal environment in the air cabin, with the above
assumptions, we have the following variables and equations for inverse design of the air cabin
environment:

e State variables: air velocity U (vector), air pressure p, and air temperature 7
e Design variables &: inlet location y;,, inlet size /;, inlet air velocity Uj, (vector), and inlet
air temperature T;,. & = Vin, lin, Uin, Tin);
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e State equations for the airflow in the domain, which are Navier-stokes (NS) equations
denoted by N = (N], Ng, N3, N4, N5)Z

N, =-V-U=0 (8)
(N,,N;,N)" =(U-V)U+Vp-V-Q2vD(U))-yg(T -T,)=0 ©)
N,=V-(UT)=V-(xNT)=0 (10)

This investigation applied the re-normalization group (RNG) k-¢ model (Yakhot and Orszag,
1986), which is widely used for indoor airflow modeling (Zhang et al., 2007), to simulate
turbulence in the state equations. The Boussinesq approximation (Boussinesq, 1903) was applied
to simulate the buoyancy effect, while the air density was assumed to be constant. The design
goal was to minimize the objective function with state variables subjected to the state equations.

2.3 Design method

This study applied the CFD-based adjoint method, an optimization process which is used
to find the design variables that minimize the objective function. The adjoint method computes
the derivative of the objective function with respect to the design variables, so that the method
can search for the direction that gradually minimizes the objective function. The curve in Figure
1 can be used to represent the relationship between a design variable and the design objective.
The adjoint method first initializes a starting point (§, O(§)). The method then computes the
gradient and adjusts the design variable in the direction that minimizes the objective function.
This procedure is repeated until the minimum has been found. It is possible, of course, that this
method will identify only the local optima. However, a reasonable estimate of the & can speed up
convergence, and thus local optima can be avoided.

Initialization

o®

Minimum

Figure 1. Principle of the adjoint method

With initialized inlet air conditions &, this approach computes the state equations in order
to locate the starting point (§, O(§)). Next, the gradient of O with respect to & needs to be
determined in order to find new design variables that will make O smaller. In this study, O is a
function of U and 7, but not &, and thus the gradient dO/d§ cannot be directly computed. Since &
determines U, 7, and p and also has an impact on O, the adjoint method introduces a Lagrangian
multiplier (p,, Ui, T,) to make dO/dg computable. Here, p,, U,, and T, are the adjoint velocity,
temperature, and pressure, respectively. The Lagrange multiplier is introduced in order to
develop an augmented objective function that can be formulated as:
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L=0+((p,,U,,T,)-Nd® (11)
Q

where ® represents the computational domain. Since N = 0, the variation of the objective
function with respect to the design variable & can be expressed as:

d0~dl =L gz O qu i Ok gy s L ar (12)
ot oU op ©oT

To find the gradient dO/dg, the adjoint method sets the last three terms on the right-hand
side of Equation (12) to zero. So we have:

a—L-a’U+a—La’p+a—La?Tzo (13)
U op ¥ oT

DO _LD (i, 1) D00 (14)
& ® %

Equation (13) eliminates the contributions of dp, dU, and dT in Equation (12), and the gradient
dO/d§ can then be calculated by Equation (14), which is straightforward. Equation (13) must be
fulfilled for any (dp, dU, d7) that is entailed by d€. The adjoint method sets each of the three
partial derivatives in Equation (13) to zero that constructs the adjoint equations. Through a
number of derivation steps, the final form of the adjoint equations can be written as:

-vV-U,=0 (15)
-vU,-U-(U-V)U,-V-2vDU ))+Vp, +T VT +A =0 (16)
-U-VI -V-(«VT )+B=0 (17)
2><PMV><6PMv for domain Q
A= ou (18)
0 for domain ®\Q
2><PMV><8PMV for domain Q

B= oT (19)
0 for domain ®\Q

The source terms A and B in the adjoint equations are determined by the results of the state
equations. To reduce the calculation load, this study assumed the turbulence to be “frozen”
(Dwight et al., 2006; Othmer, 2008), and the turbulent viscosity in the state equations was used
for the adjoint diffusion term.

The solutions of the adjoint equations (p,, U, T,) are then used to compute dO/dE in
Equation (14). In addition, ON/Og needs to be evaluated because N # 0 numerically. This study
calculated this partial derivative by using the finite element method (Schneider and Jimack,
2008). The optimal design variables can thenbe determined by using this gradient along with the



294
295
296

297

298

299
300
301
302
303
304
305
306
307
308
309
310
311
312
313
314
315
316
317
318
319
320
321
322
323
324
325
326
327
328
329
330
331
332
333
334
335
336
337

gradient technique for trajectory optimization proposed by Bryson and Ho (1975). The present
study used the simple steepest descent algorithm, in which the variation in § can be written as:

60 ON .
%=l + j (P.:U..T,) 2 6] (20)
énew = aold + 5§ (2 1)

where A represents positive constants. Then the variation in O is always negative, and the value
of the objective function will always decrease. With the updated & from Eq. (21), the gradient
dO/dg can be recalculated, creating a design cycle that is repeated until the optimal design
variables are identified. The design procedure is analogous to the searching algorithm in Figure
1.

This study implemented the CFD-based adjoint method in OpenFOAM (2007), which is a
CFD software program. The solver in OpenFOAM used a semi-implicit method for pressure-
linked equations (SIMPLE) algorithm (Patankar and Spalding, 1972) to couple the
velocity/adjoint velocity and pressure/adjoint pressure in solving the NS/adjoint equations. The
NS/adjoint continuity equations were solved by the generalized geometric-algebraic multi-grid
(GAMG) solver (Hackbusch, 1985). In each design cycle, the NS/adjoint equations were
calculated with 5000 to 10,000 iterations to ensure convergence. The design convergence criteria
were (1) O < y in the first design cycle, where y is a small positive constant, and (2) |0-O,.;| < ¢
in the i"™ design cycle (i > 1). The O, is the computed objective function in the prior design
cycle, and ¢ is also a small positive constant. This study set ¥ = ¢ = 0.01. Since the air supply
location and size may vary in the design procedure, this study used the Gambit journal files
(GAMBIT CFD Preprocessor, 1998) to automatically regenerate the corresponding mesh. This
study did not conduct the grid independence test specifically and the mesh was generated
according to the grid independence in an aircraft cabin in our previous study (Liu et al., 2013).

3. Case setup

This investigation conducted an inverse design of the air environment in a single-aisle,
fully-occupied air cabin in order to find the optimal air supply conditions for the diffusers. The
gaspers were assumed to be closed. To decrease the computing load, this study performed
calculations for only half of one row of the cabin, as illustrated in Figure 2. This cabin model has
simplifications such as neglecting the under-seat structures, which have very minimal effect on
the flow pattern according to the numerical and experimental study of the air distribution in a
functional aircraft cabin (Liu et al., 2012; Liu et al., 2013). For such half of one row of the cabin,
the generated mesh has 0.7 million unstructured cells. Figure 2(a) shows the conventional
ventilation system in an aircraft cabin, which creates mixed ventilation. The inlet and outlet were
located in the upper and lower parts of the side wall, respectively. This study also considered
displacement ventilation (Figure 2(b)) according to the work of Zhang and Chen (2007). The
inlet and outlet of the cabin with displacement ventilation were located in the aisle and the upper
part of the side wall, respectively. The design domain Q was set as the area 0.1 m away from the
passengers. To avoid longitudinal flow, this study fixed the U. as 0 at the inlet in all calculations.

When a ventilation system is designed for an aircraft cabin, the thermo-fluid boundary
conditions must be sufficient for removal of the cooling load and compliance with air quality
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regulations. ANSI/ASHRAE Standard 161 (2007) requires a minimum ventilation rate of 9.4 L/s
per passenger. This standard also specifies that the operative temperature in-flight and on the
ground should be between 18.3°C and 23.9°C. In accordance with these standards, and with the
assumption that 75% of the total heat dissipated by the passengers is convective (Liu et al., 2013),
the inlet air temperature in this study ranged from 13.3°C to 18.9°C at an airflow rate of 9.4 L/s.

Under these constraints, this study initialized five design variables as shown in Table 1.
To avoid local optima, the air supply location and temperature were initialized to their median
values. For example, the inlet air temperature ranged from 13.3°C to 18.9°C, and T7;, was
initialized to 16.1°C. The inlet location y;, was in the range of 0 — y,;; (0.409 m) for mixed
ventilation and 0 — yg; (0.28 m) for displacement ventilation. For mixed ventilation, the lower
bound was 10 cm higher than the passenger's head to avoid the draft effect. For displacement
ventilation, the upper bound was the width of the aisle. The initial inlet locations were then set to
Ymir/2 and yg;/2. This study set the initial inlet air velocity as |Uj| = 1.5 m/s and its direction as
normal to the inlet surface, according to our previous measurements in a functional aircraft cabin
(Liu et al., 2012). Since the air flow rate was constrained, the initial inlet size was determined
accordingly.

Ceiling Ceiling

(b)
Figure 2. Schematic of the computational domain and design domain for the aircraft cabin: (a)
mixed ventilation and (b) displacement ventilation.

Table 1. Ranges and initialized values for the five design variables

Design - =0 cd Displacement lw[m] | Up[Vs] | U, [m/s] | Ty [°C]
variable . .
ventilation ventilation
Range 0 — Ymix 0 — Vais N/A N/A N/A 13.3-18.9
Initialized
value Vimind 2 Vais!2 0.0188 1.5 0 16.1

Table 2 lists the thermal boundary conditions that do not vary during the optimization.
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The temperatures of the surfaces shown in Table 2 were obtained from data measured on a flight
at cruising altitude by use of an infrared thermometer (Zhang and Chen, 2007).

Table 2. Thermal boundary conditions that were fixed during the optimization
Surface T Surface T
Wall 1 21°C | Outlet | zero gradient
Wall 2 22°C | Seats adiabatic
Ceiling 22°C | Floor 23°C
Passengers | 30.3°C

4. Results

This study used the CFD-based adjoint method to find the air supply conditions for the
diffusers that would provide the most comfortable thermal environment in the fully-occupied
cabin of a single aisle aircraft. To reduce computing time, our study used only half of one row of
seats. By using a 16-core cluster with the maximal turbo frequency of 3.3 GHz for each core, it
took one hour for a design cycle. Periodic boundary conditions were applied between rows and
symmetric boundary conditions in the middle of the aisle.

4.1 Inverse design of the mixed ventilation system

Using the initial air supply conditions in Table 1, Figure 3 shows the changes in the
objective function and design variables within 20 design cycles. The objective function and
design variables all varied rapidly in the first two design cycles and then became relatively stable
in subsequent cycles. The inverse design converged within seven cycles (seven hours' computing
time), but the simulation continued until 20 cycles had been completed, as specified. At the end
of the optimization process, the objective functions were only 0.16 and 0.06 for summer and
winter conditions, respectively. The corresponding averages of the absolute PMV, in the design
domain were 0.40 and 0.24, respectively. The air supply size and velocity exhibited little
variation in comparison with the air supply location and temperature. This difference indicates
that the thermal comfort level was more sensitive to the air supply location and temperature.
Furthermore, the optimal air supply location, size, and velocity were almost the same for both
summer and winter, whereas a variation between seasons was observed in the air supply
temperature. This variation can be accounted for by the thermal resistance of the passengers’
clothing, which changed according to the season.

10
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Figure 3. Change in objective function and five design variables versus design cycle for the case
of mixed ventilation.

To further demonstrate the sensitivity of the thermal comfort level in the aircraft cabin to
the design variables, Figure 4 shows the distribution of air velocity and temperature in the first
two design cycles and the last design cycle under summer conditions. The flow and temperature
fields changed dramatically during the design process. At the low initial air supply temperature,
the air flowed directly toward the passengers at head level, which caused the value of PMV, to
be less than -1, as shown in Figure 4(a). After optimization, the air supply temperature increased,
and the air supply location was raised. In the second design cycle (Figure 4(c)), the supplied air
did not flow directly toward the passengers at head level and the cabin air temperature increased,
which greatly improved the thermal comfort level in the cabin, as shown in Figure 5(c). This
change in the flow field was due to the inertial force from the inlet jets is comparable to the
buoyancy force from the thermal plumes in the aircraft cabin (Liu et al., 2013). After the 20"
design cycle, the inlet location was close to the top of the side wall, and the PMV, in the design
domain was between -0.4 and 0.2, as shown in Figure 5(d). The thermal comfort level in this
aircraft cabin was very sensitive to the air supply location and temperature. Figure 5 further
shows that the thermal comfort level in this cabin was greatly improved after only two design
cycles. Therefore, the CFD-based adjoint method can be very efficient in the inverse design of an
enclosed air environment.

11
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Figure 5. Distribution of PMV, (a) at initial conditions, and after (b) the I* design cycle, (c) the
2 design cycle, and (d) the 20" design cycle under summer conditions.

4.2 Inverse design of the displacement ventilation system

For the displacement ventilation system, this study again followed the inverse design
procedure, using the initial air supply conditions in Table 1. Figure 6 shows the change in the
objective function and the five design variables within 20 design cycles. As in the case of mixed
ventilation, the objective function and design variables varied rapidly in the first five design
cycles and then became stable. The optimization converged in the eighth design cycle (eight
hours' computing time), in a manner that was similar to but somewhat slower than that of the
mixed ventilation case. At the end of the inverse design process, the objective functions were
again very small, 0.03 for summer and 0.01 for winter, and led to PMV, values in the design
domain of 0.17 and 0.12, respectively. The thermal comfort level for displacement ventilation
was better than that for mixed ventilation. The optimal air supply size and velocity were almost
the same in both cases, but the air supply location and temperature were different. The thermal
comfort level was more sensitive to the air supply location and temperature. The optimal air
supply temperature for displacement ventilation was about 2 K higher than that for mixed
ventilation, and this difference has an implication for energy efficiency.
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Figure 6. Change in objective function and the five design variables versus design cycle for the
case of displacement ventilation.

This study also considered the distribution of PMV, under summer conditions, as shown
in Figure 7. Note that the inverse design process improved the thermal comfort level in this
aircraft cabin after five design cycles. After the 20" design cycle (Figure 7(d)), the thermal
comfort level was better than that with the mixed ventilation system (Figure 5(d)). The
displacement ventilation system can provide a similar thermal comfort level for all three
passengers, whereas the mixed ventilation system cannot.

(c) Design cyéie =5
[ [ [ |

PMV. 1 09-08-07-06-05-04-03-0201 0 0.1 02 03 0.4 05 06 07 0.8 09 1
Figure 7. Distribution of PMV, at (a) initial condition, and after (b) the 1* design cycle, (c) the

5™ design cycle, and (d) the 20™ design cycle under summer conditions.
5. Discussion

(a) Initial conditions

(b) Design ¢
[ [ ]

This study conducted an inverse design process that identified the five design variables in
a single calculation. The beauty of the adjoint method is that its computing load does not depend
on the number of design variables. The optimal PMV, distribution obtained by this method is
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acceptable because the initialized design variables are within a reasonable range. However, the
potential for further improvements in the thermal environment of this aircraft cabin is unknown
because the method can identify only local optima. Identifying the global optima would require
multiple calculations or integration of the method with a gradient-free algorithm. Searching for
global optima through a gradient-free algorithm, such as a genetic algorithm, would entail a
dramatic increase in the computing cost with an increase in the number of design variables.

This study obtained a converged result within seven to eight design cycles. The difference
in convergence speed between the two ventilation systems may have been due to the difference
between the initial estimates of the design variables and the optimal values. Furthermore,
because this study used the simple steepest descent algorithm, the convergence speed was
dependent on A in Equation (19), which determines the changes in the design variables. This
study applied a constant A to ensure stability. As far as we know, the quasi-Newton method can
determine the second derivative of the objective function with respect to the design variables,
and therefore the changes in the design variables can be automatically determined in order to
speed up the convergence process.

6. Conclusions

This investigation used the CFD-based adjoint method to find the optimal air supply
conditions for improving thermal comfort in a single-aisle, fully-occupied air cabin. The PMV,
index was used to evaluate thermal comfort. This study conducted an inverse design of mixed
and displacement ventilation systems under summer and winter conditions. The computed results
led to the following conclusions:

The CFD-based adjoint method can be used to design a ventilation system that improves
thermal comfort in an aircraft cabin. With reasonable estimates of the initial design variables, the
optimal variables can be identified in a single calculation.

The optimization process for the displacement ventilation system resulted in a more
uniform thermal comfort level than that for the mixed ventilation system. The air temperature
with the displacement ventilation system was lower than that with the mixed ventilation system,
and this difference has an implication for energy efficiency.

The airflow pattern and thermal comfort level in the cabin were sensitive to the air supply
location and temperature. This sensitivity occurred because the inertial force from the inlet jets
was comparable to the buoyancy force from the thermal plumes. The optimal air supply
temperature differed under summer and winter conditions because of the varying thermal
resistance of the passengers’ clothing.
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