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Abstract 16 

Currently, the thermal environment in airplane cockpits is unsatisfactory and pilots often 17 

complain about a strong draft sensation in the cockpit. It is caused by the unreasonable air 18 

supply diffusers design. One of the best approaches to design a better cockpit environment is 19 

the adjoint method. The method can simultaneously and efficiently identify the number, size, 20 

location and shape of air supply inlets and the air supply parameters. However, the real air 21 

diffuser needed to design often have grilles, especially in the airplane cockpit, and the current 22 

method can only design the inlet as an opening. This study combined the adjoint method with 23 

the momentum method to directly identify the optimal air supply diffusers with grilles to 24 

create optimal thermal environment in an airplane cockpit (1) under ideal conditions and (2) 25 

with realistic constraints. Under the ideal conditions, the resulting design provides an optimal 26 

thermal environment for the cockpit, but it might not be feasible in practice. The design with 27 

realistic constraints provides acceptable thermal comfort in the cockpit, but it is not optimal. 28 

Thus, there is an engineering trade-off between design feasibility and optimization. All in all, 29 

the adjoint method with the momentum method can be effectively used to identify real air 30 

supply diffusers. 31 

32 

KEYWORDS: Cockpit; Thermal environment; Inverse design; Environmental conditioning 33 

systems (ECS); Adjoint method; Momentum method 34 

35 

Practical Implications 36 

 The adjoint method with the momentum method can provide a much better design37 

than current practice.38 

 The proposed method can be used to inversely design ideal indoor environment for39 

buildings and transportation, such as airplanes, trains, cars, etc.40 

Zhao, X., Sun, J., Liu, S., Long, Z., Yin, Y., and Chen, Q. 2021. “Inverse design of the thermal 

environment in an airplane cockpit using the adjoint method with the momentum 

method,” Indoor Air, 31:1614-1624. 
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 Any reasonable demands for indoor environment, such as ideal indoor air quality, 41 

identification of contaminant sources, less energy consumption, etc, can be achieved 42 

using the adjoint method. 43 

 44 

1 INTRODUCTION 45 

According to the World Aviation Training Summit (2019 WATS) of the International Air 46 

Transport Association (IATA)1, a total of 4.4 billion passengers travelled by airplane in 2018. 47 

The International Civil Aviation Organization (ICAO) has estimated that the number of global 48 

air passengers will reach six billion in 20302. With the rapid growth in demand for air travel, 49 

the thermal environment in commercial airliner cabins and cockpits has attracted more and 50 

more attention. Currently, this environment is unsatisfactory, often being either too hot or too 51 

cold3, 4. Numerous studies5, 6 have addressed the improvement of thermal comfort in passenger 52 

cabins, but few have focused on cockpits. The avionics in cockpits dissipate a large amount of 53 

heat, and cockpits are exposed to strong solar radiation through large windows. In order to 54 

remove the heat, a large volume of cold air is needed. Since a cockpit is a very small space, it 55 

is difficult to design air distribution without creating drafts for pilots. A questionnaire survey 4 56 

found that cockpit drafts caused an inability to focus and fatigue on the part of pilots. In 57 

addition, the thermal environment in a cockpit can affect pilots' mental and physical health 7, 8.  58 

It is important to create a healthy and thermally comfortable environment in cockpits, and the 59 

environmental conditioning system (ECS) of the airplane plays an important role. Therefore, 60 

it is crucial to design an optimal ECS for airplane cockpits. Traditional ECS design is based 61 

on the designer’s individual experience and is thus a trial-and-error process, rarely capable of 62 

identifying the optimal solution. Recently, researchers have sought to use inverse design 63 

methods to improve thermal environments in buildings and passenger cabins9. The inverse 64 

design means that one is attempting to identify the unknown optimal boundary conditions 65 

based on the known information in the design domain subject to a set of constraints, such as 66 

the desired local velocity field. These include the genetic algorithm (GA)10, the proper 67 

orthogonal decomposition (POD) method11, the artificial neural network (ANN)12, and the 68 

adjoint method13. 69 

 70 

The GA method10 which is a stochastic search method can provide a globally optimal solution. 71 

However, when the number of design variables increases, the amount of calculation needed to 72 

find the global optimum will increase exponentially. To reduce calculation time, the POD 73 

method11 simplifies the highly nonlinear relationship between the objective function and the 74 

design variables, using fewer samples. The ANN12 aims to build a functional relationship 75 

between the objective function and the design variables through a limited number of samples. 76 

If the ANN is not well-trained by enough samples which contains all the characteristics of the 77 

problem, the prediction will introduce errors14. 78 

 79 

Unlike the three methods described above, the adjoint method13 is a gradient-based 80 

optimization method. Liu and Chen13 firstly introduced the adjoint method for inverse design 81 

of indoor environment. The adjoint method is adopted to calculate the gradient of the 82 

objective function and the optimization algorithm is used to update the design variables until 83 

the objective function achieve the optimal. It can find the optimal solution accurately and 84 
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efficiently, although an inappropriate initial state will cause the objective function to converge 85 

to a local optimum. In general, the adjoint method is the most suitable and promising method 86 

for the inverse design of a closed indoor environment. Liu et al.15 developed an adjoint 87 

method with the use of the finite element method to design the size and location of inlets and 88 

the air supply parameters. However, it is very difficult to use this method to determine the 89 

optimal shape and number of inlets. An adjoint method with a filter-based topology method, 90 

proposed in our previous research 16, 17, has been successfully used to simultaneously design 91 

the number, size, location and shape of inlets and the air supply parameters for a 92 

laboratory-built environment, and has been validated experimentally. The present 93 

investigation adopted the adjoint method with the filter-based topology method to design an 94 

optimal thermal environment in an airplane cockpit. This paper discusses the inverse design 95 

process for the air supply system.  96 

 97 

2 METHODS 98 

2.1 Adjoint method 99 

Our goal was to design a thermally comfortable environment in an airplane cockpit. In a 100 

similar manner to the use of indexes in the built indoor environment17, this study employed 101 

the modified predicted mean vote for air cabins (PMVc)18 index as shown in Eqs. (1) and (2) 102 

and the percent dissatisfied due to draft (PD) index19, 20 as shown in Eqs. (7) for evaluating 103 

thermal comfort and draft sensation, respectively. The scale range of PMVc is the same with 104 

PMV which varies from -3 (cold) to 3 (hot). Zero means the neutral.  105 

 106 

2
cPMV (summer) 0.0758PMV 0.6757PMV 0.1262              (1) 107 

2
cPMV (winter) 0.0696PMV 0.6906PMV 0.1369               (2) 108 

where 109 
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where M is the metabolic rate of human (W/m2); W mechanical work done by the human (W); 116 

pamb the water vapor pressure around the human (kPa); T air temperature; tcl the temperature 117 

of the outer surface of the clothing (℃); fcl the area factor of the clothing; tr the mean 118 

radiation temperature (℃); hc the convection heat transfer coefficient (W/(m2K));  Icl  the 119 

thermal resistance of clothing (clo); Tu the local turbulence intensity. 120 

 121 

Since this study wanted to achieve two different targets evaluated by two different indexes at 122 

the same time, this investigation transformed the multi-objective problem into a 123 

single-objective design problem by the linear weighted sum method. The corresponding 124 

single-objective function is: 125 

 126 

 2

2

1 2

d d

J( )
d d

 

 

 
 

 
 

 

 


c c, ideal ideal

c, ref ref

PMV PMV PD PD

PMV PD
w w             (8) 127 

 128 

where ξ is the design variables vector; w1 (0.455) and w2 (0.545) which were the results of 129 

questionnaire21 for built indoor environment are the weighting factors for the PMVc index 130 

and PD index, respectively; PMVc, ideal (0) and PDideal (0) are the ideal values for the predicted 131 

PMVc index and PD index, respectively; and Θ represents the design domain which is the 132 

enclose surface 0.1m away from the occupants. The reference values PMVc,ref and PDref used 133 

to normalize the PMVc and PD indexes, respectively, were 0.492 and 9.58. The best reference 134 

value for each index is the maximum magnitude value. But for some indexes, such as energy 135 

consumption, are difficult to get the maximum value. To demonstrate the universality of 136 

constructing the objective functions, this study selected the results of a reference case as 137 

shown in Figure 12(a) in discussion section. The weighting factors for the cockpit will be 138 

different from the values used in the building and there are no available values for the cockpit. 139 

In addition, this investigation was not focused on the determination of proper weighting 140 

factors for different indexes or the effect of weighting factors on inverse design results, so we 141 

directly applied the weighting factors in Zhao et al.17, 21 as an example, to illustrate the 142 

construction of a single-objective function. The weighting factors can be changed to any 143 

reasonable values in future designs. 144 

 145 

All state variables (air velocity V and temperature T) in the above single-objective function, 146 

as shown in Eq. (8), are constrained by Navier-Stokes equations. This study numerically 147 

solved RANS equations to obtain the air distribution in the cockpit and the RANS equations 148 

coupled with a turbulence model is the most suitable method for indoor engineering 149 

applications 22. To minimize the above single-objective function as shown in Eq. (8), this 150 

study employed the adjoint method23. The adjoint method originated from the Lagrange 151 

multiplier optimization theory24. The Lagrange multiplier is used to solve the extremum 152 

problem constrained by nonlinear equations. Since it is very difficult and costly to directly 153 

solve the gradient of the objective function, the Lagrange multiplier method transforms the 154 

constrained extremum problem into an unconstrained extremum problem. By introducing a 155 
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new set of unknowns called the Lagrange multiplier (also known as the Lagrange multiplier, 156 

or adjoint variable), the constraint equations and the objective function are combined to build 157 

a new function, the Lagrange function. Then, the steepest decent method25 was used to update 158 

the design variables ξ: 159 

 160 

n 1 n n
n

dJ

d
 ξ ξ

ξ
                             (9) 161 

 162 

where ξn, ξn+1 are design variables of the current and subsequent design cycles, respectively; n 163 

is the design cycle; and λn is the adaptive step size in the current design cycle26.  164 

In order to determine the gradient of the objective function in Eq. (9), the adjoint method 165 

establishes an augmented objective function L, which transforms the constrained design 166 

problem into an unconstrained optimization problem by introducing a set of adjoint variables 167 

(pa, Va, Ta, and νt,a):   168 

 169 

   a a t ,aΩ
L J p , , T , Ω, d   aV N R

                    
(10) 170 

 171 

where Ω represents the fluid computational domain; pa, Va, Ta, and νt,a are the adjoint pressure, 172 

adjoint velocity, adjoint temperature, and adjoint turbulent viscosity, respectively; and R 173 

represents the residual error of the turbulence model equations. When the numerical 174 

simulation is fully converged, the residual errors of the RANS equations N and turbulence 175 

model equations R are all equal to zero. Therefore, the augmented objective function L is 176 

actually equal to the objective function J. Solving the gradient of the objective function J 177 

transforms to solving the gradient of the augmented objective function L. This gradient can be 178 

obtained directly through the following chain rule: 179 

 180 

t
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 182 

Since the functional relationship between state variables and design variables is highly 183 

nonlinear and very complicated, it is difficult and costly to directly obtain the partial 184 

derivative of state variables. Therefore, the adjoint method sets the sum of the last four terms 185 

in Eq. (11) to zero: 186 

 187 

t
t

L L L L
dp d dT d 0

p T



   

   
   

V
V                    

(12) 188 

 189 

Eq. (12) can be used to derive the adjoint equations of RANS equations coupled with a 190 

turbulence model. We then obtain the formula for the gradient of the augmented objective 191 

function: 192 
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(13) 193 

Previous studies23,27 only shows the continuous adjoint equations for the specific turbulence 194 

model. This study provides the general continuous adjoint equations derivation method of 195 

RANS equations with turbulent viscosity as shown in Eqs. (9)-(13). For the νt,a as shown in 196 

Eq. (13), the corresponding adjoint turbulence model used to solve νt,a can be derived by the 197 

selected suitable RANS turbulence models for a specific airflow category28. This study used 198 

RANS equations with the RNG k-ε turbulence model6, 27-31 which is the most suitable model 199 

for predicting the cabin environment to predict the air distribution in a cockpit and calculate 200 

the objective function32 during the inverse design process. Thus, the adjoint turbulent 201 

viscosity νt,a in Eq. (13) can be solved by the adjoint RNG k-ε turbulence model23. The 202 

corresponding adjoint equations of RANS equations coupled with the RNG k-ε turbulence 203 

model and the detailed formula for the gradient of the augmented objective function can be 204 

found in Zhao and Chen23. To simultaneously design the number, size, location and shape of 205 

inlets and the air supply parameters for an airplane cockpit environment; this study used the 206 

filter-based topology method, which the performance of the adjoint method17. 207 

 208 

2.2 Momentum method 209 

Computational fluid dynamics (CFD) simulation requires setting reasonable boundary 210 

conditions to close the calculation domain, the air supply diffuser used to create the desired 211 

indoor thermal environment is one of the most important boundary conditions. However, the 212 

geometry of the real diffuser with grills is usually very complex. Modeling that real diffuser is 213 

possible, but it is not realistic to  conduct the numerical simulation for the real diffuser. That 214 

is because the span between the fine size of the air diffuser and the dimensions of the indoor 215 

space that we are cared about is huge and directly conducting the numerical calculations is too 216 

time consuming. 217 

Currently the adjoint method can only design the inlet as an opening, while the effective area 218 

used for supplying fresh air in the real scenario is smaller than the outline area of real inlet as 219 

shown in Figure 1(a). In addition, the available space for installing air supply diffusers with 220 

grilles in a cockpit is very small. Since meshing the real inlet, as shown in Figure 1(a), will 221 

make the model very complicated and increase the amount of calculation, this study adopted 222 

the momentum method33, 34, 35 to simplify real inlet as an opening, as shown in Figure 1(b), 223 

which area is the same with real inlet. However, the opening with small velocity can only 224 

guarantee the correct mass flow rate m, as shown in Eq. (14), and the momentum of the 225 

supplied air is not correct. Therefore, this study added the momentum source term35 SΦ lost by 226 

simplifying real inlet in the first layer cells, as shown in Eq. (15) and Figure 1(c), which are 227 

adjacent to the initial boundary. Figure 1(c) only shows the hexahedral mesh as an example; 228 

this method is also applicable to other types of grid very easily. 229 

   
a a t ,aΩ

,dL L J
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                           230 

    (a)                   (b)                    (c) 231 

FIGURE 1 Simplification of the real inlet and the location used to apply the momentum 232 

source 233 

                    
(14) 234 

 235 

The momentum source can be determined by: 236 

 237 

                        
(15) 238 

 239 

where m is the mass flow rate; ρ the air density; Ainlet,eff and Vinlet,eff the effective area vector 240 

and the velocity of real inlet,  respectively; Ainlet,geo and Vinlet,geo the area vector and the 241 

velocity of the simplified inlet, respectively. 242 

 243 

2.3 Inverse design process 244 

Figure 2 shows the flow chat of the inverse design process. For each specific problem, we 245 

firstly need to determine the locations of the potential optimal air supply inlets and initialize 246 

the air supply velocity (Vinlet). With the application of the momentum method, the RANS 247 

equations coupled with a turbulence model were iteratively solved until the convergence was 248 

achieved. Then we checked whether the objective function achieved the convergence criteria. 249 

If not, the adjoint equations would be solved and the adjoint variables were used to calculate 250 

the gradient of the objective function. Finally, this study adopted the steepest decent method 251 

to update the design variables. The above process was repeated until the objective function 252 

reached the convergence criteria. 253 

inlet ,eff inlet ,eff inlet ,geo inlet ,geom A V A V  

inlet ,eff inlet ,geom m  S V V



8 
 

 254 

FIGURE 2 Flow chart of the inverse design process 255 

The whole inverse design process employed in this investigation used the software 256 

implemented in Open Field Operation and Manipulation (OpenFOAM)36. To numerically 257 

solve the ordinary/adjoint continuity and momentum equations with an ordinary/adjoint 258 

turbulence model, the semi-implicit method for pressure-linked equations (SIMPLE) 259 

algorithm from Patankar and Spalding37 was used to couple the ordinary/adjoint air velocity 260 

and air pressure. The convection and diffusion terms of the equations were numerically 261 

discretized by the first-order upwind scheme and the central difference scheme, respectively. 262 

This investigation also adopted the Boussinesq approximation38 to simulate the 263 

buoyancy-driven flows in the non-isothermal indoor environment of the cockpit. The average 264 

y+ values used in this investigation was 3.05 and the standard wall functions was used for the 265 

near-wall treatment. Since the problems in real life are usually very complex and it is difficult 266 

to know whether the objective function is convex, the best solution is to find the optimal 267 

result under the set convergence criteria. The convergence criteria were set as |Jn-Jn-1| < 0.01 268 

and the objective function no longer decreasing, where Jn-1, Jn were the objective function at 269 

the previous and current design cycles, respectively, and where n ≥ 2. In our previous study, 270 

we have validated our CFD simulations ability using the experimental data6. So, this study 271 

conducted the CFD simulations directly.   272 

2.4 Determination of the temperature boundary conditions in the cockpit 273 

Figure 3(a) shows the cockpit geometry model used for the numerical simulation in this study. 274 

Different wall temperatures were set as the thermal boundary conditions. The temperatures of 275 

the heads and bodies of the pilots were 32ºC and 25ºC, respectively. These values were all 276 

obtained from thermal images captured in an actual airplane cockpit during flight, as shown in 277 
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Figure 3(b). Other boundary conditions, such as cabinets, seats, and consoles, were all set as 278 

adiabatic. 279 

   280 

       (a)            (b)  281 

FIGURE 3 (a) Surface temperatures and (b) thermal image of the cockpit 282 

3 RESULTS 283 

This section describes the detailed results obtained under ideal conditions and with realistic 284 

constraints.  285 

3.1 Inverse design under ideal conditions 286 

Traditionally, many parts of the cockpit could not be fitted with air supply diffusers. However, 287 

with the rapid development of technology, many previous design constraints are likely to be 288 

broken, the design under ideal conditions is to provide inspiration for the ideal design of the 289 

future. To achieve an optimal design, the preference would be to impose as few constraints as 290 

possible, which would occur under ideal conditions. Thus, unless there is equipment on a 291 

particular wall, that wall can be used as the location for thermo-fluid inlets. According to this 292 

reasoning, the green areas shown in Figure 4 were possible inlet locations for conditioned air: 293 

ceiling inlet (CI), left main inlet (LMI), left shoulder inlet (LSI), left front inlet (LFI), right 294 

main inlet (RMI), right shoulder inlet (RSI), right front inlet (RFI), floor inlet (FI), and back 295 

wall inlet (BWI). Since exhausts were not our design objective, this investigation simply 296 

specified the outlets in the side wall near the floor, as indicated by the red areas in Figure 4, 297 

according to experience 39, 40. 298 
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 299 

FIGURE 4 Initial air supply inlets, outlets and design domains Θ in the cockpit under ideal 300 

conditions 301 

Our inverse design process under ideal conditions assumed a normal air supply velocity of 0.5 302 

m/s and air supply temperature of 19ºC. Design variables were air supply velocity (Vinlet,x, 303 

Vinlet,y, and Vinlet,z) in cartesian coordinates and the direction of the air supply velocity can 304 

only be directed inside the cockpit. Our design objective was to minimize the objective 305 

function, J in Eq. (8), in the gold areas, which were the envelopes at a distance of 0.1 m from 306 

each pilot’s body. Since this study employed the adjoint method, a grid-independence test was 307 

conducted, on the basis of which a mesh with 717,323 tetrahedral cells was selected (see 308 

further information in the discussion section). In addition, the total air flow rate was fixed at 309 

0.17 m3/s in accordance with the design cooling load. 310 

 311 

Figure 5 illustrates the changes in the objective function J and air supply velocity distribution 312 

in the initial inlets during the inverse design process. The design variables were the number, 313 

size, location, and shape of the inlets and the air supply parameters. In each design cycle, we 314 

iteratively solved the RANS equations coupled with the RNG k-ε turbulence model and 315 

checked whether the objective function J met the convergence criteria. If not, we then solved 316 

the adjoint equations until the convergence criteria were achieved and employed the topology 317 

method17 and the steepest decent method25 to update the air supply velocity of each cell in all 318 

the initial inlets. As shown in the figure, the objective function did not change much between 319 

design cycle 10 and cycle 40. Compared with that in design cycle 1, the air supply velocity 320 

distribution in cycle 40 was much smaller. 321 

 322 
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 323 

FIGURE 5 Changes in the objective function and air supply velocity distribution in the inlets 324 

under the ideal conditions 325 

 326 

Figure 6 depicts in detail the air supply velocity distribution in the inlets at design cycle 40. 327 

Most of the flow should be supplied through inlets BWI (85%) and LMI (6.3%). The velocity 328 

in most areas of RMI, CI, and RFI was very high; however, the corresponding flow rates were 329 

only 3.6%, 2.6%, and 0.12% of the total air flow rate (0.17 m3/s), respectively. Almost the 330 

entire BWI exhibited a velocity at the maximum (0.5 m/s), which indicates the main air 331 

supply.  Note that, Figure 6 shows the three-dimensional velocity vector and the normal 332 

velocity of most part of BWI is very small. 333 

 334 

  335 

(a)                                        (b) 336 

FIGURE 6 Details of the air velocity distribution in the inlets under ideal conditions 337 

 338 

Figure 7 shows the distributions of PMVc and PD around the four pilots obtained by the 339 
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inverse design process. The PMVc is close to zero (with an average of 0.28), and the PD is 340 

less than 10%. The inverse design can provide satisfactory results.  341 

 342 

 343 

  344 

       (a)                   (b)  345 

FIGURE 7 Distribution of the design objectives around the pilots under ideal conditions: (a) 346 

PMVc (%) and (b) PD (%) 347 

 348 

3.2 Inverse design under realistic constraints 349 

Although the results of the inverse design process under ideal conditions look good, there are 350 

a number of constraints in reality. The constraints come from difficulties in manufacturing and 351 

from the need to compromise with other aircraft systems:  352 

1) Many locations, such as the floor and back wall, should not have inlets. 353 

2) Inlet size should be as small as possible.  354 

3) The air supply temperature for the cockpit should always be the same as that for the 355 

passenger cabin. 356 

4) The air supply velocity from an inlet should be uniform.  357 

5) Almost all the inlets have grilles, and the effective area of an inlet is usually smaller than 358 

the outline of the inlet.  359 

 360 

On the basis of the results obtained under ideal conditions and the above-mentioned realistic 361 

constraints, we closed both FI and BWI and reduced the sizes of LMI and RMI. Figure 8 362 

shows the possible inlets with the realistic constraints. This investigation assumed an effective 363 

area ratio of 50% for all the inlets and used the momentum method 33,34,35 to simulate the 364 

inlets with grilles. Other settings remain unchanged from their state under ideal conditions. 365 

 366 
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 367 

FIGURE 8 Initial air supply inlets in the cockpit with realistic constraints 368 

 369 

Next, this investigation performed another inverse design. Figure 9 depicts the changes in the 370 

objective function J and air supply velocity distribution with the design cycle. The objective 371 

function J fluctuated in the first nine design cycles and then became relatively stable. The 372 

final objective function was equal to 0.27, which was slightly larger than the 0.21 achieved 373 

under ideal conditions. The reason why the objective function J of the final inverse design 374 

with many realistic constraints was close to the ideal objective function (0.21), was that the 375 

total airflow rate could vary. Figure 9 also shows the air supply velocity distribution at the 376 

first and final design cycles. Except for LMI and RMI, the velocities in parts or all of the 377 

other initial inlets were higher than 0.1 m/s. Thus, the optimal inlets would be in locations CI, 378 

LSI, LFI, RSI, and RFI. 379 

 380 

 381 

FIGURE 9 Changes in the objective function and air supply velocity distribution in initial 382 

inlets with the design cycle, with realistic constraints 383 

 384 

Figure 10 depicts the area and flow rate for the inlets that were finally identified with realistic 385 
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constraints. The total flow rate for the final design was 0.1 m3/s, which was equivalent to 17 386 

ACH, and CI and LSI supplied 70% of the flow. The asymmetrical geometry of the cockpit 387 

was the direct cause the asymmetry of the inverse design results. 388 

 389 

 390 

FIGURE 10 Area and flow rate for the inlets with realistic constraints 391 

 392 

Figure 11 shows the PMVc and PD distributions around the pilots created by the above 393 

identified air supply inlets and parameters. The average of the absolute value of PMVc in the 394 

design domain was 0.3, as shown in Figure 11(a). Note that the PMVc and predicted mean 395 

vote (PMV) indexes are slightly different, but the recommended values are the same. The 396 

finally identified thermal comfort level, shown in Figure 11(a), satisfied the ISO7730 397 

standard41, which stipulates that the average |PMV| < 0.5. Similarly, the average PD (PDavg = 398 

1.6%) around the pilots (Figure 11(b)) also met the design standard in the ASHRAE 399 

Handbook42, which recommends that the average PD be less than or equal to 15%. However, 400 

the PD around the upper body of the left front pilot was slightly higher. Compared with the 401 

results under ideal conditions, the results for this design were not ideal. This was because the 402 

final ECS was inversely identified under multiple realistic constraints, and the final results 403 

were the only ones that could be applied to a real airplane cockpit. In summary, the adjoint 404 

method can be used to design an optimal thermal environment in a cockpit, and the final 405 

design was a compromise between realistic and ideal. 406 

 407 
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  408 

(a) PMVc distribution                   (b) PD distribution  409 

FIGURE 11 PMVc (%) and PD (%) around the pilots with the final designed ECS at the 12th 410 

design cycle 411 

 412 

4 DISCUSSION 413 

Since we only have the new geometry of the cockpit model which will be used to the new 414 

airplane, we did not have the numerical results for the existing cockpits. To better quantify the 415 

new design results, this study introduced the PMVc and PD index to measure thermal comfort 416 

and draft sensation, respectively, in indoor environments. In addition, the PMVc index which 417 

was developed for passengers in aircraft cabins may not be suitable for the pilots. However, 418 

we did not find a better index to evaluate the pilots' thermal comfort. Future research would 419 

develop a more suitable index to evaluate the pilots' thermal comfort. 420 

 421 

For that small and crowded cockpit, the locations of the outlet indeed influence the cockpit 422 

thermal environment. To decrease the effect of the exhaust air velocity, this study set the red 423 

areas away from the occupant zone, as shown in Figure 4, as the outlets. Future study can 424 

assume the outlet as the inlet with negative velocity to design the outlets using the same 425 

methods. 426 

 427 

For ideal case, we know the total cold load and set the air supply temperature as a constant 428 

value. So, the flow rate should not be changed during the inverse design process. However, 429 

the cold load would change during the flight in the real scenario and the pilot would like to 430 

change the flow rate of the air supply inlets, that is one of the main reasons for setting 431 

different cases. 432 

 433 

Figure 12(a) shows the reference cockpit used for grid-independence test. The green area and 434 

red area in that cockpit were the inlets’ and outlets’ potential locations respectively 435 

determined by traditional designers based on their experience. This investigation conducted a 436 

grid-independence evaluation using three different grid numbers: 0.16, 0.72, and 3.09 million 437 

tetrahedral cells. Figure 12(b) and (c) compare the velocity and temperature profiles with the 438 

three grid numbers, at the midpoint location among the four pilots. According to the results, 439 
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0.72 million cells were acceptable. Therefore, this investigation used a grid with 0.72 million 440 

cells for the inverse designs. 441 

 442 

 443 

(a) Schematic of the reference cockpit 444 

  

 

       (b) Air velocity              (c) Air temperature 445 

FIGURE 12 Schematic of the reference cockpit (a) and comparison of (b) air velocity and (c) 446 

air temperature profiles at the midpoint among the four pilots with three different grid 447 

numbers 448 

 449 

Since previous studies5,16 could obtain reasonable results using the first-order upwind scheme 450 

to discretize the convection term of the ordinary/adjoint continuity and momentum equations 451 

with an ordinary/adjoint turbulence model, this investigation used the first-order upwind 452 

scheme directly. The effect of the high-order numerical scheme on the inverse design results 453 

is worth further exploration. 454 

 455 

Note that the airflow rate used in the inverse design process under ideal conditions was fixed 456 

at 0.17 m3/s, which was determined from the design cooling load. However, the flow rate for 457 

the final design under constrained conditions was a variable and could be reduced to 0.1 m3/s. 458 

The design under ideal conditions could also use a variable airflow rate. Since the main 459 
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purpose of this study was to demonstrate the inverse design process for the cockpit, the 460 

difference in flow rates was not a major concern.   461 

 462 

For real airplane cockpits, it would be impractical to manufacture air supply inlets that are as 463 

fragmented as those shown in Figure 6 and 10, with non-uniform air supply velocity. A 464 

designer could easily use the area constrained topology method and cluster analysis method16, 465 
17 to further consolidate the inlets if needed.  466 

 467 

The benefit of the proposed method is that the inverse design process is automatic, and the 468 

identified results are optimal under the set convergence criteria. The result of section 3.2 has 469 

proved that the proposed method can design the optimal air supply diffusers to create a 470 

comfortable environment, even under the strict constrains. For the design in section 3.2, we 471 

only need 12 hours to finish the design. Note that, the CFD simulations in this study were 472 

conducted on a 20-core cluster with the Central Processing Unit (CPU) frequency of 2.60GHz 473 

for each core. While the trial-and-error method may need several mouths and try hundreds of 474 

times to finish the design which may also not be the optimal design. 475 

5 CONCLUSIONS 476 

This investigation demonstrated the inverse design of the thermal environment in a cockpit 477 

using the adjoint method  with the momentum method. The following conclusions can be 478 

drawn: 479 

 The adjoint method with the momentum method can be used to find real air supply 480 

inlet size and location and air supply parameters. The resulting design can 481 

significantly improve thermal comfort in a cockpit.  482 

 The inverse design process under ideal conditions can find an optimal solution, 483 

although the resulting design may not be suitable for practical manufacturing. For this 484 

particular cockpit under ideal conditions, the proposed method can achieve that 485 

|PMV|  = 0.28, and PD  = 1.2%. 486 

 The inverse design process with realistic constraints can still provide a much better 487 

design than current practice, especially the draft sensation. 488 

 The fewer of the constrains, the better of the results. Therefore, ideal design requires a 489 

certain degree of freedom. 490 

 491 
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