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Abstract
A Design of Experiments (DoE) analysis was undertaken to generate a list of conﬁgurations for CFD numerical simulation
of an aircraft crown compartment. Fitted regression models were built to predict the convective heat transfer coeﬃcients
of thermally sensitive dissipating elements located inside this compartment. These are namely the SEPDC and the Route
G. Currently they are positioned close to the fuselage and it is of interest to optimise the heat transfer for reliability and
performance purposes. Their locations and the external fuselage surface temperature were selected as input variables
for the DoE. The models ﬁt the CFD data with R2 values ranging from 0.878 - 0.978, and predict that the optimum
locations in terms of heat transfer are when the elements are positioned as close to the crown ﬂoor as possible (Sy and
Ry → min. limits), where they come in direct contact with the air ﬂow from the cabin ventilation system, and when
they are positioned close to the centreline (Sx and Rx → CL).
The methodology employed allows aircraft thermal designers to optimise equipment placement in conﬁned areas of an
aircraft during the design phase. The determined models should be incorporated into global aircraft numerical models
to improve accuracy and reduce model size and computational time.
Keywords: aircraft compartment, heat transfer, thermal management, design of experiments
1. Introduction
The next generation of modern commercial aircraft are
including greater levels of composite materials in their design, with both Airbus and Boeing citing up to 50% composite in their next generation aircraft: A350 53% and 787
50% [12]. Substantial attention has been given to their
strength, manufacture, fatigue and impact properties for
aviation [5, 20, 25], with only minimal attention being devoted to the thermal impact that arises from their use [7].
The very low thermal conductivity of composite materials relative to aluminium means that the thermal environment experienced in aircraft compartments during ﬂight
and on the apron can lead to critical systems experiencing elevated ambient temperatures, possibly compromising
reliability and safety of the aircraft.
The majority of work published to date dealing with
aircraft compartments has focused on the environment in
the main passenger cabin to improve comfort and to reduce the risk of the spread of airborne pathogens amongst
passengers. Günther et al. [10] presented a numerical and
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experimental comparison of the thermal and ﬂow ﬁelds
in two diﬀerent cabins of a modern mega airliner. Kühn
et al. [14] investigated the forced and mixed convection in
an Airbus A380 passenger cabin by experimental means.
It was found that the ﬂow ﬁeld is aﬀected by various ﬂuid
mechanical phenomena such as interaction of ﬂuid jets and
negative buoyancy forces. Bianco et al. [6] numerically
studied the thermal and ﬂuid dynamic ﬁelds in the cabin
of an executive aircraft and achieved good agreement between their 2- and 3D models. Mellert et al. [16] investigated the eﬀect of the cabin environmental conditions such
as noise, vibration, air quality and temperature distribution on the health and performance of cabin and ﬂight
crew. Gupta et al. [11] conducted a numerical investigation on the transportation of infectious droplets exhaled
by a passenger in a fully occupied aircraft cabin. It was
found that the airﬂow pattern in the cabin played a significant role on the droplet transportation and the droplets
were dispersed uniformly to all surrounding rows in 4 minutes. A summary of previous works dealing with cabin air
distributions to the date of its publication is given by Liu
et al. [15].
A recent study by Moore et al. [18] has focused on
the heat transfer in the conﬁned area inside the leading
edge of an aircrafts wing. The experimental enclosure was
heated on its external surface, contained an internal heat
source and included ventilation slots. The location of a
partition inside the compartment and the vent orientation
November 30, 2012

nology. This work is part of the heat transfer section of
the project which is developing heat transfer models for
avionic components in aircraft compartments in the next
generation of commercial aircraft.





Nomenclature






Figure 1: Compartments in a single aisle commercial aircraft (1. crown, 2. passenger cabin, 3. cargo bay, 4.
triangle, 5. bilge)
was investigated to ﬁnd the optimal conﬁguration.
This article aims to demonstrate the eﬀectiveness of a
combined CFD and DoE methodology for the construction of models for the prediction of the heat transfer of
thermally sensitive equipment placed in the conﬁned compartments of commercial aircraft. The shift in industry to
using greater levels of composite materials and the move
towards an “all-electric” aircraft, which involves the replacement of hydraulic and pneumatic systems with electrical ones, will place increased pressure on thermal management systems [24]. It is therefore necessary for aircraft
thermal designers to be able to generate models capable
of accurately predicting the heat transfer that can occur
in these conﬁned compartments to ensure safe and reliable operation of the installed systems by locating them
in positions of optimal heat transfer.
This study focuses on the applied case of the heat
transfer and ﬂow ﬁelds in the crown compartment in the
fuselage of a single aisle commercial aircraft. The crown
compartment is deﬁned as the conﬁned area between the
passenger cabin and the external fuselage. See ﬁgure 1.
The area corresponds to a complex conﬁguration in terms
of geometry, air volume, installed avionic systems and ventilation. This analysis deals with the time the aircraft is on
the ground during turn around when systems are still operational and the fuselage experiences high skin temperature
due to solar heating. This issue of adequate cabin cooling
for aircraft while on the ground has been highlighted as
a signiﬁcant issue for the Airbus A380 by Aranjo et al.
[4]. The combination of the climatic conditions and the
aircrafts size leads to elevated temperatures in the cabin
and thus requires additional power input from the APU.
This work forms part of the overall European FP7
funded MAAXIMUS (More Aﬀordable Aircraft through
eXtended, Integrated and Mature nUmerical Sizing) project.
The project aims to develop a new methodology for the fast
development and right-ﬁrst-time validation of a highly optimised composite fuselage due to a coordinated eﬀort between virtual structure development and composite tech2

A Area (m2 )
cp Speciﬁc heat (Jkg-1 K-1 )
D Dimensionality of CFD study (-)
Def f D-Optimal criterion (-)
E Radiative ﬂux (Wm-2 )
F View Factor (-)
Fs Safety factor (-)
g Gravity (9.81ms-2 )
h Convective heat transfer coeﬃcient (Wm-2 K-1 )
J Radiosity (Wm-2 )
k Thermal conductivity (Wm-1 K-1 )
ṁ Mass ﬂow rate (kgs-1 )
N Number of nodes in a mesh (-)
p CFD order of discretisation accuracy (-)

q
Heat ﬂux (Wm-2 )
R Route G
R2 Coeﬃcient of multiple determination (-)
r Grid reﬁnement factor (-)
S SEPDC
T Temperature (K)
X Regression matrix (-)
x Regressor or input variable (-)
y Response variable (-)
Abbreviations
CFRP Carbon ﬁbre reinforced polymer
CL Centreline
DoE Design of Experiments
DP Design point
GCI Grid Convergence Index
PC Polycarbonate
Greek
α
β
ε
μ
ρ

Symbols
Coded input variable (-)
Regressor coeﬃcient (-)
Emissivity (-)
Viscosity (kgm-1 s-1 )
Density (kgm-3 )

Subscripts
b bottom wall
coarse coarse grid
f ine ﬁne grid
f us fuselage
in inlet
l left wall
r right wall
rad radiation
t top wall
x, y Cartesian coordinates (m)
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Table 1: Input variables



Symbol
Sx
Sy
Rx
Ry
Tf us



 





Figure 2: Populated crown compartment (dimensions in
m, inlet and outlets not to scale)

Min. limit
0.375m
0.075m
0.15m
0.0375m
323.15K

Max. limit
1.901m
0.25m
2.126m
0.3125m
378.15K






2. Design of Experiments

xi
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Design of Experiments refers to the technique of planFigure 3: Boundary constraints
ning an experiment so that appropriate data that can be
analysed by statistical methods can be collected, resulting
in valid and objective conclusions [17]. It is applicable to
crown compartment, i.e. a circular segment, some comboth physical processes and computer simulation models
binations of the x and y positions of the dissipating eland is an eﬀective tool for maximising the amount of inforements can lie outside the physical geometry when the
mation gained from a study while minimising the amount
input test matrix is generated (e.g.: if Rx = Rx,max and
of data to be collected [26]. DoE methodologies have been
Ry = Ry,max ). To overcome this issue, boundary conused extensively in previous works for optimisation and
straints were created so this would not happen. A circular
process improvement purposes [8, 9, 19, 27].
segment was deﬁned for each of the dissipating elements
The model of the crown compartment is presented schemat- where by design points for analysis could not be generated
ically in ﬁgure 2. It consists of a circular segment with an
when their centre-points lie outside these boundaries. See
inlet for the cabin ventilation system located on the centre
ﬁgure 3.
of the ﬂoor and two outlets at either side of the compartThe next step in the DoE process is to generate the
ment. There is a 50mm layer of insulation on the internal
input variable text matrix, X, known as the regression
side of the fuselage. The two internal dissipating elements
matrix. From ﬁgure 3, it can be seen that the boundconsidered in this study are deﬁned as the Secondary Elecary constraint areas are also circular segments, meaning
trical Power Distribution Centre (SEPDC) and the Route
four of the ﬁve input variables are therefore “irregular”
G. The SEPDC is a piece of avionic equipment which is
regions as they are not cubical are spherical. Because of
mounted in the compartment and the Route G is an electhis, standard designs are not the best choice. Standard
trical conduit. The inﬂuence of mounting is not considered
designs methods, such as Central Composite Design and
in this study.
Box-Behnken Design, work best for cubical and spherical
The ﬁrst step in the DoE process is to choose the list
regions [17]. When X is generated with either of these
of input variables whose inﬂuence will aﬀect the output
models, it leads to numerous points outside the physiresponse variable(s). Because the main aim of work is to
cal geometry and positions where the dissipating elements
determine the optimal location of the internal dissipating
overlap.
elements, their x and y locations were selected as input
Computer-generated designs are an alternative approach.
variables (see table 1). The heat ﬂuxes of the two eleThese types of design are known as “Optimal Designs”. By
ments were ﬁxed. The temperature of the fuselage due to
an optimal design, it means a design is “best” with respect
solar heating has been chosen as an input variable. The
to some criterion. Computer programs are required to
mass ﬂow rate and temperature of the cabin air condiconstruct these designs. In this work, the Matlab Modeltioning were also ﬁxed. There is a strong restriction on
Based Calibration toolbox was used. The optimality critethe mass ﬂow rate and temperature of the cabin air conrion chosen for this study is the most widely used criteria
ditioning system and its values cannot be altered as this
called the D-optimality criterion [17]. A D-Optimal dewould result in a signiﬁcant decrease in eﬃciency for the
sign aims to reduce the volume of the conﬁdence region on
onboard power systems. Therefore, this study has 5 inthe vector of regression coeﬃcients [3]. The D-Optimality
put variables and they are listed in table 1. The x and y
value is calculated from eq. 1
positions are measured from the centre-points of the dissipating elements. Distance from x-origin to the centreline
loge (|X X|)
Def f =
(1)
(CL) is 1.138m.
n
Table 1 also presents the lower and upper limits of the
where X is the regression matrix and n is the number of
input variables. These are simply the minimum and maxterms in the regression matrix. Matlab iterates the values
imum values allowed. However, due to the shape of the
3

Table 2: Design points
DP
1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34

Sx (m)
0.4767
0.5786
0.6802
0.9854
0.9854
0.6802
1.5958
1.7993
1.7993
1.5958
1.3923
0.7819
0.6802
0.5785
1.6975
1.5958
1.2906
1.5958
0.8837
0.4767
1.4432
1.138
1.138
1.138
1.138
1.138
1.138
1.138
1.2906
1.138
0.55
1.726
1.5195
0.7565

Sy (m)
0.075
0.075
0.145
0.075
0.225
0.125
0.185
0.095
0.075
0.085
0.165
0.165
0.165
0.145
0.085
0.185
0.225
0.155
0.225
0.075
0.1725
0.125
0.15
0.15
0.15
0.15
0.125
0.125
0.075
0.225
0.13
0.13
0.1125
0.1125

Rx (m)
1.9509
0.2
2.076
0.8253
1.5757
0.9504
0.8253
1.9509
0.5752
0.9504
1.2005
1.7008
0.4501
0.9504
1.4507
2.076
1.0755
0.2
0.3251
1.4507
1.3256
1.138
1.35
1.926
1.138
1.138
1.138
1.138
1.4535
1.138
1.138
1.138
0.669
1.607

Ry (m)
0.0375
0.0558
0.0558
0.0375
0.2575
0.2942
0.1842
0.0925
0.2208
0.0375
0.2942
0.1292
0.1842
0.0375
0.2758
0.0375
0.0925
0.0375
0.0558
0.2208
0.1613
0.23
0.14
0.14
0.0375
0.3125
0.23
0.25
0.0375
0.12
0.175
0.175
0.10625
0.10625

conduct a parametric study. Ansys Workbench automatically generates the geometry of all the design points from
the table of design parameters.
The mesh was constructed using the Ansys Workbench
Meshing module. An All Triangles meshing method was
used in the ﬂuid region. This was due to problems with
earlier meshing attempts using quadrilateral elements. The
element quality was relatively poor, especially in areas
close to the outlets where the circular arc of the insulation
meets the straight line of the crown ﬂoor which generated
highly skewed elements. Quadrilateral elements were used
to mesh the insulation region. Reﬁnements were included
in the mesh to adequately resolve areas close to all the
walls.

Tf us (K)
370.82
374.48
323.15
323.15
345.15
370.82
378.15
326.82
341.48
378.15
323.15
378.15
334.15
356.15
378.15
363.48
323.15
345.15
378.15
323.15
343.40
350.65
350.65
350.65
350.65
350.65
323.15
378.15
350.65
350.65
350.65
336.90
336.90
336.90

3.1.1. Grid Independence Study
To test that the results were independent of the mesh
used, a grid convergence analysis was conducted. A coarse
and ﬁne grid was generated. The reﬁnement factor r, deﬁned by Roache [23] is

r=

Nf ine
Ncoarse

 D1
(2)

where N is the number of nodes in the ﬁne or coarse grids,
and D is the dimensionality of the study, i.e. 2. Roache
[23] stated that the minimum value to conduct a grid convergence analysis is r ≥ 1.3. The coarse and ﬁne grids
generated had 12080 and 22079 nodes respectively. For
the grid in this analysis r = 1.352.
The discretisation error was estimated using the popular Grid Convergence Index (GCI). For the ﬁne grid, it
is deﬁned as
|ξ|
GCI = Fs p
(3)
r −1
where Fs is the safety factor, p is the order of accuracy,
and ξ is deﬁned by
ξ=

of X until it ﬁnds the optimum Def f value. The iteration
process is setup as a maximisation problem so the value
of Def f grows with each iteration [3]. Table 2 shows the
values of the input variables for the D-Optimal design of
the crown compartment (DP 1 - 21). Some additional
user-generated design points were added to improve the
prediction and reduce the predicted error variance around
the inlet (DP 22 - 34).

fcoarse − ff ine
ff ine

(4)

where fcoarse is a coarse grid solution and ff ine is a ﬁne
grid solution. For a two grid study, a value of Fs = 3 is
recommended [22]. The concept of the GCI is to approximately relate the relative error ξ, calculated in eq. 4 produced by whatever grid convergence study (for any p and
r) to the ξ that would be expected using a ﬁne grid with
a diﬀerent p and r. For further details see Roache [23].
The GCI was calculated for the following parameters: the
average ﬂuid temperature, the average insulation surface
temperature, the average SEPDC surface temperature, the
average Route G surface temperature, the average temperature along the line x = 1.538m, and the temperature at
[x, y] ≈ [0.1, 0.04]. The values of GCI for all parameters
were less than 3% which suggest the error associated with
the grid discretisation is minimal.

3. CFD Analysis
3.1. Geometry & Mesh
The geometry of the crown compartment was generated using the Ansys Design Modeler module in Ansys
Workbench 13.0. The list of design parameters generated
in the DoE stage was imported into Ansys Workbench to
4

Table 3: Solid thermal properties
Mat.
Al
PC
Ins.

Region
SEPDC
Route G
Fuselage
Floor
Ins.

ρ
cp
k
(kg/m3 ) (J/kg.K) (W/m.K)

time dependence is useful when solving steady state solutions which tend towards instability [2]. To determine
when to change from steady state to transient solver, a
number of diﬀerent surface monitors were utilised. Five
temperature monitors were created to observe the change
in temperature as the iterations increase. The temperature
monitors include those of the average ﬂuid temperature,
average insulation surface temperature, average SEPDC
surface temperature, average Route G surface temperature
and a point monitor located close to the outlet at [x, y] ≈
[0.1, 0.04]. Monitors of the area weighted average of the
wall shear stress on the crown ﬂoor were also used to determine steadiness. When the change in monitors becomes
approximately constant, the solution is deemed steady so
the solver is switched to the transient one. A time step
of 0.01s was used for the transient time step size. The
solution was iterated again until the values of the monitors remain approximately constant with increasing time
and values of the residuals of continuity, momentum and
energy equations are of the order of 10-6 . Models were
run on a computer with a 4 core processor with a speed of
2.67GHz and 8GB of RAM.

ε
(-)

2719

871

202.4

0.95

1300

1200

0.21

0.95

180

840

0.05

0.95

3.2. Solution Setup
The solution was setup and solved using Ansys Fluent
13.0. The density-based, implicit, laminar and 2nd order
upwind solvers were utilised. The Energy equation was
activated to resolve temperatures. The Surface-to-Surface
(S2S) radiation model was used to resolve radiation. This
model assumes that any absorption, emission or scattering of radiation can be ignored, therefore only “surfaceto-surface” radiation is considered in the analysis [1]. The
model also assumes that all surface are diﬀuse emitters of
radiation.
Air is the working ﬂuid inside the crown compartment.
It was assumed to be an incompressible ideal gas. The
additional thermal properties of speciﬁc heat cp , thermal
conductivity k, and viscosity μ were temperature dependent. Thermal properties of solid materials are presented
in table 3. Polycarbonate (PC) was selected as the material to represent CFRP in this study. The thermal properties of a CFRP used in the skin of an aircraft wing are
deﬁned by Peterson et al. [21] as 0.642 Wm-1 K-1 for k and
1059 Jkg-1 K-1 for cp . These values are reasonably close to
PC and means that it can be used as an approximation of
the CFRP thermal behaviour.
The fuselage surface was setup as a wall boundary condition. To model the thickness of the material, a 1D conduction problem was included with the thickness of the
wall speciﬁed as 6mm. The thermal boundary condition
was set up as a constant temperature, where the applied
temperature is a parameter in the DoE analysis, Tf us . See
table 2 for the list of applied Tf us for each DP. The crown
compartment ﬂoor is setup as an adiabatic wall. A constant velocity normal to the inlet of 0.15ms-1 was applied
to replicate the cabin ventilation system. The temperature
of this air, Tin , was deﬁned as 290.15K. The two outlets
were deﬁned as pressure outlets. The insulation surface
was deﬁned as a coupled wall. No additional boundary
conditions are required because the solver will calculate
heat transfer from the solution in adjacent walls [2]. A
constant heat ﬂux was applied to all walls of the SEPDC

with a value of qS = 422.8Wm-2 . The constant heat ﬂux

applied to the Route G surface was qR = 77Wm-2 . The
solution was initialised at the inlet conditions.
The solution was set up and runs initially as a steady
state problem. The solver is then switched to a transient
one to capture any unsteadiness in the ﬂow. Activating

4. Regression Analysis
4.1. Model
When there is a single dependent variable or response
y that depends on k independent or regressor variables,
x1 , x2 , . . . , xk , the relationship between these variables can
be characterised by a mathematical model called a regression model. The regression model is built from a set of
sample data [17]. The model being used in this study is a
quadratic model with ﬁve variables. This considers interaction terms and is given by
y = β0 +

k

i=1

βi xi +

k


βi,i x2i +

i=1



βi,j xi xj + 

(5)

i<j

where k = 5 and  is the error term. If the quadratic
terms for eq. 5 are rewritten such that xk+1 = Sx2 , xk+2 =
Sx Sy ,. . ., x20 = Tf2us and βk+1 = β1,1 , βk+2 = β1,2 , . . . , β20 =
β5,5 , then eq. 5 can be written as a linear regression model
y = β0 + β1 x1 + β2 x2 + . . . + β20 x20 + 

(6)

Writing this equation in terms of the design point observations, it is then
yDP = β0 + β1 xDP,1 + β2 xDP,2 + . . . + β20 xDP,20 + DP
= β0 +

20


βj xDP,j + DP

DP = 1, 2, . . . , 34

j=1

(7)
The model terms in eq. 7 may be written in matrix notation as
y = Xβ + 
(8)
where
5

⎡
⎢
⎢
y=⎢
⎣

y1
y2
..
.

⎤
⎥
⎥
⎥,
⎦

⎡
1
⎢1
⎢
X = ⎢.
⎣ ..

x1,1
x2,1
..
.

x1,2
x2,2
..
.

···
···

x1,20
x2,20
..
.

⎤

4.3. Fitted Regression Models
The Matlab Model-Based Calibration toolbox was used
for building the ﬁtted regression models from the CFD
data from each DP. These results are presented and discussed in this section.

⎥
⎥
⎥,
⎦

yDP
1 xDP,1 xDP,2 · · · xDP,20
⎡
⎡
⎤
⎤
1
β1
⎢ 2 ⎥
⎢ β2 ⎥
⎢
⎢
⎥
⎥
β = ⎢ . ⎥ and  = ⎢ . ⎥
⎣ .. ⎦
⎣ .. ⎦
βDP
DP
The method of least squares is used to calculate the values of β so that the sum of the square of the errors  is
minimised. The ﬁtted regression model for a point i is
ŷi = β̂0 +

20


β̂j xi,j

4.3.1. SEPDC right wall (hS,r )
Figure 4 presents the contour plot for hS,r for Sx versus Sy . The boundary constraints discussed in section 2
have been ﬁtted to the contour plots as they represent the
physical bounds in which the results are relevant. It is
also important to note that for the contour plots, the 3
other input variables not displayed are set to their average
values. Hence some overlap of the internal dissipating elements can occur, but they have been included as the best
method of graphically representing the results. Figure 4a
shows that for the SEPDC right wall, the values of h increase as Sx decreases, and decreases as Sx increases. This
is due to the fact that the cold air from the inlet comes in
direct contact with this surface when Sx < CL. For Sx >
CL, the hot air from the SEPDC becomes trapped between
the SEPDC and the insulation resulting in increased ﬂuid
temperatures. It can also be seen that as Sy increases,
the h also decreases, resulting from the hot buoyant air
becoming trapped between the SEPDC and the insulation
in this region.
Figures 4b and 4c show the inﬂuence the fuselage temperature has on the SEPDC location. This is mainly due
to the increased air temperature and the corresponding effect on the penetration of the plume into the ﬂuid. Figure
4b shows that for the lowest values of Tf us , the highest
values of h are generated. As Tf us increases the lowest
values of h are generated when the SEPDC is closest to
the right hand side of the compartment. Figure 4c shows
that the highest values of h are generated at the lowest
values of Sy and Tf us as the SEPDC is closest to the inlet.
Overall it was found that the Route G had little inﬂuence
on the SEPDC.
An important observation to note in the results is the
negative values of h. These values are generated for cases
where the surface receives heat rather than dissipating
heat. The heat balances for these cases show that there
is greater heat ﬂux going to the surface compared to the
heat ﬂux leaving the surface.

(9)

j=1

For a complete description of regression analysis and response surface analysis see Montgomery [17] and Khuri
and Cornell [13].
4.2. Response variables
The convective heat transfer coeﬃcients of the dissipating element surfaces were selected as response variables. h
is calculated from


h=



q − q rad
T − T∞

(10)



where qrad is the radiative heat ﬂux, T is the average
surface temperature and T∞ is the reference temperature
which is deﬁned as the inlet temperature Tin . To calcu
late q rad , the thermal resistance network was deﬁned for
the geometry. A radiosity node was placed on each surface except for the input and outputs which were assumed
non-participating. Applying energy conservation at each
node, then the net heat transfer from any one surface i
must be equal to the sum of the net radiation to each of
the other surfaces j,

 Ji − Jj
Ei − Ji
(11)
=
1
1−εi
εi Ai

j

(Ai Fi,j )

where ε is the emissivity, J is the radiosity, F is the view
factor from one surface to another, A is the heat transfer
surface area, and E is the radiative ﬂux. The view factors
for each design point were calculated by Fluent. Eq. 11
can be re-written for the ith equation as

(Fi,j Jj ) = εi Ei
(12)
Ji − (1 − εi )

4.3.2. SEPDC left wall (hS,l )
Figure 5a presents the contour plot of hS,l for Sx versus
Sy . It can be observed that it is more-or-less the mirror
image of ﬁgure 4a for the right wall. The lowest values of
h are generated when Sx > CL, and the lowest values are
produced when Sx < CL. Again lower values of h are seen
when Sy increases.
For ﬁgures 5b and 5c it is noted that the contours take
a slightly diﬀerent shape to those of ﬁgures 4b and 4c but
they still predict similar values of h for the some input
values. This problem is due to the fact the model ﬁnds

j

which generated the same number of equations as surfaces
which can then be solved simultaneously to ﬁnd the values
of J. When all these values are found, the heat transfer
coeﬃcients in eq. 10 can be calculated.
6





































(a) Contour plot of hS,r for Sx vs Sy





 















 















 







 






 
 
































(b) Contour plot of hS,r for Sx vs Tf us










(c) Contour plot of hS,r for Sy vs Tf us

Figure 4: Contour plots of hS,r
in turn inﬂuence the eﬀect of the inlet ﬂow on the bottom
surface.

it harder to predict results when the SEPDC is located
very close to the inlet as there is the possibility for such
variation in this region. There is a signiﬁcant change in
ﬂow and thermal structures with slight change in input
variables. This eﬀect had tried to be accounted for earlier
in the work by adding additional design points close to the
inlet. However, as stated above, the values of h predicted
for the left wall are still similar to the right wall, with
the highest values of h for lowest values of Sx and Tf us
(ﬁgure 5b) and the highest values of h when Tf us and Sy
are minimised (ﬁgure 5c).

4.3.5. Route G (hR )
Figure 8a shows the h of the Route G based on its location. The largest values of h are generated when the
element is located close to the crown ﬂoor. The values
decrease as Ry is increased. The magnitude of the change
however is relatively small and the Rx and Ry parameters have little eﬀect when compared to the other input
parameters in ﬁgure 8.
For ﬁgure 8b, it can be seen that for the lower values
of Rx and Tf us that the h is maximised. The values of h
do not vary very much with change in Rx , similar to ﬁgure
8a. For the case of Tf us and Ry in ﬁgure 8c, h is minimised
when Ry is kept as close to the fuselage as possible. The
lowest values of h occur when the Route G is close to the
fuselage and Tf us is high.
Figures 8d and 8e look at the inﬂuence of the SEPDC
position and the fuselage temperature on h of the Route G.
A reminder is necessary here about the statement earlier
that for all contour plots, the variables not shown in each
plot are set to the average value. Hence, the Route G is
located in the centre of the compartment. For ﬁgure 8d
the SEPDC is located below the Route G so this is why
the lowest values of h are observed at the CL, and why
they decrease as the SEPDC is moved away. Similarly, for
ﬁgure 8e, the Route G is located centrally. At the lowest
values of Sy , the SEPDC is located below the Route G and
is thus in its plume. As Sy increases, the SEPDC moves
into a position above the Route G resulting in a drop in h.
Figure 8f highlights again the dominance of the SEPDC

4.3.3. SEPDC top wall (hS,t )
Figure 6 shows the contour plot of h for SEPDC position inside the crown compartment. The highest values of
h are produced when Sx is closest to the inlet and Sy is
low. The values of h decrease as Sy increases.
4.3.4. SEPDC bottom wall (hS,b )
Figure 7a displays the contours of h for the SEPDC
position. It can be seen that the location that results in
the highest value of h is directly above or around the inlet.
As the distances are moved further from the inlet, the value
of h decreases.
Figure 7b again shows that the highest values of h are
achieved directly above the inlet. As the SEPDC is moved
away from the inlet in either direction, a decrease in h is
seen. Increase in temperature of the fuselage also causes
further decrease in h. In ﬁgure 7c the minimum Tf us and
Sy result in the highest values of h. Increasing either of
these variables results in a general decrease in h as they
7



































(a) Contour plot of hS,l for Sx vs Sy










 




 















 





 







 



 














































(b) Contour plot of hS,l for Sx vs Tf us








(c) Contour plot of hS,l for Tf us vs Sy

Figure 5: Contour plots of hS,l



































Figure 6: Contour plot of hS,t for Sx vs Sy
on the thermal structures inside the compartment. This
ﬁgure shows that to minimise hR , the Route G needs to
be the furthest distance possible from the SEPDC.

between 0 and 1, where a value closer to 1 indicating that
a greater proportion of variance is accounted for by the
model. It can be seen that it ranges from 0.878 - 0.978
meaning that the models ﬁt the data well.

4.4. Regressor Coeﬃcients
The regressor coeﬃcients for the coded input variables
calculated for the ﬁtted regression models are presented
in table 4. The coded input variables are expressed as a
value from -1 to +1 where -1 is the minimum limit and +1
is the maximum limit. They are calculated from
αi =

xi − (xmin + xmax ) /2
(xmax − xmin ) /2

5. Conclusions
Fitted regression models have been built from CFD
simulations of the populated crown compartment. These
models allow for the prediction of the convection heat
transfer coeﬃcients on the surfaces of the compartments
internal dissipating elements based on their positions and
the external surface temperature of the fuselage. They can
be used at the design stage of an aircraft to ﬁnd the optimal placement in terms of heat transfer. Overall, it has
been found that the optimal positions of the SEPDC and
Route G are when they are located as close to the crown
ﬂoor as possible without completely blocking the air ﬂow.
In these positions, most of the surfaces of the elements
come in direct contact with the cooler inlet air ﬂow.
The methodology employed, i.e. combined DoE, CFD
and regression techniques, allows aircraft thermal engineers to optimise equipment placement during the design

(13)

This then allows for the prediction of any of the response
variables for a given set of input variables,
ŷi = β̂0 +

20


β̂j αi,j

(14)

j=1

The Goodness of Fit of each model is also presented
in table 4 using the coeﬃcient of multiple determination
statistic R2 . This is a measure of how successful the ﬁt
is in explaining variation in the data. R2 value can range
8





































(a) Contour plot of hS,b for Sx vs Sy







 



 


















 





 








 
 








































(b) Contour plot of hS,b for Sx vs Tf us












(c) Contour plot of hS,b for Tf us vs Sy

Figure 7: Contour plots of hS,b
phase of the aircraft. The determined models should be
incorporated into global aircraft numerical models to improve accuracy and reduce model size and computational
time. It should also be applied to the other conﬁned compartments, i.e. triangles and bilge, to evaluate and optimise equipment placement in these areas.

Table 4: Regressor coeﬃcients
βj
β0
β1
β2
β3
β4
β5
β6
β7
β8
β9
β10
β11
β12
β13
β14
β15
β16
β17
β18
β19
β20
R2

hS,r
1.588
-0.376
-0.527
0.271
0.071
-0.056
-1.513
2.102
0.759
0.083
-0.265
0.218
-0.415
0.981
0.946
0.067
0.693
0.407
0.203
0.520
0.231
0.978

hS,l
1.795
0.266
-0.569
-0.136
-0.115
-0.214
-0.686
-2.670
-0.218
-0.378
0.095
-0.682
-0.233
-0.110
-0.668
-0.396
-0.616
-0.182
0.038
-0.107
0.039
0.958

hS,t
-0.709
-0.042
-1.988
0.136
0.058
-0.243
-1.581
0.085
-0.337
0.087
-0.114
-0.124
0.278
-0.126
-0.084
0.054
-0.080
0.047
-0.021
-0.071
0.059
0.977

hS,b
2.096
-0.315
-2.477
1.120
-0.249
-0.058
-5.203
-0.909
1.941
-1.049
1.206
0.328
0.844
-0.614
-0.028
-0.441
1.796
-0.706
-0.323
0.118
0.790
0.885

hR
0.221
-0.887
0.082
0.056
-1.689
-0.113
0.998
-1.708
-2.210
-1.244
0.862
0.211
-1.354
-0.697
-0.929
-0.916
-0.843
-0.033
1.333
-0.932
-0.311
0.878
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(a) Contour plot of hR for Rx vs Ry







 


 















































































(b) Contour plot of hR for Rx vs Tf us
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