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Abstract

Aircraft confined compartments are subject to a wide range of boundary conditions during operation which
leads to the setting up of complex internal thermal environments. These compartments require strict thermal
management to ensure safe and reliable operation of installed systems. This work investigates the thermal
and fluid flow fields in one such compartment - the crown area in a fuselage of a commercial aircraft which
contains thermally dissipating equipment. Experimental heat transfer and PIV measurements are compared
to 3D numerical simulations and are shown to be in very good agreement. There was found to be significant
thermal stratification present due to the ventilation not penetrating into the bulk of the fluid. Convective
heat transfer coefficients on the surfaces of the dissipating equipment varied as a function of their location,
with the highest values occurring when they are placed close to the ventilation inlet. An enthalpic correction
was applied to 2D simulations leading to significantly reduced solution times, and results which give a good
approximation of the 3D model results.

This type of detailed study of aircraft confined compartments is necessary to improve understanding of
the flow regimes present in these areas, and leads to optimal positioning of installed systems in terms of
thermal management, as well improving global thermal aircraft model predictions.

Keywords: aircraft compartment, thermal management, conjugate heat transfer, natural convection,
enthalpic correction

1. Introduction

The increasing complexity of modern commercial aircraft requires manufacturers to implement equally
complex systems for thermal management due to emerging technologies, such as more electrical and bleedless
aircraft power systems [1-4]. The increased use of composite over aluminium in aircraft structures also poses
a new challenge [5-8]. The thermal behaviour of a composite aircraft is clearly different from an aluminium
one and as a result, higher internal ambient temperatures can be reached which can lead to reliability and
safety issues when aircraft systems are placed in confined compartments of the aircraft.

The tool used at present to predict the heat transfer in the confined compartments at the design stage
is the global thermal model, which allows the aircraft structure, systems and ambient environmental tem-
peratures to be determined at different mission points. The model is built from a 3D geometrical model of
the aircraft and includes blocks representing the various systems [2]. Examples of the obtained fuselage skin
temperature for a ground and take-off case are shown in figure 1, where the highlighted running fuel pumps
can be identified as a source of heat during take-off [9].

The developed models however, can be inaccurate due to these block simplifications and the use of
estimated heat transfer coefficients as they do not take into account local thermal issues that can arise in
relatively large compartments. Including a detailed model of the system equipment leads to a significant
increase in computational costs which becomes impractical for virtual prototyping [10].
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Figure 1: Global thermal aircraft model results for fuselage skin temperature (a) ground case (b) take-off case, from Liscouét-
Hanke [9] used with permission

Figure 2: Compartments in the fuselage of a single aisle commercial aircraft (1. crown, 2. passenger cabin, 3. cargo bay, 4.
triangle, 5. bilge), from Geron et al. [17] used with permission

Detailed studies of the fluid and thermal flow fields in the main passenger cabin to improve passenger
and crew comfort and reduce the spread of airborne disease have been popular [11-14], but there has only
been recent detailed investigations to characterise the thermal environments in confined compartments with
the aim of increasing the prediction capabilities of the global model while also decreasing its computational
size. Butler et al. [15] presented a methodology to optimise equipment placement in fuselage confined
compartments and developed models to predict the convective heat transfer coefficients of equipment in a
crown compartment. Stafford et al. [10, 16] and Geron et al. [17] developed compact thermal-fluid models
for the mixed convection regimes for equipment in an aircraft avionics bay and for an unpopulated fuselage
compartment for inclusion in global thermal models. Gur et al. [18] conducted a parametric design study
to optimise the APU compartment and demonstrated its inclusion in a global model.

The aim of this work is to conduct a detailed experimental and numerical study of an aircraft fuselage
crown compartment in order to improve the understanding of the fluid and thermal flow fields present in this
area. The crown compartment is defined as the confined area between the passenger cabin and the external
fuselage as shown in figure 2. The area corresponds to a complex configuration in terms of geometry, air
volume, installed systems and ventilation. This investigation 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 (as seen in figure 1a). During this time, the installed systems will generate heat, warming
the surrounding air. Ventilation exiting from the passenger cabin enters the crown before circulating into
other confined areas. Hot climatic conditions can lead to temperature gradients across different internal
and external surfaces. Radiation heat exchange between surfaces can also play a significant role. All of this
leads to the setting up of a conjugate heat transfer problem and a complex thermal environment inside the
compartment. With the increased use of composite materials and additional electrical systems, the need
for characterisation and understanding of any possible safety or reliability issues with equipment placed in
confined areas of aircraft has become imperative.

This work forms part of the overall European FP7 funded MAAXIMUS (More Affordable Aircraft
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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 technology. This work is
part of the thermal section of the project which is developing heat transfer models for avionic equipment in
aircraft confined compartments in the next generation of commercial aircraft.

Nomenclature

A area (m?)
¢, specific heat capacity (Jkg'K™)
D depth (m)
d diameter (m)
E}, black body emissive power (Wm™2)
F  view factor (-)
g gravity (ms?)
H height (m)
H'  internal height (m)

specific enthalpy (Jkg™)

convective heat transfer coefficient (Wm=2K1)
electrical current (A)

radiosity (Wm™2)
thermal conductivity (Wm1K™1)
length (m)

mass flow rate (kgs™!)

number of image pairs (-)
heat transfer rate (W)

heat flux (Wm™2)

temperature (K)

RI I T~

transient time step (s)

velocity magnitude (ms™)
time-averaged velocity magnitude (ms™)
velocity component in z-direction (ms™)
voltage (V)
v velocity component in y-direction (ms™)
x,y cartesian coordinates (m)
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Acronyms

Al aluminium

CFRP carbon fibre reinforced polymer

PC polycarbonate

PIV particle image velocimetry

RMSD root mean square difference

SEPDC secondary electrical power distribution centre

Greek symbols

B thermal expansion coefficient (K!)
€ emissivity (-)
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Figure 3: Crown compartment test compartment (a) front view (b) side view showing thermocouple (1, 3, 4) and PIV (2)
measurement planes

Subscripts

adj adjusted

avg average

in inlet

fus fuselage

1 left

out outlet

R Route G dissipating element
r  right

rad radiation

ref reference

S SEPDC dissipating element

2. Experimental analysis

This section describes the experimental test rig and procedure. An experimental analysis was deemed
necessary not only to provide physically representative data but also to provide validation for the numerical
modelling presented later in section 3.

2.1. Ezperimental setup

Figures 3 and 4 show the crown test compartment and includes the dimensions and applied boundary
conditions. The experimental test compartment was constructed in 1:1 scale through the fuselage cross
section. The geometry of the crown compartment is defined by the radius of curvature of the fuselage
and the cabin roof. These two features form an arc-shaped compartment with a radius of 2.075 m and a
height (H) of 0.4 m. This corresponds to a horizontal length (L) of 2.45 m. For the depth (D) in the
fuselage longitudinal direction, a dimension of two aircraft frame lengths was used. This corresponds to a
value of 1.17 m which is greater than three times the internal height, so the flow should be approximately
two-dimensional, as suggested in a number of previous studies [19, 20] and consistent with other studies of
aircraft compartments [14, 21-23].

Included on the cabin roof are the inlet and outlets for the ventilation system into the compartment.
The air entering the crown area through the inlet at the centre line (L;, = 0.04 m) arrives from that exiting
the passenger cabin and exits between gaps (Lo,: = 0.02 m) at either side of the compartment. These
gaps correspond to the space between the primary and secondary insulation of the fuselage. To generate air
ventilation into the experimental compartment, an air delivery system consisting of a bank of 10 ebm-papst
412F DC axial fans was used to generate the required air mass flow rate of 1, = 7.8x10™3 kgs™.

To set up the fuselage surface boundary conditions, an array of 300 W silicon rubber heater mats was
attached to the fuselage surface. The heater mats were each connected to a Eurotherm 3216e PID controller
which could be used to set the fuselage temperature T',s. A thermocouple on each heater was used as a
feedback sensor to the PID controllers.
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Figure 4: Photograph of the experimental test compartment

Table 1: Material properties
| Material | kK (Wm'K") | ¢, (Jkg'K™?) |

PC 0.2 1250
0.642 [3] 1059 [5)
CERP 108 o) 1200 [24]
Al 237 [25] 903 23]

A material which would be thermally representative of aircraft carbon fibre reinforced polymer composite
(CFRP) was selected for the experimental test compartment construction. This was polycarbonate (PC).
The values of thermal conductivity (k) and specific heat capacity (c,) of CFRP cited in literature are similar
to those for PC from the manufacturers specifications, as shown in table 1, which means it can be used as
a suitable approximation of the composite thermal behaviour.

The internal side of the entire aircraft fuselage is fitted with a layer of insulation. This insulation material
acts as a resistance to heat loss from the aircraft, and is especially important during flight, where external
atmospheric temperatures can be as low as -65°C [26]. To replicate this insulation, a layer of 50 mm aircraft
grade insulation wrapped in a fire resistant covering film was included on the internal side of the fuselage.
For the insulation, & = 0.057 Wm'K-!. It was mounted in the compartment using the same fasteners used
by aircraft manufacturers. The crown floor was insulated with 100 mm of insulation to minimise heat loss
through this surface. The front and back walls of the compartment were fitted with triple-glazed glass panels
to allow optical access into the compartment.

The internal dissipating equipment included in the crown compartment test rig are namely the Secondary
Electrical Power Distribution Centre (SEPDC) and the Route G. The SEPDC is a piece of avionic equipment
which is mounted in the compartment and the Route G is an electrical conduit. The equipment constructed
to represent the SEPDC is a cube, with aluminium walls all with an equal length of Lg = 0.15 m. The
SEPDC has a fixed heat flux boundary condition of qg = 422.8 Wm™. The internal surfaces of each side of
the SEPDC were heated with a 10 W silicon heater mat connected to a Sorensen DCS 80-37 power supply.
The internal volume of the SEPDC was filled with insulation to minimise any heat loss into this space. The
equipment used to represent the Route G is a cylindrical cartridge heater with a diameter dg of 25 mm with
a longitudinal length equal to the depth of the compartment less 35 mm from the end walls to prevent it
from touching these walls and to allow space for the power cables. The heater has a rating of 50 W and was
connected to a Delta Elektronika SM3004-D power supply. The Route G has a fixed heat flux boundary
condition of g5 = 77 Wm2. The external surfaces of the SEPDC and Route G were painted with a matte
black paint.
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2.1.1. Temperature measurements

Thermocouples were used to measure the surface and internal air temperatures. Each thermocouple was
of K-type construction with a pair of stranded conductors with a PTFE insulation. Number of strands and
strand size is 1 mm and 0.2 mm respectively. They were calibrated in a Lauda Ecoline Star-edition Rel04
water-bath before fitting them to the compartment. The temperature measurements were recorded with an
Agilent 34970A fitted with 34902A high speed multiplexers, and connected to a computer for monitoring
and downloading of measurements.

Three planes of thermocouples were fitted to the crown compartment in the locations shown in figure 3b.
For plane 1, 13 thermocouples were attached to the lower insulation surface. For plane 3, 13 thermocouples
were evenly spaced along the lower insulation surface, 4 were evenly spaced along the floor surface and 11
were used to measure air temperatures. Plane 4 is located on the back panel and includes 4 thermocouples.

Additionally, the dissipating equipments were also fitted with thermocouples. A thermocouple was
attached to the centre of each of the six sides of the SEPDC. For the Route G, 3 thermocouples were evenly
spaced in the longitudinal direction on both the upper and lower surface. The surface thermocouples were
held in place using epoxy.

2.1.2. Velocity measurements

Particle image velocimetry (PIV) was used to measure velocity flow fields inside the compartment. It
is a popular technique used to study air distributions in aircraft compartments [21, 27-29]. A Litron Nano
L-50-100-PIV Nd-Yag laser with an energy output of 50 mJ at a wavelength of 532 nm was used as the light
source. The laser head was fitted with an optical lensing system which produced a diverging laser sheet
with a thickness of 2.5 mm. The light sheet entered the compartment through a gap included between the
fuselage heater mats and insulation in the position corresponding to plane 2 shown in figure 3b.

Seeding particles were generated by a TSI Six-Jet Atomizer. It produces solid particles from a salt water
solution. The atomizer was placed below the ventilation inlet fans so they could entrain the particles up
into the compartment. The mass flow rate of the atomizer was 15 times less than that produced by the fans
so its contribution to i, is considered negligible. The Stokes number, a dimensionless number which is the
ratio of the particle response time to the characteristic flow time, was found to be 6.504x10°%, meaning the
particles follow the flow in the experiments faithfully [30].

A TSI Powerview Plus 11 MP digital CCD camera with 4008x2671 pixels with a Nikon 60 mm lens
was used to capture the images. The instantaneous velocity components were captured and were used to
calculate the time-averaged velocities in the PIV software over a sequence of images. For many practical
applications where fluctuating flow exists, a compromise between sample size and accuracy is often necessary
[31]. To determine that the sample size for the sequence of image pairs was sufficient, the time-averaged
velocity magnitude after n number of image pairs was calculated from

1

1< 1
fz u? +0f)? (1)
i=1

For these experiments, it was found that a value of n > 100 was needed to achieve less than 3% deviation
in the recording of U.

3

2.2. FExperimental procedure

A number of configurations were tested for different dissipating element positions and 7'y, and they are
listed in table 2. These configurations are linked to the parametric study conducted by Butler et al. [15].
The chosen configurations were selected based on how feasible they would be to test in the experimental test
rig, i.e. not placing the dissipating equipment on the floor or in areas where their supports would physically
overlap.

The ventilation system was set up to generate the 1, and the dissipating elements were set to their
respective ¢ . The temperatures were recorded every 30 s by the data logging system and allowed to run
until the temperatures reach steady state. This is defined as less than a 0.2 K change in temperature over



Table 2: Test configurations
’ config. \ zg (m) \ ys (m) \ xg (m) \ yr (m) \ Tus (K) ‘

1 0.757 0.113 1.607 0.106 337
2 1.520 0.113 0.670 0.106 337
3 0.680 0.165 0.450 0.184 334
4 0.575 0.145 0.950 0.045 356
5 1.138 0.150 0.350 0.140 351

Table 3: Experimental measurement variable uncertainties

] variable \ uncertainty ‘
L,H D, H,d x vy 0.1 mm
T 0.2 K
vV 0.25%
1 0.05%

a 1 hr period. Time to steady state was approximately 8 hours. PIV experiments were conducted after this
time.

The steady-state convective heat transfer coefficient for a selected surface of the dissipating equipment
was calculated from

q// _ q// d
h, = ———ra¢ (2)
¢ Tavg 4 Tref
where q:a 4 is the surface radiative heat flux, T4, is the average surface temperature and 7. is the reference
temperature defined as the inlet temperature T;,. To determine q;'a 4 the thermal resistance network model
was used [25, 32]. Applying energy conservation at each surface, the net radiation heat transfer from any
surface i is equal to the sum of the radiation to each of the other surfaces j, thus

drad,i = ]?l‘] => iy (3)

l—¢g; - 1
eiA; J A Fij

where FEj is the black body emissive power, J is the radiosity, ¢ is the emissivity, A is the surface area and
F is the shape factor. A value of 0.95 was used for €. This value was determined experimentally using
a combination of thermocouples mounted on each surface and an IR camera [33]. Writing eq. (3) for the
number of surfaces and solving simultaneously, the remaining values of J can be calculated and thus the
value of h. in eq. (2).

Uncertainty in the experimental measurements was calculated using the method of Kline and McClintock
[34] which is based on the specification of the uncertainties in the various primary experimental measure-
ments. They are listed in table 3. The uncertainty in the calculation of h. in eq. (2) were found to range
from 12.1% - 20.3% (average of 14.9%). Error bars are included in the experimental results to represent the
uncertainties.

3. Numerical analysis

The numerical analysis involved the solution of the partial differential governing equations of fluid motion
discretised into algebraic equations using the finite volume method with a second-order upwind scheme. The
SIMPLE algorithm was used for pressure-velocity coupling. The flow is assumed incompressible and laminar.
The Grashof number for the compartment is of the order 108 which indicates laminar flow [35]. It is based on
the internal height of the compartment H ", which is the length scale used by numerous previous studies for
natural convection in isosceles triangles [36-38]. There is a distinct lack of studies in the literature dealing
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with circular segment shaped enclosures but isosceles triangles provide a reasonably similar geometry. The
Reynolds number is based on L;, and Uy, [39, 40] and is of the order 10? which again indicates laminar
flow. The surface-to-surface (S2S) radiation model was used to account for radiation heat transfer between
the internal surfaces. Air was used as the working fluid and it is assumed to follow the ideal gas law with
the remaining thermal properties temperature dependent. The problem was solved using the commercial
code Ansys Fluent.

3.1. Boundary conditions

The boundary conditions applied in the numerical model were identical to those used during the exper-
imental analysis outlined in section 2. A constant temperature was applied to the fuselage surface, and the
inlet supplied air at a fixed temperature and mass flow rate. The outlets were defined as pressure outlets
and the crown floor was set as an adiabatic wall. The positions of the two dissipating elements are defined
in table 2 and their respective surface heat fluxes were constant.

3.2. Grid generation

The Ansys ICEM Meshing software was used to generate the computational grid of the three-dimensional
model of a section of the aircraft crown compartment. The fluid region was built using tetrahedral elements,
refined in locations close to stationery walls in order to adequately resolve fluid and thermal boundary layers.
Hexahedral elements were used for the fuselage insulation layer.

To ensure the results were independence of the grid used, the meshing method was refined to generate a
coarse and fine mesh and the grid convergence index (GCI) suggested by Roache [41] was used to estimate
the dicretisation error. It was found that a mesh with approximately 1.9 x 10% elements was needed to
ensure less than 2% difference between the fine and coarse mesh.

3.3. Numerical procedure

A time-dependent approach was used in order to obtain a steady-state solution. This approach is useful
when attempting to solve steady-state problems which tend towards instability such as natural convection
problems in which the Rayleigh number is close to the transition region [42]. The solution is initially run
using the steady-state solver and then switched to the transient solver. The transient time step ¢ can be
estimated from [35]

’

¢~ H

where 8 is the thermal expansion coefficient. From eq. (4), a value of 0.1 s was used for ¢ and the flow
is advanced until the initial transient oscillations decay to reach steady state [43, 44]. Points in the flow
field were used to monitor this. They included monitors of the surface temperatures, points of velocity and
temperature at the inlet, outlets and above the dissipating equipment, as well as for the shear stress along
the crown floor. The criteria for convergence of the scaled residuals was set as 107,

(4)

4. Results and discussion

4.1. Heat transfer results

In general, it has been found that the thermal and fluid flow fields inside the compartment are driven by
the jet of cold air entering at the inlet, the hot plume rising from the SEPDC, and the thermal stratification
effects of the fuselage. Figure 5 shows the contour plot of the numerical steady-state temperate at the
compartment centre line (plane 2 in figure 3b) for configuration 1. It can be seen that the cold inlet flow
does not penetrate very far into the compartment and is restricted to the lower section of the compartment
along the crown floor due to the thermal stratification in the upper section of the compartment caused by
the conduction through the insulation. The SEPDC walls are the hottest surfaces and cause the inlet flow
to heat up on its side of the compartment. The Route G element is seen to have little effect on the thermal
flow field.
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T(K): 293 303 313 323 333 340

Figure 5: Numerical contour plot of steady-state T' for config. 1 at plane 2

Table 4: RMSD between experimental and numerical values of h. for the test configurations

| config. | RMSD |
1 6.8%
2 5.1%
3 12.9%
4 14.1%
5 8.8%

The experimental thermocouple measurements and the numerical surface temperatures were used to
calculate the values of h. from eq. (2) for the surfaces of the dissipating equipment. They are shown for the
5 configurations in figure 6. It can be seen that the results of the experiments and numerical models are in
good agreement, within the bounds of the experimental uncertainty. For the values of k. for the Route G,
it can be seen that the highest value occurs for configuration 4. In this case, the values of xr and ygr place
it close to the inlet and floor where it comes in contact with the cold air flow coming from the inlet. For the
SEPDC, the lowest values of h. occur for all configurations on the top and bottom surfaces. Even though it
was found that these surfaces can have the highest temperatures, they transfer heat by radiation in greater
proportions compared to the other SEPDC surfaces - approximately 70% compared to 55%.

The root mean square differences (RMSD) between the experimental and numerical values are given in
table 4. Reasons for possible error include the uncertainty in the placement of the SEPDC and Route G in
the test rig, the presence of the equipment supports, and the difficulty in setting up adiabatic surfaces in
the experiments - heat transfer from these supposedly perfectly insulated walls is unavoidable [45].

4.2. Velocity flow field results

Due to the size of the experimental test compartment, it was not feasible or practical to use PIV to
measure the complete flow field inside the compartment. Instead, the flow field was measured in the areas
around the thermal plumes of the SEPDC and Route G, and the inlet jet. The remainder of the flow was
observed and sketched during the experiments. This illustration and the PIV vector plots are shown in
figure 7 for configuration 1.

The sketch of the flow field shown in figure 7a highlights what is seen in the temperature contour plot in
figure 5 in that the inlet flow enters the compartment and flows along the floor and exits the outlets. When
it passes under the SEPDC, some of the flow is entrained into the thermal plumes rising along its walls.
The SEPDC flow dominates the upper section of the compartment, setting up a large circulation there and
also entrains the weaker plume generated by the Route G.

The PIV vector plot for the SEPDC shown in 7b is constructed from a number of different camera
positions which are stitched together using a Matlab algorithm. This was necessary because as the PIV
laser light sheet enters the compartment from one side, it results in the opposite side of the SEPDC being
in shadow. To complete the measurements, the laser is moved to the other side of the compartment and
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Figure 6: Comparison of experimental and numerical values of h. on the surfaces of Route G and SEPDC dissipating elements
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_ moE . _ ‘mmom m - o .
U (m/s):0.01 0.04 0.08 0.12 U (m/s):0.002 0.009 0.02 U (m/s):0.01 0.08 0.16

Figure 7: Experimental PIV vector plots for config. 1 (a) sketch of compartment flow field (b) SEPDC (c) Route G (d) inlet

PN

U (m/s): 0.02 0.04 0.08 0.12 0.16 0.20

Figure 8: Numerical contour plots of steady-state U for config. 1 (a) SEPDC (b) Route G (c) inlet
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the previously dark side is imaged. The Route G also produces a shadow which is shown in grey in the
lower right corner of the image. Figure 7c shows the PIV vector map of the thermal plume rising from the
Route G. The two white vertical bands in the image correspond to where the supports for the dissipating
element block the view of the camera. Figure 7d shows the velocity vector plot of the inlet flow and how it
is restricted to the lower regions of the compartment where it has minimal influence. It flows in the inlet,
turns and flows along the floor to the outlets. Thus hotter air is being used to resupply heated plumes rather
than the colder inlet air.

The PIV vector plots are compared with the numerical contour plots of U in figure 8. Overall they are
found to be in good agreement. Qualitatively, similar flow fields were found in the three areas. For the
SEPDC, both the PIV and numerical results show the flow rising along the sides of the equipment and then
coming together over its left side. The entrainment of flow from the right side of the compartment can also
be seen in both images. For the Route G, both cases show how the entrainment of the SEPDC pulls the
Route G plume to the left. Similar flows are also seen at the inlet whereby the jet entering through the inlet
turns in both directions and begins to flow along the floor.

Comparing the values of U, good agreement can be seen in all three cases. Areas where it differs includes
the flow along the left wall of the SEPDC, where the values in the numerical results are shown to be higher.
This can be attributed to the fact that during the PIV experiments, it was difficult to measure the flow very
close to the walls due to glare and reflections of the laser on the wall surface.

While the results of the flow field just presented are for configuration 1, in general, the trends remain the
same for the remaining four configurations, i.e. the inlet flow is suppressed due to the thermal stratification
in the upper section of the compartment and it flows along the floor and out the outlets; the SEPDC
dominates the flow field in the upper section of the compartment; the Route G has relatively little effect
on the flow field due to the dominance of the SEPDC and its plume is entrained into the recirculation flow
to the SEPDC. Changes in the values of h. for the dissipating elements were found however to vary as a
result of their position inside the compartment and 7f,s as seen in figure 6. The flow fields for the other
configurations can be seen in Butler [46].

4.8. Comparison with previous studies

The results of this 3D analysis are compared to the 2D analysis of Butler et al. [15] for a populated
crown compartment. An equation determined from a response surface methodology is presented which can
be used to determine h. on the surfaces of the dissipating equipment. A comparison of the results is shown
in figure 9 with the 2D analysis represented by squares.

It can be seen that the 2D numerical results under predict the values of h., most significantly for the
SEPDC surfaces. The main reason for this difference is due to the assumption of unit depth for the SEPDC
in the 2D simulations which causes a significant change in the thermal and fluid flow fields inside the
compartment.

In an attempt to overcome these unequal longitudinal effects, an enthalpic correction, as outlined in
Bianco et al. [11], is applied to the 2D simulations. This approach aims to keep constant enthalpy between
the 2D and 3D simulations. Bianco et al. [11] used this approach when comparing 3D and 2D models of an
empty aircraft cabin to account for a higher 7 in their 2D models by reducing the corresponding T;,,. This
approach is extended in this study to account for the effects of the internal dissipating elements.

The first law steady state energy equation for an open system applied to the crown compartment, where
the control volume is defined as the fluid inside it, is written as follows,

: . C Uz,
qus+(JR+Zq$+m<hm+ > )

. Uz, Uz,
_m{<h0ut+;t> + <hout+%t> ] (5)
l r

The terms on the left side of eq. (5) consist of the of heat and energy flowing into the system and the terms
on the right consist of those leaving the system. There is no mechanical work or potential energy terms. h
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Figure 9: Comparison of experimental and numerical 3D and 2D values of h. on the surfaces of the Route G and SEPDC

dissipating elements
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Table 5: RMSD for original 2D and adjusted 2D numerical values of h. for the test configurations
’ config. \ RMSDop \ RMSD2p adj ‘

1 61.2% 29.4%
2 63.3% 30.5%
3 103.2% 13.5%
4 117.0% 19.4%
) 69.7% 46.2%

is the specific enthalpy and since air is assumed to be an ideal gas it is given by [47]
h=¢T (6)

Substituting eq. (6) into eq. (5), and neglecting the kinetic energy terms since they are very small, eq. (5)
becomes

qfus + qR + Z QS +m (Cp,inTin)
=m [(Cp,outTout)l + (cp,outTout)r] (7)

The values of 7 and Tj;, are the same in both the 3D and 2D analyses so therefore in order to balance
enthalpies, the value of ¢g is adjusted. It is reduced in the 2D simulations by the ratio of area increase
between the two analyses. The adjusted value of ¢4 applied in the 2D simulations is therefore given by

" " Z AS 3D " 6 L%
— = - — — 2 8
qS,adj qSZAS,ZD qS4 LS ( )

The 6/4 in eq. (8) takes into account the greater number of SEPDC surfaces in the 3D analysis compared
to the 2D analysis. The results of applying this correction and re-running the 2D simulations and analysis
with the adjusted value of qg are shown in figure 9.

Quantitatively, it can be seen that for most of the surfaces, an improved prediction is obtained over the
original 2D results. The Route G is by and large 2D so the improvement there suggests 3D flow effects are
present. The SEPDC top surface shows a notable improvement, whereby the original analysis previously
showed a negative value of h.. The SEPDC bottom surface however does show a poorer difference for
configurations 1, 3 and 5. A comparison of the RMSD for the original 2D and adjusted 2D numerical
analyses is shown in table 5. For the 5 test configurations, there is a significant reduction in the RMSD,
especially for configurations 3 and 4. For these two configurations, the SEPDC is positioned relatively
more far from the inlet than in the other configurations, so there is less interaction with the inlet flow.
Qualitatively, an improvement is also observed, whereby the thermal flow field in the adjusted 2D analysis,
shown in figure 10(b), now more closely resembles those of the 3D model, shown in figure 5, compared to
those of the original 2D analysis, shown in figure 10(a). It can be seen in the temperature contour plots of
the original 2D analysis that the temperatures in the insulation and fluid regions are much higher, and there
was found to be heat loss through the fuselage. The cold air entering the compartment through the inlet is
also suppressed due to the warmer stratified air in the top of the compartment. The difference in the values
of h. can be accounted for by the differences in the local thermal and flow fields seen close to the SEPDC.

While the enthalpic correction offers some benefits in relating the 3D and 2D analyses, it cannot com-
pletely overcome the change in geometry and the resulting change in fluid flow structures around the SEPDC.
Similar to the results of Bianco et al. [11], achieving an exact quantitative match between the 3D and 2D
analyses was not completely possible. This approach however leads to the obtaining of a 2D model which
gives a good approximation of the 3D results in a solution time that is approximately 250 times faster. An
aircraft thermal engineer can therefore test multiple different configurations before running a detailed 3D
analysis.
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Figure 10: Numerical contour plot of steady-state T for config. 1 (a) 2D (b) adjusted 2D

5. Conclusions

Overall, it is clear that there is a complex thermal and flow field present in the crown compartment, even
within the small range of boundary conditions applied and with only two pieces of dissipating equipment
located in the compartment. This highlights the reason detailed study of confined compartments is necessary
to improve prediction of the global thermal model and to improve thermal management of avionic equipment
placed in these areas. This type of detailed analysis should be expanded to take into account the greater
range of possible thermal boundary conditions, i.e. lower Ty, higher Tj, or variable q”, so a complete
picture of the heat transfer taking place inside the compartment is known at any time. Furthermore, this
type of analysis should be undertaken for the other confined areas of the aircraft as similarly complex thermal
and flow fields would be expected.

There is some potential to optimise the positioning of the equipment inside the compartment by placing
them in areas with a higher rate of heat transfer, i.e. close to the colder inlet flow, or by improving
the mixing of the inlet air jet with the warmer air in the upper section of the compartment. This can
help improve equipment reliability by reducing the risk of them being exposed to temperatures outside
of their safe operating range. By applying an enthalpic correction to 2D models, it was found that good
approximations of the 3D models could be obtained in a significantly reduced solution time. This can aid
aircraft thermal engineers in speeding up the optimisation process allowing them to run a greater number of
less computationally expensive models to identify potential configurations before conducting more detailed
analyses.
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