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ABSTRACT OF THE THESIS
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The problem of foced convection in a cavity igery well know and widely studied problem in
the field of fluid mechanics. Numerous numerical techniques are present in literature which
successfully simulaténe fluid flow in a cavity upto a certain degree of accuradjis present
study is inspired by the physical phenomemdrfire in a ventilated aircraft cahirrluid flow
inside a cavity is simulated numericalind theboussines@pproximation is considered in all the
simulations The governing equatiorend boundary conditiorasre solved using a commercially
available code, namely Ansys FlueBenchmarking is done by solving the classic problera of
differentially heated two dimensional encloseabity. In first part of this studya rectangular
cavity with vents is consideretileat flux is applied to the bottom wall of the cavitihe inlet
velocity and the heat flux applied are consideredparameters in the simulatioBifferent
configurations of the cavity are considédgy changing the location of the inlet and outlet vents.
The simulationgun are lamirar as well asteady state in natur&@he effects of buoyancy for
varying heat fluxes are considered in det@ibmparative studies are done to find the best
configuraton in terms of heat removallhe second part of this study involvie numerical
simulation of forced convection intavo dimensional aircraft fuselageosssection with contains

two seatsThe seats are modelled as zero thickness walls terd@eraturgradient is created by



applyingheat fluxto them The simulations are transient as welt@dulent in natureDifferent
configurationsof the crosssectionare consideredrhe velocity vector fields and the temperature
contours are studied in detaiComparative studies are done to diithe most efficient

configuration forheat removal
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1. INRODUCTION

Fire in the air is consided as one of the most dangerdaitsiations that a flight crew can
be faced within anaircraft. Without aggressivand immediaténtervention by the flight crew, a
fire on board an aircraft can lead to the catastrophic loss of that aircrafihaitrery ort period
of time. Orce a fire is selsustainedit is unlikely that the crew can extinguish it. The most
common types onflight fire are as follows15]
Engine Fire

An engine fire is normally detected and contained satisfactorily by the airceaft fir
detection and suppression sysserhlowever, in certain casesg. an explosive breakup of the
turbine, the nature of the fire is such that onboard systems may not be able to contain or
extinguish it. It may spread to the wings and fuselage.
Cabin Fire

A fire inside the cabin can usually be classified as a cabin fire. This type of fire is usually
detected by the cabin crew or passengers and can be controlled or extinguished at an early stage.
It is advisable to land the aircraft as fast as possiblecang out a detailed examination of the
cause of the fire and the extent of the damage.
Hidden Fire

A hidden fire can be detected by the onboard fire detection systenty dhe
crew/passengers in the form of smoke or a hot spot inside the fuseteeype is the most
dangerous type among the three as they are difficult to locate and access in order to control them.
If not controlled as soon as possible they can do extensive damage to the aircraft and can lead to
loss of life and property.

A survegy of commercial jet aircraft accident data shows thatflight fire
wasresponsibldor the fourth highest number of dooard fataliies and was the seventh

mostfrequentcause of accidents in 200&ccording to the FAA, in the casé an inflight fire



édel aying the aircraft's decent by only two

asuccessfulanding and evacuation, and a complete loss of the aircraft and its occufadts."

Hence it is of paramount importance to study the natupgagfigation theflow involved during

an inflight fire. In broad termstiis done in the followingvays:

1. Numerical simulation of the Navier Stokeguations along with the energy equations.
Since most fires are turbulent in nature this is a computationallgnsige process.
Recent developments in the field of computational fluid dynaftikesbetter models and
advances in parallel computing have made this method much easier and highly reliable.

2. Scaled and full scale experiments performed in a controlled mganerally in labs or
in the outside environment. These experiments are usually traimsieattre. The helm
get accurate data regarding the temperature and velocity profilésviety expensive
and time consuming to perform.

3. Zone modelhave beerused for quite some time to simulate a fire in an enclosure. A
zone model is a computer model that divides the domains/s in question into different
control volumes or zoneShe most common zone modelssigit a domain into two

zones, an upper hot zonedaa lower cold zone. The sk stratifies into twaistinct

layers. Layers are assudi® be uniform throughout.
1.1LIT ERARY REVIEW

The problem of heat transfer in a cavity isvall-known one and often has benchmark
solutions. It has been studiectensvely by many fluid dynamists Mamun Molla (et all) [1
numericallysimulate a 2D unsteady natural convection laminar flow in a square cavity. The
square cavity consists of insulated top and bottom walls, uniformly heated left wall and a
uniformly cooledright wall. An upwind finite difference method and SOR iteration technique
was used to discretize the 2D incompressible NS equations. The effect of buoyancy was also take

into account. Effect of heat generation awalying Rayleigh numbers on streamlinesmd



isotherms wastudied. Patterson (et all)][2onsideredh closed rectangular 2d cavity. The upper
and bwer boundaries wenmsulated. Atemperature gradient wagpplied between the left and
right walls. The autharalso incorporatethe bousinesq aproximation. Cavities of aspect ratios
less thanl wereconsidered. A detailed analysis of thdoeity and temperature fields wasne
with changing Rayleigh and Reynolds numb@iisey concludd that for fixed apect ratio and
Pradtl number and increasinga number the flow changes from conduction dominated to

convection dominated.

Nilesh (et al) [3 conducteda comparative study of the fluid flow with bairseq
approximation and tempsture dependent properties.téo dimensionalenclosed rectangular
cavity was consleredwith two opposite walls having temperature gradient. They \&tithe
Rayleigh numbr fromp 1tto p 1. They found that the average Nusselt number is 10 to 15 %
higher for the Temperature depend case. The peak value of x velocity and y velaaitylower
by 4 to 18 %. Howeer the temperature profiles wemot much different. In terms of
computational resources they required 30 % higher for the temperature dependent simulations for
steady state and 120 to 150% for transient simulatleeg. (etall) [4] conductedan experiment
to study the fluid flow in an enclosed cavity. In their setup the two vertical walls were kept at
constant temperature (above the rest of the setup)edperiment was transient in natusn
oscillatory approach to theestdy state temperature distribution was notiddte temperature
values fluctuated with high frequency near the walls of the cavity, where the boundary layers

discharged into theavity.

Ajay (et all) [ studiedthe internal flow in a cavity by providingelocity at the top wall
and a temperature gradient between opposite walls. Flow visualization was done using
Thermochromic Liquid Crystals (TLC). They conducted the experiments by vahgrngrashoff
number betweep 1to p T The variation was acéved by changing the depth of the cavity and

the temperature gradient applied. They concluded that heat transfer within the cavity is



independent of G ‘Qin the range of 0.1 to 100Torrance (et all) [Fconducted a numerical
simulation of fluid flow n a lid driven cavity. The effects of buoyancy were also considered. In
their simulations Pr number and Reynolds number were kept fixed to 1 and 100 respectively. The
simulation was performed for varying cavity aspect ratios and Girfaghiofibers. Numerical
accuracy and convergence of the numerical scheme was also reported. An interesting
investigation was done ghanafer (et all) [Y with regard ¢ the effect of surrounding iopen

ended enclosures. The authors performed 2D and 3D simulations of opensendedes for

various Nusselt numbers.

Vahl Davis (et all ) [ perform a numerical simulation of natural convection between
concentric vertical cylinders. The results were obtained for various Rayleigh numbers of up to
p 1and Pradlt numbers in thrange of 0.5 to 5. The aspect ratio and the radius ratio were also
varied from 1 to 20 and 1 to 4 respectively. They noticed a flow s&lvar Rayleigh numbers of
p mand p 1. The velocity and temperature profiles were also studsaintoux (et &l [9]
consider the case a fluid floim a inclined cylinder which wadifferentially heated. Theffects
of inclination angle of the cylinder on the fluid flow westeidied. ® numerical simulations were
carried for varying Rayleigh numbers. For inclioatiangle of 9@egreegwrt to the vertical) the
numericalresultswere compared with the analytical resuftkeywere found to be in agreement
till about Ra numbers of 6000. After that the numerniealltsdeviate from the analytical results.
Theresuls werefairly in good agreement as they diéerby less than 10 % on the maximum
values at inclination angles between 120 degrees and 150 degrees. A datlifsidof the flow
at various inclination angles and Ra numbers was condudttnson (et d)) [10] obtaired a
solution of the steady state Navier Stokes equations in 3D by numerical methods for natural
convection in a rectangular cavity as a result of differbrsiide heating. This problem had
previously beenreated as though it was 2Dhe Baissinesq approximation has been applied to a

viscous incompressible fluid. The simulations were carried out for varying Aspect ratios and



Rayleigh numbersTeodosiu (et all) [1Lperformed a numerical simulation of flow in a cayi
with an internal heat smce In their setup they hadonsidered conduction, convection and
radiation from the walls of the cavity. The realizable k epsilon model was used to model the

turbulence inside the cavity. Their numerical maagleedvith the experimental data.

Constatine (et all) [12 performeda full scale fire tests to simulate an aircraft posish
environment. The toxicityevels produced by burning of seats and other material inside the
aircraft were also studied. The tirteken for flashover was also studiedhelr setup consists of
an aircraft fuselage which is divided into three portions, the interior which includes the cockpit
and avionics, furnished section which includes the seats and the unfurnished section which is
mostly empty space and is near the d@fthe aircraft. In their setup the seat closet to the fuel
source was first ignited, which is generally the case in aircraft fires. After some time the observed
fire below the smoke layer remains localized and a two zone model persists until flashover. The
toxicity levels before and after flashover is studied in detail. They found that the most important
toxic gas produced bg cabin fire is CO. A interestingresult is that incapacitation caused by
exposure to toxic gases which are produced by flashovesk@vn to become more dominant as

the distance from the fire origin increases and the closer one is to the floor.

Patel (et all) [1B perform a CFD analysis of the inflight fire that brought down the
Swissair Flight 111 into the Atlantic Ocean. Accordiaghe crash investigation report, electrical
arcing in the ceiling void cabling was most likely the cause of the fire. The autharshese
SMARTFIRE CFD software to predict the possible behavior of airflow as well as the spread of
fire and smoke whin the aircraft. The code uset unstructured meshes to model irregular
geometries. The solution was obtained using the SIMPLE algorithm. The results were obtained
for two types of events namely pre fire and postsh. All the simulations performed were
transient in nature. This would be the first time when a fire model was used in an air crash

investigation. This shows that CFD based fire analyses as a cost effective approach to



investigating complex flow scenarios and can be coupled with experimentalodgtd very

accurate results.

2. MATHEMATICAL MODEL

Navier Stokes Equations in 3B Cartesian coordinates|4]

[90] ) g 0
S0 Th 1oy
Qo Qo Tw Tw
Continuity Equatioris given as
T_H T ” O n
To Tw

Where

0 Representthe velocity vectocomponentn the'Q direction
" Representthe density of the fluid

r Representthe pressure

"QRepresentthe gravity in théQ direction

2.1 BOUSSINESQ APPROXIMATIONS

The Boussinesq approximation can be applied to a flow problem if the velocity of the
flow is small, if not shock waves in the flow are considered, the vertical scale of the flow is not
too large and the temperature differes in the fluid are small. In this approximation density

changes due to temperature difference alone are considered.



2.2REYNOLDS AVERAGED NAVIER STOKES EQUATIONS

The continuity equation takes the form[&4]

o T
The momentum equation takes the form as
X Piag ep tow
Oo
Where
" Represents a constant
The energy equation takes the form
O—TY Y
00

(B Y O
n 0 N
Y Y Y

Where
"y ,0, ,"Yrepresent the mean velocity, pressure, density and temperature respectively

o0, ,” ,"Yrepresent the fluaations of velocity, pressure, density and temperature respectively.



o ,7,”, Yrepresent the sum of mean quantities and their respective fluctuations

Consider thdoussines@pproximation of the Navier Stokes equation

15 106228 p 17 m 1T
o Te " e & p | Y Y 2] f o
10
o
4 _ZT_Y Y 1T 6z2°Y 1Y
To %t To To T

Consider the continuity equation

Substituting the above and taking the average we get

T? T 0
Tw Tw
Which gives
6 17Y
Tw

Consider the Momentum equation

Substituting the above and taking the average we get
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Upon adding we get
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This can be written as
Y 1Y . =, . p_TT
o Ve L )
Or
Yoo Y _ 0 ‘Y "85 7o
T T <& p Y Y oz ,,BZT J Cub




Where
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Consider the energy equation

Substituting the above and taking average we get

Equation for the mean flow's Kinetic Energy per unit mass where

© a7y
q
Energy budget equation f@is

N 7z _ ~

_ _ 1T v=v, GV 60y
ro .,,10
Yz_—

T o Tw

10
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Where

— "Yz — Represents the Time rate of chang®©dbllowing the mean flow

Represents the transport of mean kinetic energy by pressure, viscous

stresses and Reynolds stresses

d "Y"Y Represents the directseous dissipation of mean kinetic energy via its conversion

into heat

0 0 — Represents the shear production term

—7"Y Represents the loss to potential energy

Energy budget equation félis

! " d o] Poo

To Tw To

Where

— Yz — Represents the time rate of chang®fdllowing the mean flow
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&y Z - —a0
et - ~
G O Represents the spatial transport of turbulent kinetic energy via

turbulent pressure flugations, viscous diffusion and turbulent stresses

g Y Y Represents the viscous dissipation of turbulent kinetic energy

0 0 — Represents the shear production term

"Q6 "Y Represerst the buoyant production

23k-U MODEL

To solve the closure problem presents by the Reynolds Averaged Navier Stokes (RANS)
equations various models are used to model the nature of turbulence. The k epsilon model is one
of the most common turbulence mixeised. It involves the addition of two extra transport

equations model the nauof turbulent flow.

First equation is as follows

;1,10 .
T_ *YZE $ - 6_6_11
T O Tw Tw Tw
Second equation is as follows
. .
r- ”YT_' n 1O 6 quz 6 z - T
T o w Tw To D
-ogYy
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Where
QRepresents the mean kinetic energy of the turbulent velocity fluctuations
- Represents the viscous dissipation
T Represents the eddy viscosity

6 ,6 ,, ,, arethemodel constants whose default values in Ansys Fluent are , 1.44, 1.92,

1.3, 1.0 respectively

Generally the k epsilon turbulence model is for initial testing before experimental
analysis is done. It requires comparatively less computational resources @araexhrto other

turbulence models. Overall, it is sufficiently accurate and versatile for many turbulence problems.

3. DIMENSIONLESS NUMBERS

Reynolds Number

The Reynolds number is defined as the ration of inertial forces to viscous[fi@tes

‘0t Q1 "OEAGHQ

YQ ————r7r—~ .7,
W QI WONIT v Qi

Where
" ,w, ,' Represents density, velocity, characteristic length and dynamic viscosity of the fluid.

Grashof Number

The Grashof number is defined as the ratio of theyéoy to viscous forces acting on a fluid

[19].
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"Oi

Where

Q1 ,"Y,"Y , 0,7 Represent the acceleration due to gravity, volumetric thermal expansion
coefficient, surface temperature, bulk temperatureracitaristic length and kinematic viscosity

of the fluid

Nusselt number

The Nusselt number is defined as the ratio of the convective heat transfer to conductive heat

transfer{19].

5 S

Where

"0, 0, "ORepresent the convective heat transferraittaristic length, and thermal conductivity of

the fluid.

Dimensionless Temperature

The dimensionless temperattifeis defined as follows

VAR

uv -
0z0]Q

Where

"YHY Represents the physical temperature and the ambiapetature respectively
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"Of) FQRepresents the characteristic length, heat flux applied and the thermal conductivity

respectively

4. NUMERICAL MODEL

The first part of this studgonsists of numerical analysis of forced convection in a 2D
cavity. Congder a 2D cavity of aspect ratio 4, this value has been considered as the common
aspect ratio among aircraft fuselages is between 3 Théinlet and outlet vents are located at
opposite walls of the cavity. The vents are 0.1 meters wide. The walls cdiig are adiabatic.
Heat flux is applied to a part of the bottom wall. The lengtlwhich heat flux applied is 0.2
meters Different cases were simulated by varying thetiRe from 30 to 1000 and the héax
from 300 wja to 800 wj & .All the simulations are steady state in nature. The fluid
considereds incompressible and Newtonian and th@ussinescapproximation is considered.
Threeconfigurations are considered in this study
The first configuratiorinvolves the inlet vent to be at the bottom and the outlet vent to be at the
top. The second involves the inlet and outlet at the bottom of the cavigylast configuration
involves both the vents to be on the same wall of the cavity. The schematiordiaagea given

below

0.20

0.25

0.10
T
1
0.10

0.20 J‘
1

Figure 1Laminar flowconfiguration 1
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Figure 2Laminar flowconfiguration 2

0.20 } T

0.10

0.10
0.25

0.20

Figure 3Laminar flowconfiguration 3

The second part of my thesis consists of numerical analysis of forced convection in an
aircraft fuselageThe 2D cra@s section is modeled after the Cessna J1 business jet, which is a
commercial passenger jet. The cross section of an aircraft fuselegesidereds seen from the
fore of the aircraft. The radius of the fuselage is taken as 0.7 nBt@rsseats are caidered
inside the fuselage. The seats are modelled as walls with zero thickdedmatic conditions are
applied to all the walls of the aircrafthe dimensionsf the seats are as follows 0.4x0.2
meters The seats are Orheters apart from each othEire is simulated by applying heat flux to
the seats. Inlets and outlet vents are situated at opposite walls of the fuEeéaneet and outlet
vents have an opening of 0.1 met&he ventsimulatethe ventilationor the air conditioningn

an aircraft The cases were simulated for Re 3000 and 6000. The heat 8ppéed are 1000 and
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2000 Wa respectivelyAll the simulations are transient in nature. The fluid considered is
incompressible and Newtonian. Theussineg approximation was also consideretdhree
configurations are considered in this study

In the first configuration the lat and outlet vents are situated at the bottom. The second
configuration has the inlet vent at the bottom and outlet vent at the top. The third configuratio

has both the vents at the top
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Figure 5Turbulent fow configuration 2



18

RO.70

0.10
gt
‘OIO

0.20

0.65
0.40
0.65

Figure 6Turbulent flow onfiguration 3

5.BENCHMARK SOLUTIONS

The numericemodel is benchmarked using [2The setup consists of a two dimensional
enclosed cavity which a temperature gradient on opposite walls. Adiabatic comlajgplied to
the remaining two. An incompressible Navier Stokes equation withdbgssines@gpproximation
is considered inside the enclosed cavity. The simulation igeddor Rayleigh numbersf p T,

p mandp 1. The velocity and temperatupgofiles are compared with I2 The results are in

good agreement.



Figure 7Streamlinest Ra ofp 1

Figure 8Temperature contours at Rapfr
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Figure 9Streamline contours at Ra pf1t

Figure 10Temperature contours at Ramfrt
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Figure 11Streamline contours at Ra pft

Figure12 Benchmark Streamlines at Rgp=t, p 1, p Ttrespectivelyj21]

6. GRID INDEPENDENCE

Grid independence has been shown by initially taking 36000@h&md50000numbers
of elements forcorfiguration 1(laminar) forRe of 1000 and heat flux of 800/m2. The area
weighted average velocity and the temperature values at the outlet and centerline of the cavity

have been taken to ensure grid independence. The values are given below.
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Number of | Average velocity | Average velocity] Average Average
elements | at outlet at centerline temperature at temperature at
outlet centerline
36000 0.0735 0.033 320.485 313.472
45000 0.0738 0.033 320.485 313.472
7.RESULTS

A detailed analysis of the heat flow incavity is performed. The flow velocities and
temperatte profiles at the outlet and centerliae plotted. Acomparativestudy is performed for
different cavity configurations. The results are as follows.
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Figure 13Plot of x component of velocity vs det curve length for configuration at various
Reynoldsnumber and heat flux of 5@0j &
The above figure is a plot of the x component of velocity at the outlet vs the outlet curve length
for configuration 1The data is plotted for increasing Rey®hunber when a heat flux of 500
wj & is appied tothe bottom wall. Initially for lower Re number there is flow reversal at the

bottom. This is due to buoyancy where the hot air exiting from the outlet rises above towards the
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top and this leads ta pressure difference at the outlet. The outside air enters from the bottom. As
the Re increases less amount of air enters the cavity form the surroundings until flow reversal

isn't present anymore.
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Figure 14Plot of T* vs outlet curve length of cogfiraion 1 for heat flux of 50@ ] &

The above plot is of the Dimensionless temperature T* vs the outlet curve length for
increasing Reynolds nurabs. A heat flux of 50@ ] & is appliedto the bottom walllnitially
low Reynolds numbers flow reversal occurs at the oatfethence the ambient air enters the
outlet at 300 KThis can be seen in the plot where initidltyis zero and increasegeadilyat the
top of the outlet. The high temperature exits from the top of the outlet as can be seen from the

plot. As the Re numbeéncreases the flow exits the outlet with an almost uniform temperature.
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Figure 15Plot of T*(dimensionless temperature) vs outlet curve length for laminar configuration
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Figure 16Plot of x component velocity vs outlet curve length for kzamniconfiguration 1 at

Re=500
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The above plots show thecomponent of outlet velocity and the dimensionless temperature wrt
the curve length for the first laminar flow configuration. The trends are studied for Reynolds
number of 500 and increasing helixés from 300w j & to 800w j & .The plotsindicatea

very similar pattern. Although the heat flux applied is increased the outlet temperatures remain

almostsimilar, which indicates that the temperature of the casiipdéreasing steadily.
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Figure 17Plot of T* vs centerline curve length for configuiati1 for a heat flux of 500 j &

The above is a plot of the dimensionless T* vs the centerline curve length for incrBasing
numbers. As can be seen thenperaturéncreases from the top to the lwott The temperature is
maximum at the bottowhere the heat flux is applied and is almost 300 K at the top. The
temperaturelecreaseat the bottom for increasing Re which is obvious as more amount of heat is

removed.
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Figure 18Comparisorof Nusselt nmbers of configuration 1 and 2 for varying Re

Figure 19Plot of the physical temperature vs heat flux for all the laminar flow configurations



