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ABSTRACT 

 

 

 

A model for predicting the hangar airflow on the aircraft exterior and interior is 

presented. The objective was to analyze the amount of air flowing over and inside the 

aircraft at the time of painting, in order to dry the paint effectively and to avoid possible 

hazardous effects on the painting crew. A 2D model was simulated for the exterior 

airflow. Five different sections of the aircraft were considered in simulating the exterior 

airflow. The angle at which air flows from the diffuser was varied as 00, 22.50, 450. 

Optimize the air distribution in the hangar area for effective drying and minimal 

contamination by paint particles. It was evident that the distribution of air along the 

aircraft exterior was more effective at angles of 00 and 22.50. At 450 the airflow was 

directed away from the aircraft resulting in the circulation of air inside the hangar area. It 

was concluded that the diffuser can be remodeled in such a way that center of the diffuser 

is at 00 and 22.50 towards the corners in order to distribute air evenly into the hangar area 

for effective drying of the paint.  

The drying of paint on fuselage depends on the airflow from the outside through 

strategic openings. A 3D model of the aircraft was developed with open airflow passages. 

The analysis was conducted for 7 different scenarios where in the pilot and rear doors 

were closed randomly. The analysis identified the best scenario for uniform distribution 

within the aircraft. Two major constraints were to maintain a minimum velocity of 

100fpm throughout the inside of the aircraft and 12000 cfm of air at each exit (dog 

houses). The study showed that an external airflow distributed at 00 and 22.50 provided 

the best scenario for the airflow inside with all doors open. 
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CHAPTER 1 

INTRODUCTION 

 

Aircraft fuselage painting with an enclosed hangar area has been a challenging 

issue for many years now. There is an urgent demand for effective painting on aircrafts 

due to stricter health and environmental regulations. Generally each hangar area is 

divided into two or three sections by means of thick curtains in order to paint more than 

one fuselage simultaneously. In order to dry the paint effectively, heating ventilation and 

air-conditioning systems in the hangar area need to be designed with minimized diffusion 

of paint particles and optimized air flow pattern. If the circulation of air within the hangar 

area is inconsistent the paint particles tend to circulate along with the air instead of proper 

venting of the paint particles. This in turn may be hazardous to people working in the 

hangar area. In order to overcome these issues, the present work deals with the design of 

an HVAC system that can effectively dry the paint on the aircraft exterior and also 

remove the remains of paint particles through the grilles.  

Effective drying of the paint with minimal spraying of the paint particles to satisfy 

the health concern of the painting crew is the major challenge in order to protect the 

painting crew from the hazardous compounds. Although paint drying applications on 

aircraft exteriors can be easily carried out, the same on the interior is an extensive work. 

The difficulty arises due to the need for directing the air flow through the fuselage doors 

into the aircraft and venting of air through the dog houses. In general a minimum of 

12000 cfm (5.64 m3/sec) is required to be vented through the dog houses.  
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1.1 Objective 

 CFD design of supply air system allowing reduced airflow and significant energy 

savings 

 Model a comprehensive hangar airflow in CFD 

 FLUENT and GAMBIT are the CFD software's used for this purpose. 

 GAMBIT is used for modeling and FLUENT is used for analyzing. 

 Determine a suitable velocity at which airflows over the fuselage in order to dry 

out the paint. 

 Identify the best scenario in which air is uniformly distributed within the aircraft. 
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CHAPTER 2 

BACKGROUND AND LITERATURE REVIEW 

 

2.1 Hangar Airflow 

A hangar is a storage place for an aircraft protecting it from severe weather 

conditions. It is also used as an assembly area or as a repair shop. Figure 1 represents a 

crosssection of a hangar area [1]. The air flow is supplied through a HVAC (Heating 

Ventilation and Airconditiong) system in the hangar area. The HVAC system has a duct 

system laid along the ceiling and the air flows through the diffusers at the ceiling level. 

Grilles are placed at the floor level to capture the air that flows down the hangar. The 

hangar area is split into three regions such that three aircrafts can be placed for the 

purpose of painting. The three regions are separated with curtains between them which 

act as walls in between the aircrafts. 

 

Figure 1. Representation of Hangar cut crosssection [2]. 
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2.2 Aircraft Model 

The model for which the simulation was run is a typical large commercial aircraft. 

This model has two pilot doors, two escape hatches and two rear doors on each side of 

the aircraft. The two doors to the cargo section of the aircraft are the doghouses. Figure 2 

represents the interior arrangements of a fuselage model.  

 

 

 

Figure 2. Interior Arrangements of a Fuselage Model with all Doors [3]. 
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2.3 Effects of Paints on Aircraft Painters 

Hexavalent chromium is the chief compound that is used in aircraft paints, dyes, 

strippers etc because of its protective and anticorrosive characteristic [4]. Chromium in 

Hexavalent form is a carcinogen. Exposure to hexavalent chroimium for a prolonged 

period of time leads to several health hazards like lung cancer, irritation of throat, nose, 

eyes and skin; OSHA has set standards for the chromium exposure limits [5]. Effective 

drying of paint accompanied with minimal emissions of the paint particles is very 

important in order to protect the painting crew from the hazardous compounds. The air 

flow over the fuselage exterior and interior should be proper so that paint particles will 

not distribute haphazardly in the hangar area. 

2.4 Literature Review 

A numerical experiment was carried out by Wang et al.[6] to determine the flow 

around a cylinder at various Reynolds numbers. The study used a coarse grid for laminar 

boundary layer and the characteristics were not clear. Also the computational results were 

inaccurate at higher Reynolds numbers. A model for two-dimensional flows over a 

cylinder was examined in order to model a transient and steady state flow. This CFD 

analysis conducted by Nayfeh et al. [7] calculates the steady state flows based on the 

Reynolds-averaged Navier-Stokes equations. This model validates the steady state 

simulations for three types of flow as in low, moderate and high Reynolds number flows. 

Arthur and Moin conducted numerical studies of flow over a cylinder at high Reynolds 

number using the large eddy current simulations [8]. In this work, the velocity 

fluctuations calculated numerically were in mutual agreement with the experimental data.  
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Lei et al. [9] determined a finite difference solution for shear over a circular 

cylinder.  The shear flow was calculated for Reynolds numbers between 80 and 1000 

with shear parameters up to 0.25. The transverse force was acting from the high velocity 

side towards the low velocity side in shear flow. Calculations resolving turbulence were 

performed by Hasen and Forsythe [10] on the flow over a circular cylinder using 

unstructured finite volume solver Cobalt. They investigated the performance of 

unstructured grids for turbulence such as LES and DES. The recorded turbulence was in 

near agreement with the experimental data. But grid convergence was never achieved due 

to the usage of unstructured grid. King [11] used a potential-flow sink source technique 

to model flows around aircraft fuselage shapes. He showed that the flow of air in any 

plane can be reasonably approximated using an axisymmetric model. He also deduced 

that air flow can be determined with size of the fuselage radius for a few fuselage radii 

from the nose. Airflow velocity and cloud water contents were measured from selected 

positions around the fuselage of an F-27 aircraft by King et al. [12]. The measurements 

for airflow were in reasonable agreement with [11] for propeller inflow region. The 

enhancement factors calculated in [11] were quite reasonable and corrections were made 

in [12] to allow for sampling errors caused by fuselage related flow distortions. It was 

also understood that fuselage was not an ideal location to place direct sampling 

instruments. Earlier works of King that gave generalized rules for determining 

trajectories if water droplets around the aircraft fuselage have been extended to cases 

with arbitrary shapes in [13]. Fuselage radius and stroke number were the major 

parameters used to determine the trajectories. These are used to calculate the water drop 

size for particles of arbitrary shape and density.  
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Darvin et al.[14] demonstrated the recirculation of air and flow portioning in a 

paint spray booth. They have studied that recirculation is an option to reduce the volume 

of air from a paint spray booth. It was determined that upto 90% of the entrained 

pollutant was captured in the booth. It was also a cost effective method to permit 

recirculation to control the spray booth emissions.  It was studied that industrial hygiene 

issue was significantly reduced using the spilt flow technique since the pollutant mass 

generated was captured and discharged through the discharge emission stream. It was 

also indicated that with the use of recirculation a spray booth could be operated with a 

significantly reduced flow discharge. The issue of reducing the discharge of volatile 

organic compound emissions to the atmosphere had been a pressure to spray painting 

facility [15]. Darvin et.al conducted an experiment for a period of one month to confirm 

the achievement of predicted recirculation and exhaust stream concentration levels. 

Wander et al. [16] investigated the maintenance of the hangar area supporting B-1B and 

KC-135 aircrafts for recalculating the air through the ventilation system.  They studied 

the design and function of the hangar with emphasis on the ventilation system and 

methods to reduce energy costs. This paper also deals with general interest for 

organizations considering the installation of an aircraft painting facility. A demonstration 

of split flow and recirculating ventilation was given by Hughes et al. [17] as a safe and 

cost effective method of reducing paint spray booth exhaust flow rates to lower costs. 

This work was extensively done in order to condition the intake air as well as controlling 

the volatile organic compound emissions in the exhaust air. A cost effective method for 

ventilation of a large aircraft painting facility at Robins AFB, Georgia was given by 

Wander et al. [18]. The Robins AFB personnel followed a series of steps to establish an 
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80% recirculation of ventilation air to satisfy the design of the painting area at Georgia. 

This paper also identifies documentary precedents to design paint facilities in the future 

that are competent. It was also demonstrated that the recirculation rates proposed in this 

paper will not increase the worker exposure to paint particles beyond that present by 

engineering and administration controls that existed then. Tsuruta and Kojima designed a 

layout of ducts and support systems that made up the HVAC systems base on Japanese 

Industrial Standard (JIS) [19]. The HVAC system was designed to support the hangar 

conforming to standards of high-rigidity design. It was understood that hangar systems 

were problematic due to their structural weakness. In order to overcome this, they tried to 

increase the length of the duct support span in order to lighten the support structures. The 

main task of this paper was to conduct experiments performing duct element tests to 

study rigidity and strength. 

Numerical investigations of airflow distributions inside aircraft cabins were given 

by Singh et al. [20]. A CFD model for aircraft cabins was modeled to determine the 

velocity, temperature and turbulence kinetic energy profiles at two cross sectional planes 

of the cabin. Bosbach et al. [21] investigated the airflow in a generic airplane cabin 

through numerical simulations using Reynolds averaged Navier-Stokes computation. 

This work was conducted experimentally as well with particle image velocimetry 

technology. This paper tested the ability to describe turbulent velocity fields at various 

Reynolds number with special attentions to the airflow in the luggage compartment. 

Investigations were carried out both experimentally and numerically on airflow through 

aircraft cabins by Gunther et al.[22]. As in the previous paper, particle image velocimetry 

was used for experimental investigation and Reynolds-averaged Navier-Stoke 
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computations were used for numerical simulations. This study deals with fresh air flow in 

the vicinity of the luggage compartment. They also indicated that at high Reynolds 

number turbulence models were best suited to predict the complex 3D cabin airflows. A 

full size five row section of a jumbo aircraft cabin was constructed and experimental 

investigations were carried out in order to determine the airflow patterns and air velocity 

within an aircraft cabin [23]. VPSV (Volumetric Particle Streak Velocimetry) was used 

by Sun et.al to measure the air flow and velocity profiles. This paper discussed the air 

velocity measurement procedures experimentally. 

Zang and Chen [24] investigated the air distribution systems design for aircraft 

cabins and proposed an under-floor displacement air distribution system and a 

personalized air distribution system. The above study validated a CFD model with 

experimental data of airflow and air temperature from an environmental chamber. This 

CFD program was used to determine the distribution of air velocity and CO2 

concentration in a section of Boeing 767 aircraft cabin. It was concluded that 

personalized air distribution system was best suited for air quality. A large number of 

parameters influence the quality of airflow inside an aircraft cabin simulated using CFD 

[25]. These parameters included correct type of mesh, turbulence and radiation model. A 

3D model of airflow inside aircraft cabin was has been shown in this paper [25]. A study 

on airflow and contaminant transport in airliner cabins was done by Zhang et al. [26]. 

This paper showed the results including experimental and numerical simulations of 

airflow and contaminant transport. The numerical simulations were in good agreement 

with the experimental measurements, although accurate validation was challenging and 

difficult for complex cabin environments. A specific project was undertaken to check the 
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contaminant transport in airliner cabins [27]. The objective was to explore deficiencies of 

CFD to develop accurate models of the air distribution systems and transport phenomena 

in aircraft to determine the contaminant fate in aircraft cabins. Zhang and Chen [28] 

investigated the ventilation systems in commercial aircraft cabins in order to provide 

healthy and comfortable environment for passengers and crew. They used a Boeing 767 

airplane to validate the ventilation system design using a CFD program. Their results 

showed that personal ventilation system was very effective to avoid infectious diseases 

but could create temperature stratification. The effects caused by moving crew and 

passengers on airflow inside aircraft cabins were studied by Mazumdar and Chen [29]. A 

CFD model of the airliner cabin geometry was used. Their results indicated that flow 

disturbances created by moving persons were fairly local. It was deduced that 

instantaneous contaminant concentration was detected at the ceiling center inside the 

cabin when a moving person creates a longitudinal flow. This flow damped off in few 

second when the person stopped moving. They did investigations on how the cabin 

conditions vary with the placement and response of contaminant detection in commercial 

aircraft [30]. With the use of sensors they analyzed the risk of chembio terrorism and 

airborne disease transmission can be easily reduced in aircraft cabins. A CFD model was 

used to address this issue in a four-row mockup of a twin-aisle airliner cabin.  

Kuhn et al. [31] investigated the forced and mixed convection in a full scale 

passenger aircraft cabin mock up. Particle image velocimetry was used for measurements 

conducted in the cabin. This illustrates that the flow field in aircraft cabins is affected by 

various parameters like fluid mechanical phenomena, ventilation settings and relative 

mass flow settings at the supply inlets.  A numerical simulation was done by Bianco et.al 
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[32] to determine the thermal and fluid dynamic fields in the cabin of an executive 

aircraft. A comparison of the 2D and 3D models of an executive aircraft cabin was 

conducted using transient analysis. The investigation provided results on models with 

inclined top inlets at an angle of 45o. The 2D and 3D model were in good agreement with 

each other. Padilla [33] conducted a research on particulate movement in a large eddy 

simulation chamber. This paper concentrates on basic comfort aboard an aircraft and 

possibility of contracting an illness. The objective of this paper was to collect mono 

dispersed particle concentration inside a half cabin test section with dimensions similar to 

a Boeing 767. This study gave a technique to determine the number of people exposed to 

accidental release of contaminants on an aircraft. Arun and Tulapurkara [34] investigated 

the flow inside an enclosure as a general model for airflow inside rooms and aircraft 

cabins. They deduced that geometrical configuration, supply and exhaust locations are 

important factors for flow characterization. They studied the effects of these parameters 

with RANS (Reynolds Averaged Navier-Stokes) equations for turbulence. A comparison 

of various CFD models for room airflow study was conducted by Sun et al. [35]. They 

used six different CFD models for this reason with PIV measurement data. The results 

obtained for these six models were compared with experimental data obtained using 

particle image velocimetry technology. Hailong et al. [36] measured the velocity and 

turbulence intensity profiles of airflow inside a section of a narrow body aircraft. As in 

previous papers PIV was used as an experimental technique for various measurements of 

velocity profiles.  

In all the above literature, either flow over a moving aircraft or recirculation of 

ventilation air in the hangar area was addressed. None of them investigated the effective 
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drying of paint over aircrafts. This topic is addressed in this research work as well as the 

design of an optimal HVAC system in the hangar area for effective drying of paint on the 

aircraft. For this reason a 2D model of the hangar area was modeled and analyzed for 

simplicity. The concept of paint drying inside aircrafts was never addressed in any of the 

above works. Though knowledge on airflow inside aircraft cabins was gained, none of 

the papers dealt with airflow through aircraft fuselage in hangar area. This has been 

addressed in this thesis, where a 3D model of an aircraft fuselage was modeled and 

analyzed for airflow. 
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CHAPTER 3  

NUMERICAL THEORY AND PROCEDURE 

  

3.1       Introduction 

 Steady state flow modeling was performed. For the flow analysis, laminar model 

and standard k-epsilon turbulence model were approached. The conservation equations of 

mass and momentum are solved using the finite volume method. The complete models of 

turbulence are two-equation models in which solution of two separate transport equations 

allows the turbulent velocity and length scales to be independently determined. The 

standard k-epsilon turbulence model falls under this category and it is widely used for 

practical flow modeling calculations. Here in this chapter brief description on finite 

volume method, conservation laws, types of grid generation and different pressure 

velocity coupling algorithms were discussed. 

 3.1    Finite Volume Method 

           Finite volume method was introduced by McDonald (1971) and MacCormack and 

Paullay (1972) for two-dimensional time-dependent Euler equations and later it was 

extended to three-dimensional modeling by Rizzi and Inouye (1973). In this method the 

computational domain was divided into finite number of contiguous control volumes. At 

each control volume center the variable values were calculated. Interpolation technique 

was used to show variable values at control volume surface in terms of center values and 

quadrature formulae are applied to approximate the surface and volume integrals. For 

each control volume an algebraic equation can be obtained which denotes the number of 

neighboring nodal values [37]. 
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3.2  Conservation Laws 

Since the analysis was done in 2D and 3D cylinder models the generalized mass, 

momentum equations are given in cylindrical coordinates in the equations mentioned 

below [38]. As the gravity and external forces are neglected during the analysis they were 

reduced to zero in the momentum equations. 

3.2.1 2D cylindrical coordinates 

 Conservation of Mass 

  
0










y
u

x
u

                                                                                                                     (1)   

As the flow is in the x direction, the component of y velocity will be neglected in 

both conservation of mass and momentum equations. The variable u represents the flow 

in x-direction and v represents the flow in y direction. Where  is the density of fluid and 

P is the exerted pressure by the fluid. 
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Conservation of Momentum 

    (6)   

 

  

(7)  
 

 

    (8)  
 

The above equations can be reduced pertaining to the given case. For this case the gravity 

term and temperature terms are neglected. Then it will become 

      (9)  
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The Continuity of mass and momentum equations with equations of turbulence   model 

are used for higher flow rate values. The following equation represents the turbulence 

model equations. 

Mbk
j

k

k

t

j
i

i
YGG

xx
ku

x























 




 )()(                      

(12)  
 











 2)31 ()()( CGCG

k
C

xx
u

x
bk

j

t

j
i

i






















               
(13)   

 

 

 02

2

2

2

2

21 TTg
z
u

y
u

x
uv

x
P

z
uw

y
uv

x
uu

r
u

x 


















































 02

2

2

2

2

21 TTg
z
v

y
v

x
vv

y
P

z
vw

y
vv

x
vu

r
v

y 


















































 02

2

2

2

2

21 TTg
z
w

y
w

x
wv

z
P

z
ww

y
wv

x
wu

r
w

z 

































































































2

2

2

2

2

21
z
u

y
u

x
uv

x
P

z
uw

y
uv

x
uu

r
u


















































2

2

2

2

2

21
z
v

y
v

x
vv

y
P

z
vw

y
vv

x
vu

r
v


















































2

2

2

2

2

21
z
w

y
w

x
wv

z
P

z
ww

y
wv

x
wu

r
w





 16 

3.3     Grid Generation  

  In computing numerical solution of the CFD problem, grid generation plays a 

very important role. A well-constructed mesh yields in attaining the eventual numerical 

computation. CFD requires the computational domain to be subdivided into number of 

grid cells. Designing a suitable grid is trivial. Mesh types are mainly classified into two 

types. One is structured mesh and the other one is unstructured mesh. Here in this chapter 

we will discuss the advantages and disadvantages of the mesh. 

3.3.1 Structured Mesh 

 If the geometry is simple and regular, then the grid follows a coordinate direction. 

The application of this kind of mesh has certain advantages and disadvantages. The 

advantage of such a mesh was in two dimensions where the points of an elemental cell 

can be represented with two variables (i, j) and in three dimension it is represented as (i, j, 

k). In 2D, the central cell is surrounded by four neighboring cells and in 3D six 

neighbouring cells surrounds the central cell. It helps in easy data management as there 

will be connectivity between cells that make programming easy. But the main 

disadvantage with this kind of mesh was for more complex geometries, as the increase in 

skewness that can cause unphysical solutions due to transformation of governing 

equations. 

3.3.2 Unstructured mesh 

 The use of this mesh has become more prevalent and widespread in CFD 

applications. Most of the commercial codes are based on this approach. In this the cells 

can be assembled freely in the domain. The typical shape of an unstructured element 

shape in 2D is a triangle and in 3D is a tetrahedron. Other elemental shapes such as 
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hexahedral and quadrilateral are also possible. Unstructured meshes are well suited for 

high curvature boundaries. The Figure 3 represents a structured and unstructured mesh of 

a cylinder. The disadvantage is unlike the structured mesh elemental cell representation 

(i, j, k), the elemental cell have an arbitrary number of neighboring cells attaching to it 

makes the data complicated.  

 

Figure 3.Schematic Representation (a) Structured Mesh and (b) Unstructured Mesh [37]. 

3.4 Algorithms 

Fluent provides four segregated types of algorithms 

1. SIMPLE 

2. SIMPLEC 

3. PISO (for time dependent flows) 

4. Fractional step method 

These are referred to as pressure based segregated algorithm. SIMPLE and SIMPLEC are 

used for steady state calculations.  
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3.4.1 SIMPLE 

The acronym of SIMPLE stands for Semi-Implicit Method for Pressure Linkage 

Equations. Patankar and Spadling developed it in 1972. It is been widely used in majority 

of the computational fluid dynamics codes. An assumed pressure field is used to solve the 

momentum equations. A pressure correction equation, which is deduced from continuity 

equation is solved to get a pressure correction field, which is later used for updating the 

pressure and velocity fields. This process will be iterated until convergence is achieved. 

3.4.2 SIMPLEC 

This is called as SIMPLE consistent. SIMPLE algorithm is the default one but by using 

SIMPLEC most of the problems in CFD will get benefitted mainly because the under 

relaxation factor will be increased. We can obtain convergence more quickly by using 

SIMPLEC particularly in simple models like laminar flow.  

Here in this analysis SIMPLE algorithm was approached. 
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CHAPTER 4 

BOUNDARY CONDITIONS 

 

4.1 Exterior Model 

The model for the exterior airflow analysis was developed and all the boundary 

conditions were applied. It was created in 2D with vertical flow assumed to be more in x-

y plane. The model for exterior airflow analysis is shown in Figure 4. For meshing a 

uniform staggered grid was used. The meshed geometry was then analyzed by using 

finite volume method. Steady state flow modeling was performed. There are 2 inlets at 

the top representing the diffuser from which air flows into the hanger area. There are two 

grills which are placed at the bottom at the floor level which represent the outlet.  In order 

to obtain the most accurate results the grid was made denser every time until grid 

independence was achieved. 

 Inlet – Velocity Inlet 

 Outlet – Outflow 

 Air  is the working fluid 

 At the wall u=v=w=0 (No Slip Condition) 

 Velocity of air passing out of the diffuser was fixed at 0.56 m/s [42]. 

 Air pressure drop through the floor grilles is 0.375 inches of water column. 

Properties of air which is used for analysis is mentioned in Table 1 

Property Value 

Density  (ρ)(kg/m3) 1.225 

Viscosity(µ)(kg/m-s) 1.7894x10-5 

 
Table 1.  Properties of air. 
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 The simulations were carried out  at five different sections of the fuselage 

   1.  λ = 1 

   2.  λ = 0.65 

   3.  λ = 0.47 

   4.  λ = 0.34  and  

   5.  λ = 0.26 

Where λ  is the ratio of diameter of the fuselage to the maximum diameter of the 

fuselage. 

λ = d/D 

 The angle at which air flows from the diffuser is varied for 3 different angles 

    1.  00 

     2.   22.50 and   

    3.  450 

                            
 

Figure 4. 2D model of the hangar area for airflow over aircraft exterior. 
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4.2 Interior Model 

 
In the interior air flow analysis the model was first created in CATIA and then it was 

exported to HYPERMESH where the meshing and boundary conditions were applied. A 

3D model of the aircraft was modeled in order to show the distribution of air on the 

inside of the aircraft. It is shown in Figure 5. The meshed geometry was then exported for 

analysis. The simulation for aircraft interior was more involved than exterior due to the 

requirement of a 3D model. There are 6 inlets representing the 2 pilot doors, 2 escape 

doors and 2 rear doors. In addition to this 2 more inlets are present as pilot windows. 

There are two exhaust doors present at the bottom which represents the outlet. 

 Inlet – Velocity Inlet :  1.5m/sec 

                                  :   1.2 m/sec for 2 pilot windows  

 Outlet – Outflow 

 Air  is the working fluid 

 At the wall u=v=w=0 (No Slip Condition) 

Scenarios with different Inlet conditions 

1. All doors open 

2. One pilot door closed 

3. One rear door closed 

4. Pilot door opposite to dog house closed 

5. Rear door opposite to dog house closed 

6. Pilot doors closed on both sides 

7. Rear doors closed on both sides 
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Figure 5.  Interior model of the aircraft. 
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4.3  Exterior and Interior Mesh Generation 

The 2D grid system was generated for exterior analysis model based on the geometry 

created. Boundary layer meshing was carried out for cylinder. It was shown in Figure 6. 

The 3D grid system is generated based on the geometry created for aircraft model. The 

mesh which is obtained here is very denser which leads to accurate results. The 

computational time required for iterations to get converged is high because the mesh is 

denser. To reduce the computational time and cost we can decrease the mesh density and 

simulate the results. Grid independence is also achieved for both the models by trying 

different mesh densities. The finest implemented mesh involved about 71256 cells for 

exterior model and 141773 cells for interior model. The governing equations are 

discretized by the finite volume method. The convergence criterion is that, the residuals 

should be 10-3 for the flow field. Computation is performed on Core 2 Duo processor and 

each simulation took 48h to get converged results for each scenario of interior case where 

as for exterior it took about 12 h to get converged results.  
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Figure 6. Mesh Generation of fuselage exterior for λ = 1 model. 
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CHAPTER 5 

FLOW OVER A CYLINDER 

 

Flow over a cylinder is the oldest problem of fluid mechanics, which is the ideal 

benchmark test case of validation. Flow around a circular cylinder was validated because 

we have plenty of experimental and numerical results exist. Drag force is considered as a 

parameter. Five different Reynolds numbers were considered. The simulations used air as 

the operating fluid. Figure 7 represents the grid generated for the geometry including the 

boundary conditions. Velocity was the varying parameter. The flow will enter from the 

left side which is labeled as inlet and the right boundary was set as outlet. The top and 

bottom walls are stationary walls with no-slip boundary condition [39]. 

Diameter(m) 0.1 0.1 0.1 0.1 0.1 

Density (kg/m3) 1.225 1.225 1.225 1.225 1.225 

Viscosity (kg/m-s) 1.789x10-5 1.789x10-5 1.789x10-5 1.789x10-5 1.789x10-5 

Free stream 
Velocity (m/s) 

0.1 0.3 0.4 0.5 0.6 

 

Table 2.  Parameters for cylinder test. 

The 2D grid system was generated as per the geometry created. Mesh adaptation 

was carried out in order to get better results. The mesh generated around the cylinder was 

much denser when compared to remaining parts. If the mesh was too dense the 

computational time required for iterations to get convergence is high.  
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Figure 7.  Mesh for Flow over a cylinder. 

So, the best possible grid sizes were considered in order to get better result in less 

computational time. Grid independence was achieved. The finest implemented mesh 

involved about 13466 cells. The convergence criterion is set to 10-6 for the flow field. 

Computation is carried out on a Core 2 Duo processor. Figure 8 represents the contours 

of velocity of flow over a cylinder for a free stream velocity of 0.1 m/sec. We can clearly 

observe a wake which is generated on the opposite side of the cylinder. When we look 

closer to the cylinder the boundary layer effect is clearly visible. The velocity of air 

approaches zero near the wall of cylinder due to viscous effects, this occurs because of 

the frictional component of drag force [40]. Drag force around a cylinder can be 

calculated as follows [41] 

                            pdd AuCF 25.0                                                
  
 (14)                   

  
 

Figure 9 shows the drag coefficient over a smooth and rough cylinder with increase in 

Reynolds number. 

Inlet 
Outlet 
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Figure 8. Velocity Contours representing flow over a cylinder. 

 

Drag force and Cd graph 

 

Figure 9. Drag force Vs Reynolds number. 
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Figure 10  illustrates the increase in drag force with increase in velocity. It shows that the 

calculated drag force values are in good agreement with theoritical results. The velocity 

can be calculated from the reynolds number formula given below. 

                            


vD
Re                                                                           (15) 

 

 

Figure 10. Comparison of Drag Force Over a Cylinder. 
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CHAPTER 6 

RESULTS AND DISCUSSION 

 

6.1 Exterior Airflow Analysis 

 CFD modeling was performed to determine the velocity profile of air over the 

aircraft fuselage in the hangar. The diffuser near the ceiling was considered as the inlet 

region from which air was introduced into the hanger and the grilles on the floor were 

considered as outlet for the air in the CFD software. A 2D analysis was performed in 

order to minimize the time taken for the analysis. The analysis was performed at five 

different positions on the aircraft. The angle at which air flows from the inlet was varied 

as 00, 22.50, 450. Results were obtained for each case and grid independence (best 

possible solution) was achieved. This report includes the results obtained for five 

different positions on the aircraft fuselage like centre of the aircraft, tail of the aircraft etc 

at different angles of the airflow. The results are described below. 

6.1.1  Analysis of airflow over fuselage exterior for λ=1 model at 00 

Figure 11 shows a picture of the velocity vectors (direction of flow of air) of air in 

the hangar area for a diffuser angle of 00 and fuselage model at λ=1 which is the centre of 

the aircraft. The range of velocity in Figure 11 is shown between 0 to 3 m/s. The range of 

velocity is same in other cases as well in order to compare the results of all the cases. The 

maximum velocity of air in the hangar area was found to be less than 3m/s in all the 

cases. The Figure 11 proves that the maximum velocity of air is at the grilles (exit). Air 

flows over the aircraft fuselage exterior is at an average velocity of 1.5m/s. There were 

swirls of air in the hangar area represented in blue on the sides of the aircraft. It was quite 
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evident that they were negligible due to the velocity of the air in those regions. It was 

quite evident that the distribution of air over the aircraft was satisfactory for a diffuser 

angle of 00. 

Figure 11 shows the distribution of velocity in the hangar region for an inlet angle 

of 00 at the centre of the aircraft. The range of velocity is varied between 0-3m/s for all 

analysis in order to compare the results obtained for different cases. The airflow varies as 

it flows, according to the size of the duct. In this task, the size of the duct is considered as 

42 x 30 in (1.06 x 0.76 m). It was required in such a way that velocity of the air at 31ft 

(9.44m) should be 0.75m/s (150 fpm) when the inlet angle is 00. Since the total height of 

the hangar area was 29ft (8.83m), it was not necessary to check for the 150 fpm at 31ft 

(9.44m).  

 

Figure 11. Velocity vectors showing the velocity distribution of air in the hangar area at 

the centre of the aircraft (λ=1) for diffuser angle of 00. 
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But in case of inlet at 22.50, the velocity of the air at 24ft (7.31m) should be 

0.75m/s (150fpm). The results obtained for this case clearly showed that the velocity at 

24ft (7.31m) is 0.75-0.9m/s. Similar results were obtained for the other angles as well. 

6.1.2  Analysis of airflow over fuselage exterior for λ=1model at 22.50 

Figure 12 shows a clear picture of the velocity vectors of air in the hangar area for 

a diffuser angle of 22.50 and fuselage model at λ=1 which is the centre of the aircraft. It is 

easily deducible that the velocity of air at the top of the aircraft is very less when 

compared to the sides and the reason for this being the angle of the diffuser. The 

distribution near the sides of the aircraft is more in this case, though the velocity of air is 

more or less similar to the previous condition. The swirls are comparatively more evident 

in this case and the velocity is even higher, but still negligible. The maximum velocity of 

air is at the grilles in this case as well. 

 

Figure 12. Velocity vectors showing the velocity distribution of air in the hangar area at 

the centre of the aircraft (λ=1) for diffuser angle of 22.50. 
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6.1.3  Analysis of airflow over fuselage exterior for λ=1model at 450 

Figure 13 shows a clear picture of the velocity vectors of air in the hangar area for 

a diffuser angle of 450 and fuselage model at λ=1 which is the centre of the aircraft. 

When compared with the results obtained at diffuser angles of 00 and 22.50, the results 

obtained for a diffuser angle of 450 shows an irregular distribution of air in the hangar 

area. The velocity of air near the aircraft is very minimal when compared with the 

velocity obtained in the earlier cases. The distribution of air is more or less away from the 

aircraft due to the wider angle of the diffuser. The results clearly show that the 

distribution of air is poor in case of diffuser angle at 450.  

 

Figure 13. Velocity vectors showing the velocity distribution of air in the hangar area at 

the centre of the aircraft (λ=1) for diffuser angle of 450. 

Similar analyses were run for the other sections of the aircraft which include the 

tail end of the aircraft and different locations that varied in diameter on the exterior. All 

these cases included the λ value ranges from 0.24 to 1, which represents different sections 
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of the fuselage. All simulations were run for the diffuser angles and results were obtained 

in each case. It was expected to show similar results accordingly for the three diffuser 

angles. The results were similar for the different sections of the aircraft for each diffuser 

angles. Since the distribution of air was satisfactory for the maximum λ value, the 

distribution of air over the aircraft was satisfactory for other cases as well. Still there 

were minute variations in the velocity values near the aircraft exterior. The level of swirls 

varied in each case as well.  

Figure 14 shows the average velocity of air around the aircraft exterior for 

different angles of the diffuser. It was very important to determine the best angle of the 

diffuser at which air flows down to the hangar area. Figure 14 showed a clear picture of 

how the air distribution was around the aircraft exterior. It was expected that the velocity 

should be high around the aircraft exterior for a diffuser angle of 0o. Similarly the 

velocity was higher in the first case as in 0o and decreased with increase in the diffuser 

angle. This was due to the outward flow of air. But the results were comparatively good 

for the second case (22.5o) as well. In case of the diffuser angle of 45o, the airflow was 

directed far away from the aircraft exterior that, the minimum requirement of velocity 

around the aircraft exterior was never met.  
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Figure 14. Ratio of average velocity of air around the aircraft exterior to the maximum 

velocity for different angles of the diffuser. 

 

It was very important to determine the velocity of air at the grilles for different 

diffuser angles. This was important because cfm of air vented should not be inconsistent,  

in which case the drying of paints around the aircraft would be affected. Figure 15 shows 

the average velocity of air vented at the grilles for various angles of the diffuser. When 

the analysis was run for all three cases, it was found that the velocity of air at the grilles 

were high in for 0o angle of the diffuser and decreased with increase in the angle. Also, 

the velocity of air at the grilles varied at different sections of the aircraft due to the 

variation in cross section. It was observed that the velocity at grilles decreased as the 

cross sectional area of the aircraft reduced. 
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Figure 15.  Ratio of average velocity of air at the grilles to the maximum velocity for 

various diffuser angles. 

 

The velocity of air in the hangar area around the fuselage was determined at 

different diffuser angles. Figure 16 showed the average velocity in the hangar area and it 

was interesting to see that the velocity increased with increase in the diffuser angle. This 

may be due to the fact that the diffuser was inclined outward and the air flows into the 

hangar area away from the aircraft. This was also one of the reasons for the velocity at 

the grilles to decrease with increase in the diffuser angles because the air circulates in the 

hangar area. It was also observed that the velocity around the hangar area increased with 

decrease in the cross section of the fuselage.   
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Figure 16. Ratio of average Velocity of air on the hangar area around the fuselage to the 

maximum velocity at different angles of the diffuser. 
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6.2 Interior Air Flow Analysis 

 

A 3D model of the aircraft was modeled in order to show the distribution of air on the 

inside of the aircraft. The meshed geometry was analyzed. The simulation for aircraft 

interior was more complex than exterior due to the requirement of a 3D model. There 

were two major requirements to be satisfied at the end of the analysis which included the 

following. 

1. There must be a minimum of 12000CFM of air at each exit (dog house) in the 

aircraft [43]. 

2. The minimum velocity throughout the aircraft interior was expected to be not less 

than 100fpm [43]. 

These two requirements were expected to satisfy a uniform distribution of air 

throughout the aircraft interior. For this reason seven scenarios in which the 8 inlets to the 

aircraft interior were randomly chosen to be closed and analysis were run for each 

scenario. In order to determine the CFM at each exit, the Volume flow rate (Q), was 

determined as a product of the outlet area (dog house area) and velocity at the exit.  

Q = A * V 

Where, 

Q = Volume flow rate (CFM) 

A = Area of the dog house (or) Area at exit (ft2) 

V = Velocity of air at exit (FPM) 

From the above expression volume flow rate (CFM) at each exit was determined 

based on the velocity at the exit obtained from the analysis. This was done for all cases in 

order to check for the minimum requirement of 12000CFM in each scenario. The 
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analyses were carried out and results were obtained for each case. The figures 

representing the distribution of air along the aircraft interior were plotted in order to 

verify for the minimum requirement of 100fpm throughout the aircraft interior in each 

case. It was determined from the exterior analysis that the diffuser angle of 00 is best 

suited for uniform distribution of air over the aircraft. Hence the velocity of air at the 

pilot doors, escape hatches, rear doors and pilot windows were drawn from the exterior 

results. The magnitudes of velocity drawn from the exterior results were given as inlet 

velocities at each door of the aircraft.  

6.2.1 Scenario 1 – All Doors Open 

Figure 17 shows a clear picture of the distribution of air on the aircraft interior 

when all the inlet doors are open. The scenario which best satisfies the two major 

requirements were going to be considered. It was found that in this case, the minimum 

requirement of 100fpm throughout the aircraft was satisfactorily met, as it can be 

deduced from Figure 21 that the minimum velocity of air is between 0.4m/s and 0.8m/s, 

which is between 80 and 160fpm. It is also clearly visible that the velocity of the air was 

considerably less than 0.3m/s at the pilot windows alone. The main reason for this is 

expected to be the placement of exit near the pilot doors. Air flowing through the pilot 

windows are directed inside the aircraft, rather than circulating at the nose of the aircraft. 

The velocity at each exit is very high when compared to any other part of the aircraft. The 

may be due to the fact that the exit is very close to the pilot and rear doors. It was found 

that the cfm of air at each exit near the pilot doors and rear doors were 16471 and 16463 

CFM respectively. 

 



 39 

 

Figure 17. Velocity vectors showing the velocity distribution of air inside the aircraft 

when all the inlet doors are open. 

6.2.2 Scenario 2 – One Pilot Door Closed 

Figure 18 shows a picture of the velocity distribution of air inside the aircraft 

when one pilot door near the exit is closed. The main reason for this scenario was to 

check if the pilot door close to the dog house would have some effect on the exit velocity 

of air when it is closed. It was also evident that the distribution of air in this case was not 

as effective as the previous one was and the average velocity of air inside the aircraft was 

60 to 120fpm. The distribution of air near the aircraft nose was still poor and there zones 

in the aircraft, near the centre that had very minimum velocity distribution which was 

clearly evident from Figure 18. The CFM of air at the two exits near the pilot and rear 
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doors were 13641 and 13545 CFM respectively. The CFM of air at the exit was less 

when compared to the previous case, but still the minimum requirement of 12000CFM 

was met. 

 

Figure 18. Velocity vectors showing the velocity distribution of air inside the aircraft 

when one pilot door is closed. 

6.2.3 Scenario 3 – One Rear Door Closed 

Figure 19 shows a detailed description of the distribution of air inside the aircraft 

when one rear door was closed. The distribution of air inside the aircraft was much better 

than case 2. There were some regions inside the aircraft where the velocity was less than 

the minimum requirement of 100fpm. The CFM at both the exits near pilot and rear doors 

were 13504 and 12851 CFM respectively. This shows that the flow rate at the dog houses 

is high when one pilot door is closed. But the minimum requirement of 12000CFM was 

met in both the cases. Moreover the distribution of air was much better in case 3. 



 41 

 

Figure 19. Velocity vectors showing the velocity distribution of air inside the aircraft 

when one rear door is closed. 

6.2.4 Scenario 4 – Pilot Door Opposite To Dog House Closed 

Figure 20 clearly shows the distribution of air inside the aircraft when the pilot 

door opposite to the exit (dog house) was closed. The distribution of air is poor and there 

are so many spots in dark blue representing the magnitude of velocity to be less than 60 

fpm (0.3m/s). The velocity is high near the rear doors and pilot doors as shown, but a 

major portion of the aircraft has a low magnitude of velocity. Though the CFM at each 

exit were 13300 (pilot side) and 1389CFM (rear side), this scenario could not be taken 

into consideration due to the poor distribution of air inside the aircraft. 
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Figure 20. Velocity vectors showing the velocity distribution of air inside the aircraft 

when a pilot door to the opposite the dog house is closed. 

6.2.5 Scenario 5 – Rear Door Opposite to Dog House Closed 

Figure 21 gives a clear picture of the distribution of air inside the aircraft when 

the rear door opposite to the dog house was closed. This scenario shows an excellent 

distribution of air above the floor inside the aircraft. The air is not evenly distributed 

towards the centre of the aircraft under the floor. The velocity distribution around the 

pilot and rear door were good as usual. CFM at the pilot door exit and rear door exit were 

13641 and 13545 CFM. But the distribution of air was not even in this case as well. 



 43 

 

Figure 21. Velocity vectors showing the velocity distribution of air inside the aircraft 

when a rear door to the opposite the dog house is closed. 

6.2.6 Scenario 6 – Pilot Doors Closed On Both Sides 

Figure 22 shows a full view of the aircraft interior and the distribution of air on 

the inside. The figure evidently clears that the velocity distribution is very poor in this 

case. The main reason for is that both the pilot doors are closed. There is no flow of air 

on one side of the aircraft completely. The air flowing in through the escape hatches and 

rear doors do not reach the front end of the aircraft effectively. The cargo section of the 

aircraft has minimal distribution of air and the velocity is highly negligible. Since air 

flows inside aircraft only through the escape hatches and rear doors, the amount of air 

flowing out of the dog house is comparatively less, though the minimum requirement of 

12000 CFM was met. The range of CFM at pilot door exit and rear door exit were 12262 

and 13000 respectively. 
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Figure 22. Velocity vectors showing the velocity distribution of air inside the aircraft 

when the pilot doors are closed on both sides of the aircraft. 

6.2.7 Scenario 7 – Rear Doors Closed on Both Sides 

The distribution of air in the last scenario in which both the rear doors are closed 

is shown in Figure 23. It is clearly evident that there is negligible distribution of air at the 

tail end of the aircraft. The distribution of air throughout the aircraft in much better than 

other cases expect case 1 in which all doors were open. It is evident in the figure that, the 

area below the floor near the pilot door dog house is having minimal air flow. This may 

be due to the distribution of air along the length of the aircraft when flowing from the 

pilot doors. The CFM at both the exit was low when compared to the other cases, but the 

minimum requirement was met satisfactorily in all cases including this one. The CFM at 

the pilot door and rear door exit were 13300 and 12503 CFM respectively. It was quite 

evident from the analysis that of all the scenarios that were considered, scenario one in 
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which all doors were open had a satisfactory distribution of air throughout the aircraft and 

the CFM at the exit was as high as 16000 CFM. 

Two other cases in which the distribution was considerable were scenario 2 and scenario 

7. The minimum requirement of 12000 CFM at each exit was met in all the cases. Hence 

from the analyses it was suggested that the case with all doors open would be the best 

suited for optimum distribution of air inside the aircraft and high amount CFM at the two 

dog houses provided. 

 

 

Figure 23. Velocity vectors showing the velocity distribution of air inside the aircraft 

when the rear doors are closed on both sides of the aircraft. 

 

 

 



 46 

CHAPTER 7 

CONCLUSIONS AND FUTURE WORK 

 

Conclusions 

A CFD analysis was carried out in order to determine the effective drying of paint 

on the exterior and interior of an aircraft model. Three diffuser angles of 00, 22.50 and 450 

were considered in order to optimize the angle at which air should flow from the HVAC 

system placed at ceiling. Five diameters of the aircraft measured at different sections of 

the aircraft were considered for the exterior modeling and a 2D model was developed. 

The analyses were carried out for all the cases and results were obtained. It was 

concluded that the diffuser can be modeled in such a way that the centre of the diffuser 

blades are at 00 and the corners to be at 22.50 angles for effective drying of the aircraft on 

the exterior and minimal distribution of air around the hangar area. This would also avoid 

the hazardous effects on human working in the hangar area. 

A 3D model was developed to determine the distribution of air inside the aircraft. 

Based on the results obtained from the exterior analyses, the simulations for the interior 

were carried out for seven scenarios in which the inlet to the aircraft was randomly closed 

in each case. The results were drawn and the velocity distribution of air was plotted for 

each case. The two major challenges of maintaining a 100fpm throughout the aircraft 

interior and a minimum of 12000 CFM at each dog house were successfully met in three 

of the seven cases considered. In order to get an optimized model for the interior, the case 

in which the all doors were open was considered best in meeting the two major 

challenges.  
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Future Work 

Based on the achievements of the present thesis, following future work is herein 

proposed.  

1. Modeling can be carried out in different models of aircraft in order to 

effectively dry the paint as per the requirements. 

2. Modeling and analyzing the air flow inside the aircraft cabin by including 

some paint particles of different size inside the cabin. 

3. Optimization of different models needs to be carried out 
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