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Abstract

It is well known that under certain conditions, a tornado-like vortex is formed between
an air inlet and a nearby solid wall. When a gas-turbine engine is operated /
manoeuvred near a ground plane at static or near-static conditions, a strong vortex is
often observed to form between the ground and the inlet. This so called inlet vortex (or

ground vortex) can cause severe operational difficulties.

With CFD tools, the ground vortex phenomenon has been simulated on a 1/1" scale
model. Calculations have been performed under cross-wind ground vortice mode of
formation. The effect of the height of the intake to the ground and the effect of the
cross-flow velocity have been studied in term of velocities and turbulent kinetic energy,

after which the study of the appearance and location of the vortice have been made.

The cross-flow test showed the formation of one vortice at an upstream location. The
study of the effect of cross-flow velocity and the effect of the height of the intake

showed that are fulcral parameters for the appearance and strength of the vortice.
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1 Introduction

1.1 Introduction

Nowadays civil airplanes engines are designed to be quieter and more efficient. So to
achieve a greater increase of propulsive efficiency, the engine inlet diameter has to be
increased to obtain a higher by-pass ratio. With that, comes a problem for wing
mounted engines due its proximity to the ground, operating in the so-called ‘vortex
region’. The need to reduce the height between the ground and the engine, requires

the understanding of the ground vortex phenomenon in more detail.

When a gas-turbine engine is operated/ manoeuvred near a ground plane at static or
near-static conditions, a strong vortex is often observed to form between the ground
and the inlet. This so called inlet vortex (or ground vortex) can cause severe
operational difficulties. It can generate severe inlet distortion that can cause fan
vibrations, engine surge and blades failures. Debris are often ingested into the turbofan
causing it damage. Dust enters into the engine compressors eroding blades, degrading

turbine cooling performance and so reducing the live span of the engine.!"

Figure 1: Suction of debris and ground vortex visualization (Inlet vortices are not
always visible only if enough condensation is present in the air, will the intake

vortex be visible).

Understanding of the ground vortex phenomenon is very important from both
operational and economical points of view but the complex features of the flow are
major obstacles to achieving it. Indeed, the ground vortex has a tree dimensional flow

filed and has an unsteady nature."
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1.2 Literature Review

Before explaining the ground vortex formation mechanism, a description of the inlet

characteristics is necessary for a more accurate judgement.

1.2.1 Inlet Characteristics

The design/shape of an engine intake is very important because, it is one of the engine
components that directly interface with the flow around the engine and the internal
airflow. The inlet is designed to give the appropriate amount of airflow required from the
free-stream conditions to the conditions required at the entrance of the compressor
with minimal pressure loss by the engine.” When the pressure losses and the flow
distortions are very low, the performance of the engine is optimal, and that is the
reason why the airflow has to be as uniform as possible when entering into the
compressor. This airflow condition is necessary in all flight configurations including

when the aircraft is manoeuvring on ground tasks.

The intake performance depends on the mass-flow delivered to the compressor.
Knowing that the internal mass-flow stays constant from the captured streamtube to the
compressor face and assuming that the flow is incompressible due to low speed

velocities, we get:

1

Figure 2: Streamtube contraction ratio, Lg/Di."

Since the mass-flow is constant and the area ratio is related to the streamtube

contraction ratio, the area ratio can be expressed as:

e _ (Lo)’ @

Aq D;
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The capture ratio A./A; is controlled by the engine, the engine mass-flow, the inlet
diameter and the free-stream velocity. The area defined by the boundary between the
air that enters in the engine and the air that does not is called the intake captured area.
The flow ratio and the stream-tube shape vary with the operation conditions of the
aircraft engine. In near static configuration since the ambient air is at rest, the engine
must accelerate the air using maximum thrust. The extreme local acceleration of the
flow at the inlet lip can lead to airflow separation in this region®®, as shown in Figure 3
b). In cross-wind configuration, the shape of the streamtube is modified near the lip.
The cross-flow leads to an increase in the flow velocity near the lip Depending on the
strength of the cross-flow, high velocity origins in flow separation leading to a total
pressure loss at the engine fan. For strong cross-flow the flow tends to become sonic in

the same region.

+ Supersonic flow possible,

Figure 3: Intake flowfield in static configuration (a) and when flow separation

appears (b).!"

1.3 Ground Vortices

Overviewing the vorticity principles helps to understand the mechanism that leads to

the ground vortex formation and the problems attached to it.

1.3.1 Vortices basics

A vortex is an area of concentrated vorticity. It is also defined by the motion of the fluid
swirling rapidly around a center. The speed and rate of rotation of the fluid are greatest
at the center, and decrease progressively with distance from the center. The
expression of vorticity G is dependent on the velocity distribution % and is given by the

expression:

C=Vxu (3)
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Or more often written in terms of the rotation vector w, with the relation:

C=2X w (4)

The rotation vector is constituted of three components w,, w, and w,which represents

respectively the rotation about the X axis, the Y axis and the Z axis.

~

W= wyl + wyj+ wk (5)

Corresponding to each rotation terms, the average of angular velocities:

_ _ 0w _0v\. (0w _ 0w\,  (Ov _ ou)p
q =ZXw=2X {(ay az) t+ (az 6x)] + (ax 6y) k} (6)
The circulation T is the line integral around a closed curve C*! and by using Stokes’s

law, the vorticity and the circulation are related with the relation:

F=¢. wdl=/[ Gnds (7)

For a curved surface S, the circulation is the integral of the component of vorticity
normal to the surface. In the presence of vorticity and circulation the flow is considered

as rotational.

The precise laws of motion that vortices follow were described by Helmholtz. Figure 4
illustrates a vortex line of filament which is everywhere tangent to the vorticity vector. A

collection of vortex lines is often called a vortex tube.
The first part of the Helmholtz vortex law states that:

o The vortex line represents a line which is tangent everywhere to the local vorticity
vector. On each point of this line w.7 =0 that comes from the divergence
theorem wich specifies that the vorticity is divergence free.!

o The vortex tube is defined as a set of vortex lines passing through a surface in
space.[‘” Because the two extremity surfaces S; and S2 close the vortex tube and
because the relation w.n =0 must be satisfied along each vortex line, the
circulation at the two end surfaces Sy and S, are equal. So the circulation along a

vortex tube is constant,

L= (8)

17



vortex line one vortex tube

=1

n

/

g

vortex tube

Figure 4: Vortex line and vortex tube representations.

The second Helmholtz vortex law, was proven by the Kelvin’s theorem that states that
the circulation of vortex lines is time independent.

DI
Hence: e 0 (9)

Vortex lines are compressed if they move through a cylindrical duct with a decreasing
area and they are stretched along their axis (Figure 5). Stretching the vortex results in
decreasing the radius and consequently increasing the rotational speed to keep the
kinetic momentum constant. Moreover, from the relation ' = § X S and because the
circulation is constant, it has the consequence of reducing S and thereby increasing the

vorticity.

a) Solid body rotating at speed b) After stretching €, > Qi, since
vorticity per length is conserved.

Figure 5: Consequences of vortex stretching.!"”!
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1.3.2 Core vortex characteristics

The size, defined by the radius r and the tangential velocity Vy are two parameters that
can be used to describe a vortex. Figure 6 shows that Vy varies along the vortex radius
r. Vy equals to zero and r. can be considered as the boundary between the pure

rotational flow field which is called the inner part of the vortex and the outer flow."!

Outer potential

Bl mras oo o oom
1

Vortex core radius

Tangential velocity profile

Outer potential
flow region

Figure 6: Idealization of the tangential velocity inside a tip vortex.™

It must also mentioned that the swirl angle is also a relevant feature of the flow and

when swirl angle increases, the total pressure distortion also increases.

The models used to describe a vortex are Burges vortex, Lamb-Oseen vortex, Rankine

vortex or Vatistas vortex.
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1.3.3 Formation of inlet ground vortices

1.3.3.1 Criteria for intake vortex formation

The formation of ground vortices depends on engine power, wind velocity and engine
inlet height and size. Previous published works about ground vortices demonstrate that
the phenomenon can only occur with the presence of a stagnation streamline between
the ground and the intake which is dependent on the velocity ratio U; /U, and the non-
dimensional height h/D;. This stagnation streamline represents the vortex line where
w.n = 0 on each point.

As explained before, in static conditions, the inlet airflow demand increases. The inlet
capture surface increases in diameter and starts including the ground to bring the
necessary airflow to the fanl”! as shown Figure 7. Air flowing into the engine from all
directions produces a region on the ground surface under the engine in which there is
no flow.®! The streamlines coming from all directions meet in one location where there
is no velocity. This specific line is called the stagnation streamline. Figure 7 illustrates

this phenomenon.

——

Stagnation Streamline
A A A LA A E AL AL T LA A AT I
SIDE VIEW

TOP VIEW
Figure 7: Inlet capture surface above the ground.!”

Typically the formation of ground vortices is characterized by low h/D; and high
U; /U It corresponds to an engine close to the ground operating at a high inlet mass

flow.
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Hence, the mechanism of intake formation is strongly dependant of the height of the
engine axis above the ground, the velocity ratio and the presence of upstream velocity.
The empirical data was collected by Jermy, M. and Ho. W. H®?® and is plotted in Figure
8.

The velocity ratios / heights combinations that correspond to the appearance of the

vortex (or not) are shown in the plot.(Figure 8).

50

A Luetal[g] B Shinetal. (9] ®
—— Nakayama and Jones [7] correlation ® Ruehr[12]
451 o Nakayama and Jones [7] measurement A Glenny [12], Ro<15 e
< Glenny [12], 15<Ro<25 + Glenny [12], Ro=25 ° b
40 4 = Ridder and Samuelsson [13] Vo=6m/s increasing O Ridder and Samuelsson [13] Vo=6m/s decreasing |—— —_——
® Ridder and Samuelsson [13] Vo=14m/s increasing O Ridder and Samuelsson [13] Vo=14m/s decreasing
35 A Ridder and Samuelsson [13] Vo=19m/s increasing A Ridder and Samuelsson [13] Vo=19m/s decreasing >
o [ ]
[ ]
B e e e e S e e et S e e e ! s e e e — —
u] n
]
2 25 - - - e o -
>
® o L]
20"7'777777'71""7'77'7777'7'77777
o L]
ortex
15777774¥777+707.77,4ELI777777777
[¢] [ ]
[ ] 3 A A O ]
M4 — — —— .ﬁéﬁa—c‘—j——————————————
a 4 o
A ~ [}
ST ¢ s Ny NoVortex T T
0 T T T T T T T T
0.8 1 1.2 14 1.8 1.8 2 22 24 26
H/Di
Figure 8: Data showing the boundary between the vortex forming and non-vortex
[23]

forming flow regimes. Where Vi/Vo = U;/U,, .

An empirical relation also exists for critical velocity ratio at which a vortex first

.
Uo

Figure 8 indicates that a good correlation exists for the occurrence of an intake ground

appears.”!

=24-(5)-17 (10)

)CRIT D;

vortex in terms of relative flow rate and the position of the intake. Nevertheless, other
parameters as external wind or external vorticity can play a role on the formation of

ground vortices.

1.3.3.2 Modes of formation

From previous published works (papers and thesis), it appears that there are four

different modes leading to the formation of inlet ground vortices. Other modes of
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formation also exist but are combinations of the previous ones that lead to a “non-

countable mode”.

1.3.3.2.1 Mode one: Intake with no-wind

A vortex can be generated without ambient wind and with a low ratio h/D; (in the region
of h/D; < 1). Due to the ground proximity, high levels of suction beneath the engine
inlet leads into a strong flow underneath the inlet upstream towards the intake lip."” In
these conditions, it is possible to visualize at the engine intake and at the ground two
upward spiralling vortices.

Under no-wind condition, it appears that the two vortices are counter-rotating (Figure
9). In this mode, the vorticity is induced by the boundary layer. Obtaining two
counterrotating vortices suggests that the air flowing underneath the engine upstream

towards the inlet lip dominates and is stronger than the flow downstream towards the

intake lip.
--------------- Capture surface boundary
- = Edge of boundary layer
—»  Streamline
G O ———  Stagnation streamline

VA,

Figure 9: Sense of rotation of the counter-rotating vortices with no wind.!"*!

When the intake vortex formation is dominated by an approaching induced boundary
layer the flow structure changes. As shown in Figure 10, (opposite to Figure 9) the
sense of the approaching vorticity is clockwise leading to the consequence of inverting
the sense of rotation of the intake vortices. The intake vortex rotation sense is highly

dependant on of the sense of rotation of the primary vorticity.

22



Figure 10: Vortex filament in no-wind mode.!"”!

1.3.3.2.2 Mode two: Intake in head-wind

As seen in previous work this mode has been most studied, as shown by Brix'"? with
the very detailed and incisive studies in 2000 confirming the results expected by De

Sievri et al.l'

Low UyU. Medium Uy'U., High Ui/Ux
(Transition phase)
Figure 11: of rotation of the inlet vortices for a) low, b) medium and c) high

velocity ratios.

Is a head-wind flow, when the air is sucked into the engine inlet, the flow field
underneath the intake starts to roll up into two upright counter-rotating vortices (Figure
11 a) ) and a fast flow into the opposite direction of the wind appears between them!™®!.
If the value of the velocity ratio U;/U.. increases and is high enough (approximately 20),
suddenly the sense of rotation of the two vortices switches as illustrated in Figure 11 c).
The sense of rotation is then exactly the same as in the no-wind mechanism. In head-
wind, the mode dominating the flow field for high velocity ratios (higher than 20) is the

mode described previously.
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The transition between high and low ratios U;/U,, is shown in Figure 11 b). In this
phase two pairs of symmetrical vortices rotating in the opposite sense exist together.
The phenomenon rarely appears due its very unstable characteristic. If it happens, the
two vortices try to cancel each other out and if they do not, one of the two pair of vortex
is going to prevail. Nevertheless, the strength of the dominated vortex is very weak.
Depending on the velocity ratio, the boundary layer effects are like, as in the no-wind

case, stronger on one side than the other. Orientations of the source of vorticity

depending on this velocity ratio are shown in Figure 12 and Figure 13.

Figure 12: Vortex filaments in head-wind. Figure 13: Vortex filaments in head-wind.

Mode at high speed velocity ratio.["” Mode at low velocity ratio.!""

That change in the sense of rotation can be explained as follows:

At low velocity ratios U;/U., the upstream flow that flow toward the intake lip generates
an boundary layer smaller compared to the flow flowing underneath the engine

downstreaming towards the inlet, as shown in Figure 14

24



Eneine intake s Capture surface boundary
Edge of boundary layer

—»  Streamline

Stagnation streamline

. Tatte e : . g
Downstream developing boundary Upstream developing boundary layer

layer (due to free-stream flow and (due to flow travelling underneath the

inlet induced flow) inlet, upstream into the inlet)

Figure 14: Reason explaining the sense of rotation of the counter rotating

vortices at low velocity ratio.["”]

At high velocities ratios, the boundary sizes are flipped. The increase in free-stream
velocity reduces the size of the upstream boundary layer and the flow flowing upstream

towards the intake lip is now in domination as shown in Figure 15.

Capture surface boundary

—--—  Edge of boundary layer

Engine intake
—»  Streamline

——  Stagnation streamline

Size of upstream developing boundary layer is now
larger due to a much faster gap flow, as the capture
surface has moved further downstream.

Figure 15: Reason explaining the sense of rotation of the counter rotating

vortices at high velocity ratio.!"*

1.3.3.2.3 Mode three: Intake in cross-wind with irrotational flow

With 90° cross-wind and an irrotational flowfield, two different kinds of vortices appear
around the intake: an inlet vortex and a trailing vortex. From the downstream side of
the inlet lip region a trailing vortex appears larger in size than the inlet ground vortex.

The sense of rotation of these two vortices is represented in Figure 16.
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Inlet ——_
.

/
y,

Figure 16: Sense of rotation of the inlet vortex and the trailing vortex.['")

The variation of flow over the intake in the axial direction causes the formation of the
trailing vortex. As the flow moves closer to the inlet, it becomes more three
dimensional. The induced velocities caused by the inlet velocity impart additional
momentum on the flow around the intake delaying the separation points. Indeed, the
induced velocities become higher as one move towards the intake lip thus causing the
separation points to be delayed (Figure 17). Separation on the outer surface of the
intake appears later near the lip than far from the lip downstream resulting in a higher
circulation value at the lip. This presence of circulation leads to the formation of the

trailing vortex.

To pump

—_—

= _%_ S 4 ‘Farfield inlet section
0
(a) Top view ﬂ r'_’z Separation line
7 BT
q \ ¢
1/
\
f \ ¥ -
/1 T ¢ f/ - _P_,\]'rallmg vortex
———— =} r/ AN =

k

Inlet lip

Figure 17: Separation line around the inlet seen from the top view.!""!
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Compared to the previous modes, in upstream irrotational flow, the intake vortex is part
of a vortex system. The generation of the circulation along the intake is directly linked

to the formation of the trailing vortex system and thus to the intake vortex.

The change in the velocity ratio U;/U. can also have a significant impact on the
formation of the vortices. At low values of U;/U.. (in the region of <5) the capture
surface does not touch the ground which means no presence of stagnation streamline
between the intake and the ground and so no inlet ground vortex. But two
counterrotating trailing vortices of equal strength are generated at the rear of the inlet
(Figure 18 a) ). The increase in the velocity ratio causes the disappearance of the lower
trailing vortex and the formation of the inlet ground vortex (due to increase in the

capture area which now includes the ground) as illustrated in Figure 18 b).

—f Inlet 5
a) Projection of
U, capture area

-

Counter-rotating
trailing vortices

—_—t =
S LIRSS
Ground plane
b Trsil
Projection of ™G \,;ﬁel: .
b) capture area \\
- . Inlet I
vortex !

ST 7 ////Ki//////
Ground plane
Figure 18: Flow aspects for low (<10 say) (a) ; and high (>20) (b) velocity ratios

for an inlet in 90° cross-wind with an irrotational upstream flow. '"!

The formation of the inlet ground vortex is dependant on the velocity ratio U;/U...

An increase in the velocity ratio leads to the transformation of the counter-rotating
vortices into an inlet vortex single trailing vortex configuration. And it's also possible to
notice that reducing the height ratio h/D; has the same consequence as increasing the
ratio U;/U..
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1.3.3.2.4 Mode four: Intake in cross-wind with ambient vorticity

When an engine intake oriented at a 90° yaw angle and with the presence of far
upstream vertical vorticity with clockwise rotation, there is the formation of a single
clockwise vortex inside the intake. For the same configuration but with a far upstream
vorticity having counter-clockwise rotation, a single clockwise vortex is found. The
sense of rotation of the vortex is thus opposite to the ambient vorticity and this would

not occur if the only mechanism is the amplification of the ambient vorticity.

D
To pump t
L
A b
A [
j )}- (4) T view (b) Side view
fj 0/ Inlet—_
p | f
e 4 ==
G b ]1 | [ A
il l‘ ¥ —_— [
A f U.
A | [-(— Inlet H/D=1-4
Vortex lines | i‘k)l\f 4 S
1z |
L X |
7 \ Ol1H - — 5 - SRS, S
Q,/ 777
- ! Ground plane

Figure 19: Vortex formation in cross-wind with a upstream vertical vorticity.!""!
In Figure 19, there are two vortices shown at the intake. One is very strong near the
trailing edge while the other one very weak very close to the other one. The presence
of the two vortices with different strength is due to the fact that this mode is a
combination of the three previous modes described previously.

Two symmetrical weak counter-rotating vortices have been seen in mode one when
there is no-wind. Mode two also generates two vortices but the strength of these
vortices is stronger than previously. And in mode three, one strong vortex and one

weak vortex are produced.

Intake in tail wind

The results for this configuration are the same as the ones in head-wind."?

There is a lack of understandings of these mechanisms, in particular the interaction

between them. It is certainly due to a lack of quantitative data of the ground vortex.
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2 Mathematical Method

2.1 Introduction

This chapter describes the mathematical model used to obtain a solution of equations
of Navier-Stokes that governs the fluid flow simulating an intake in cross-wind with
irrotational flow. Section 2.2 and 2.3 presents the governing differential equations
based on the turbulence model."¥ The section 2.4 and 2.5 are devoted to the solution
procedure and boundary conditions respectively. The grid study is presented in section
2.6.

2.2 Governing Differential Equations

The time averaged partial differential equations governing the steady, uniform-density

isothermal three-dimensional flow may be written in Cartesian coordinates as

pU

[S))

7, P 8 [ a0, —
]an aXi+an('uan pulu}) ( )

and the continuity equation as

Q

pU

Ui
]aXi

=0 (12)

where the overbars represent averaged quantities. The turbulent diffusion fluxes are
approximated with the high Reynolds number version of the two-equation k — ¢ model
described in detail by Launder and Spalding."¥ The Reynolds stresses may be

expressed as

T 3171' aL_l]- E -
uwu, = vT(an+aXi)+3k6U (13)

where v is the turbulence kinematic viscosity, which is derived from the turbulence

model and expressed by

kZ
Vr = Cﬂ? (14)
The values for k and e are obtained by solving the following transport equations:
—_a_k_i(v_ra_k) L
Jan_an ok 0Xj ulu} 0X; € (15)
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where C; and C, are additional dimensionless model constants, dk and de are the

turbulent Prandtl numbers for kinetic energy and turbulent dissipation.

The turbulence model constants that are used are those indicated by Lander and

Spalding "

Cﬂ Cy C, Ox | O¢
0.09144 |192(1.0|1.3

Table 1 : Turbulence model constants.

The governing equations constitute a set of coupled partial differential equations that
can be written in the general form as

et o = s (Mo ) + o7 (T 5y) +37(To 52) + 5o (17)

Where ¢ may stand for any of the velocities, turbulent kinetic energy, or dissipation,

and ', and S, take on different values for each particular ¢.

2.3 Finite-Difference Equations

The solution of the governing equations were obtained using a finite-difference method
that used discretized algebraic equations deduced from the exact differential equations
that they represent. This discretization involves the integration of the transport equation
over an elementary control volume surrounding a central node with a scalar value ¢,
(Leonard et al'™), and as far as the convection terms are concerned, it needs the
spatial average value of ¢ at each cell face. The hybrid scheme uses central
differencing in obtaining those values when Pe < 2 and upwind differencing for Pe > 2.
In the later case, false diffusion is introduced into the finite-difference equation (e.g.
Leonard™). Erroneous solution may then be obtained in regions of the flow with
velocity vectors inclined to the numerical grid lines and large diffusive transport normal
to flow direction if fine grids are not used, and limit calculation of complex flows. The
QUICK scheme proposed by Leonard"® is free from artificial diffusion and gives more
accurate solutions with grid spacing much larger than required by the hybrid scheme.

Due to the use of quadratic upstream-weighted interpolation to calculate the cell values
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for each control volume. Figure 20 shows the west face of a control volume

surrounding a central node with a value ¢p.

For this face, using a uniform grid for simplicity, the value of ¢ is expressed by

1

bw =3 (@ + Pu) — 5 (Dp + Dy + bu) (18)

If the convective velocity component Uy, is assumed to have the direction shown in
Figure 20. If Uy, were negative, then ¢z would be involved rather than ¢,y . The first
term in the previous equation is the central difference formula, and the second is the
important stabilizing upstream- weighted normal curvature contribution. Expressing the
values of ¢ at each cell face with the appropriate interpolation formula and writing
gradients also in terms of node values, the finite-difference equation corresponding to

equation 17 may be written in the general form

A¢p =N A? ¢+ ST (19)

where
A% = 34?1+ 5P (20)

Here, the summation occurs over the 12 nodes neighbourning P (see Figure 21).

\

o b, 8, 4,

WW W Uy P

Figure 20: Nodal configuration for the west face of a control volume.!"”!

The set of equations for the complete field is solved by the method usually used with

hybrid scheme formulation (see Gosman and Pun!®), but when using QUICK, the
A‘fcoefficients may become negative and stable solutions cannot be obtained. In the

present work In the present work, diagonal dominance of the coefficient matrix is
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ensured and enhanced by rearranging the difference equation for the cell where the

coefficients Af’ become negative.

This rearrangement consists in subtracting Af’(/bp from both sides of equation 19,

eliminating the negative contribution of Af’ and simultaneously enhancing the diagonal

dominance of the coefficient matrix (Barata et al'”; Barata et al.l'¥; Barata et al.’?";

Silva et al.”").

The source term 53’ becomes

b _ ¢ b

where ¢’'p is the latest available value of ¢ at node P.

Lr, |L, _Pyl-”
4

W 7 2id-- R
u-’w.f:)ff‘}! P

Figure 21: Nodal configuration for a control volume.['”!

Therefore, at the present work, the QUICK scheme is used in calculating al variables.

2.4 Solution Procedure

The solution procedure is based on the SIMPLE algorithm widely used and reported in
the literature (e.g. Patankar and Spalding'??). It uses the staggered grid arrangement
and a guess and correct procedure field such that the solution of the momentum

equations satisfies continuity.

2.5 Boundary Conditions

The computational domain has six boundaries where dependent values are specified:
an inlet plane, a symmetry plane, and two solid walls at the top and side of the channel.
On the symmetry plane, the normal velocity vanishes, and the normal derivates of the

other variables are zero. At the solid surfaces, the wall function method described in
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detail by Launder and Spalding!' is used to prescribe the boundary conditions for the
velocity and turbulence quantities, assuming that the turbulence is in state of local

equilibrium. The domain of the solution is shown in Figure 22.

Wall

Ym ax

domain of the solution

Figure 22: Domain of the solution a). Representation of the intake with centered

referential b).

2.6 Grid independence

Grid independence tests were performed with different mesh size. The horizontal
velocity component, W, is used in Figure 23 to show the grid dependency of the
computations. It shows the vertical profiles of the horizontal velocity component, W, at
X/D = 0.53, and plane Z/D =0.035 with different grids. The grid spacing was non-
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uniform in all directions. The results were found to be independent of numerical
influences with the grids 33 x 59 x 33 and 49 x 88 x 49.

Y/D

—®— 173017
—A&—— 335933
49 88 49

N
T T T T I T T T T I T T T T I T T T T “.T—
n

0 E 0.05 0.1
W/Ui

Figure 23: Dimensionless Vertical profile, at X/D=0.53, of the horizontal velocity

component, W, at a Z=0.1.

2.7 Summary

This chapter has presented the mathematical model used to study turbulent flows in
certain conditions with certain restrictions. A numerical solution for this kind of turbulent
flow was obtained from the solution of set of discretized algebraic equations,
representatives of momentum (equation 18) and the equations from the turbulent
model “k” and “¢”. When is possible to obtain a convergent solution, the precision is
fundamentally a result obtained by the approach method of the convective and diffusive
flows in the control volume faces. The use of first-order hybrid difference treatment for
the convention terms can cause problems in allowing false diffusion errors to present
grid independence achieved in reasonable meshes and, thus, masking the true
performance of the turbulence model. For that, the quadratic upstream interpolation
QUICK method used in the present study makes possible obtaining the same
numerical precision with coarse grids. And finally the grid independence study was

presented.
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3 Results

3.1 Introduction

Numerical prediction of cross-wind mode was obtained using the computational
method described in section 2. In this chapter, the effect of the non-dimensional height,
the effect of the non-dimensional velocity and three U;/U, with equal h/D; were
studied

3.2 Geometry Model

To investigate the effects of ground vortices, the intake represents a 1/1" scale model
with a diameter of 2.83m which correspond to the engine Trent 900 with no
eccentricity. Figure 24 shows the configuration. In table 1 the test case conditions are

summarized.

Y

Figure 24: Configuration used in the Test-Case simulation.

_ Cross-Wind Simulation

h/Di 0.97
m(kg/s) 84.77
9.9

Table 2 : Test-Case conditions.
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3.3 Effect of the Height of the Intake

Increasing or decreasing the height of the intake has a significant impact on the vortex

characteristics. The first difference is that the vortex increases in size with the reduction

in the ground clearance. When the ground is closer to the intake the air drawn in

between the ground and the intake (called “gap flow”) reduces, causing more air to be

sucked in from above. So as the ground clearance increases the gap flow gets higher

and so the vortex location on the ground moves away from the intake plane until it

disappears. To demonstrate the effect of the non-dimensional height influence, three

h/D; configurations have been studied Figure 25 shows the results for h/D; = 0.97
(@), h/D; =1.02 (b) and h/D; = 1.20 (c). The results are represented for all the

conditions in the plane facing the intake on a Y plane Y=Y ux.
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Figure 25 Flow patterns for h/D; equal to 0.97 (a), 1.02 (b), and 1.20 (c) in the

plane facing the intake on a Y plane Y=Y ..

From Figure 25 a), for h/D; = 0.97, two recirculation zones can be observed. As long

as the height changes, the flow changes dramatically. In the Figure 25 b), for
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h/D; = 1.02, the flow that is sucked directly from the ground to the intake is located far
upstream and with lower intensity than in the configuration with lower height. In the
Figure 25 c), for h/D; = 1.2 which is the configuration with the greatest height, the
ground flow cannot reach the intake and so it flows upstream influenced by the

neighbor layers.

3.4 Effect of the Cross-Flow Velocity, U;,{U..}

Increasing or decreasing the cross-flow velocity, U., together with the engine height
(h), has a significant impact of the vortex formation and location. Figure 26 shows the
flow patterns for U;/U, equal to 9.9 (a), 9.4 (b), and 8.7 (c) at X=2.75.
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Figure 26: Flow patterns for U;/U,, equal to 9.9 (a), 9.4 (b), and 8.7 (c) at X=2.75.

The decrease of the velocity ratio between the intake and the crossflow corresponds to
a recirculation moving away from the intake. When the velocity ratio decreases from
9.9 to 9.4, Figures 26 a) and b), the recirculation moved further downstream and
became larger with lower intensity. With a further decrease of the velocity ratio the
recirculation disappears completely. As shown in Figure 26 c) the lowest velocity ratio

Ui/ Ui leads to an irregular flow with no recirculations.
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3.5 Results from the cross-wind test case, U;/U,, = 9.9

Figure 27 shows the flow pattern for h/Di = 0.97 and U; /U, = 9.9. The velocity vectors
are represented together with W velocity contours in three different planes. In figure 27
a) two horizontal planes (Y/D =1.76 and 3.72), and one vertical plane (X/D = 0.33).
The vertical plane shows a large region of negative values of W which indicates a
strong flow in the opposite direction of the crossflow. In figure 27 b) two vertical planes
(Z/D = 1.75 and 5.17), and one horizontal plane (Y/D = 1.76). The vertical plane
(Z/D = 5.17 ) and the horizontal plane as Figure 27 a) confirms a strong flow in the
opposite direction of the crossflow. In general the flow is in the direction of the intake
which located at Z=10m, and Y=h. The negative values of W indicate a flow pattern of

the type shown in Figures 25 a) and 26 a) which corresponds to a eccentrical flow type.

a)
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Figure 27 : Flow pattern and isolines of W for h/Di = 0.97 and U;/U,, = 9.9.

Figure 28 shows isolines of U,V and k in the vertical plane of symmetry at X=0. These
results confirm the conclusions drawn from Fig. 27 with large positive (upwards) values
of the vertical velocity component near the axis of the engine intake (Z/D=3.5). The

highest values of the turbulent kinetic energy are observed in the downstream side (in

the Z direction) of the flow.
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Figure 28 : Isolines of U,V and k in the vertical plane of symmetry at
X=0 (h/D;=0.97, and U;/U ,,=9.9).

Figure 29 shows isolines of U, V, W and k in the vertical plane which contains the the
engine axis (at Z=Z./2), and perpendicular to the crossflow. These results showed
that closer to the engine axis, the values of U, V, W and k were stronger. Figure 29 b)
which represents the isolines of V, showed that at the engine axis plane (Z=Z../2)

could be found two zones with pronounced negative velocities.
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Figure 29: Isolines of U,V, W and k in the vertical plane which contains the the
engine axis (at Z=Z,,x/2), and perpendicular to the crossflow (h/D;=0.97, and
U;/U,=9.9).
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Parallel ground planes also have been studied. Figure 30 a) shows the Pressure in
ground plane, X=h, Figure 30 b) shows the Pressure between the intake and the
ground, X=h/2, and Figure 30 c) shows Pressure at the axis of the engine intake, at
X=0.
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Figure 30 : Isolines of pressure in (a) ground plane, X=h, (b) plane parallel to the
axis intake and the ground, X=h/2, and (c) plane containing the axis of the intake,
X=0, (h/D;=0.97, and U;/U ,,=9.9).
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Figure 30 shows that the pressure decreases when approaching the axis of the engine
intake (X=0). Figure 30 c) reveals the presence of negative pressure, indicating some

vorticity effect.

Figure 31 sustains the conclusions drawn from Figure 30 and demonstrates a 3D
particle visualization showing the formation and location of a vortice at the same place

of negative pressure, P, in Figure 30 c).
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Figure 31 : 3D particle visualization showing the formation and location of a
vortice (h/D; =0.97, and U;/U,=9.9).
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5 Conclusions

This section presents the more important results and findings of the present work.

Computational Fluid Method tools have been applied to predict and understand ground

vortices forming between the ground and a 1/1"

scale model intake of a engine.
Calculations have been performed under cross-wind ground vortice mode of formation.
The effect of the height of the intake to the ground and the effect of the cross-flow

velocity have been studied in term of velocities and turbulent kinetic energy.

The cross-flow velocity test-case was made for h/D; = 0.97, and U;/U,, = 9.9 and
showed the formation of one vortice at an upstream location. The study of the effect of
cross-flow velocity and the effect of the height of the intake showed that are fulcral

parameters for the appearance and strength of the vortice.
Recommendations for further work

Only one configuration has been studied under one mode of ground vortice formation.
It would be very interesting to determinate ground vortice characteristics for more

configurations to obtain a more detail set of data on the ground vortice.
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