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Abstract

The implementation of a boundary condition which enables the coupled
computation of air flow in and out of engine nacelles is described and
tested. The boundary condition is implemented into the hybrid solver
Edge. User input is limited to specification of the pressure and temper-
ature ratio at the nacelle exhaust. Two test cases are computed: a simple
nacelle and a business jet fitted with two turbofan engines. Satisfactory
results are obtained in both cases.
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Nomenclature

Area
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Laval number

mass flow rate

Mach number
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1 Introduction

Proper integration of the propulsion system with the airframe of a mod-
ern aircraft is extremely important for the reduction of aerodynamic drag
and to some extent noise. Determining optimum nacelle placement is a
complex procedure and requires advanced computational and experimen-
tal studies. In order to carry out such computational studies it is important
to model as accurately as possible the air flow around and into the en-
gine nacelle. In this report the implementation and testing of a boundary
condition which makes use of the air flowing in and out of the engine is
described. The boundary condition requires input in the form of a pressure
ratio and a temperature ratio at the engine exhaust. From this information
a mass flow at the exhaust can then be computed and used to determine
the flow entering the nacelle. The user also has the option of supplying the
capture area as a boundary parameter or letting this be computed by the
solver. The implementation is based on the method proposed by Rudnik
[3] and described in [4].
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2 Nacelle inlet computation

The calculation of the boundary values at the inlet to the nacelle is defined
as follows. One should bare in mind that this boundary is in fact an outflow
boundary condition with respect to the computational domain used in CFD
calculations. At the nacelle inlet the air mass flixs required as input.
Knowing this and the fan ared;,,, a relationship can be derived for the
capture area by calculating an equivalent mass flow in the free stream
whereA,, can be interpreted as the area of the streamtube formed slightly
upstream of the nacelle. Note that in the case whaseprovided as a
boundary condition the calculation of equations (1) and (2) are omitted in
the calculation of the nacelle inlet.

B Afan

€

(1)

m

= 2)
Afcm ' Moo * v/ YPooPoo

At this stage it is useful to introduce some isentropic relationships for air.

We know that the Mach number is defined as:

m=Y 3)

C

€

and that for an ideal gas the following relationship for the speed of sound
can be formulated:
c=+/YRT 4)

From these relationships and the equation of state pRT") we can also
formulate isentropic relationships for temperature, pressure and density as
follows:

T = —1+%1.M2 (5)
1 v/(v=1)
p = p- |\ ——=—5 (6)
()
. 1/(v=1)
p = po | —— (7)
()

It is now helpful to introduce theritical state(or choked flow condition),
denoted()*, which is obtained when the Mach numbér, = 1. This
condition is used when describing the theoretical flow through converging-
diverging ducts [2]. It can however be applied to the nacelle problem by
defining the flow into the nacelle in terms of critical flow parameters as
follows. By substitutingd/ = 1 into equation (6) we obtain the critical

pressure ratio:
p* 2 v/(y—1)
L (. 8

Do (’Y + 1) (®)
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Similarly we can obtain the critical temperature and density ratios as:

T* B 2 )
TO - Y + 1
* 1/(v=1)
p 2
r (7 - 1) (10

We can also use the choked flow condition to define the ratio of local area,
A, to critical area,A*. Firstly consider the equation for conservation of
mass for choked flow conditions:

pAU = p*A*U” (12)
then the critical area relatidml /A*) can be defined as:
A P\ (U*
il — 12
- (5) (%) a2
And from equations (3) and (4) we have:

U* = \/4RT~ (13)
U = M-+/vRT (14)

Combining equations (13) and (14) and utilising the critical state relation-
ship defined in equation (12), results in:

A 1 p*) (p> (T*/Ty)

()= 15

A M(Po p (T/To) (15)
which when incorporating equations (5),(7), (9), (10) and (15) can be writ-
ten as:

(y+1)

14+ y=1 M2] 2(v—1)
2
—1
L+ 35

A 1

A M (16)

At this stage it is helpful to introduce the Laval number which defines the
ratio between the speed of the flow and the critical speed of sound and is

defined as:
Uso

C*

¢t =\/YRT* (18)

is the critical speed of sound. Using the isentropic relationships once again,
a free stream Laval numbér., can be defined. Using equations (3) and
(18) the Laval number can be rewritten as:

La =

(17)

where:

Moo/yRT

Lay, =
¢ VYRT™

(19)
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We can also write:

_ T _ T/Ty
Laoo_Moo-,/ﬁ_M T (20)
and using equations (5) and (9) a definition for the Laval number is ob-
tained:
| (vt 1) MG
La“_\/(y—l)-Mgo+2 (22)

The isentropic relationship for temperature can also be defined in terms of
the Laval number as:

Ty, (y+1)

T 0= e (22)

Using this relationship along with equations (3), (4), (17) and (18) it is also

possible to define the Mach number in terms of the Laval number in the
same manner as was done for equation (21). This results in the following
relationship:

2La?,
T \/m D CENR .

Utilising the critical flow relation defined in equation (16) and the Laval
number definition given in equation (21) a critical flow relation in terms of
the Laval number can be defined as:

1
A 1-21. g2 177
= Lag - | — 2 (24)
Ao =55

An estimated Laval numbela,.; for the fan can be calculated by use of
the critical flow area relation and the capture area as:

A* 1_E'La2an ot
Laestze-A ze-Lafan-[ filhlf (25)

y+1

This equation is solved iteratively where the valud.af,,, at the previous
iteration is used as the next estimate. The differehdegiven by equation
(26) is used to update the value b ;..

A*
AA=La,g — € - 26
Qest — € A ( )
The value ofLa ,, at the next iteration is given as:
AA
Lafon, = Lagan, — (0.875 - - -) (27)
est

13
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where 0.875 is a relaxation factor afd.,, is the derivative of the esti-
mated fan Laval number and is defined as:

2—y

’ 1 —1 ~—1

Lawy = — (1 = Lago) (28)
(1 — 7_*1)ﬁ v+

7+1

-1 1
(1—7—-La§o-(1+2-—))
v+1 v—1

Convergence is reached when the differefcé is less than a predefined
value,(1 x 1071%). The value ofLa ,,, obtained at the final iteration, along

with the the free stream stagnation values can then be used to calculate the
Mach number, speed of sound and pressure at the fan face. The stagna-
tion free stream values are obtained from the following expressions for the
speed of sound:

—1
coyoo:coo-\/l—i-WT-M%n (29)
and for the pressure:
_ =
Po,c0 = Poo * (1 + /YT ’ M?an) (30)

And hence the values on the fan face are given by:

M 2 Lagu, (31)
e = N G+1) - (1) Ldl,
Cfan = \/ CO’OIO (32)
1+ % ) Mzan
Pfan = Po,00 (33)

(1 + % ’ M?an)%

The value of static pressurgy,, is then specified at each nodegn the
nacelle fan face. The other primitive variables are extrapolated at each
node from the flowfield.
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3 Nacelle exhaust computation

An inflow boundary condition is used to set the boundary values on the na-
celle exhaust. Data in the form of a pressure raiigs.. /p~. and tempera-

ture ratio, 7} . /7o~ are required. These values are given in the boundary
condition file. From these ratios the stagnation values of temperature, pres-
sure and density at the exhaust can be determined:

10,Ex
Tope = (7915 ) 10,00 (34)
0,00
DPo,Ex = (pO,Em) * Poo (35)
Poo
Po,Ex
y = — 36
Po,E R-Tomm (36)

WhereTj , is the global free stream stagnation temperaturepanis the
global static pressure. At the exhaust plane the pressure is extrapolated
and the primitive variables are used to set the boundary condition as fol-
lows. With p known from the solution and witlf;, 5, andp, g, obtained

from equations (34) and (35) the Mach number can be determined using
isentropic relationships:

M= [(po,m)v_ll.% (37)
p v—1

and the remaining primitive variables can be found by:

T
T = 0.5 (38)
(155
p
= — 39
p =T (39)
where the nodal values of the velocity can be computed as:
= 2- z i gz
U, = v (PO,E _ Zl) . (40)
Yy—=1 \pogz pi) |S)

wherei represents the value at the boundary node. From this information
and the cell surface normats the mass flux across the exhaust plane can
be determined by summing the flux across all boundary nodes:

mzzpzﬁzg; (41)

Since this mass flux is used as input to the Nacelle inlet boundary condition
it is essential that it is calculated prior to the nacelle inlet computation.

15
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4 The Edge solver

Edge is a compressible Navier-Stokes solver for unstructured grids. The
solver is based on an edge-based formulation for arbitrary elements and
uses a node-centred finite volume technique to solve the governing equa-
tions. The governing equations are integrated explicitly towards steady
state using Runge-Kutta time integration. A dual time stepping algorithm
is also available for unsteady computations. Convergence acceleration is
achieved using agglomeration multigrid and implicit residual smoothing.
A number of turbulence models are available including a wide range of
eddy viscosity type models and explicit algebraic Reynolds stress models
(EARSM) [1].

17
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5 Test cases

Figure 1. Generic nacelle geom-
etry

Figure 2. Convergence history

5.1 Case 1: Simple nacelle

As a first test of the nacelle boundary condition the external flow around
a very simple nacelle geometry was computed. The nacelle consisted of
a cylindrical section and a nozzle section. The area ratio between the in-
let and outlet A;, /A, was 4. The computational domain consisted of a
80m x 50m x 50m box (I x b x h) and is shown in figure 1. Flow en-

nacelle outlet

nacelle inlet

:
<
2z

ters the domain along the x-direction at a speed(®f. /s (M = 0.144)

and a pressure of 1 bar. On the nacelle outlet boundary a pressure ratio
(po.rz/Ps) Of 1.5 was set to simulate an energised flow through the engine.
The temperature ratid;[y g./10 ) wWas set to 1.0. An Euler calculation
was performed on a single grid and convergence was obtained within 2000
iterations (figure 2).

Residuals
0 T T T

Il Il Il ki Il
0 1000 2000 3000 4000
Iteration
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The boundary condition file used in this computation is included as an ap-
pendix in this report. A check of the mass balance (mass flow in = mass
flow out of nacelle) showed agreement to within 1.7% in this case. The
accelerated flow exiting the nacelle is shown in figure 3. In this figure
streamlines are superimposed on the Mach number distribution at the cen-
treline plane. The Mach number at the nacelle outlet is roughly 0.8. At
the inlet the flow is accelerated from an ambient speedi/of 0.144 to
roughly 0.22.

Figure 3. Mach distribution and
streamlines

In figure 4 the pressure rati@o z./p~) iS plotted over a cross-section of

the nacelle exhaust. Near the outer edges of the exhaust some fluctuations
are visible, these are possibly due to the weak formulation used in setting
this type of boundary condition in Edge. The values obtained closer to the
centre of the nacelle are more constant and have a value of 1.5 as expected.
The positioning of the nacelle exhaust was found to have a substantial ef-

Figure 4. po Ex/Poo at a cross- 16
section of the nacelle exhaust

155 —

Po. /P
o
(4]
|

145 —

z
y <&

14
z/d
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Figure 5. Two placements of the
nacelle exhaust boundary, Left
image: with base area. Right im-
age: no base area

Figure 6. Two exhausts and
two method of extrapolation: p
= pressure extrapolation, M =
Mach extrapolation

fect on the boundary values obtained. Two exhaust locations were consid-
ered as shown in figure 5. In the left hand figure, the exhaust boundary is

recessed and the outer wall has a base thickne&g @f In the right hand
figure however the boundary is positioned such that the wall has no thick-
ness. The influence of this positioning is shown in figure 6 where once
again the pressure ratio is plotted over a cross-section of the nacelle ex-
haust. The fluctuations observed at the outer edge of the exhaust are much
more pronounced in the case with no wall thickness, in some points almost
40% of the total pressure. This figure also includes results obtained using
a Mach number extrapolation at the boundary. Here one can see that the
pressure extrapolation method gives a reduction in the fluctuations. In this
case however the greatest reduction in fluctuations is obtained by recessing
the exhaust boundary slightly.

1.6

Py /P

O nobase, M

O  with base, M
—— no base, p
—— with base, p

1.10
y/d
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Figure 7. Convergence history
for Edge computation

Table 1. Components of mass
flow through the engine nacelle

22

5.2 Case 2: Bombardier Challenger 604

A Bombardier Challenger 604 business jet was used as a second test case
for validating the nacelle boundary conditions. This aircraft is fitted with
two General Electric CF34-3B turbofan engines [5]. The computational
mesh for this geometry was obtained from SAAB and consists of roughly

1 million tetrahedrons. A free stream Mach number of 0.8, equivalent to
the cruise speed of the jet, and an angle of attack®fwere set. For the
nacelle exhaust the pressure ratio was set to 1.75 and the temperature ratio
was set to 1.0. At the nacelle inlet an area ratwf 0.75 was given. A

weak characteristic boundary condition was used in the farfield and on the
by-pass outlets of the engines. The Euler equations were solved and three
levels of multigrid were used. Convergence was obtained after roughly 600
iterations on the finest grid as shown in figure 7. The Tau code (version

Residuals

N

3
3

ms<c

L | L 1 L 1 L | L
0 500 1000 1500 2000 2500
Iteration

2002.1.1) [4] was used to provide a reference solution. Since the boundary
condition has been tried and tested in this solver a comparison between
the Tau and Edge solution should provide enough information to verify the
implementation in Edge.

To fulfill mass conservation the mass of air flowing into and out of the
engine nacelle should be equal. From table 1 it is clear that in both cases
mass is conserved since for this particular nacelle:

Mintet = Mbypass + Moutlet (42)

wherem;,;; IS the mass flowing into the engine nacelie,,,.; is the
mass flow from the nacelle exhaust angl,,,..s is the mass flow through
the bypass region of the nacelle.

Mass flow[kg/s] | Edge| Tau
Nacelle Inlet | 379.7| 379.0
Nacelle Bypass| 234.2| 232.2
Nacelle Outlet | 145.5| 146.8
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Note that there is a difference of only 0.2% in the overall mass flow when

comparing the Edge and Tau solutions. It is also important to make sure
that the aerodynamic results given by the solvers are in agreement. By
comparing the pressure distribution on one of the wings we can see that
the solutions compare very well. Figure 8 shows Cp at 20, 40, 60 and 80%

span.

Figure 8. Cp comparison at 4
positions

L L L L
0 02 04 06 08 1 ox/c © 02 04 06

A comparison in the Cp distribution on the nacelle inlet surface is shown
in figure 9. Once again it is clear that the solutions compare very well.

Figure 9. Cp at the nacelle inlet

The Mach number distribution across the centreline of the nacelle inlet is
shown in figure 10. Almost identical results are obtained from the solvers.

23
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Figure 10. Mach distribution 0.55
across centreline of nacelle inlet

05— =—8 Tau —

= 0.45

04 —

0 0.2 0.4 0.6 0.8 1

If we now consider the flow exiting the nacelle and plot the ratio of total
pressure, g./p across the centreline of the exhaust plane we see that near
the centre of the nacelle exhaust very similar pressures are obtained and the
expected value of 1.75 is obtained in both the Edge and Tau computation.
However close to the walls of the nacelle the results differ, and a large drop
in the total pressure is visible in the Edge result. This is also seen to a lesser
extent in the Tau result.

Figure 11. pg g./p at the na- 2.00
celle exhaust

L o—o Edge i
=—& Tau

0 0.2 0.4 0.6 0.8 1
z/d
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Figure 12. Specific mass flow at
the nacelle exhaust

As discussed previously the reason for this occurring in Edge can be due
to the combined effect of the placement of the nacelle boundary and the
treatment of this type of boundary condition in the solver. Figure 12 depicts
the specific mass flowi{ = p - U) across the same section. Once again
we notice a drop at the outer edge of the boundary. Close to the centre
however the mass flow is very similar for each of the solvers.

400 I

380

340

320

300 L | L | L | L |
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6 Conclusion

A new boundary condition which enables the coupled computation of en-
gine nacelle inlets and exhausts has been implemented and tested in the
Edge solver. Two test cases have been computed and encouraging results
have been obtained. The boundary condition is simple for the user to spec-
ify, requiring only the input of a pressure and temperature ratio at the na-
celle exhaust. For the Euler calculations carried out here it was found that
the choice of extrapolation method combined with the weak formulation
of the boundary condition at the nacelle exhaust resulted in fluctuations in
the primitive variables close to the outer edge of the nacelle exhaust. The
positioning of the nacelle exhaust was also found to influence the solu-
tion. By recessing the exhaust boundary into the geometry of the simple
nacelle studied in test case 1 the level of fluctuations in total pressure were
greatly reduced. A comparison using the Tau solver with the same nacelle
boundary condition gave very similar results to those obtained in Edge.

27
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Appendix A

Sample Boundary Condition File

This is the boundary condition file for the simple nozzle computation. The
data for the nacelle boundary condition is found under
'nacelle exhaust’ and'nacelle inlet

boundary_data N 0 0 6
boundary NB 0 0 3
b_name L 1 1 0
'BC1_on_FARFIELD
b_class L 1 1 0
‘external
b_type L 1 1 0
‘'weak characteristic
boundary NB 0 0 3
b_name L 1 1 0
'BC1_on_INLET
b_class L 1 1 0
‘external
b_type L 1 1 0
‘'weak characteristic
boundary NB 0 0 5
b_name L 1 1 0
'BC1_on_NACELLE_OUT
b_class L 1 1 0
‘external
b_type L 1 1 0
'nacelle exhaust
pres_ratio R 1 1 0
1.50000000
temp_ratio R 1 1 0
1.00000000
boundary NB 0 0 3
b_name L 1 1 0
'‘BC1_on_CYL
b_class L 1 1 0
‘wall
b_type L 1 1 0
‘'weak euler
boundary NB 0 0 3
b_name L 1 1 0
'BC1_on_OUTLET
b_class L 1 1 0
‘external
b_type L 1 1 0
‘'weak characteristic
boundary NB 0 0 4
b_name L 1 1 0
'BC1_on_NACELLE_IN
b_class L 1 1 0
‘external
b_type L 1 1 0
'nacelle inlet
eps_fan R 1 1 0
0.00000000E+00
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