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Abstract

This paper presents a Master of Science thesis project, performed at SAAB Aeronautics propulsion division in 2014. A method
was developed to implement performance calculations on nozzles and aircraft aft-body’s. Creating mesh for Computational Fluid
Dynamics (CFD) calculations is time consuming, so efficient methods and tools are necessary to decrease time spent on meshing. Tools
used to speed up the meshing and calculation process have been developed and are described in this paper. A method was developed to
be used for nozzle and aft-body geometries. Efficient tools are needed because the nozzle geometry is constantly changing at different
flight conditions were every new flight condition requires a new mesh and a new calculation. To validate the method a NASA wind
tunnel test was used and showed reasonably good agreement with CFD. By varying the nozzle pressure ratio, shock patterns and jet
plume could also be studied, which was important to estimate the performance. Two different nozzle configurations were compared
with respect to aft-body drag and nozzle performance. It is shown in this paper that parametrization of geometry and good block
structure in meshing are key factors to generate a mesh with high quality.

Nomenclature

Variables and abbreviations
M Mach number
a Speed of sound [m/s]
T Temperature [K]
R Gas constant
γ Ratio of specific heat coefficient
P Pressure [Pa]
A Area [m2]
A∗ Critical area [m2]
C f g Gross thrust coefficient
CD Discharge coefficient
ṁ mass flow [m3/s]
F Thrust [N]
V Velocity [m/s]
NAR Nozzle Area Ratio
NPR Nozzle Pressure Ratio
CFD Computational Fluid Dynamics

Subscripts
j Jet
i Ideal
G Gross thrust
e Exit
N Net thrust
0 Total states
s Static states
7 Station 7, Nozzle inlet
8 & t Station 8, Nozzle throat
9 Station 9, Nozzle exit
a Actual value calculated from Edge
CD Convergent -Divergent
∞ Free stream
m Maximum
β Boat-tail
wt Wind tunnel
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1. Introduction

Aircraft that are flying generates drag. To maintain level
flight this drag has to be balanced with thrust from the
engine, see Figure 1. The rear part of the aircraft is called
the aft-body, and aft-body drag is one part of the entire
drag. All forces acting on the aircraft aft-body, and are
varying with the throttle setting are book kept within en-
gine thrust and has to be balanced out. If the aft-body
drag can be decreased, the aircraft can fly at maintained
flight conditions with a lower throttle setting, this reduces
fuel consumption and increase range.

Drag

Thrust

Nozzle exit

Figure 1: Aft-body forces.

Aft-body drag has traditionally been analyzed in wind
tunnel tests. But today, Computational Fluid Dynamics
(CFD) analysis has shown to be a good complement to
wind tunnel testing where reduced cost is one benefit.
Aircraft performance is an extensive subject, and is built
up from many components, such as aerodynamics, propul-
sion and aircraft design. Propulsion in itself is also an
extensive subject containing components such as engine
performance, intake performance and aft-body design.
This paper, mainly focuses on the aft-body and jet nozzle
performance.

Aft-body drag and nozzle performance are suitable
to analyze with CFD since there are normally a limited
number of variables effecting the aft-body drag and thrust.
Mainly the free stream Mach number, Nozzle Pressure
Ratio (NPR) and nozzle geometry. These are defined in
equation (1) . With today’s modern CFD programs it is
possible to perform studies of the aircraft intake, nozzle
and aft-body with good accuracy, and so is done widely
all over the world. The aft-body geometry of a jet fighter
is changing for different flight conditions such as landing,
climbing, cruise etc. To be able to perform CFD calcula-
tions on aft-body drag, individual calculations have to be
done for every flight condition. An automated MATLAB
tool, which was able to handle all steps from parametriza-
tion of the geometry, mesh generation to CFD calculation
and post processing was therefore developed and is de-
scribed in this paper.

1.1. Jet Engine & Nozzle

The jet engine includes several important components.
The most important for this report are engine station 7-
9, which are the most interesting since those defines the
nozzle. The engine stations can be seen in Figure 2. Down-
stream of the engine there is usually a nozzle component.
A nozzle is a device used to control direction or charac-
teristics of a fluid flow. The nozzle is usually a duct with
a varying cross-sectional area used to increase the flow
velocity.

P∞
2 64 7

8
9

P9, T9, V9, ṁ

Figure 2: Standard engine station numbering [1],[2].

Engine station numbering
2 Intake
64 Afterburner inlet
7 Nozzle inlet
8 Throat
9 Nozzle exit

Pressure ratio across a nozzle is called Nozzle Pressure
Ratio (NPR), and is defined,

NPR =
P7

P9
(1)

This is the ratio between total pressure just upstream of the
nozzle at station 7 (see Figure 2) and nozzle exit pressure,
station 9.

NPR together with Nozzle Area Ratio (NAR) , defined,

NAR =
A9

A8
(2)

are important parameters while analyzing nozzle perfor-
mance. A8 and A9 are the cross section area at station 8
and 9.
Nozzles can be convergent or convergent-divergent (CD).
Convergent nozzles are the most common in aircrafts with
turbofan engines such as passenger carriers that operate
at subsonic speeds. Passenger carriers need a low fuel
consumption and therefore low nozzle exit Mach numbers
to maintain a high propulsive efficiency. The convergent
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nozzle is therefore used to accelerate the flow without
exceeding the speed of sound within the nozzle. However
military aircrafts need a high thrust to reach and maintain
supersonic speeds. To be able to reach supersonic speeds,
high NPR is necessary. To fly in supersonic speeds, the
nozzle has to be convergent-divergent to generate a high
impulse. A CD nozzle is therefore more common in mod-
ern fighter aircraft. A CD-nozzle can be seen in Figure 3
together with the corresponding pressure, temperature
and velocity distributions through a nozzle.

Figure 3: A convergent-divergent nozzle with corresponding pressure,
temperature and velocity trough a choked nozzle with ideal
expansion.[14].

The area of the throat and the pressure difference be-
fore and after the throat is important. If the NPR is low,
the flow will be subsonic through the throat and the veloc-
ity will increase upstream of the throat and then decrease
downstream of the throat. If the velocity through the
throat is M = 1 the condition is said to be critical, and
the nozzle is choked. M = 1 is the highest velocity pos-
sible through the throat. If the pressure upstream of the
throat increases, the mass flow will increase but not the
Mach number at the throat. When chocked conditions
have been reached, mass flow downstream of the throat
will accelerate generating propulsive force according to
Newtons second law. The throat area is then called the
critical area and is denoted A∗ if the velocity in the throat
is M = 1. The relation between the critical area and the
Mach number for compressible flow, applied on nozzles,
downstream of the throat is given by

(
A9

A∗

)2
=

1
M2

[
2

γ + 1

(
1 +

γ− 1
2

M2
)] γ+1

γ−1
.[3] (3)

From the isentropic relations for pressure, temperature

and Mach number we get [3]

ṁt
√

RT0,t

At · P0,t
=

Mt
√

γ(
1 + γ−1

2 M2
t

) γ+1
2(γ−1)

(4)

which, solved for At becomes

At =
ṁt
√

RT0,t

P0,t
·

 Mt
√

γ(
1 + γ−1

2 M2
t

) γ+1
2(γ−1)


−1

(5)

and is the throat area needed to to maintain choked flow.

1.1.1 Definition of Thrust

Thrust can be defined in many ways. Installed and un-
installed thrust are two important definitions. Un-installed
thrust corresponds to where installation effects do not af-
fect the performance and are often related to as gross
thrust which is stated below and is often refereed to as
gross thrust,

FG,9 = ṁ9 ·V9 + (Ps,9 − P∞) A9. (6)

When the engine is installed in the aircraft the inlet and
the nozzle affects the performance by generating drag and
losses. To get the installed thrust of an aircraft, inlet and
aft-body drag components have to be subtracted. Installed
thrust is therefore

FN = FG,9 − Finstall − FA f t−body (7)

Where Dinstall are drag components that occur when the
engine is installed in the aircraft. Aft-body drag is book-
kept as a propulsion force, which is dependent on the
throttle setting. Installed thrust is often refereed to as net
thrust.

1.1.2 Nozzle Operating Conditions

Expansion after the throat can either be ideal or non-ideal.
Ideal expansion occurs when nozzle exit pressure is equal
to the ambient pressure and expansion takes place in a
bell shaped nozzle as seen in Figure 3. In that case veloc-
ity components is directed straight out from the nozzle
and there are no shocks inside the nozzle, the thrust is
maximized. If the expansion is not ideal it can either be
underexpanded or overexpanded. An underexpanded jet
continues to expand after the nozzle exit and the diameter
of the jet is increasing. This is because the exit pressure
in the jet is larger than the ambient pressure, which gives
velocity vector components perpendicular to the nozzle
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centerline. These components do not contribute to the
thrust. An overexpanded jet means that the nozzle expand
the jet too much, the jet diameter becomes smaller than
the nozzle exit and the ambient pressure is higher than
the jet exit pressure. The only way for the pressure inside
the nozzle to reach ambient pressure is by a shock. Shocks
inside the nozzle can cause separations which dramati-
cally decrease the thrust.

1.1.3 Ideal nozzle expansion

In an ideal nozzle, ambient pressure can be used when
calculating the ideal exit temperature from isentropic re-
lations. Total states are assumed to be constant through
the nozzle. Ideal expansion means that the nozzle is ex-
panding the jet to P∞ with no losses. From isentropic
relations

T09,i = Tt ·
(

P∞

Pt

) γ−1
γ

(8)

Equation (8) in (4) at M = 1 gives ideal mass flow,

ṁi = Pt A8

√√√√ γ

RTt

(
2

γ + 1

) γ+1
γ−1

(9)

and ideal thrust

Fi = ṁa

√√√√√ 2γ

γ− 1
RTt

1−
(

p∞

pt

) γ−1
γ

 (10)

Where ṁa is the actual measured mass flow. Exit Mach
number is defined by, [3]

M9 =

√√√√√ 1
γ− 1

√√√√
1 + 2(γ− 1)

(
2

γ + 1

) γ+1
γ−1

(
P07 · A8

P9 · A9

)2

− 1 (11)

which gives the ideal exit Mach number if P9 = P∞. Ideal
exit area is given by equation (3).

A9,i =
A8

M9

√√√√[ 2
γ + 1

(
1 +

γ− 1
2

M2
9

)] γ+1
γ−1

(12)

V9,i = M9 · a (13)

where a is the speed of sound. Ideal gross thrust can then
be calculated from

FG9,i = (V9,i · ṁ9,i) A9,i (14)

1.1.4 Non-ideal expansion with shocks

For a fixed area ratio, i.e NAR is constant, the ex-
pansion is no longer ideal for all flight conditions since
the engine varies the NPR for different flight conditions.
When the throat gets choked, and the nozzle is overex-
panded, a normal shock starts to form at the throat. This
is often illustrated by two vertical lines as seen in figure 4.
These lines is an approximation of a much more complex
flow. Normally a system of oblique shocks arises that may
have a fluctuating behavior. In addition, the boundary
layer may separate which leads to a non-uniform flow
in the nozzle exit plane. A normal shock is however a
reasonable way to explain the average condition, such as
the loss in total pressure.

The strength of a shock is dependent of its location.
When the shock is near the throat, it is weak since the
Mach number upstream of the shock is just slightly higher
than M = 1. Downstream of the throat, where Mach
number increases the shock becomes stronger. The shock
occurs because there has to be balance between the pres-
sure in the jet and the ambient pressure. A normal shock
downstream of the throat can be seen in Figure 4.

Figure 4: Overexpanded nozzle with normal shock inside.[3].

If the divergent part of the nozzle expands the flow
to P9 < P∞, the flow is said to be overexpanded. The
pressure then reaches the ambient pressure before, or at
the exit through a shock. This shock may cause separation
in the nozzle, which will generate losses.

Overexpanded flow can be seen in Figure 5. The same
shock pattern as seen in Figure 6 can occur upstream in-
side the nozzle. The shock can cause separated boundary
layers which reduce the thrust. In Figure 6 the shock has
travelled downstream and is located outside the nozzle
and will therefore not trig a separation inside the nozzle.
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Figure 5: Shock induced separations from CFD.

Figure 6: Overexpanded nozzle. [3]

If the nozzle expands the flow to P9 > P∞, the flow is
underexpanded and continues to expand further down-
stream of the nozzle exit through a series of expansion
waves see Figure 7. When the flow is two dimensional
these expansion waves are called Prandtl-Meyer expan-
sions. Since the jet diameter will increase downstream, it
will interact with the freestream and generate a change in
the pressure distribution on the aircraft aft-body.

Figure 7: Underexpanded nozzle. [3]

1.2. Discharge & Thrust coefficient

The discharge coefficient is expressed as

Cd ≡
ṁ
ṁi

(15)

and is the actual mass flow divided by the ideal mass flow
at the critical area. Cd is affected by boundary layer thick-
ness, swirl, distorted flow, leakage etc. When the nozzle
is choked, the discharge coefficient reaches its maximum
value, Cd,max and maintains constant if NPR is increased
further. [4] The discharge coefficient is often used to ad-
just the size of the nozzle throat area to match the desired
mass flow rate [5] and is an important parameter in engine

control.
The gross thrust coefficient is defined,

C f g ≡
FG,acual

FG,ideal
(16)

where FG,acual is calculated or measured thrust and FG,ideal
is thrust without losses at ideal expansion. Flow sepa-
ration effects caused by oblique shocks that disturb the
nozzle boundary layer limit the degree of overexpansion
in the nozzle. Separations inside the nozzle will decrease
the thrust and therefore also C f g. In design practice, the
dimensioning area ratio A9/A8 of CD nozzles is selected
such that the nozzle flow does not separate due to over
expansion for most throttle settings. NPR are between
3 and 5 in subsonic cruise for a typical jetengine [3]. In
that range, the gross thrust from a convergent nozzle is
1%− 3% below the ideal thrust [5]. However, in a con-
vergent nozzle at NPR=12, which can occur when flying
with high ram pressure (high Mach number), the thrust is
instead about 9% below ideal thrust [5]. Substitution of a
convergent nozzle to a convergent-divergent nozzle there-
fore provides large gains in thrust for supersonic aircrafts
even though convergent-divergent nozzles usually add on
weight to the aircraft.

1.3. Aft-body drag

Aft-body drag is the sum of the drag components affecting
the rear part of the aircraft, such components are drag due
to pressure, friction and wave drag (shocks). The aft-body
drag is typically between 4-10% of the net thrust FN and
the aft-body drag can be as much as 35% of aircraft drag
at high speed [6]. The jet plume affects the rear part of the
aircraft. If the plume is overexpanded, it affects the rear
part of the aircraft with a lower pressure generating a drag.
If the plume instead is underexpanded, it will contribute
to a higher pressure on the aircraft aft-body and might
cause flow separation to occur, due to the adverse pressure
gradients. These contribute to an increase in the aft-body
drag. The nozzle geometry will also affect the flow over
the rear part of the aircraft. To estimate aft-body drag, the
boat tail coefficient, described in detail in [7], Cd,β can be
used;

Cd,β =
n

∑
k=1

p∞ − pβ,k

q∞

Aβ,k

Am
(17)

where p and q are pressures, Aβ,k is an infinitesimal area
section and Am the entire aft-body area. Cd,β is a geometry
parameter and do not take drag components as friction
into account.
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2. Method

To be able to do efficient aft-body drag and nozzle assess-
ments, an automated tool was needed. To automate the
preprocessing, meshing process and post processing, a pa-
rameterized geometry was required. Parameterization was
also a key factor to be able to keep mesh quality when the
geometry was adjusted or changed. To be able to perform
a CFD calculation that could verify the method of how
to calculate aft-body drag, the geometry and mesh had
to be generated in an efficient way since more than one
nozzle geometry was tested. A mesh was therefore gen-
erated from a parameterized geometry that was meshed
in 2D. After a visual inspection, the 2D mesh was rotated
around the centerline in order to create a 3D block mesh.
Several 3D blocks was merged into one 3D mesh in order
to describe the geometry. The solver, EDGE was then
used to perform the calculations and finally the software’s
Ensight and MATLAB were used for post processing. An
illustration of the analysis flow can be seen in Figure 8.

Parameterization of nozzle and aft-body geometry

Generate edges from parameterized geometry

Generate 2D mesh

Visual inspection

Sweep 2D mesh to axisymmetric mesh

Generate unstructed mesh and merge blocks

Write EDGE mesh file

Perform CFD calculation

Post Prosessing

Figure 8: Flow scheme of analysis.

2.1. Requirements and limitations

A parameterized geometry of a nozzle can be seen in
Figure 9. Parameters can be of different kind, varying,
locked and floating. Varying parameters change with
flight condition and are set as input by the user. Locked
parameters are independent of flight condition such as the
afterburner diameter or nozzle design parameters which
do not change during flight. Floating parameters are pa-
rameters which are set automatically from the input of
varying parameters eg. mechanically connected variables
such as flap angles an length.

Figure 9: Parametrized nozzle geometry.

2.2. Geometry and mesh

To be able to visualize shocks inside the nozzle and at the
aft-body, high resolution was required in the nozzle area.

A MATLAB tool was developed in which different
meshes could be set up for different nozzle geometries.
The parameterized geometry was described by nodes
which defines edges. For curved edges, a higher reso-
lution than two nodes was needed to describe the curved
edge properly. The user then added a curvature radius,
start and end point, which together defined the curved
edge. When all geometry edges are defined, the user de-
cides if these nodes should be stretched in any direction.
An in-house developed MATLAB script was used to con-
nect edges into faces. Edges opposite to each other had
to have the same number of nodes. The nodes are then
used for transfinite interpolation to generate the rest of the
nodes in the geometry using another in-house developed
function. Four edges define a face, and six faces define a
block. Bocks are then merged together to represent the
volume mesh and a mesh file is printed.

Figure 10: Block built up from faces.
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Connections between faces that are sharing nodes are
called “Joined Edges”. These are defined at the top of the
program, to make sure that all parts of the geometry stay
intact and that no loose ends exists.

2.3. Flow solver Edge

Edge is a finite volume, compressible, Navier-Stokes flow
solver developed by FOI [15]. Edge is one SAAB standard
software for CFD calculation where the user set up the in-
put file .ainp and mesh file .bmsh. The input file defines all
of the program settings and fixed values such as viscosity,
free stream velocity, how many iterations that should be
made and so on. The mesh file was provided from the
developed MATLAB script, mentioned above. Some help
programs inside Edge was also used to set up boundary
conditions and to start the calculation.

2.4. Post processing

To be able to perform automated nozzle and aft-body as-
sessment, post processing is important. Post processing
was made in a MATLAB script developed to extract CFD
data and calculate forces and pressures. Forces were eval-
uated at the throat at station 8 and at the nozzle exit at
station 9. Pressures were evaluated inside the nozzle and
at the aft-body outer surface. Flow visualization was made
using Ensight [9].

3. Method validation

A NASA wind tunnel test was used to validate the method.
Geometry was parameterized, and a mesh was generated.
CFD results were then plotted together with wind tunnel
data to make sure that the method developed, was valid.

3.1. NASA wind tunnel test

The NASA wind tunnel test, used to verify the method
in this report took place in the Langley 16-Foot Transonic
Tunnel in 1981. In the test, a nacelle was mounted on a
support system. Five nozzle models where mounted on
the nacelle and could easily be changed. Each nozzle was
tested at Mach numbers of 0.6, 0.8, 0.9, 0.94, 1.20 and 1.3.
Results were gathered and plotted together with results
from this study. The wind tunnel model that was tested
can be seen in appendix A1. There are two configurations
of interest in this study namely conf. 1 & 2 which can
be seen in Figure 11. Configuration 1 & 2 are interesting
because they are closest to the expected nozzle geometry
on a fighter jet aircraft in supersonic speeds. A detailed
sketch of the nozzle can be seen in appendix A1, and the

corresponding dimensions in table 1. The throat area, A8,
is constant in both configurations. Wind tunnel tests were
performed at M = 1.2 and NPR between 1.5 and 14. The
wind tunnel model was 150.77 cm long and had a diam-
eter of 15.24 cm. A half model of both configurations is
visible below. It is clear that A9 and the outer geometry is
the main difference, as seen in Figure 11a and 11b.

(a) Configuration 1.

(b) Configuration 2

Figure 11

In the wind tunnel test, γ was set constant. This was
done by George T. Carson, Jr. & Edwin E. Lee, Jr. [7] and it
can be seen in Figure 12, that for the highest NPR tested in
this report NAR differs around 5.5% at NPR=14 at ideal
expansion. Comparing to γ = 1.33 which corresponds
to a stochiometric process such as in jet engines where
high temperatures occur and air is mixed with fuel. If
calculations of this kind are done on real nozzles with hot
gas, calculations should be done with variable γ, but since
this calculation was done with cold air around 300K it was
reasonable to assume that γ could be set constant. NAR at
ideal expansion of configuration 1 and 2 can also be seen
in Figure 12.

0 5 10 15 20 25
1

1.2

1.4

1.6

1.8

2

2.2

2.4

2.6

2.8

3

NPR

N
A

R

 

 

Gamma=1.4 (air)
Gamma=1.33 (Stochimetric)

Con f ig.1

Con f ig.2

Figure 12: NAR vs. NPR for γ = 1.4 and γ = 1.33.

3.2. CFD

The NASA geometry was parameterized and a structured
grid was made by the method described above. The mesh
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included 18 blocks, described in figure 13. To be able
to capture shocks and separations, resolution inside the
nozzle was higher than outside. To be able to capture
flow characteristics in the boundary layer first cell height
fulfilled the requirement of y+ = 1. Since the nozzle of
the geometry was axially symmetrical, a half model was
used, this reduces the necessary amount of computational
resources significantly.

Figure 13: Block structure of the used mesh.

The 2D mesh was swept five degrees around the x-axis
to get a 3D mesh. A new set of nodes was added per
degree, se Figure 14. The mesh was finally built up from
1.6 · 106 nodes. The computational domain was 100 times
the model diameter long and 50 times model diameter
high.

Figure 14: The 2D mesh swept 5 degrees around the x-axis.

The mesh of the nozzle can be seen in Figure 15. Reso-
lution is high enough to capture shocks and separations.
For the NASA test case, perfect gas was assumed, i.e.
γ = 1.4, and for discretization, central scheme was used.
Calculation time for one run was ≈ 24 h and convergence
reached 10−4 at least. Several turbulence models were
available in Edge, for this study k − ω SST Menter [11]
was used.

Figure 15: Mesh around nozzle.

(a) Configuration 1 , NPR= 4.

(b) Configuration 2 , NPR= 14.

(c) Configuration 2 , NPR= 1.5.

0.0 1.0 2.0 3.0

Mach

Figure 16

3.3. Results

Results are presented as pressure distributions on internal
and external nozzle surfaces. Performance coefficients
such as discharge coefficient, gross thrust coefficient and
boat tail coefficient were plotted as functions of NPR. The
results have been compared and plotted together with
wind tunnel data collected from [7].

3.3.1 Flow characteristics

Mach number contours of the two configurations can be
seen in Figure 16a and 16b. In the Figures it can be seen
how NPR affects the shock pattern. The velocity is rapidly
decreased through the shock and then accelerates again to
sonic speeds since the flow expands even more. It is also
visible that a change in geometry that flow experience in
configuration 1 can generate expansion waves when the
flow follow the curved geometry. Expansion in configu-
ration 1 at NPR = 4 is almost ideal and the magnitude of
C f g = 0.99 gives thrust of 1% below ideal thrust.
Configuration 2 has C f g = 0.977 at NPR = 14, which gives
a thrust that is 2.3% below ideal thrust. Configuration 2
has a very low C f g at low NPR. That is because of a large
separation inside the nozzle, which can be seen in Figure
16c. Figure 16c shows how costly it could be to fly with
wrong NAR. The nozzle in this case loses more than half
of its thrust by having the wrong NAR at NPR=1.5.
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NPR=1.5.

NPR=2.

NPR=3.

NPR=4.

NPR=6.

NPR=8.

NPR=10.

NPR=12.

NPR=14.

Figure 17: CFD Results (pressure gradients) from configuration 1 and 2, M = 1.2 and varying NPR.

NPR = 1.5.

NPR = 2.

NPR = 3.

NPR = 4.

NPR = 6.

NPR = 8.

NPR = 10.

NPR = 12.

NPR = 14.
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Shock patterns are complex phenomena and are not al-
ways easy to predict. As seen in Figure 17, flow inside the
nozzle gets choked and the shock pattern do not change
for NPR higher than 3 when the expansion is close to ideal.
For NPR 3, flow patterns inside the nozzle do not change
much and are therefore easier to predict using a steady
state approach. By further analyzing Figure 17, it is clear
that the shock strength increase and that the shocks move
downstream outside the nozzle with increased NPR. It is
also clear that shocks at both the inside and the outside of
the nozzle are causing separation and then also decrease
the drag for both configurations. The density gradients,
also plotted in Figure 17, shows that the jet is interacting
with the free stream at the nozzle exit. If Vjet 6= V∞, shear
layers occur between the jet and the free stream. These
shear layers interact with the shocks inside the jet, and are
also visible in Figure 17.

3.3.2 Pressure distribution

Plotting the pressure distribution is a good way to visu-
alize where shocks and separations occur. Overall, CFD
results are in good agreement with wind tunnel data for
NPR higher than 4. The pressure distribution on the out-
side of the aft-body for configuration 1 is plotted in Figure
19 and inside the nozzle in Figure 20. Shock induced
separation occur at different x-positions for different NPR
inside of the nozzle. As seen in Figure 19, the x-position
of the separation moves downstream when NPR goes
from 1.5 to 4 due to a favourable pressure gradient in the
intersecting region between the jet and free stream. One
explanation for this could be that the ejector effect is present,
e.g. the jet is pulling the free stream with it, causing the
pressure to drop and the free stream close to the nozzle to
stay attached to the aft-body. This in turn increases fric-
tion drag as seen in Figure 17. At NPR=4, as said before,
the expansion is almost ideal. When NPR is increased
further the separation moves back upstream. For NPR
above 4, the jet is underexpanded and gives a positive
pressure contribution at the aft-body, causing a separation
by adversed pressure gradients. The positive pressure
contribution lowers both the friction- and pressure-drag
on the curved aft-body when the shock moves upstream.
Pressure distribution inside the nozzle for configuration 1
can be seen in Figure 20 where separations are predicted
as well. Separations at low NPR are difficult to predict
exactly, mainly because the throat is not fully choked.
NPR=1.5 and NPR=2 are both causing separations that
show reasonably good agreement, even though the sepa-
ration for NPR=1.5 is predicted a bit late and for NPR=2 a
bit too early.
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Figure 19: Cp,β aft-body outside, Configuration 1.
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Figure 20: P/Ptj vs. NPR Configuration 1.

Separations are predicted at NPR 1.5, 2 and 3. Wind
tunnel data for NPR=3 is not present in Figure 20 but can
be found in [7]. Separation at NPR=1.5 is not predicted
correctly. It appears to take place earlier than CFD calcu-
lations predict. Separation at NPR=2 is predicted a bit to
early according to the wind tunnel test results. For the
aft-body of configuration 2, the pressure distribution is
very well predicted as can be seen Figure 21. This shows
that flow field without shocks or large separations are
easier to predict. Just a small pressure drop can be seen in
Figure 21. This was expected because the aft-body outer
surface is almost flat. A small separation is again not
correctly predicted at the end of the nozzle. NPR results
from wind tunnel testing showed small variations and was
independent of NPR as seen in [7], NPR=6 was chosen to
represent the wind tunnel results from the configuration 1
aft-body.
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Figure 21: Cp,β aft-body outside, Configuration 2.
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Figure 22: P/Ptj vs. NPR Configuration 2.

As seen in Figure 22, CFD predicts that the flow sepa-
rates from the inner wall at NPR=1.5, NPR=2 and NPR=3
at inside of configuration 2. Wind tunnel results from
configuration 2 at M = 1.2 in [7] was compared to CFD
results and show reasonably good agreement with the
wind tunnel data.
As seen in Figure 17 at NPR=3, there are some darker areas
at the center line downstream of the nozzle. In those areas
there are numerical instabilities, but since these are well
downstream of the region of interest, these instabilities
should have a small influence on the upstream flow field.
In [10] it is stated that predicting the exact location of the
separation is difficult. Even though geometry and flow
behaviour is well known other factors such as turbulence
modelling is of great importance.

3.3.3 Performance coefficients

Cd,β is defined in equation (17) and can be seen in Figure
23. Note that Cd,β only estimates the drag generated by
the pressure acting on the external aft-body and do not
include the friction since Cd,β is a coefficient estimating
the drag due to geometrical properties. For both configu-
rations the CFD results are in good agreement with wind
tunnel data. For configuration 1, Cd,β increases from low
NPR and has a maximum around NPR = 4 and then de-
creases when NPR is increasing. This is because the jet at
low NPR affects the pressure distribution at the aft-body
with a negative pressure and thereby increases the drag.
As NPR increases, a weak shock moves upstream and
causes the flow to separate earlier at higher NPR. This
reduces the drag for configuration 1.
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Figure 23: Aft-body pressure drag, Cd,β vs. NPR for config. 1 and 2.

The drag generated by configuration 2 is very low
since the aft-body have a small area projected in the
x-direction. There are no shocks or large separations
generating drag. The discharge coefficient is defined in
equation (15) and plotted against NPR in Figure 24. Since
both configurations have the same throat area, and are
both in choked condition, the discharge coefficients are
almost the same. As the flow gets choked, its properties
“freezes” upstream of the throat. As seen in Figure 24
the wind tunnel test and CFD Results dissipates at most
for low NPR, where the throat is just about to become
chocked. It is also known from before that its hard to
estimate the flow at low NPR when the nozzle is not fully
choked. This effects the discharge coefficient as well. At
higher NPR the results are in god agreement. The base
area is the area at the end of the nozzle flap which normal
is directed straight backwards. Base area thickness of 0.76
mm and area ratio between base area and boat tail area
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projected in x-direction is, 1.7% of configuration 1, and
7.5% of configuration 2. To be able to compare the CFD
results with data from the wind tunnel test, forces acting
on the base surface at the nozzle exit were neglected as in
[7]. Since calculations were done by using 2D planes that
were rotated in steps around the centerline, small errors
are made in every step since the cross section area used for
calculations are slightly smaller than the one used in the
wind tunnel tests, which is perfectly circular. Differences
in cross section area between the wind tunnel model and
the CFD model is less than 0.1%, so the difference was
negligible.
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Figure 24: Discharge coefficient, Cd vs. NPR config. 1 and 2.
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Figure 25: Gross thrust coefficient, C f g vs. NPR , config. 1 & 2.

C f g is defined in equation (16). As seen in Figure 25,
both configurations have their maximum C f g at differ-
ent NPR. Configuration 1 has a maximum C f g at NPR=4.
Maximum C f g at configuration 2 is never reached for NPR

between 1.5 and 14 since the expansion has not yet reach
ideal conditions. Figure 12 shows that NPR=20 gives ideal
expansion for configuration 2. Since NPR=20 is an unreal-
istic NPR for a jet aircraft it was not tested by [7].

3.3.4 Thrust
The normalized thrust is plotted for configuration 1 in Fig-
ure 26. In the wind tunnel tests, the friction was calculated
from, equation 2 in [7]. In CDF friction was calculated by
integration of the shear forces over the aft body. Aft-body
drag decreases fast with increase in NPR, which gives an
increase in thrust as seen in 7. The pressure force is the
main part of the aft-body drag. The friction force is rather
constant for all NPR and very small. The thrust and drag
components are plotted in Figure 26. The net thrust from
CFD calculations show good agreement with wind tunnel
data. Configuration 1 and 2 show the same behavior. The
biggest difference is that the pressure force, Fp is much
smaller, about 85 % less than in configuration 1 at NPR =
1.5. At higher NPR the difference in net thrust between
configuration 1 and 2 is much smaller. This is because the
main part of the shocks has been transported downstream
and do not affect the thrust as much as they did when
they were located inside the nozzle. In configuration 1,
the aft-body drag is decreasing fast with increase in NPR
and Fg is rather high. In configuration 2, the aft-body drag
is low and does not change much with increase in NPR.
Fg is much at lower than in configuration 1 witch gives a
lower net thrust at low NPR.

When the two configurations are compared for NPR
1.5-14, it is seen that configuration 1 gets higher thrust at
low NPR but that they are the same for the highest NPR.
It is also observed that the calculated net thrust (including
all drag components) show good agreement with wind
tunnel tests.

2 4 6 8 10 12 14
−0.8

−0.6

−0.4

−0.2

0

0.2

0.4

0.6

0.8

1

NPR

F
/F

id
ea

l

 

 

(Fg)./F
ideal

(Fg−Ffx−Fp)./F
ideal

(Fp)./F
ideal

(Ffx)./F
ideal

F
N,Windtunnel

Figure 26: Thrust and drag components, Configuration 1.
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Figure 27: Thrust and drag components, Configuration 2.

4. Discussion

The main target of this thesis work was to develop an
efficient method to generate CFD calculations in an auto-
mated way. The method was successful, but the mesh is
not perfect. Some of the badly predicted separations are
probably caused by the mesh quality generating numer-
ical instabilities. Pressure distribution inside the nozzle
drops a bit earlier than CFD calculations predict. One
explanation could be that mesh lines are straight from the
x-axis up to the geometry. The mesh lines meet the slope
before the throat in a 45 deg angle. This brings severe
skewness to the cells close to the surface. Skewness in
cells is undesirable and this affect the calculations.

Cell aspect ratio should be as close to one as possible,
unless the flow is parallel to the cell, like close to a wall. In
CFD simulations flow across a cell with high aspect ratio
causes numerical instabilities if the side of the cell where

the flow enters the cell is big in relation to the cell volume.
When the cell is close to a wall and the flow is parallel
to the cell, the aspect ratio can be higher because all flow
that enter the cell, enters through a side of the cell that is
much smaller than the length. Cells with high aspect ratio
is present in the entire mesh, but at those positions where
results where important, more cells were added and as-
pect ratio decreased. To eliminate the problem with high
aspect ratio cells placed in the shear layer, a thin block
closest to the walls was generated, creating what’s called
an O-grid which can be seen in appendix A2. Another
problem did occur along the centerline, where the rotated
planes join together. The nodes on the centerline from
each plane were merged together, creating prismatic cells
closest to the centerline. This became an issue because the
results from several neighbouring nodes was transferred
into only one node on the x-axis. This gives numerical
instabilities and affects the convergence in a unfavourable
way. Adding a small distance between block 1 to 4 and the
x-axis solved the problems around the center axis. This
distance was in magnitude of 0.1 mm, which was enough
to get rid of collapsed cells along the center line, and get
hexahedral cells instead.

5. Conclusions

The method used to perform aft-body drag assessment
was shown to be working satisfactory. To build a mesh in
an automated way was an efficient method to create CFD
data. The parameterization of geometry together with a
good block structure were key factors to success.
The validation showed that the method was working since
CFD result was in reasonably good agreement with wind
tunnel data. To estimate aft-body drag the method was
accurate enough but shows how important it is that set
up of the mesh ensure that mesh quality is sustained at
geometry modifications.
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6. Appendix

6.1. A1

Figure 28: NASA test nozzle.

Geometric details Ae
At

At
Am

Ae
Am

dt
dm

lC
dm

lD
dm

de
dm

l
dm

θ, deg δ, deg β, deg

Configuration 1 1.250 .250 .312 .500 .286 .800 .559 1.000 42.35 2.12 15.05
Configuration 2 3.000 .250 .750 .500 .286 .779 .866 .979 42.35 13.18 3.82

Table 1: Geometry description of configuration 1 & 2.

The test rig from the NASA wind tunnel test.

;

Figure 29: Nacelle model.
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6.2. A2

Figure 30: Calculation domain.

Figure 31: Nacelle mesh.

Figure 32: Nozzle base.
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