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ABSTRACT 
When turbofan engines are installed under the wing, the static pressures at the engine nozzles are often locally 
higher than those of the undisturbed environment. An increased static pressure downstream of an unchoked 
propelling nozzle leads to a reduction in nozzle pressure ratio, nozzle mass flow rate and gross thrust – referred 
to as flow suppression. The conventional industry turbofan thrust accounting method for flight and wind tunnel 
testing is based on a mass flow and momentum consideration and does not take the local static pressure at 
the nozzle of the installed engine into account. Neglecting flow suppression, the determined thrust is often 
overestimated. While this thrust accounting simplification was permissible for previous engine generations, the 
mass flow rate and thrust bias increases significantly for designs with increasing bypass and decreasing fan 
pressure ratios. Aerodynamic data is corrected for nacelle external flow induced suppression effects 
dominating in high speed conditions according to standard industry practice but no such corrections are applied 
to wing induced flow suppression effects which dominate in low speed conditions. NASA’s Common Research 
Model (CRM) configuration has been used for a parametric study based on full configuration Reynolds 
Averaged Navier-Stokes (RANS) computations complemented by rapid CFD results for the low speed high-lift 
flap effects. The impact of the nozzle back-pressure effect on the determination of mass flow rates and thrusts 
depending on aircraft layout, engine/nacelle design features, high-lift configuration, operational and flight 
condition parameters is explained. A straight forward data reduction approach avoiding systematic bias errors 
due to nozzle backpressure effects based on the continuity equation is proposed. Difficulties in measuring 
static pressures at the nozzle exit station are avoided by moving the mass flow evaluation station forward into 
the duct where measurements of representative static pressures are more robust. The suggested approach 
can not only be employed for wind tunnel tests utilizing Turbofan Propulsion Simulators (TPS) and Through 
Flow Nacelles (TFN) but also for full scale in-flight thrust determination. 
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NOMENCLATURE 

Latin Symbols 

A Cross section area m² 

cD Discharge coefficient - 

cL Lift coefficient - 

cp Pressure coefficient - 

FG Gross thrust N 

FE Ram drag N 

FN Net thrust N 

FNPR Fan nozzle pressure ratio 
= PT19 / P100 

- 

FPR Fan total pressure ratio - 

M Mach number - 

𝑚̇𝑚 Mass flow rate kg/s 

𝑚̇𝑚∗ Mass flow function - 

q0 Freestream dynamic 
pressure= 1

2
⋅ 𝛾𝛾 ⋅ 𝑃𝑃0 ⋅ 𝑀𝑀0

2
N/m² 

qkin,noz TFN kinetic pressure 
= PT,0 – Pnoz 

N/m² 

P Static pressure N/m² 

PR = 
PT/P 

Total to static pressure 
ratio 

- 

PR19 Fan nozzle pressure 
ration PT19 / P19 

- 

PT Total pressure N/m² 

TT Total temperature K 

R Ideal gas constant = 
287.05 

J/(kg·K) 

Rec Chord based Reynolds 
number 

- 

V Jet velocity m/s 

Greek Symbols 

α Angle of attack deg 

β Sideslip angle deg 

δflap Flap deflection angle deg 
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γ Ratio of specific heats for 
air = 1.4 

- 

ζ Pressure loss coefficient 
w. r. t. qkin,19

- 

Indices 

0 Freestream 

00 Core jet downstream nozzle 

1 Intake highlight station 

5 Core duct downstream turbine 

15 Bypass duct downstr. fan stage 

9 Core nozzle exit 

19 Fan nozzle exit 

100 Fan jet downstream nozzle 

actual Actual value 

crit Critical conditions (Mlocal = 1) 

eff Effective 

FNPR Referring to FNPR 

i inner 

NEF Nacelle external flow induced 
nozzle pressure 

noz nozzle 

PR19 Referring to PR19 

o outer

SAE Society of Automotive Engineers [3] 

WIN Wing induced nozzle pressure 

1. INTRODUCTION TO ENGINE FLOW
SUPPRESSION EFFECTS

First of all, one needs to distinguish between the physical 
effects of flow suppression on the one hand and thrust 
determination bias errors on the other hand. Focus in the 
present paper will be laid on the latter.  

In-flight turbofan engine and wind tunnel Turbofan 
Propulsion Simulator (TPS) thrust is determined based on 
gas path measurements of total pressure, total temperature 
and static pressure as well as duct respectively nozzle 
cross section areas. Because of pressure losses between 
the measurement (inside the duct) and the accounting 
stations (usually the nozzle exit), engines and TPS are 
mass flow rate and thrust calibrated in engine calibration 
facilities (ECFs). The mass flow rates are determined by 
accurate reference mass flow meters and reference thrust 
is measured with balances. Deliverables of the calibration 
runs are discharge and thrust coefficients which can 
subsequently be used to correct wind tunnel or in-flight gas 
path measurements derived ideal mass flow and thrust 
data. Because of no external nacelle flow, operating 
engines and TPS in ECFs are somehow ideal and it is 
assumed that the flow suppression is zero.  

External nacelle flow alone will already change the static 
pressure at the nozzle. When installed on a wing, the 
airframe will induce additional pressures at the nozzle 
station.  

De Wolf [1] highlighted that the simplified thrust 
determination approach based on the assumption of the 
freestream static pressure at the fan nozzle exit station 
used for high bypass ratio TPS may produce bias errors for 
future fan stage designs with decreased fan pressure ratios. 
The effects of flow suppression on thrust determination are 
also addressed in [2] and more details on how to cope with 
these effects are documented in [3]. 

FIG 1. Bypass duct station numbering 

A simple analysis is made in order to illustrate the 
fundamental effects. This analysis is based on following 
assumptions 

– Single duct
– Convergent nozzle
– Free-stream = thrust direction
– Ideal flow, no losses
– 1D stream-tube assessment

The gross thrust is derived from the momentum equation 
(Newton’s second law) 

(1) 𝐹𝐹𝐺𝐺 = 𝑚̇𝑚 ⋅ 𝑉𝑉   .

The nozzle mass flow rate is determined from the 
compressible continuity equation 

(2) 𝑚̇𝑚 = 𝐴𝐴 ⋅ � 2⋅𝛾𝛾
𝑅𝑅⋅(𝛾𝛾−1) ⋅

𝑃𝑃𝑇𝑇
�𝑇𝑇𝑇𝑇

⋅ 𝑃𝑃𝑃𝑃−
1
𝛾𝛾 ⋅ �1 − 𝑃𝑃𝑃𝑃

1−𝛾𝛾
𝛾𝛾    . 

If the pressure ratio exceeds 𝑃𝑃𝑃𝑃𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐 =  � 2
𝛾𝛾+1

�
− 𝛾𝛾
𝛾𝛾−1, the local 

flow Mach number at the convergent nozzle exit station 
becomes unity. The nozzle chokes and the effective 
pressure ratio is limited to the critical value, hence 

(3) 𝑚̇𝑚 = 𝐴𝐴 ⋅ �𝛾𝛾
𝑅𝑅
⋅ � 2

(𝛾𝛾+1)�
𝛾𝛾+1
𝛾𝛾−1 ⋅ 𝑃𝑃𝑇𝑇

�𝑇𝑇𝑇𝑇
   . 

Now, exemplarily considering the bypass (= fan) duct and 
referring to the station numbers shown in FIG 1, two 
evaluations will be compared at the nozzle exit station with 

a) PR = (PT,19/P19) = PR19 and 𝑚̇𝑚 = 𝑚̇𝑚𝑃𝑃𝑃𝑃19 and

b) PR = (PT,19/P100) = FNPR and 𝑚̇𝑚 = 𝑚̇𝑚𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹   .
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The port Through Flow Nacelle (TFN) of the HS-CRM is 
equipped with six circumferentially distributed internal wall 
static pressure taps at the station shown in FIG 4 which will 
be used to validate the numerical model results. 

An objective was to study following effects in low-speed 
(LS) as well as high-speed (HS) flight conditions 

– Mach number (LS and HS)
– Angle of attack (LS and HS)
– High-lift system (LS)
– Sideslip (LS and HS)
– TFN Nozzle configuration (HS).

Since the airframe induced pressures can be regarded as 
first order effects and because transonic effects do not 
fundamentally change the effects at some distance from the 
wing, a numerically efficient Vortex Lattice Method (VLM) 
computation was employed for a first study [7]. The VLM++ 
code used for this is described in [8].  

In order to improve the simulation fidelity, the VLM++ 
parametric study was partially repeated in a second study 
using the commercial RANS solver Siemens StarCCM+ of 
which results are presented in the present paper.  

StarCCM+ uses a finite volume method using an implicit 
coupled energy solver with a 2nd order discretization and a 
Roe flux-difference splitting scheme.  

The turbulence model was k-ω Menter-SST with a 1st order 
convection scheme and linear constitutive relation. The 
discretization was optimized to ensure Y+ values lower than 
3 (FIG 5).  

FIG 5. NASA HS-CRM: Surface contours of Y+ 

Simulation cases are described by following settings 

• Rec = 5x106

• M0 = 0.2 and 0.7
• α = 3.0° (baseline) + var.
• β = 0° (baseline) + var.
• δflap,i = δflap,o = 0°

For studying of high-lift configuration effects only the trailing 
edge flap was tentatively modelled with a simple hinged flap 
model according to the “Simplified High Lift CRM 
configuration” of [9]. Since RANS computations were only 
conducted with the clean configuration HS-CRM model, flap 
effects were taken from the first VLM-based study [7]. FIG 
6 depicts the VLM flap configuration with inner and outer 
flap deflections. VLM does not explicitly model fluid 

dynamic phenomena like boundary layer separation and 
this is why circulation and lift are often overpredicted. Note 
that the effective flap angle δflap,eff for the VLM computation 
was halved as a consequence compared to the geometrical 
angle δflap based on recommendations of Torenbeek [10]. 

FIG 6. Trailing edge flap modeled with VLM++ (α = 3.0°, 
β = 0.0°, M0 = 0.2, δflap,i = δflap,o = 50°) 

2.2. Comparison of CFD with Wind Tunnel Data 

FIG 7 shows the cL versus α plot comparison of the RANS 
with the selected NTF wind tunnel test polar. The fit in the 
“linear” region of the polar is fair. CFD and wind tunnel 
results diverge for angles of attack greater than 6.5 deg, 
though. A x-z-cut through nacelle and wing depicting the 
pressure coefficients is shown in FIG 10 a) while the exit 
plane averaged cp’s at the nozzle exit station are shown in 
FIG 8. FIG 9 compares measured and computed nacelle 
internal pressures. The shapes of the curves are similar but 
the numerical cp’s are roughly 0.08 higher than those 
measured in the NTF wind tunnel test. This difference 
cannot be explained by the slightly different data reduction 
approaches (StarCCM+: wall line averaged,  Wind Tunnel 
Test: taps averaged). 

FIG 7. HS-CRM lift curve: Comparison of StarCCM+ 
polar with wind tunnel test data (α = Var., β = 
0.0°, M0 = 0.7, δflap,i = δflap,o = 0°) 

A TFN loss coefficient of 𝜁𝜁 = 0.05 referring to the nozzle 
kinetic pressure qkin,noz reproduces the RANS nacelle 
internal pressures in a simplified 1-D TFN model as 
described in [7]. This is only half the value used previously 
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In order to avoid systematic errors due to nozzle 
backpressure effects, the local static pressures are required 
for experimental data reduction in wind tunnel and flight 
testing. A straight forward approach based on the 
conservation of mass, is to move the evaluation station from 
the nozzle exit station to a duct internal station where it is 
more convenient to measure static pressures than at the 
nozzle exit stations.  

In order to reduce uncertainties due to synthesis of data 
from different sources obtained with different CFD methods, 
it would be desirable to complement the RANS study based 
on the HS-CRM with TFN’s by 

• simulations of the LS-CRM in high lift take off
configuration

• simulations with powered nacelles.

Particularly the latter would help drawing a more realistic 
picture compared to the peculiar HS-CRM through flow 
nacelles with their particularly high nozzle pressure 
coefficients. 
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