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A third wind tunnel test of the FAST-MAC circulation control semispan model was
completed in the National Transonic Facility at the NASA Langley Research Center where
the model was configured for transonic testing of the cruise configuration with 0◦ flap
deflection to determine the potential for transonic drag reduction with the circulation
control blowing. The model allowed independent control of four circulation control plenums
producing a high momentum jet from a blowing slot near the wing trailing edge that was
directed over a 15% chord simple-hinged flap. Recent upgrades to transonic semispan flow
control testing at the NTF have demonstrated an improvement to overall data repeatability,
particularly for the drag measurement, that allows for increased confidence in the data
results. The static thrust generated by the blowing slot was removed from the wind-on
data using force and moment balance data from wind-off thrust tares. This paper discusses
the impact of the trailing-edge blowing to the transonic aerodynamics of the FAST-MAC
model in the cruise configuration, where at flight Reynolds numbers, the thrust-removed
corrected data showed that an overall drag reduction and increased aerodynamic efficiency
was realized as a consequence of the blowing.

Nomenclature

Symbols

AF Axial Force, lbf
A Aspect ratio
b Wing span, in
c Local wing chord, in
c Mean aerodynamic chord, in
C
A

Axial force coefficient, body axis
C
D

Drag coefficient, stability axis
C
L

Lift coefficient, stability axis
C
l

Rolling moment coefficient, body axis
C
m

Pitching moment coefficient, body
axis

C
N

Normal force coefficient, body axis
C
n

Yawing moment coefficient, body
axis

C
p

Pressure coefficient
C∗
p

Critical pressure coefficient
C
Y

Side force coefficient, body axis
Cµ Momentum thrust coefficient

C
dis

Nozzle discharge coefficient
F
mom

Momentum thrust, lbf
g Standard gravitational acceleration

(=32.174 ft/sec2)
h Blowing slot height, in
M∞ Freestream Mach number
NF Normal force, lbf
NPR Nozzle pressure ratio, (p

o
/p∞)

NPR
critical

Critical nozzle pressure ratio for
sonic condition (=1.893 for γ=1.4)

NPRexit Nozzle exit pressure ratio, (po/pexit)
p∞ Freestream static pressure, psi
p
b

Ambient back pressure, psi
p
exit

Slot exit static pressure, psi
p
o

Stagnation pressure, psi
pt Tunnel stagnation pressure, psi
PM Pitching moment, in-lbf
q∞ Freestream dynamic pressure, psf
Re Reynolds number based on mean
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aerodynamic chord
RM Rolling Moment, in-lbf
Sref Wing reference area, ft2

SF Side Force, lbf
T
o

Stagnation temperature, ◦R
Tt Tunnel stagnation temperature, ◦F
U Local velocity, ft/sec
ẇ Weight flow rate, lbm/sec
α,AOA Angle of attack, deg
∆ denotes increment or difference
η Semispan location
γ Ratio of specific heats (=1.4 for dry

air)
ψ Yaw angle, deg
ψ
thrust

Blowing jet thrust yaw angle, deg
ρ Density, lbm/ft3

θ Pitch angle, deg
θ
thrust

Blowing jet thrust pitch angle, deg

Subscripts

∞ Freestream quantity

bal Balance measurement

exit Slot exit location

jet Jet quantity

TR Thrust-removed quantity

Units
◦, deg degrees
◦F degrees Fahrenheit
cts counts (0.0001)

ft feet
in inches
lbf pounds force
lbm pounds mass
M million, 1x106

psf pounds per square foot
psi pounds per square inch

Acronyms

BCRS Balance Cavity Recirculation System
BMC Balance Moment Center
CFD Computational Fluid Dynamics
EU Engineering Units
F&M Force & Moment
FAST-MAC Fundamental Aerodynamics

Subsonic/Transonic-Modular Active
Control

FS Full-Scale
HPA High Pressure Air
LaRC Langley Research Center
MCV Multiple Critical Venturi
MRC Moment Reference Center
NASA National Aeronautics and Space

Administration
NTF National Transonic Facility
OML Outer Mold Line
PIP Pressure Interface Piece
SMSS Sidewall Model Support System
WT Wind Tunnel

I. Introduction

Many of the advanced future aircraft being designed today utilize advanced propulsion and active flow
control systems that closely integrate the engine and airframe.1–6 Cruise efficiency, community noise,

and runway independence can no longer be optimized independently because of the close coupling of the
engine, airframe, and wing. Circulation control techniques have experienced a resurgence recently, with many
research efforts focusing on developing databases for CFD validation,7–13 as unreliable predictions have been
a barrier to applying the techniques to aircraft. The lack of Reynolds number scaling data is also a shortfall
of many active flow control datasets.

Figure 1. Circulation control blowing
example.

Evaluating the benefits of active flow control systems on scaled
wind tunnel models requires added attention to detail. Not only
does the outer mold line of the model need to accurately represent
the proposed flight vehicle, but also the intricate details of the flow
control system. Additionally, if the flow control system adds a net
thrust to the flow field, it is necessary to accurately characterize the
static thrust produced in order to remove its effect and isolate the
induced aerodynamic effects of the flow control system. It is also
desirable that the wind tunnel testing be conducted at Reynolds
numbers that are representative of flight conditions, to document the
appropriate scaling parameters, and ensure the active flow control
technique is properly scaled to the flight vehicle.

The circulation control method that is discussed throughout the
paper is one where a high momentum jet from a blowing slot near
the wing trailing edge is tangentially ejected over the curved surface
of a simple short-chord hinged flap (Figure 1). The Coandă effect causes the jet to remain attached to the
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curved surface because of a balance between the low static pressures in the jet sheet and the centrifugal
force around the curvature of the surface.14,15 For circulation control applications, the jet flow is typically
characterized at the exit of the blowing slot by the nondimensional jet momentum coefficient C

µ
. The

nondimensional slot height (h/c), the plenum stagnation conditions
(

(p
o
)
jet
, (T

o
)
jet

)
, and the weight flow

rate (ẇ
jet

) are the key measurements to be made to quantify C
µ
. In addition, the slot exit static pressure

(pexit) is needed to complete the calculation of the total thrust produced at the slot exit.
A third active flow control experiment (Test 222) was recently conducted in the National Transonic

Facility (NTF), shown in Figure 2(a), at the NASA Langley Research Center (LaRC). The Fundamental
Aerodynamics Subsonic/Transonic-Modular Active Control (FAST-MAC) model was again used to test
circulation control concepts at realistic flight Reynolds numbers at transonic cruise conditions, building upon
the successes and lessons learned of the first two test entries (NTF Tests 195 and 213).16 The FAST-MAC
model has a super-critical wing and represents an advanced configuration that is characteristic of modern
aircraft. The geometry and results of the high Reynolds number tests in the NTF can be openly distributed
to the research community to aid in CFD validation. The model is also unique in that it integrates circulation
control strategies to be evaluated at transonic Mach numbers, where little research has been published except
on two-dimensional airfoils.15,17,18 Figure 2(b) shows a photograph of the FAST-MAC model installed in
the NTF test section.

(a) Aerial view of the NTF. (b) FAST-MAC model in cruise configura-
tion in the NTF.

Figure 2. National Transonic Facility and FAST-MAC model.

In this third test entry, the model was tested at transonic Mach numbers at 15 million and 30 million
chord Reynolds numbers to investigate the effect of the trailing-edge blowing on the transonic aerodynamics.
The test was also an opportunity to evaluate multiple system improvements for transonic semispan active
flow control testing at the NTF and its effect on data quality. The upgrades that were implemented have
resulted in even further improvements to data quality and repeatability, particularly in the transonic speed
range, building upon the improvements demonstrated in the second test entry.

Previous analysis of the wing surface pressures revealed that for attached flow conditions at M∞ = 0.85,
the circulation control blowing increased the lift and moved the shockwave aft on the wing, without changing
the strength of the shockwave.19 At the off-design conditions at M∞ = 0.88, the blowing was effective in
reattaching the shock-induced flow separation, moving the shockwave aft approximately 5% chord with no
increase in shockwave strength. These encouraging results suggest that the circulation control blowing was
effective in reducing the transonic drag on the configuration, however, this cannot be quantified until the
thrust generated by the blowing slot is correctly removed from the force and moment balance data. The
recent improvements to the semispan force measurement system at the NTF has provided confidence that
the balance data from wind-off static thrust tares can be used to remove the effect of the static thrust.

This paper discusses the induced effects of the trailing-edge blowing on the transonic aerodynamics of
the FAST-MAC model. The results will be focused on Mach numbers of 0.85 and 0.88 at Reynolds numbers
based on the mean aerodynamic chord of 15 million and 30 million. Two methods for static thrust removal
are evaluated and the results are compared against each other. The lift, drag, and aerodynamic efficiency
increments due to the induced effects of the blowing slot are quantified for the cruise configuration using
the thrust-removed force and moment balance data. The increment data are presented with uncertainty
bounds to assess the quality of the increments, and an uncertainty quantification discussion is also presented
to justify the uncertainty bounds attached to the data.
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II. Wind Tunnel Description

Figure 3. Major components of the NTF tunnel circuit including
the SMSS and Air Station (linear dimensions in feet).

The NTF20,21 is one of a limited
number of wind tunnel facilities that
can achieve flight Reynolds numbers and
Mach numbers for subsonic transport
type aircraft for both cruise and high-lift
operations.22 The tunnel is a fan-driven,
closed-circuit, continuous-flow, pressur-
ized wind tunnel capable of operating ei-
ther in dry air at warm temperatures up
to 120◦F or in nitrogen gas from warm to
cryogenic temperatures down to -270◦F.
The wind tunnel is capable of an abso-
lute pressure range from 1 to 9 atmo-
spheres, a Mach number range from 0.1
to 1.2, and a maximum unit Reynolds
number of 146x106 per foot. Figure 3
shows the major components of the NTF
tunnel circuit, including the location of the sidewall model support system (SMSS) used for semispan model
testing and the location of the high pressure air (HPA) delivery station needed for propulsion simulation and
flow control experiments. The HPA station has two multiple critical venturi (MCV) systems to measure the
total weight flow rate through the system. The NTF test section is 8.2 feet by 8.2 feet in cross section and
25 feet in length. The test section floor and ceiling are slotted (6 percent open), and the sidewalls are solid.

A. Transonic Semispan Testing

Balance
100°F

Test	Section
-50°F

NTF-117S
• Large	16”	diameter	

strain	gauge	balance
• 12,000	lbf NF	capacity	

Tunnel	
Sidewall

FAST-MAC	Model

Figure 4. Simplified representation of the FAST-MAC semispan
model installed to the NTF external force measurement system.
Note the temperature difference between the test section and bal-
ance.

In the NTF, semispan models are in-
stalled on the tunnel sidewall and are
attached to the external Force Measure-
ment System (FMS) inside the SMSS,
which houses the large NTF-117S force
and moment (F&M) strain gauge bal-
ance. For flow control or propulsion ex-
periments, the Pressure Interface Piece
(PIP) is used to transfer the incom-
ing HPA across the nonmetric / met-
ric boundary of the F&M balance. A
nonmetric standoff is used to offset the
model from the tunnel sidewall and the
metric break is preserved through the
use of a labyrinth seal. The challenge
in this type of testing is that the balance
is designed to operate at 100◦F while the
tunnel can operate at cryogenic temper-
atures such as -50◦F, as shown in Figure
4. Large pressure gradients established
by the aerodynamics of the test article
can cause both cold air from the tunnel
test section to be ingested into the balance cavity and heated air to be pulled out from the SMSS into
the test section, through the gap in the model labyrinth seal. For data quality, the balance temperatures
must remain stable with minimal temperature gradients across the balance. The SMSS provides a heated
enclosure that maintains a stable temperature for the balance and the pitch mechanisms through the use
of convective heat transfer provided by the closed loop Balance Cavity Recirculation System (BCRS). As
shown in Figure 5, the BCRS constantly circulates heated air throughout the balance cavity and around the
balance to counteract the cold air flow ingestion from the tunnel test section.
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Figure 5. NTF-117S strain gauge balance and Balance Cavity Recirculation System used for semispan testing
at the NTF.

B. Data Quality Improvements

Figure 6. SMSS Force Measurement System arrangement
and assembly.

The FAST-MAC experiments were some of the
first uses of the transonic semispan test capabil-
ity at NTF, but they exposed shortcomings in the
capability, specifically in data quality and data re-
peatability. The levels of data repeatability from
those tests were unacceptable for assessing cruise
performance of the configurations and made it dif-
ficult to trust some of the test results. The major
sources of the problem were determined to be a
nonrepeatable load path in the SMSS FMS and
thermal instability of the F&M balance during
cryogenic tunnel operations.

Upgrades and improvements to the SMSS
FMS were completed in recent years to fix these
problems resulting in positive effects on data
quality and data repeatability.23,24 The load
path was improved with the addition of a mount-
ing adapter that was installed to the front of the
balance and kept the air delivery pipes secured
in place and eliminated the instrumentation tube
from affecting the load path. Furthermore, two pins were added to the model interface plate to ensure a
repeatable installation. These improvements are shown in Figure 6 and have contributed to very repeatable
wind-off zero loads during semispan tests.

The thermal stability of the F&M balance was improved through a series of upgrades to the BCRS.
The existing instrumentation tube was replaced with a larger diameter carbon-fiber tube, which increased
the annular area for the BCRS flow path and thereby increased the allowable flow rate. Additionally, the
BCRS blower motor and heater wiring were upgraded to allow the BCRS to provide more heat at higher
flow rates. Finally, the BCRS control system was improved to provide better and quicker adjustments to
changing tunnel operating conditions and prevent temperature gradients from forming across the balance.
Other minor improvements such as sealing small gaps and holes in the back of the SMSS and in the model
have also contributed to better temperature stability.

Other modifications25,26 at the NTF have focused on improving overall data quality and data repeata-
bility. Several data processing techniques explored during these studies were determined to significantly
improve data repeatability and are now part of the standard data reduction process at the facility. Acquir-
ing longer duration data points to increase the number of samples in a data point decreased the scatter seen
in the averaged data values. These longer data points also allow the use of conditional data sampling, where
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only samples that are within a specified Mach number tolerance are used in the averaged data values. The
conditional sampling technique requires that the data samples are time-aligned properly so that instrumen-
tation time lags are taken into account, and that there are enough data samples within tolerance to create
a proper averaged data value. The technique has been shown to significantly improve transonic drag data
repeatability (M∞ ≥ 0.8) due to the high correlation between Mach number and aerodynamic drag at those
Mach numbers.

The result of the system upgrades, improvements, and lessons learned is shown in Figure 7 as each
successive test entry of the FAST-MAC circulation control model in the NTF has demonstrated improved
drag data repeatability from the previous entry. The ultimate goal is to improve the data repeatability of the
drag coefficient C

D
for subsonic transport models at transonic speeds to within one drag count (C

D
±0.0001)

for semispan models.
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Cruise	Drag
Repeatability
(± drag	counts)

Semispan	Transonic	Cruise	Drag	Repeatability	Improvements	at	NTF

Figure 7. Improvement in transonic drag data repeatability through FAST-MAC test entries in the NTF.

III. Experimental Setup

A. Test Article

The FAST-MAC model shown in Figure 8 has a modern super-critical wing and was designed to become
an NTF standard for evaluating performance characteristics of integrated active flow control and propulsion
systems. The outer mold line (OML) of the model was designed for a cruise Mach number of 0.85 and a
lift coefficient of 0.50, at a Reynolds number based on mean aerodynamic chord of 30x106. A tangential
blowing slot is located at the 85% chord location on the upper surface, and is directed over a 15% chord
simple hinged flap for both the cruise and high-lift configurations. The wing is mounted in the mid-fuselage
position and has an aspect ratio of 5.28, a leading edge sweep of 30◦, a semispan of 48.0 inches, a mean
aerodynamic chord of 19.4 inches, and a reference area of 6.06 ft2. Even though the wing has a moderate
aspect ratio, it represents the state-of-the-art in transonic super-critical wing design.27,28 The model is offset
from the tunnel sidewall using a 2.0-inch nonmetric standoff,29 which has a profile shape identical to that of
the fuselage centerline.

The FAST-MAC model utilized four independent flow paths to achieve lift and thrust performance along
the span of the circulation control flap as shown in Figure 9. Each plenum section had its own flow control
valve located in the fuselage that fed a rapid diffuser located in the wing box. The diffuser is used to subdivide
the incoming flow to the plenum, allowing it to be supplied at four evenly spaced spanwise locations. Each
plenum had four perforated plates (17% open area) designed to maintain flow uniformity into the aft plenum
settling chamber.30 The flow then enters the aft plenum region of the model, where the upper plenum cover
is supported by streamlined standoffs, which are used to set the blowing slot height. The aft section of the
plenum had a 12-to-1 contraction ratio for the h/c = 0.0021 cruise configuration. For each configuration,
care was given to accurately set and measure the slot exit areas for each plenum, as this plays an important
role in computing the added thrust.
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All linear dimensions in inches

Top View

Aft View Side View

25% chord line

Blowing Slot at 
85% chord line

c

Sref = 6.06 ft2

Figure 8. 3-view drawing with pertinent dimensions of the FAST-MAC semispan model in cruise configuration.

0° cruise flap 

Aft plenum 

1-to-4 flow 
splitter / diffuser 

(x4) 

Blowing Slot 

P4 

P3 

P2 

P1 

Perforated Plate 
Flow Straightener 

Flow Control Valves 

Figure 9. Four independent flow paths in the FAST-MAC model.

B. Experimental Measurements

1. Force and Moment Measurements

The NTF-117S31 balance shown earlier in Figure 5(a) is a large five-component (no side force measurement
capability) strain gauge balance that is mounted inside the SMSS and is the primary FMS for semispan
models in the NTF. The balance is 16 inches in diameter and about 26 inches in length and has resistance
temperature detector (RTD) sensors all around the balance to be able to monitor temperature gradients that
may develop from the front-to-rear, top-to-bottom, and upstream-to-downstream directions. The Pressure
Interface Piece (PIP) allows the high-pressure supply air needed for propulsion and flow control simulation
testing to “bridge” the balance by crossing from the nonmetric end to the metric end. Consequently, the
balance and PIP must be considered together as a system and calibrated accordingly. Table 1 shows the
design loads of the balance and the results of the system calibration.23,24 The calibration accuracies are
presented both as a percentage of full-scale load and in engineering units of lbf or in-lbf. The right side of the

7 of 25

American Institute of Aeronautics and Astronautics



table converts the numbers to aerodynamic coefficient accuracies at conditions for the FAST-MAC model.

Table 1. NTF-117S force measurement system calibration results (includes effect of PIP pressure and tem-
perature).

Calibration Coefficient Accuracy for

Accuracy FAST-MAC Model

Balance Calibration M∞ = 0.85 M∞ = 0.85 M∞ = 0.88 M∞ = 0.88

Component Load Range %-FS EU Re = 15M Re = 30M Re = 15M Re = 30M

AF ±1,800 lbf 0.258 ±4.64 lbf ±0.0005 ±0.0004 ±0.0005 ±0.0004

NF ±12,000 lbf 0.207 ±24.84 lbf ±0.0026 ±0.0020 ±0.0025 ±0.0020

PM ±90,000 in-lbf 0.367 ±330.30 in-lbf ±0.0018 ±0.0014 ±0.0017 ±0.0014

RM ±670,000 in-lbf 0.235 ±1574.5 in-lbf ±0.0034 ±0.0027 ±0.0033 ±0.0027

YM ±110,000 in-lbf 0.364 ±400.4 in-lbf ±0.0009 ±0.0007 ±0.0008 ±0.0007

2. Internal Flow Path Measurements

The weight flow rate and thrust from the blowing slot are calculated assuming a one-dimensional isentropic
expansion from measured stagnation conditions. In each plenum, there are two pitot probes to measure
the stagnation pressure and two thermocouples on the probes to measure the stagnation temperature. The
two measurements are averaged to produce the stagnation quantities to be used in the isentropic equations.
Additionally, one surface pressure tap on the flap for each plenum is used to measure the slot exit static
pressure. These are used to check the behavior of the slot exit and are used to calculate the pressure thrust
component of the total thrust from the slot exit.

Figure 10(a) shows a planform view of the FAST-MAC model and the locations of the stagnation pressure
and temperature measurements in each plenum and the static pressure measurements on the flap at the slot
exit. Figure 10(b) shows a section cut normal to the slot at the flap pressure row for plenum #4 on the
0 degree cruise flap, as an example. The design intent was to locate one of the static pressure taps from
each pressure row to be at the apex of the first flap radius that corresponds to the jet exit plane so that
the pressure tap would be normal to the blowing jet. However, due to space limitations and machining
uncertainty, some of the taps are not lined up exactly with the slot exit, which introduces uncertainty in
these measurements.

po , To measurements 
in aft plenum

ps measurements 
at slot exit

P4

P3

P2

P1
(po )jet

pexit

(To )jet

Cruise Flap

(a) Internal flow path measurements (b) Section cut, 0◦ flap, Plenum 4

Figure 10. Locations of measured stagnation quantities and measured exit static pressure for each plenum.
Section cut normal to the slot detailing the locations of the static pressure taps. Plenum #4 of the 0◦ flap
(h/c = 0.0021) configuration shown as an example.

8 of 25

American Institute of Aeronautics and Astronautics



The classical definition of nozzle pressure ratio (NPR) is shown in Equation 1. The pressure ratio at
the slot exit (NPRexit) is shown in Equation 2 and is different than the classical definition of NPR due to
influences of the wall-bounded jet. The value listed for NPR

critical
in Equation 3 represents the minimum

pressure ratio for choked flow to occur for γ = 1.4. These quantities form the basis for calculating the thrust
from the blowing slot and the scaling parameter C

µ
.

NPR =
(p
o
)
jet

p∞

(1) NPRexit =
(p
o
)
jet

pexit
(2) NPR

critical
= 1.893 (3)

IV. Results

A. Data Repeatability

Throughout the test, planned repeat runs were performed in order to assess data repeatability. Since the
focus of the test was on the cruise configuration, repeat runs were acquired at Mach numbers of 0.85 and
0.88 for chord Reynolds numbers of 15 and 30 million, at various NPR values in an angle-of-attack range
between -6 and 6 degrees. These repeat runs were sometimes performed back-to-back to assess short term
repeatability and sometimes they were performed at the end of a run set to assess longer term repeatability.

The methods used to analyze the data repeatability in the experiment are derived from analyses commonly
used in Statistical Process Control (SPC).32,33 The Analysis of Normalized Ranges (ANOR) with mean
ranges has been used frequently because of its simplicity and also because of its ability to handle varying
numbers of data points within a group and varying numbers of groups within an experiment.

The process for modeling the variance of each set of repeat runs is listed below:

1. Interpolate each data set to nominal independent variable (e.g., α) values xi, if necessary;
2. For the dependent variable of interest (e.g., CD), calculate the mean of the yi values at each xi;
3. Calculate the residuals from the mean for each yi value;
4. Calculate the range of the yi residuals (R = max − min) at each xi;
5. Normalize each individual range by the quantity d2 to produce an individual dispersion quantity (R/d2)

The SPC quantity d2 relates the mean range for a normal distribution to its standard deviation and is a
function of the sample size. The individual dispersion quantities from each set of repeat runs are pooled and
the mean of these quantities are used to calculate an estimated standard deviation as shown in Equation 4.

σ̂ = R/d2 (4)

An example of this process is shown in Figure 11 for the drag coefficient CD at Mach 0.85 and 30 million
Reynolds number at an NPR value of 1.5. The calculated standard deviation and range analysis levels are
shown on the residual plot and in this particular example, the drag coefficient repeated to within ±1.8 counts.
For comparison, the balance system accuracy at this condition is ±4 counts. This process was performed for
all repeat run sets acquired during the test.

The individual dispersion quantities from each of the repeat run sets can be pooled together to estimate
the total variation in the experiment if the variation is random. This is shown in Table 2 for several
parameters of interest such as the drag coefficient and the aerodynamic efficiency parameter. As stated
earlier and shown in Figure 7, the significant improvement in the repeatability of the drag coefficient provides
confidence in the evaluation of wing trailing-edge blowing for vehicle transonic performance benefits.

Table 2. Summary of overall data repeatability levels for the FAST-MAC cruise configuration.

Parameter 2σ Data Repeatability

CD ±0.00034

CL ±0.0014

Cm ±0.0010

M ∗ L/D ±0.104
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Figure 11. Example range analysis to assess CD data repeatability at M∞ = 0.85, NPR = 1.5, and Re = 30million.
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Figure 12. Trend of 2σ repeatability levels for CD with (a) Mach number, (b) Reynolds number, (c)
angle-of-attack, and (d) average NPR.
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The individual dispersion quantities can also be pooled as a function of independent variables to determine
whether the variation is physics-based and therefore, has a trend with an independent variable. These trends
can sometimes help determine the source of data variability in the experiment. An example of this trend
information is shown in Figure 12 for the repeatability of CD as a function of Mach number, Reynolds
number, angle of attack, and average NPR. The overall repeatability level is also shown for reference on
the plots. The plots do not show significant trends with any independent parameter suggesting that the
repeatability variation is mostly a random error source.

B. Static Thrust Removal

In order to investigate possible transonic performance benefits due to wing trailing-edge blowing on the
FAST-MAC model, the effect of the blowing jet static thrust needs to be removed from the wind-on balance
measurements to isolate the pure aerodynamic and jet-induced effects in the force and moment data. This
is accomplished by using the data from a wind-off static thrust tare. During a thrust tare run for the FAST-
MAC model with the tunnel fan not operating (M∞ = 0), the four model valves are opened individually to
set the NPR of each plenum to the desired level to ensure all plenums are flowing at the same NPR level.
The temperatures in the plenums are allowed to come to equilibrium and then a data point is acquired. This
process is repeated for all desired NPR levels up to the maximum NPR level achievable before model safety
limits are reached.

For the FAST-MAC model, there are two methods that can be used for static thrust removal that will
be presented in the following sections. The preferred method uses the balance measured forces and moments
from a wind-off static thrust tare to determine the components of the static thrust. Alternatively, the
measured stagnation quantities in each plenum can be used to calculate the ideal thrust from the blowing
slot assuming a one-dimensional isentropic expansion, then the resultant thrust can be resolved along the x,
y, and z directions using the geometric thrust vector angles.

Each of the two thrust removal methods has limitations that can increase the uncertainty in the thrust
removal process. The scatter or variation associated with the balance measurements could increase the
uncertainty of the wind-off thrust tare data especially since the forces and moments generated during a
thrust tare are at the low end of the balance measurement capability. For the ideal thrust method, there
are many assumptions such as assuming the blowing slot operates like an axisymmetric convergent nozzle
and that the flow from the blowing slot is uniform across the span of the wing. Furthermore, geometric
variations in slot exit height and thrust vector angles introduce additional uncertainty into the results.

1. Using Balance Force and Moment Data

The balance force and moment measurements acquired during wind-off static thrust tares describe the effect
of the static thrust as a function of NPR. Note that for the FAST-MAC model, the blowing slot is directed
over the flap, therefore, the balance cannot distinguish between the pure static thrust effect (free-jet) and
the aerodynamic Coandă effect of the wall-bounded jet and would instead measure the combined effect. The
balance measurements can be used to determine the total resultant thrust magnitude, the resultant in the
aircraft pitch axis, and the resultant in the aircraft yaw axis as shown in Equations 5, 6, and 7, respectively.
The balance measurements can also be used to calculate the effective static thrust vector angles in the aircraft
pitch and yaw axes as shown in Equations 8 and 9, respectively.

(F
R

)
bal
|
total

=
√
AF 2

bal
+NF 2

bal
+ SF 2

bal
(5)

(F
R

)
bal
|
pitch

=
√
AF 2

bal
+NF 2

bal
(6)

(F
R

)
bal
|
yaw

=
√
AF 2

bal
+ SF 2

bal
(7)

θ
thrust

= tan−1
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−NF

bal

AF
bal

)
(8)

ψ
thrust

= tan−1
(
−SF

bal

AF
bal

)
(9)
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The measured thrust quantities are nondimensionalized since different back pressures usually exist be-
tween the wind-off conditions and the wind-on conditions. The desire is to remove the amount of static
thrust that would have been present at the back pressure of the wind-on measurements. The “p

b
method”

involves dividing the static thrust quantities by the ambient back pressure from the static thrust tare and
a reference area, where the reference area can be the nozzle throat or exit area or even the wing reference
area. This is converted back to dimensional form in the thrust removal process by multiplying by the chosen
reference area and the freestream static pressure (p∞) of the wind-on data. The “p

b
method” is usually used

because it is simpler and produces mostly linear curves as a function of NPR.

2. Using Calculated Ideal Thrust

(a) Subsonic flow

(b) Choked flow

(c) Choked flow, underexpanded

Figure 13. Operation of a convergent nozzle
at a constant ambient back pressure.

For flow control applications, one of the most important scal-
ing parameters is the jet momentum coefficient (C

µ
), which

requires the calculation of the jet momentum thrust. In
each of the plenums in the FAST-MAC model, the plenum
area contracts to the slot exit area by a 12-to-1 ratio for
the cruise flap configuration, therefore for simplicity in the
calculation of the blowing jet thrust, the blowing slot is as-
sumed to operate like a two-dimensional axisymmetric con-
vergent nozzle (Figure 13). Using the measured stagnation
pressure and temperature inside the plenum just upstream
of the slot exit as shown in Figure 14, isentropic equations
for an ideal gas are used to calculate the thrust out of each
plenum as the jet is assumed to expand adiabatically to the
freestream static pressure. The thrust is calculated at the
slot exit plane, which is normal to the wing upper surface by
design. These equations ignore any internal boundary layer
growth and pressure losses in the flowpath. It is also rec-
ognized that the blowing slot is not an axisymmetric nozzle
and the actual wall-bounded jet can violate this assumption
and introduce errors into the thrust and C

µ
calculations.

Using the measured NPR in each plenum, various ideal
jet quantities can be calculated for the blowing jet such as
the velocity (Ujet), Mach number (Mjet), density (ρjet), and
weight flow rate ((ẇ

jet
)
ideal

) as documented in Reference 34.
The Multiple Critical Venturi (MCV) system in the NTF
air station provides a measure of the total weight flow rate
through the model. The nozzle discharge coefficient ((C

dis
)jet) is calculated as the ratio of the measured

weight flow rate to the ideal weight flow rate. The momentum thrust from the blowing slot is then calculated
using the weight flow rate and the jet velocity at the slot exit as shown in Equation 10. The momentum thrust
is nondimensionalized by the freestream dynamic pressure and wing reference area to produce the momentum
thrust coefficient (C

µ
) as shown in Equation 11. Finally, the momentum and pressure components of the

blowing jet static thrust are added together to produce the resultant total thrust.

[
(F

mom
)
jet

]
ideal

=
(C

dis
)jet (ẇjet)ideal Ujet

g
(10)

[
(Cµ)jet

]
ideal

=

[
(F

mom
)
jet

]
ideal

q∞ S
ref

(11)

The resultant total thrust can then be resolved along the x, y, and z directions using the geometric thrust
vector pitch angle θ

thrust
and yaw angle ψ

thrust
as listed in Table 3. This is accomplished by performing pitch

and yaw Euler rotations as shown in Equation 12. Note that the negative signs are the result of mapping the
standard right-hand Euler axes to the aircraft body axes definition. To determine the moments generated at
the moment reference center (MRC) due to the static thrust, the total thrust from each plenum is assumed
to act at the center of each plenum span and the distances from the thrust vectors to the MRC are used.
Finally, these forces and moments due to the blowing jet static thrust are nondimensionalized using the “p

b
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(po )jet

pexit pb or p∞

Measured Internal Flow Quantities
(po )jet
(To )jet
pexit

Measured Tunnel Flow Quantities
pb or p∞

(To )jet

Calculated Jet Flow Quantities
ẇjet

(Fmom )jet
(Cμ )jet

(Fpres )jet
(Cdis )jet

NPR
NPRexit

Mjet
(Ts )jet
Ujet
ρjet

Slot Exit 
Plane

Cruise Flap

Figure 14. Calculation of static thrust and other internal flow quantities at slot exit plane using measured
internal flow quantities for each plenum.

method” similar to the process with the balance measurements. This methodology for thrust removal using
the calculated ideal thrust was also presented in Reference 34.

Table 3. Geometric thrust vector angles in the aircraft body axes.

Plenum θ
thrust

ψ
thrust

1 7.1◦ -16.1◦

2 7.2◦ -16.1◦

3 7.7◦ -16.1◦

4 8.0◦ -16.1◦

(F
total

)x = F
total

cos θ
thrust

cosψ
thrust

(12a)

(F
total

)y = −F
total

cos θ
thrust

sinψ
thrust

(12b)

(F
total

)z = −F
total

sin θ
thrust

(12c)

3. Static Thrust Tare Results

The improvements in the overall force measurement system at the NTF provided confidence in the balance
measurements and the static thrust tares from this test entry behaved as expected and were very repeatable.
The thrust tares were performed at various back pressures in the tunnel in both air and nitrogen operations
at both warm and cryogenic temperatures. Figure 15(a) shows the thrust tare results for the balance axial
force and it can be seen that different amounts of thrust were generated at the different tunnel back pressures,
but the data collapses into a single curve once it is nondimensionalized by the back pressure and reference
area (Figure 15(b)). Also, note that repeat thrust tares were performed at the 21.5 and 26.5 psia tunnel
back pressures and it is clear that the thrust tare data repeated very well.

For the cruise configuration, the static thrust is measured mostly in balance axial force, but with the
slight thrust vector angle in the pitch plane, some of the thrust was measured in balance normal force as
well. The geometric thrust vector angles were listed in Table 3, but the effective thrust vector angle could be
different due to the Coandă effect of the wall-bounded jet. The balance axial and normal force data from the
thrust tare was used to calculate the effective thrust vector angle in the pitch plane according to Equation
8. Figure 16 shows the nondimensional balance AF and NF data as well as the calculated effective thrust
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vector angle. The effective angle is close to the geometric thrust vector angle (7− 8 deg) at higher blowing
rates, but is different at the lower blowing rates.
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Figure 15. Thrust tare results for balance axial force (AF ) in (a) engineering units and (b) nondimensional
form.
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Figure 16. Thrust tare results for balance axial force (AF ) and normal force (NF ) and calculation of effective
thrust angle (θthrust).

While the preferred method for thrust removal is to use the balance data, it is also desirable to have the
ideal thrust method display similar data trends as verification of the balance results. For the FAST-MAC
model, one of the main problems with the ideal thrust method was the calculation of a discharge coefficient.
The method of using the ratio of the measured weight flow rate to the ideal weight flow rate did not produce
reasonable or physical values (discharge coefficients over 1). Therefore, Cdis was always set to 1 in the ideal
thrust equations. However, the balance data can be used to estimate the discharge coefficient by comparing
the total resultant thrust magnitude from the balance to the calculated total ideal thrust. The NTF-117S
balance does not have a side force measurement capability so the resultant thrust magnitude would be
missing a component. Instead, the balance axial force was compared to the x-component of the total ideal
thrust (Equation 12) and discharge coefficients were calculated as a function of NPR using the ratio between
the two data curves as shown in Figure 17. The resulting discharge coefficient values between 0.85 and 0.90

14 of 25

American Institute of Aeronautics and Astronautics



are very reasonable and the trend with NPR was also reasonable. These discharge coefficients were then
used to correct the values of the momentum thrust coefficient Cµ .

1 1.2 1.4 1.6 1.8 2 2.2 2.4 2.6 2.8 3

Average NPR

-5

-4.5

-4

-3.5

-3

-2.5

-2

-1.5

-1

-0.5

0

A
F

 /
 (

p
b
 *

 S
re

f *
 1

4
4

)

10
-3 Cruise Configuration Thrust Tares

Balance AF

Calculated Ideal (F
total

)
x

Critical NPR=1.893

(a) Balance vs. Ideal Thrust.

1 1.2 1.4 1.6 1.8 2 2.2 2.4 2.6 2.8 3

Average NPR

0.7

0.75

0.8

0.85

0.9

0.95

1

(C
d

is
) 

je
t

Cruise Configuration Thrust Tares

Discharge Coefficient (AF
bal

 / Ideal (F
total

)
x
)

Critical NPR=1.893

(b) Discharge coefficient (Cdis).

Figure 17. Comparison of thrust tare results between balance AF data and calculated ideal thrust. The
discharge coefficient is also calculated from these results.

C. Transonic Results

The results presented in this section will highlight powered increments or decrements due to the wing trailing-
edge blowing. The results will be focused on Mach numbers of 0.85 and 0.88 at Reynolds numbers based on
mean aerodynamic chord of 15 million and 30 million. The Mach 0.85 condition is the on-design condition
for the wing where the flow over the unblown wing is fully attached. The Mach 0.88 condition is an off-design
condition where the unblown wing experiences significant shock-induced flow separation.

The tunnel stagnation temperature for the experiment was -50◦F for cryogenic mode operations to reach
the highest Reynolds numbers and 120◦F in air mode operations. Data were acquired at angles of attack
between -6◦ and +6◦ and the circulation control blowing varied up to NPR values of 2.0 and up to Cµ values
of 0.006. The results shown are static thrust-removed quantities and the balance data from the thrust tares
was used for thrust removal. The increment uncertainty development is based on the data repeatability
results and will be used for reference on many of the plots.

1. Wing Surface Pressures

There are four pressure rows on the FAST-MAC model located at semispan locations of 20%, 40%, 60%,
and 80% as shown in Figure 18. Analysis of wing surface pressure data from previous test entries for the
two outboard pressure rows on the 0◦ flap cruise configuration showed encouraging results, suggesting the
potential for cruise drag reduction as a consequence of the blowing.19 Similar results were seen in the
wing surface pressures from this test entry. Figure 19 shows wing surface pressures for the most outboard
pressure row at η = 0.8 at 15 and 30 million Reynolds number for M∞ = 0.85 and M∞ = 0.88. The data
were acquired at 3 degrees angle of attack corresponding to roughly C

L
= 0.6, at the unblown condition and

also two blowing conditions of increasing NPR.
For attached flow conditions at M∞ = 0.85 and Re = 30M, the blowing increased the lift and moved the

shockwave slightly aft on the wing, without changing the strength of the shock. However, similar benefits
could not be seen at the lower Reynolds number of 15 million for M∞ = 0.85. At the off-design condition
of M∞ = 0.88 at both Re = 15M and 30M, the blowing was effective in re-attaching the shock-induced flow
separation and moved the shockwave aft about 10% chord with no increase in shock strength.
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Figure 18. Wing surface pressure rows on the FAST-MAC model.
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Figure 19. Wing surface pressures for most outboard pressure row (η = 0.8) at 3◦ angle of attack at Re = 15
and 30 million for M∞ = 0.85 and M∞ = 0.88.
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2. Uncertainty on Increments Due to Blowing

The powered increments or decrements due to wing trailing-edge blowing is the difference between a blowing
data set and a non-blowing data set as shown in Equation 13 where X is the parameter of interest such as
CD, CL, Cm, or M ∗ L/D. Note that the blowing data set also includes removal of the static thrust effect
on the parameter of interest.

∆X
Blowing

= X
BlowOn

−X
NoBlow

(13)

To determine the uncertainty on the powered increment, the error propagation equation is shown in
Equation 14 where σ

X
is the uncertainty associated with the parameter X, k is a coverage factor (typically 2

for 2σ coverage), and ρ is the correlation coefficient between the blowing and non-blowing uncertainty terms.
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(14)

The σ
X

uncertainty term can be expanded into component terms related to the balance calibration
uncertainty (σ

X
Balance

) and the data repeatability uncertainty (σ
X
Repeat

). The error propagation equation

is then expanded as shown in Equation 15.
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(15)
For simplicity, the uncertainty terms between the blowing data and the non-blowing data are assumed to

be the same since the same strain gauge balance was used to acquire both data sets and the data repeatability
analysis from Section IV-A showed very little difference between a blowing data set and a non-blowing data
set. The error propagation equation can then be simplified and rearranged as shown in Equations 16 and
17.
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Furthermore, it is assumed that the balance uncertainty term is fully correlated (ρ
Balance

= 1) between
a blowing and a non-blowing data set since the same balance was used and the measurement levels would
be at similar points on the balance calibration curve. The repeatability uncertainty term is assumed to be a
random error source so there would be no correlation (ρ

Repeat
= 0) between a blowing and non-blowing data

set. Applying the correlation coefficients cancels out the balance calibration uncertainty term and what is
left is the repeatability uncertainty term with a

√
2 factor as shown in Equations 18 to 20. This uncertainty

with a coverage factor (k) of 2 will be used on the powered increments shown in the results presented in
subsequent sections.
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3. Lift Increments Due to Blowing

Figure 20 shows the thrust-removed corrected lift coefficient and powered lift increment (∆C
L

) data for
M∞ = 0.85 and M∞ = 0.88 at 30 million chord Reynolds number. The uncertainty on the lift increment
developed earlier is shown on the plots for reference. At M∞ = 0.85, the blowing provided a noticeable
increase in the lift coefficient across the angle-of-attack range at the highest blowing rate at NPR = 2,
but only showed a lift increase at the higher angles of attack for the blowing data at NPR = 1.5. As will
be shown in a later section, at the on-design condition of M∞ = 0.85, a loss of lift occurs at low blowing
rates and doesn’t return to the unpowered lift level until a higher blowing rate of about NPR = 1.5. At
M∞ = 0.88, the data showed an increase in the lift coefficient across most of the angle-of-attack range for
both blowing rates tested, corroborating the surface pressure analysis from the previous test that showed
the shockwave was moved aft without changing the shock strength. Although the data at 15 million chord
Reynolds number is not shown, similar lift increment results were seen at that condition.
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Figure 20. Thrust-removed corrected lift coefficient data and powered lift increments at Re = 30 million for
M∞ = 0.85 and M∞ = 0.88.
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4. Drag Decrements Due to Blowing

To investigate whether the circulation control blowing provided an overall drag reduction, the thrust-removed
C
D

data were evaluated at constant C
L

values by linearly interpolating each log10(C
D

) data curve as a
function of C2

L
. The interpolation was performed this way due to the linear relationship between C

D
and C2

L

as shown in Figure 21 with C
D

plotted on a log scale to better display this linear relationship. The focus of
the drag increment results is at C

L
= 0.5, which is the design lift coefficient of the unblown wing.
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Figure 21. Drag polar at Re = 30 million for M∞ = 0.85 and M∞ = 0.88 with linear interpolation of CD as a
function of C2

L
.

Figure 22 shows the drag increment results at C
L

= 0.5 for M∞ = 0.85 and M∞ = 0.88 at 15 and
30 million chord Reynolds number. Note that the uncertainty on the drag coefficient increment is ±4.8
counts. At M∞ = 0.85 and Re = 15M, the blowing resulted in an overall drag increase of about 10 counts
at NPR = 1.5. However, at M∞ = 0.85 and Re = 30M, the blowing resulted in an overall drag decrease of
about 12 counts at NPR = 1.5. In both cases, the higher blowing rate of NPR = 2 resulted in a direction
reversal in the drag increment as compared to the NPR = 1.5 data. This result is curious and contradicts
the trend seen in the past with increased blowing rates. However, for this on-design condition, it is easy
to adversely affect the optimized wing aerodynamics with the introduction of blowing, but the results show
that there are some drag reduction benefits if the blowing rate is high enough. For the off-design condition
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at M∞ = 0.88, even a small amount of blowing can help to combat the shock-induced flow separation and
re-attach the flow. At the Re = 15M condition, a significant drag reduction of 24 counts at C

L
= 0.5 was

realized and an even greater drag reduction of 37 counts was seen at the Re = 30M condition.
The drag increments for other constant positive lift coefficients are shown in Figure 23 and the ±4.8

counts increment uncertainty is shown on each data curve for reference. At the Re = 30M condition, there
was an overall drag reduction across the lift coefficients of interest for all blowing rates tested and at both
Mach numbers tested, even at the on-design condition of M∞ = 0.85. The drag reduction benefit increases
for higher lift coefficients corresponding to higher angles of attack since the blowing is able to counteract
some of the flow separation occurring at the higher angles of attack. These results also demonstrate the
importance of testing at relevant flight Reynolds numbers since the benefits seen at M∞ = 0.85 were not
entirely present at the lower Re = 15M condition, but were clear at Re = 30M.
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Figure 22. Thrust-removed drag increments at CL = 0.5 due to the induced effect of the circulation control
blowing at Re = 15 and 30 million for M∞ = 0.85 and M∞ = 0.88.
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Figure 23. Thrust-removed drag increments at constant lift coefficients at Re = 15 and 30 million for M∞ = 0.85
and M∞ = 0.88.

A few NPR sweep runs at a constant 3◦ angle of attack corresponding to roughly C
L

= 0.6 were acquired
at M∞ = 0.85 and M∞ = 0.88. Two examples are shown in Figure 24. For the sweeps, an unpowered data
point was first acquired, then data points at increasing NPR and C

µ
values were acquired. In the plots, the

lift-induced drag component is removed from the drag coefficient data to better visualize the overall drag
reduction benefit from the blowing. As mentioned earlier, blowing at low NPR rates at M∞ = 0.85 spoiled
the lift on the configuration until about NPR = 1.5 when the lift coefficient recovered to the same level as
the unpowered data point and the drag coefficient was reduced by 6 counts. At M∞ = 0.88, it didn’t take
much blowing to recover to the same lift coefficient as the unpowered point. At about NPR = 1.2, the lift
coefficient recovered, but with a 19 count reduction in drag coefficient. A NPR sweep at Re = 30M was
not acquired for M∞ = 0.88, but the drag reduction benefits would be expected to be better. These results
suggest that at off-design conditions, even a small amount of blowing can improve the flow over the trailing
edge of the wing and provide a drag reduction benefit. However, at the design condition, a small amount of
blowing can disrupt the performance of the wing and a large amount of blowing is required to achieve any
benefit.
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Figure 24. Thrust-removed NPR sweeps at constant 3◦ angle of attack at Re = 15 and 30 million for M∞ = 0.85
and Re = 15 million for M∞ = 0.88. Average NPR values shown in blue and Cµ values shown in green for each
data point.

5. Aerodynamic Efficiency Increments Due to Blowing

The lift and drag increments due to blowing were presented earlier and with the increased lift and reduced
drag seen in the data, it follows that the overall aerodynamic efficiency (M ∗ L/D) of the configuration
would increase as a result of the blowing. This is shown in Figure 25 at Re = 30M for both M∞ = 0.85
and M∞ = 0.88. The increments showed an increase in aerodynamic efficiency across the lift coefficients of
interest and at the design lift coefficient of C

L
= 0.5, the data showed a ∆(M ∗ L/D) = 0.5 at M∞ = 0.85

and a ∆(M ∗ L/D) = 1.0 at M∞ = 0.88, which are significant increases to overall aerodynamic efficiency.
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Figure 25. Thrust-removed aerodynamic efficiency increments at Re = 30 million for M∞ = 0.85 and M∞ = 0.88.

V. Concluding Remarks

The focus of this paper has been on evaluating the induced effects of wing trailing-edge blowing on the
transonic aerodynamics for the FAST-MAC circulation control model that was tested for the third time at
the National Transonic Facility. The model allowed independent control of four circulation control plenums
producing a high momentum jet from a blowing slot near the wing trailing edge that was directed over a
15% chord simple-hinged flap. The experiment was designed to determine the potential for transonic drag
reduction with the circulation control blowing. Recent upgrades to transonic semispan flow control testing at
the NTF have demonstrated an improvement to overall data repeatability that allows for increased confidence
in the data results.

The results were focused on Mach numbers of 0.85 and 0.88 at Reynolds numbers based on mean aero-
dynamic chord of 15 million and 30 million. An evaluation of two methods for static thrust removal was
performed and the static thrust generated by the blowing slot was removed from the wind-on data using
force and moment balance data from wind-off thrust tares. The thrust-removed corrected data results with
uncertainty bounds showed that an overall drag reduction and increased aerodynamic efficiency was realized
as a consequence of the blowing for both Mach numbers especially at the flight Reynolds numbers of 30
million. Table 4 summarizes the C

L
, C

D
, and M ∗ L/D increments due to blowing at the design C

L
= 0.5.

23 of 25

American Institute of Aeronautics and Astronautics



Table 4. Summary of CL , CD , and M ∗ L/D increments due to blowing at CL = 0.5.

M∞ = 0.85 M∞ = 0.88

Increment Re = 15M Re = 30M Re = 15M Re = 30M Uncertainty

∆C
L

0.02 0.017 0.036 0.036 ±0.002

∆C
D

10 cts -12 cts -24 cts -37 cts ±4.8 cts

∆(M ∗ L/D) -0.4 0.5 0.7 1.0 ±0.15

A fourth FAST-MAC experiment is underway to evaluate the performance of fluidic or sweeping jet
actuators against the steady blowing performance described in this paper. The goal of that experiment is
to determine whether similar performance benefits can be achieved with the sweeping jet actuators, but at
a significantly reduced total weight flow rate.
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