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Aneed for low-speed,highReynoldsnumber test capabilitieshasbeen identi� ed for the designanddevelopmentof
advanced subsonic transport high-lift systems. In support of this need, multiple investigationshave been conducted
in the NationalTransonicFacility (NTF) at NASA LangleyResearch Center to develop a semispan testing capability
that will provide the low-speed, � ight Reynolds number data currently unattainable using conventional sting-
mounted, full-span models. Although a semispan testing capability will effectively double the Reynolds number
capabilityover full-spanmodels, it does comeat theexpense of contendingwith the issueof the interaction of the � ow
over the model with the wind-tunnel wall boundary layer. To address this issue, the size and shape of the semispan
model mounting geometry has been investigated, and the results are presented herein. The cryogenic operating
environment of the NTF produced another semispan test technique issue in that varying thermal gradients have
developed on the large semispan balance. The suspected cause of these thermal gradients and methods to eliminate
them are presented. Data are also presented that demonstrate the successful elimination of these varying thermal
gradients during cryogenic operations.

Nomenclature
b = wing span, in.
CD = drag coef� cient
CL = lift coef� cient
Cm = pitching-moment coef� cient
C p = pressure coef� cient
M1 = freestream Mach number
PT = total pressure, psia
q1 = freestream dynamic pressure, psf
Rec = Reynolds number based on c D 0:1(test section area)0:5

Re Nc = Reynolds number based on mean geometric chord
TT = total temperature, ±F
x=c = longitudinal distance from airfoil leading edge

nondimensionalizedby local wing chord
X=L = longitudinal distance from fuselage nose

nondimensionalizedby fuselage length
® = angle of attack, deg

Introduction

T HE development of a semispan model test capability has been
proposed for the National Transonic Facility (NTF) at NASA

Langley Research Center. This capability is required for the de-
velopment of advanced high-lift systems for future, large subsonic
transport aircraft at near � ight Reynolds numbers. The semispan
testing technique has been suggested as a tool that should be devel-
oped to providestate-of-the-artwind-tunnelresearchcapabilities.1;2
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The current full-span model test capability at the NTF cannot pro-
duce results at � ight Reynolds numbers for large subsonic transport
aircraft at takeoff and approach conditions. Because of the sensi-
tivity of high-lift con� gurations to Reynolds number,1 performance
characteristics obtained at Reynolds numbers below � ight condi-
tions may result in nonoptimized high-lift systems.

Semispan model testing can provide an increased Reynolds num-
ber capability simply due to increased model size. In general, the
Reynoldsnumbercapabilitycan be doubledwhen a semispanmodel
is used in place of a full-span model. An illustration of low-speed,
high Reynolds number test capabilities,and the increased Reynolds
number capability provided by semispan testing at the NTF, is pre-
sented in Fig. 1. Several large subsonic transport aircraft, at the
representativeapproach speed of M1 D 0:2, are noted. Information
presented in Fig. 1 illustrates the need for a semispan test capabil-
ity at the NTF to achieve � ight Reynolds number for large trans-
port aircraft at takeoff and approach conditions.Additional bene� ts
of semispan testing include improved model � delity, reduced aero-
elastic effects,and reducedmodel costs. However, these bene� ts are
offered at the expense of the interaction of the � ow over the semi-
span model with the wind-tunnel wall boundary layer, as well as
wall interference effects due to increased model size.

To further understandthe � ow physics involved in semispan test-
ing as well as to develop techniques to minimize the effects of the
wall boundary layer, both experimental and computational studies
have been utilized.3;4 It is recognized that minimizing or eliminat-
ing the wall boundary layer will certainly improve the effectiveness
of a semispan test capability5; however, the implementation of an
active sidewall boundary-layerremoval system in the cryogenic en-
vironment of the NTF is not currently feasible due to the substantial
cost of such a system. The primary issues addressed in the cur-
rent research are to understand the effects of variations in size and
shape of the nonmetric model mounting geometry, or standoff, and
to eliminate the undesirablethermal gradientspresent in the balance
housing during cryogenic operations. An energy ef� cient transport
(EET) model was used initially and for the majority of the semi-
span test technique development work. The most recent semispan
research was conducted using a Boeing 777-200 model. This paper
provides a summary of results obtained and lessons learned from
these low-speed, semispan investigations in the NTF.

Test Facility
The NTF6 is a uniquenationalfacility thatprovideshighReynolds

number test capability for vehicles (such as commercial transport
339
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Fig. 1 Low-speed, high Reynolds number test capabilities.

Fig. 2 Sidewall model support system.

airplanes) designedto � y in and through the transonicspeed regime.
The NTF is a conventional closed-circuit, fan-driven wind tunnel
that is capable of operating at elevated pressures and cryogenic
temperatures to obtain high Reynolds numbers. The test section is
8:2 £ 8:2 £ 25 ft and has a slotted � oor and ceiling. In addition,
turbulenceis reduced by four damping screens in the settling cham-
ber and a contraction ratio of 15–1 from the settling chamber to the
nozzle throat.Fan-noiseeffectsare minimized by acoustictreatment
both upstream and downstream of the fan.

The NTF has an operating pressure range of approximately 15–

125 psia, a temperature range of ¡260–150±F, and a Mach num-
ber range of 0.2–1.2. The maximum Reynolds number per foot is
146 £ 106 at Mach 1. The test gas may be either dry air or nitro-
gen. When the tunnel is operated cryogenically,heat is removed by
the evaporation of liquid nitrogen, which is sprayed into the tunnel
circuit upstream of the fan. During this operational mode, venting
is necessary to maintain a constant total pressure. When air is the
test gas, heat is removed from the system by a water-cooledheat ex-
changer at the upstream end of the settling chamber. Further tunnel
details and facility information are provided in Ref. 7.

When conducting semispan model investigations, a sidewall
model support system, as shown in Fig. 2, is incorporated. The
sidewall model support system is installed in the test-section wall,
but must be removed when full-span, sting-mounted model inves-
tigations are conducted. The semispan model is mounted on the
tunnel wall midway between the � oor and ceiling, 13-ft aft of the
beginning of the test section, and is attached via adaptive hardware

to the semispan balance. The nonmetric model mounting geometry,
or standoff, is mounted to a wall turntable plate and rotates with the
model and balance as angle of attack is set. The standoff and model
support hardware are all attached to a common model attitude drive
system thereby maintaining proper fuselage-to-standoffalignment.
Heaters and a thermal insulatorare present within the balance hous-
ing as a means by which to keep the balance near room temperature.
Further details of the model support system will be presented later
when cyrogenic testing issues are addressed.

EET Model Investigations
Model Description

The semispan model � rst investigated in the NTF and used for
the majority of the test technique development investigations was
an EET8 con� guration. This semispan model incorporated the port
wing from an existing and previously tested full-span EET model.
A half-fuselageand multiple standoff geometries, which were used
to offset the semispan model from the wind-tunnelwall, were fabri-
cated for use with the existingportwing. The EET modelwas chosen
for the semispan developmenteffort because an existing wing could
be used, and a previously generated full-span data set was available
for use as a baseline comparison. The EET full-span data, which
will be used for comparison purposes in this paper, was obtained
from Refs. 8 and 9.

The EET semispan model as initially tested in the NTF is shown
in Fig. 3. The fuselage was 6.2 ft long and had a maximum diameter
of 8.62 in. The wing had an aspect ratio of 10, a leading-edgesweep
angle of 28.8 deg, and employed a supercritical airfoil with a four-
element high-lift system. The high-lift system consisted of a full-
span, leading-edgeslat and part-span,trailing-edge,doubled-slotted
� aps. No vertical or horizontal tails were used in the investigations.
A wing referenceareaand referencegeometricchordof 2.189ft2 and
8.401 in., respectively, were used in the calculations of force and
moment coef� cients. The model was instrumented with pressure
ori� ces at span stations A and B on the wing, as well as on the

Fig. 3 EET semispan model and standoff in the NTF (all dimensions
in inches).
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half-fuselage as shown in Fig. 3. A � ow-through engine nacelle
was used on all con� gurationsunless otherwise noted. The moment
reference center was located 40.44 in. aft of the fuselage nose.

Initial Standoff Investigation

Standoff Description

In the initial investigation a simple two-dimensional standoff
shape was chosen as a reasonable place to begin for semispan test
technique development.The two-dimensional shape used consisted
of a simple extension of the fuselage symmetry plane. The standoff
height,whichpositionedthe semispanmodel4.45 in. fromthe tunnel
wall, was on the order of the fuselage radius and in turn positioned
the semispan model just outside the wall boundary layer. The wall
boundary layer was 3.46 in. at the nose of the fuselage. In this initial
semispan model installation a Te� on® strip seal was employed be-
tween the metric half-fuselageand the nonmetricstandoffto serveas
a � ow blocker for the nominal 0.20-in.gap between the model parts.

In addition to the original two-dimensional standoff, a three di-
mensionally shaped standoff, which was a mirror image of the
half-fuselage, was also tested. Both two-dimensional and three-
dimensional standoff shapes were the same height and are shown
together for comparison in Fig. 3.

Experimental Results

Initially,small tufts were placedon the wind-tunnelwall in a sim-
ple 1 by 1 in. grid around the nose of the standoff to gain insight
into the � ow� eld behavior in this region. Images showing stream-
line patterns from the tuft � ow visualizationsare presented in Fig. 4
for both two-dimensional and three-dimensional standoff geome-
tries. The visualization for the two-dimensional standoff geometry
indicates the sidewall boundary layer separates just upstream of the
model, and a horseshoe vortex is formed in the juncture region be-
tween the two-dimensionalstandoff and the tunnel wall. This would

Fig. 4 Streamline patterns from tuft � ow visualization, M1 = 0:20,
Re Åc = 4:2 £ £ 106, and ® = 0 deg.

be expectedbecauseastagnationpointmust existon the leadingedge
of the two-dimensionalstandoff.Similar results,using oil � ow visu-
alization on a semispan model with a two-dimensionalstandoff, are
presentedin Ref. 3. Tuft � ow visualizationfor the three-dimensional
standoffgeometryshows no evidenceof � ow separationon the side-
wall, and, thus, indicates a � ow� eld that appears much more repre-
sentative of that for a full-span model. Note that a small separated
region is likely to exist where the three-dimensionalstandoff meets
the wall; however, any separation here is clearly much less substan-
tial than that resulting from the two-dimensional standoff.

Longitudinalforce and moment data for the EET semispanmodel
with both two-dimensionaland three-dimensionalstandoff geome-
tries are presented together for comparison along with the baseline
full-span data set in Fig. 5a. This initial full-span to semispan com-
parison clearly indicatesdifferencesbetween the two data sets, but it
also indicatesthat the three-dimensionalstandoffdelays the stall an-
gle of attack on the semispanmodel by approximately2 deg, thereby
improving the correlation with the full-span data set. Surface pres-
sure data at wing station A, shown in Fig. 5b, also indicate that the
three-dimensionalstandoff results in an improved correlation with
full-spandataoverthat fromthe two-dimensionalstandoff.After this
initial two-dimensionaland three-dimensionalstandoffstudy, it was
concluded that a three-dimensional shaping of the standoff would
likely provide a bene� cial means by which to improve correlation
of semispan data with full-span data.

Investigation with Reduced Standoff Height

At this point in the development of the semispan test technique,
attention was directed toward the question of standoff height. A
computational study was underway to assess the effects of varia-
tions in standoff height, and results from this study are presented
in Ref. 4. The computational study assessed standoff height as a
function of sidewall boundary-layerdisplacement thickness±¤, and
the fundamental conclusion drawn was that the best correlation be-
tween semispandata,with a two-dimensionalstandoff,and full-span
data resulted when the standoff height was equal to twice the tunnel
sidewall boundary-layerdisplacement thickness. This analysis was
conducted for a freestream Mach number of 0.2 and a Reynolds
number, based on reference geometric chord, of 4:2 £ 106 . These
were the conditions being run for the semispan model to match the
conditions of the existing full-span data set.

Standoff Description

As a result of the conclusions from the computational study, a
standoff was built that would offset the semispan model from the
tunnel wall a distance equal to twice the sidewall boundary-layer
displacement thickness 2±¤. Both a two-dimensional and three-
dimensional standoff were built and tested for this standoff height.
The three-dimensional standoff had a simple undercut leading and
trailing edge. Both of these standoffsare presentedin Fig. 6. The un-
dercut sections had a parabolic shape and extended approximately
10 in. aft of the leading edge and approximately 20 in. forward of
the trailing edge. A photograph of the semispan EET model with
the two-dimensional, 2±¤ standoff is presented in Fig. 7.

In addition to the features of the new standoff, some other new
features were incorporatedinto the model at this time. Model � exi-
bility had been a problem in the previous wind-tunnel investigation
to the extent that the low-pressureregion on the outboard side of the
half-fuselagewould draw the � berglass half-fuselageaway from the
standoff enough to allow the Te� on strip seal between the two to
become dislodged. To reduce model � exibility, the new standoffs,
as well as a new half-fuselage, were fabricated using a composite
graphite material. The seal between the fuselage and the standoff
was also improved. A labyrinth-type seal was incorporated in this
region to minimize any � ow between the metric half-fuselage and
the nonmetric standoff. An electrical fouling circuit was also a part
of this seal to ensure there would be no contact, or fouling, between
the fuselage and standoff.



342 GATLIN, PARKER, AND OWENS

a) Longitudinal data

b) Pressure data at wing station A

Fig. 5 Comparison of full-span and semi-span data; landing con� guration, M 1 = 0:20, and Re Åc = 4:2 £ £ 106.

Experimental Results

Longitudinal force and moment data for the semispan model
with the two-dimensional, 2±¤ standoff geometry are presented for
comparison with the baseline full-span data set in Fig. 8. Correla-
tion between full-spanand semispandata in terms of lift-curveslope
and drag coef� cient is good. Pitching-momentdata agree quite well
from 4 to approximately10 deg angle of attack,but then do not agree
well beyondthat.The stallbehaviorbetween full-spanandsemispan
models is essentially reproduced.Generally, semispan data with the
2±¤ standoff correlatebetter with the full-span data than that of data
with the larger standoff, as was presented earlier in Fig. 5a.

Longitudinal force and moment data for the semispan model,
illustrating the effects of the standoff undercut leading and trail-
ing edges relative to the two-dimensional standoff, are presented in
Fig. 9. Testing of the undercut standoff con� guration was limited to
a Reynolds number of 2:8 £ 106 due to fouling at the nose between
the nonmetric standoff and metric fuselage. This fouling resulted
from inadequate stiffness of the thinner, undercut standoff leading
edge, which de� ected under aerodynamic load. Undercutting the
standoff leading edge had only small effects on the aerodynamic
data. A positive increment in pitching moment is noted for angles
of attack above 6 deg, and a slight increase in drag coef� cient is ev-
ident across the angle-of-attack range. The effects of undercutting

the standoff trailing edge were practicallyundetectablein the longi-
tudinal data. To gain further insight into the effects of undercutting
the standoff leading and trailing edges, fuselage pressure data were
obtained. Pressure distributions are presented at three fuselage sta-
tions in Fig. 10. The data presented at fuselage station 12 indicate
that an undercut standoff leading edge will generate a � ow acceler-
ation over the top of the fuselage at that location.The data presented
at fuselagestation24 indicate that an undercutstandoff leadingedge
will have almost no effect on the fuselage surface pressure at that
location. The data presented near the aft end of the fuselage at sta-
tion 72 show no effects at all due to either an undercut standoff
leading or trailing edge. When the fuselage pressure data are com-
pared with the longitudinaldata of Fig. 9, it would suggest that the
nose-up increment in pitching moment due to the undercut standoff
leading edge is a result of the � ow acceleration noted on the top of
the fuselage at station 12.

Results of the 2±¤ standoff investigationindicate that this standoff
heightwill producesemispandata that correlatebetterwith full-span
data than that from a semispan con� guration with a standoff height
on the order of the wall boundary-layerheight.The ratio of standoff
height (1 in.) to semispan (39.71 in.) for this con� guration is 0.025.
This ratio is presented to provide a means of comparison between
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Fig. 6 EET semispan model with reduced standoff height (all dimen-
sions in inches).

Fig. 7 Photograph of takeoff con� guration of EET semispan model in the NTF.

this model and the larger 777 semispan model that will be discussed
later. The effects of undercutting the standoff leading and trailing
edges are shown to be small; however, this may well be a direct
result of the much smaller standoff height than was tested previ-
ously. The effects noted due to the standoff undercut leading edge,
although small, still indicate that standoff shaping shows promise
as a means by which to improve correlation of semispan data with
full-span data.

Labyrinth Seal Description

An additional part of the investigation included assessing the ef-
fects of sealing the gap between the fuselage and the standoff. This
issue presents con� icting requirements in that a completely airtight
seal is most desirableaerodynamically;however, there still must be
no contact, or fouling, between the metric fuselage and the non-
metric standoff. As a result of this, a labyrinth seal has been used.
The labyrinth seal used between the fuselage and the standoff is
shown in Fig. 11. The fuselage side of the labyrinth seal was fab-
ricated directly as an integral part of the � at side of the fuselage.
However, to simplify the fabrication of the standoff, this side of
the labyrinth seal was made independentlyand then attached to the
standoff. This independent piece also provided an opportunity to
obtain data with it removed and, thus, assess any potential need for
a seal in this area.

Experimental Results

When the effectivenessof the labyrinth seal was investigated,the
� rst logical step was to determine if there was any amount of � ow
at all passing between the fuselage and the standoff. This was de-
termined by assessing the pressure data from six pressure ori� ces
located on the fuselage centerline on the � at, or back, side of the
fuselage. Data were obtained with the labyrinth seal in its nominal
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Fig. 8 Comparison of full-span and semispan data; takeoff con� guration, M1 = 0:20, and Re Åc = 4:0 £ £ 106 .
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Fig. 9 Effect of undercut leading and trailing edges; takeoff con� guration, M 1 = 0:20, and Re Åc = 2:8 £ £ 106.

con� guration, which consisted of a 0.20-in. gap between the fuse-
lage and the standoff (Fig. 11), and data were also obtained with the
gap between the fuselage and the standoff completely taped over.
These pressure data are presented in Fig. 12a and show that there is
some � ow leakage past the labyrinth seal near fuselage station 30.
The next step was to reduce the gap between the fuselage and the
standoff to see if � ow leakage in this area could be reduced. Data are
presented in Fig. 12b for the nominal 0.20-in. gap and for a reduced
gap of 0.10 in. This 0.10-in. gap was the smallest possible without
developing substantial fouling problems. These data indicate that
reducing the gap resulted in only small effects. Even though the
data presented show evidence of � ow leakage between the fuselage
and the standoff, note that this did not appear to interfere with the
aerodynamics of the high-lift wing.

Because some � ow between the fuselage and the standoff did
exist, and it was not creating a detrimental effect, there was interest
in determining if a labyrinth seal was really necessary at all. To

investigate this, the portion of the labyrinth seal on the standoff
(Fig. 11) was removed and data were obtained. Longitudinal data
illustratingeffects of the presenceof the labyrinthseal are presented
in Fig. 13. These data show that the absence of the labyrinth seal
produces small effects until the stall angle of attack is reached. At
this point, the absence of the labyrinth seal is signi� cant, and it is
shown that the model will stall at a lower angle of attack when the
labyrinth seal is not present.

Results of investigating the effects of the labyrinth seal indicate
that a labyrinth seal that minimizes � ow between the fuselage and
the standoff is necessary, especially when testing in the region of
maximum lift. However, some limited � ow between the fuselage
and standoff is acceptable.

Cryogenic Operation

All semispan data presented to this point have been for testing in
the NTF in the air mode. In an effort to minimize the expense of the
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Fuselage station 12

Fuselage station 24

Fuselage station 72

Fig. 10 Pressure data on fuselage illustrating effects of undercutting
the standoff leadingand trailing edge; takeoff con� guration,M1 = 0:20,
and Re Åc = 2:8 £ £ 106.

Fig. 11 Labyrinth seal between fuselage and standoff.

semispan test technique development investigations,it was decided
that the studies needed to understand the effects of standoff height
and shape and sealing between the fuselage and the standoff would
not need to be conductedin the much more expensivenitrogen mode
of operation. However, to obtain data at � ight Reynolds numbers,
testing in the nitrogen mode of operation is required.

To begin the discussion of thermal effects on the balance during
cryogenic operation, further description of the model support sys-
tem, which identi� es the main elements and their function,will now
be provided. The NTF semispan model support system, referred to
hereinafter as the mechanism, is a completely self-contained sys-
tem that includes the angle-of-attackdrive mechanism and the force
balance. The system installed on the test section wall is presented
in Fig. 2. The fully assembled mechanism has a total weight of

Table 1 Full-scale balance capacity and calibration accuracies
for NASA Langley Research Center balance NTF-114S

Balance Accuracy, % of full scale
Component capacity (95% con� dence)

Normal force § 6,100 lb 0.10
Axial force §1,300 lb 0.07
Pitching moment §70,000 in.-lb 0.06
Rolling moment §353,800 in.-lb 0.06
Yawing moment §75,400 in.-lb 0.06

a) Effect of complete seal, Re Åc = 4:2 £ £ 106

b) Effect of gap size, Re Åc = 2:8 £ £ 106

Fig. 12 Pressure data on internal centerline of fuselage illustrating
labyrinth seal performance; takeoff con� guration and M 1 = 0:20.

10,000 lb. The mechanism is installed behind the NTF sidewall,
within the tunnel plenum. It is used exclusivelyfor semispan testing
and is not present during other NTF testing con� gurations.Because
of the removable design of this model support system, the entire
package must be compact to allow for installationand removal. The
original design of the system was based on the concept of cryogenic
balance operation. Heaters within the mechanism were installed for
the primary purpose of maintaining an acceptable operational tem-
peratureof the angle-of-attackdrive system and bearings.The NTF-
114S forcebalanceis housedwithin the mechanismand is connected
to the model by an insulating spacer, a strut, and a model-speci�c
adapter.

Balance Description

The NTF-114S is a monolithic balance made from 18% nickel
maraging steel. Its overall dimensions are 16 in. in diameter by
25.75 in. long, and it weighs 950 lb. It is a � ve-componentbalance
measuring normal force, axial force, pitching moment, rolling mo-
ment, and yawing moment. The balance instrumentation consists
of a primary and secondary set of strain gauge bridges, which pro-
vides a completely redundant set of component measurements.The
balance temperature pro� le is monitored by 52 platinum resistive
temperaturedetectors.These temperaturesensors are located on the
balance to provide a global temperature pro� le as well as localized
measurements near the strain gauges. The balance also contains
an onboard accelerometer,which provides an absolute reference of
balance pitch attitude. The full-scale balance capacity and calibra-
tion accuracies are provided in Table 1. The balance was originally
fabricated, instrumented, and calibrated for cryogenic operation;
however, actual operation of the balance was later determined to be
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Fig. 13 Effect of labyrinth seal; gap = 0:10 in., takeoff con� guration, M1 = 0:20, and Re Åc = 1:6 £ £ 106 .
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Fig. 14 Data repeatability for air mode of operation at 95±F; cruise con� guration, M1 = 0:20, and nacelle off.

at ambient temperature regardless of the tunnel test-section temper-
ature. This balance cavity ambient temperature resulted from the
operation of multiple heaters required for the mechanical operation
of the mechanismand will be discussed in more detail in the follow-
ing paragraphs. The performance of the balance has been veri� ed
with the tunnelin warm air mode.A sampleof the repeatabilityof the
balance measurements is illustrated by three repeat polar sequences
(a sweep of angle of attack) in Fig. 14.

Cryogenic Operation Issues

During the � rst cryogenic excursions performed using the semi-
span mechanism, operational dif� culties in setting the angle of at-

tackwererevealed.The heatersystemwas inadequatein maintaining
the temperature of the drive system. Another more signi� cant result
of the early testing was the temperature pro� le of the balance. Al-
though the heaters were designed to maintain the temperatureof the
mechanism drive system, they also unintentionally heated the bal-
ance.Becauseof the inherentcomplexityof the mechanismdesign,it
was considered unlikely that modi� cations to the mechanism could
allow the balance to operate at cryogenic temperatures, as origi-
nally intended. Therefore, a hot-balanceconcept was adopted. This
hot-balance concept is unique to the operation of NTF balances.
All other NTF balances are designed and calibrated for cryogenic
operation. This new concept of temperature isolation from the test
conditions as compared to temperature equilibrium with the test
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Fig. 16 Initial balance temperature differential vs sequential data
point; PT = 69 psia and TT = ¡ ¡ 250±F.

conditions has proven to be a challengingaspect in development of
the NTF semispan test capability.

Once the operational issues with the model support system were
resolved, efforts were focused on balance data quality during cryo-
genicoperations.Undertheseconditions,the balancestructureexpe-
riencedlarge temperaturegradients,which deteriorateddata quality.
Note that thermalgradientson the straingaugedmeasuringelements
of the balance generate real strain, which is indistinguishablefrom
the strain generatedby an applied load. There are also secondarylo-
calized convectioneffectson the strain gauges themselves,but these
were not the primary source of error in the balance measurements.

The following three areas of balance performance were investi-
gated as a resultof the � rst aerodynamictests to quantifythe balance
data quality.First, the aerodynamicdata and the wind-off zeros were
less repeatable during cryogenic tunnel operations as compared to
warm tunnel operations.This can be seen by comparing the results
of three repeat polar sequences during warm operations (Fig. 14)
to the same sequences during initial cryogenic operations(Fig. 15).
These data clearly showed a degradation in data repeatability dur-
ing cryogenicoperations.Second, the balancetemperaturegradients
changed rapidly during a polar sequence, as shown in Fig. 16. The
change in the gradient within a single polar sequence was as much
as 35±F. This change occurredwithin approximately5 min and indi-
cates a signi� cant amount of heat transfer from the large mass of the
balance. Also, repeated polar sequences had a cumulative effect on
the magnitudeof the balancetemperaturegradients.For comparison
purposes, note that during the warm air mode of operation, the bal-
ance cavity and the test section remained at ambient temperature;

Fig. 17 Flow path of plenum gas to test section.

thus, no signi� cant temperature gradients existed on the balance.
Third, the heaters located in close proximity to the balance were not
controlled to their design set point of 75±F. In fact, balance housing
heater element temperatures reached as high as 240±F, which cre-
ated a 490±F differentialtemperaturebetween the gas temperaturein
the test section and the surface temperatureof the heaters within the
mechanism, which are in close proximity to the balance. As a result
of this � rst investigation,the balance data quality was determined to
be unacceptable,and an effort was launched to improve the balance
thermal environment.

Corrective Actions

The initiative to correct the thermal gradient effects focused on
two primary hypotheses of the physical process involved that in-
duced the thermal gradients on the balance. The � rst hypothesis
was based on gas from the plenum passing through the mechanism
to the tunnel test section as shown in Fig. 17. This � ow would be
induced by a negative differential pressure located at the model-to-
balance interface. The second hypothesis was based on the actual
� ow� eld around the model generating a recirculating � ow path in
and out of the balance cavity. In both cases, a complete seal between
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the balance cavity and the tunnel test section would block the � ow
path, but this would not be acceptable in terms of balance data qual-
ity because it would create a parallel load path, or foul, across the
metric end of the balance to the nonmetric support structure. Be-
causea positivecontactingseal could not be installed,a combination
of active and passive sealing was, therefore, implemented.

A comprehensive redesign of the mechanical, electrical, and
control systems of the semispan mechanism was performed and
implemented.10 The balance cavity was sealed as a pressure tight
vessel from the plenum to eliminate the � ow of gas through the
mechanism. This required installation of rubber seals on the non-
metric end of the mechanism, plugging all holes used for electrical
wiring, and complete redesign of the instrumentation connection
panel that incorporated pressure tight bulkhead connectors. Addi-
tional noncontactingseals were installed behind the tunnel wall on
the modelstrutandadapter to block the recirculating� ow path.Also,
new cover shields were installed on the balance to block any � ow
that might breach the new seals.These new covershieldscompletely
encased the measurement � exures by a labyrinth arrangement with
a minimum gap of 0.050 in. The balance was also temperaturecom-
pensated to a tighter tolerance and calibrated within its new warm
operating temperature range. A � nal temperature control improve-
ment added was an active gaseous nitrogen purge system. This sys-
tem supplies warm nitrogen gas into the balance cavity through � ve
equallyspacedholes aroundthe circumferenceof the nonmetric end
of the balance. Purge gas temperature and mass � ow rate are exter-
nally monitored and adjusted by a closed-loopcontrol system. This
control system also incorporateszone controlover the radiantheater
elements within the balance cavity. All of these improvements are
shown in Fig. 18.

Experimental Results

The installation of these seals was performed in an incremental
manner, and the resultant improvement in balance temperature gra-
dients is shown in Fig. 19. These data show the correlation between
the change in the differential temperature from the top of the bal-
ance to the bottom as a function of the model angle of attack within
a single polar sequence. (Note that a positive differential temper-
ature indicates that the top is warmer than the bottom.) Figure 19
contains four con� gurations of the sealing devices as follows: Con-
� guration1 is the data from the � rst cryogenicentry and has no seals
installed.Con� guration 2 has seals in all locationsexcept the model
instrumentation hole and on the model strut and adapter. Con� g-
uration 3 adds the model instrumentation hole seal. Con� guration

Fig. 18 Modi� cations to the sidewall model support system to improve
cryogenic operations.

Fig. 19 Effects of semispan model support system improvements on
balance temperature gradients, TT = ¡¡ 250±F.

4 includes the seals on the model strut and adapter and the active
purge system.

When the data from con� guration 2 are examined, the balance
temperature pro� le is found to be slightly improved as compared
to the � rst tunnel entry; however, a sizable balance temperature
gradient is still present. After much painstaking investigation into
the possible remaining paths for � ow into the balance cavity, it
was determined that the hole in the model fuselage, through which
the model instrumentation passes, should be sealed. This hole was
tightly plugged, and the resultant balance temperature pro� le indi-
cated a � at response to the change in angle of attack. Even though
the temperature gradient did not change with the angle of attack in
con� guration 3, a stable temperature gradient still existed. Con� gu-
ration 4 includes the seals on the model strut and adapter and the use
of the active gaseous nitrogen purge. Results from the installation
of all of the seals and the purge system provided excellent tempera-
ture stability of the balance. Therefore, the corrective actions were
demonstrated to be successful in eliminating the thermal gradients
on the balance within a polar sequence.

777 Model Investigation
Model Description

A 5.2% scale 777-200 semispan model was designed and built
speci� cally for testing at the NTF such that data could be obtained
for the � rst time up to � ight Reynolds number for takeoff and ap-
proach conditions.This model was also built with multiple standoff
geometries to provide further opportunity to improve on the semi-
span test capability.This 5.2% scale model was intended to have the
same externalgeometry as a 6.3% scale, full-spanmodel previously
tested in the Defence Evaluation and Research Agency (DERA)
5-m tunnel and a 4.2% scale, full-span model previously tested in
the NASA Ames Research Center 12-Foot Pressure Wind Tunnel.
As a result, data from the 6.3 and 4.2% full-span models11 will be
used as a baseline data set for comparison with the semispan data.

A photograph of the model as it was tested in the NTF test sec-
tion is presented in Fig. 20. The fuselage was 10.7 ft long and had
a maximum diameter of 13.11 in. The wing had an aspect ratio
of 8.421, a quarter-chord sweep angle of 31.64 deg, and a semi-
span, b=2, of 61.438 in. No vertical or horizontal tails were used
for the data presented in this paper. Both takeoff and landing wing
con� gurations were tested; however, only the takeoff wing con� g-
uration was used during the semispan test technique development
portion of the investigation. The wing leading-edge con� guration
consistedof inboardand outboardslats,with a seal Krueger between
the � ow-through engine nacelle and inboard slat. The trailing-edge
con� guration included a double-slotted inboard � ap, � aperon, out-
board single-slotted � ap, and aileron. The model was instrumented
with six chordwise rows of pressure taps on the wing, as well as
substantial pressure tap coverage on the half-fuselage.All pressure
tap locations were chosen to match those existing on the previously
tested 4.2% 777-200 full-span model.
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Fig. 20 Photograph of takeoff con� guration of 777 semispan model in the NTF.

Fig. 21 Standoff leading-edge shapes tested (from Ref. 12).

Standoff Description

The standoff components were designed such that two standoff
heights and three standoff leading-edge shapes could be tested. A
1-in. and a 2-in. standoff, which would position the half-fuselage
1 or 2 in., respectively, away from the tunnel sidewall, were in-
vestigated. The 1-in. standoff, which positions the half-fuselage a
distance of twice the sidewall boundary-layer displacement thick-
ness away from the wall, was expected to provide better correlation
with full-spandata than the 2-in. standoff based on previous results.
However, the use of a larger standoff was expected to provide ben-
e� ts when standoff shaping was investigated due to an increased
surface area with which to work. Three leading-edgeshapes, a two-
dimensional, a � lleted, and an undercut, shown in Fig. 21, were
investigatedat each standoff height. The � lleted and undercut lead-
ing edges were computationally designed12 to alleviate the side-
wall boundary-layer separation and, thus, reduce or eliminate the
formation of the horseshoe vortex that forms around the leading
edge of a two-dimensional standoff. Therefore, it was anticipated
that a � lleted or undercut leading edge would improve correlation
with full-span data. The shaping of the � lleted and undercut leading
edges extended aft 20% of the fuselage length. A labyrinth seal was
used between the metric half-fuselage and the nonmetric standoff.
A spring-loadedTe� on seal was used on the backsideof the standoff
to maintaina constantseal between the standoffand the wind-tunnel
wall.

Experimental Results

Longitudinaldata are presented for the 777 semispan model with
both 1- and 2-in. standoffs with two-dimensional leading edges in
Fig. 22. When these data are compared with the DERA full-span
data, note that the con� guration with the 2-in. standoff provides a
slightly better correlation with the full-span data set when lift and
pitching-moment coef� cients are compared. An increase in stand-
off height is shown to produce an increase in lift curve slope, as
has been noted in previous studies.3 It is more dif� cult to identify
which standoff con� guration provides a better correlation with the
full-spandrag coef� cient data becausethe correlationwith full-span
data varies for both con� gurations over the angle-of-attack range.
At low to moderate angles of attack, data from the 2-in. standoff
con� guration correlate slightly better with the full-span drag data,
whereas at higher angles of attack, data from the 1-in. standoff con-
� guration correlate better. Based on all of the longitudinal data,
therefore, it was decided that the 2-in. standoff con� guration pro-
vided a better overall correlation with full-span data. The ratio of
standoff height to semispan for the 2-in. standoff con� guration is
0.033. Recalling that this same ratio for the EET semispan model
(1-in. standoff) was 0.025 indicates that a standoff on the order of
approximately 3% of the model semispan will provide NTF semi-
span data that correlate better with full-span data than that resulting
from other standoffheights.It is anticipatedthat a three-dimensional
shaping of the standoff could further improve correlation of semi-
span data with full-span data.

Note that the poststallsemispandata do not correlatewell with the
full-span data. The substantialnose-up pitching moment associated
with the abrupt poststall lift loss is not believed to be a real effect.
Whether this is attributed to model or wind-tunnel differences or
something else is unknown.

To investigate the effects of standoff leading-edge shaping, both
a � lleted and an undercut standoff leading edge were tested, and
the results for the 2-in. standoff are presented in Fig. 23. These
data indicate very little effect of leading-edge shaping on lift or
pitching-momentcoef� cient. Differencesare noted, however, when
drag coef� cient data are compared for the different leading edges.
As revealed in previous research, an undercut standoff leading edge
results in an increased drag coef� cient when compared to the two-
dimensional leading edge. This potentially results from the reduced
velocity of the � ow around the forward portion of the half-fuselage,
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Fig. 22 Effect of standoff height variation; M1 = 0:26 and Re Åc = 6:85 £ £ 106.

Fig. 23 Effect of 2-in. standoff leading-edge shape variation; M1 = 0:26 and Re Åc = 6:85 £ £ 106 .

Fig. 24 Fuselage centerline pressure data illustrating effects of 2-in. standoff leading-edge shape variation; M 1 = 0:26 and Re Åc = 6:85 £ £ 106.
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which occurs when the freestream � ow at the nose of the model has
an additional � ow path between the undercut standoff nose and the
wind-tunnel wall. This change in drag due to standoff leading-edge
shaping suggests that further standoff shaping studies could result
in improved correlation of semispan and full-span data. The same
trends as noted earlier were observedwhen the � lleted and undercut
leading edges were investigated on the 1-in. standoff.

To gaina more detailedinsightinto the effectsof standoffleading-
edge shaping, surface pressure data were obtained on the half-
fuselage for each standoff leading-edgecon� guration tested. These
pressure data were obtained from pressure taps located longitudi-
nally aroundthe fuselage,just slightly to the port side of the fuselage
symmetry plane. These data were in turn compared with the same
fuselage pressure data obtained on the 4.2% full-span model. The
purposehere was to determinewhich standoffleading-edgecon� gu-
ration would produce fuselage pressure data on the semispan model
that best matched the full-span fuselage pressure data. Fuselage
centerline pressure data for each of the three standoff leading-edge
con� gurationsare presented together for comparison with the 4.2%
full-span fuselage pressure data in Fig. 24. No tare and interference
correctionswere applied to the full-span data; therefore, the effects
of the vertical bipod model support system have not been removed.
This causes two effects that must be noted when the full-span and
semispan data are compared. First, pressure data on the bottom of
the fuselage are directly affected by the bipod support and, thus,
would not be expected to match the semispan data. Second, the
presence of the bipod support increases the effectiveangle of attack
of the full-span con� guration by approximately 1 deg (Ref. 11);
therefore, the full-span data presented are for an indicated angle of
attack of 1 deg less than that of the semispan data. The effects of
the standoff leading-edge shaping are primarily noted in the upper
surface fuselage pressure data at the locations of X=L between 0.04
and 0.2. In this area, the two-dimensional standoff leading edge
is shown to produce data that correlate better with full-span data
than data from the � llet or undercut con� gurations. Up to this point
in our research, it was expected that the two-dimensional standoff
leadingedge would be least desirabledue to the presenceof a horse-
shoe vortex. These pressure data, however, show that the efforts to
eliminate the presence of the horseshoe vortex do not improve the
correlationof semispandata with full-spandata. Therefore,the pres-
ence of a horseshoe vortex around the standoff leading edge may
not necessarily be undesirable as originally expected. The goal is
to have the same pressure distribution on the half-fuselage as that
on the full-span fuselage, regardless of what is happening in the
� ow� eld over the standoff, and of the three standoff leading-edge
shapes tested, the two-dimensional leading edge provides the best
correlation.

Cryogenic Operation

Thermal stability of the balance during cryogenicoperations was
well controlled during the 777 semispan investigation. This was
expected based on the results presented in Fig. 19 illustrating the
effectiveness of the � nal seals and purge system from the last EET
semispan investigation.Although the last con� guration of the side-
wall model support system was effective in controlling the thermal
environment of the balance, some additional improvements were
made before the 777 semispan investigation. These improvements
included adding a purge gas � ow path through the center of the
balance and replacing the model strut and adapter seals with more
robust and precisely fabricated seals.

Cryogenic data obtained during three repeat polar sequences are
presented together for comparison in Fig. 25. These data indicate
very gooddata repeatabilityand, thus,verygood balancecavity ther-
mal control. To compare data repeatability for data obtained under
cryogenic operations to that of data obtained in air, a � nal plot was
prepared that includes three repeat runs for each condition. These
data are presented in Fig. 26. The delta values represent the differ-
ence betweenthe data point at a given angle of attack and the average
data value at that angle of attack. The solid lines represent the 95%
con� dence interval of the � nite data sample. The 95% con� dence

interval can be interpreted as the bounds about the estimated mean
that encompass the true mean value, with a chance of 95%. A more
in-depthdescriptionof the con� dence intervaland the methodsused
to calculate it are presented in Refs. 13 and 14. Examination of the
data from Fig. 26 reveals that the repeatabilityof the cryogenicruns
is just as good as that for the air runs, thus indicating an elimination
of the varying thermal gradients on the balance. Note that due to
the inherent dynamics of the � ow at and beyond the stall angle of
attack the 95% con� dence interval expands greatly, as expected, at
these conditions.

Conclusions
Multiple investigationshave been conductedin the NTF at NASA

Langley Research Center in which a semispan transport con� gura-
tion and the sidewall model support system have been tested with
multiple parametric variations to support the development of a vi-
able semispan testing technique. The results of these investigations
are presented as follows:

1) A standoffheighton the orderof 3% of the model semispanwill
providemuch better correlationof semispandata with full-spandata
than a standoff heighton the order of the heightof the wall boundary
layer.

2) An undercut standoff leading edge will alleviate the separation
of the sidewall boundary layer that occurs with a two-dimensional
standoff leadingedge.However, a two-dimensionalstandoffleading
edge produced pressures in the fuselage nose region that correlated
better with full-spandata than that from a � lleted or undercut stand-
off leading edge.

3) Standoff shaping shows promise as a means by which to im-
prove correlation of semispan data with full-span data, although
the effects are reduced as standoff height is reduced. An undercut
standoff leading edge produced an increase in drag as compared to
a two-dimensional standoff leading edge.

4) A seal that minimizes � ow between the fuselage and standoff
is necessary, especially when testing in the region of maximum lift.
A labyrinth-type seal, which did allow some limited � ow between
the fuselage and standoff, was found to be acceptable.

5) Improvements to the sidewall model support mechanism,
which include multiple seals and a purge gas system, have effec-
tively reduced temperature gradients on the balance during cryo-
genic operation. This provided balance performance at the same
level as that obtained during air operation.
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