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EXPERIMENTAL STUDY OF FLOW DEFLECTORS DESIGNED TO ALLEVIATE GROUND WINDS 
INDUCED BY EXHAUST OF BO- BY 120-FOOT WIND TUNNEL 

Vernon J. Rossow, Gene I. Schmidt, Michael S. Reinath, Johannes M. Van Aken*, 
Cynthia L. Parrish, and Raymond F. Schuler 

Ames Research Center 

SUMMARY 

A descriptlon lS presented of an experimental study directed at finding a 
deflector ramp that wlll reduce to an acceptable level the ground winds under the 
exhaust jet of the BO- by 120-Foot Wind Tunnel at NASA Ames Research Center. A one
fiftieth-scale model of the full-scale facility was used to investigate how the jet 
flow field was modified by the various design parameters of the ramp. It was con
cluded that the ground winds were alleviated sufficiently by a ramp with end plates 
located next to the wlnd tunnel building along the ground edge of the exhaust open
lng. At full scale, the ramp should have a slant length of 7.62 m (25 ft) or more, 
and would be elevated at about 45° to the ground plane. The material should have 
holes less than 15.2 cm (6 in.) ln diameter distributed uniformly over its surface 
to produce a poroslty of about 30%. 

INTRODUCTION 

The National Full-Scale Aerodynamics Complex (NFAC) at NASA Ames Research 
Center consists of a 40- by BO-Foot Wind Tunnel and an Bo- by 120-Foot Wind Tunnel, 
both of which share a portlon of their circuits so they can use the same drive 
system (figs. 1 and 2). Background stUdies (refs. 1-6), carried out prior to the 
deslgn and construction of NFAC, considered a variety of configuratlons that pointed 
to the need for certaln deslrable characteristics in the facilities. When tests 
were begun in 19B2 that would lead to implementation of the wlnd tunnels, various 
features or parts of the facillty were identified as in need of modlfication or 
additional structure. An overVlew of these redesign and modification efforts is 
presented in reference 7. The portlon of NFAC which is being consldered in this 
paper, and which is in need of addltlonal structure, is the reglon where the 
BO by 120 airstream exhausts lnto the atmosphere (flgS. 1 and 2). In particular, 
the problem to be treated lS the reduction of the hlgh winds near the ground in and 
around the exhaust jet at the south end of the facility. The investigation to be 
reported here was dlrected at flndlng changes ln or addltions to the structure which 
would reduce the magnitude of the induced ground winds to a level which does not 
interfere with the usual activities ln the area. 

*University of Kansas, Lawrence, KS 66044 



DESCRIPTION OF PROBLEM 

The operation of a wind tunnel of the flow-through type requires that air be 
drawn from the atmosphere into the circuit through a specially tailored entry region 
which adapts the alrstream to the flow quality desired for the test section 
(refs. 1-8). After the air passes through the test sect10n and drive fans, it 1S 
exhausted back into the atmosphere through openings at the end of the facility. 
Insufficiencies in the design of either end of the circuit can have a significant 
adverse effect on the utility of the facility. The disadvantages over a fac1l1ty of 
the closed-circuit type are offset by, for example, the ability to run continuously 
with highly powered models in a larger test section with less drive-fan power. It 
is necessary then to achieve an acceptable design at both the inlet and the exhaust 
ends of flow-through wind tunnels. 

As mentioned in the Introduction, tests that were carried out in 1982 to 1mple
ment the NFAC indicated that unacceptably high winds were present near the exhaust 
of the 80 by 120. Measurements taken on the ground under the exhaust jet w1th a 
hand-held wind anemometer (fig. 3) showed that the region was unsteady, with wind 
gusts in excess of the velocity of the jet. The high wind velocities and turbulence 
near the ground and around nearby buildings were believed to be caused by the winds 
induced at the edges of the jet. 

Before consideration is given to modifying the exhaust region to alleviate the 
winds around the jet, the nature of the exhaust opening and nearby surfaces are 
described as is the role they might have 1n the structure of the jet as 1t leaves 
the building. As shown in figure 2(b), the eastern half of the south wall of the 
40- by 80-Foot Wind Tunnel building is permanently closed. The western half of the 
south wall is composed of door panels arranged in 12 rows and 9 columns, and is 
referred to as vane set 67. It is to be noted in figure 2(b) that three doors were 
left off in the westernmost column during the 1982 tests. These permanent openings 
provide exhaust ports for the air-exchange system used to cool the 40 by 80 during 
the 1982 tests. The rest of the door panels are closed for the operation of the 
40 by 80 and are opened for the operation of the 80 by 120. When vane set 17 is 
open, the panels sW1ng inward to avoid the superstructure and a bird/debris screen 
which is attached to the outside of the building (figs. 2(b) and 4). Each row of 
panels is set to swing inward at varying degrees so that the doors deflect the 
exhaust airstream upward at different angles as illustrated in figure 4. The intent 
of the splay was to accelerate the disperson of the jet after it leaves the build
ing. The original designs of NFAC called for a ramp or ground-based structure to be 
added outside the building to help deflect the bottom of the jet off the ground, but 
such a unit was not built because of a shortage of funds. Whether such a ramp is 
necessary or whether another set of deflectors added to vane set #7 would effec
tively deflect the air is uncertain. The presence of the screen and superstructure 
at the trailing edges of the door panels suggests, however, that their lifting 
effectiveness is reduced and an external ramp or deflector is required. 
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Internal structures which probably cause some nonuniformities and small-scale 
turbulence in the jet are vane set #6, with four vanes nearest the corner offset to 
accommodate vane set #7 as it swings inward; a 4-ft step from the floor of the 
tunnel up to ground level outside the tunnel; and the walls of the west leg of the 
tunnel which confine the flow between the six drive fans and vane set #6 (figs. 1 
and 5). Substantial changes in any or all of these items would not only be diffi
cult to implement, but any new arrangement would probably not cause a significant 
change in the jet structure or in the ground winds induced by the jet. The only 
item studied in the investigation was the 4-ft step from the inside floor leading up 
to the outside ground level (fig. 4). A fairing on the inside of the tunnel did not 
measurably alter the induced ground winds, nor did such a step alter the effective
ness of the ramp deflector recommended in the next section as a solution to the 
ground wind problem. 

It was therefore concluded that the present investigation should be directed at 
a determination of the best Size, shape, and location for a deflector ramp at or 
near the ground just outside the exhaust opening. The use of a ground-mounted 
(rather than a side- or roof-mounted) ramp similar to those 1ndicated in refer
ences 1-6 is the most effective location because 1t is nearest to the problem 
area. It was also reasoned that the ramp material should be porous rather than 
solid to allow a small amount of the exhaust air to pass on through while most is 
deflected upward. If the ramp is solid or nonporous, all of the jet is deflected 
upward so that a flow is induced toward the building as shown in figure 6(b}; but if 
the porosity of the ramp is too large, air passes readily through the ramp to pro
duce winds away from the building as shown in figure 6(a}. When the porosity 1S 
somewhere between these two situations, a balance is reached 1n which the oppositely 
directed winds cancel each other as shown in figure 6(c}. These two-dimensional 
considerations do not treat problems which may occur at the sides of the jet. It 
remains then to experimentally determine the proper porosity, size, shape, and 
configurat1on, and location of the deflector ramp which prov1des the greatest alle
viation of the winds below the jet. 

OVERVIEW OF EXPERIMENTAL PROGRAM 

As stated in the previous section, the objective of the experimental program is 
to define a range of des1gn parameters for a deflector ramp that will reduce the 
velocity of the ground winds to an acceptable level. An acceptable level is defined 
here as a level in which the 1nduced velocities are 10% or less of the jet center
line velocity (which is slightly less than half of the test section velocity). The 
parameters which are used to describe the deflector and which will be varied in the 
experiments are 

1. Length 

2. Shape (curved or flat) 

3. Angle of inclination relative to the ground plane 
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4. Porosity (also, distribution of porosity; e.g., uniform or nonuniform) 

5. Location relative to exhaust openlng 

6. End configuration 

This list assumes that the ramp will essentially be constant in shape across the 
opening (i.e., two-dimensional), with perhaps some sort of cap or plate at the two 
ends. A list of the ramp designs tested is presented ln table 1. 

The device to be used to evaluate the various deflector ramps is the one
fiftieth-scale model (fig. 1) of the NFAC facillty (Smlth, Schmldt, Van Aken, and 
Parish; NASA TM ln preparatlon). The model replicates most of the features of the 
full-scale facillty. Those characterlstics (such as corrugated wall cladding) WhlCh 
become impractically small when reduced in Slze by a factor of 50 were not lncorpor
ated lnto the model. Some structural components were slmulated ln an approximate 
fashion with screens or roughness. For example, the structural beams and the bird/ 
debrlS screen has a mesh spacing of 1.9 cm by 1.9 cm with 0.21-cm-diam wire (a 0.15-
by 0.15-in. mesh with 0.105-in.-diam wlre) were constructed to Yleld a porosity of 
13.9% and an estimated loss coefflcient of 0.432. The screen is attached to the 
outside of the south wall (figs. 2 and 4) was simulated on the model tunnel with a 
brass screen (14x16 mesh with 0.264-mm-diam (0.0104-in.) wire, porosity = 11%) 
estimated to have a pressure drop across lt approximately the same as the two items 
together. The size and deflection of the doors of vane set #1 in the open position 
were replicated (fig. 4), but the corrugations on one side and the interference of 
the edges of the beams were not. 

Since the Reynolds number of the model components is over 50 times smaller than 
full scale, questions arise as to how well the aerodynamics of the model matches the 
full-scale result. Cases in which a direct comparison could be made between the two 
facilities produced quite good agreement (ref. 1). As expected, small differences 
occurred in the losses across the vane sets and ln other places where the spread in 
Reynolds number could cause signlficant dlfferences in the flow. 

Of interest here is the quallty of the representation of the exhaust-jet flow 
field outside the bUllding. An attempt was first made to measure the veloclty 
magnitudes and directions under the exhaust of the model on a ground plane to com
pare with the full-scale results presented ln flgure 3. Confirmatlon was achieved 
at a few locations near the edges of the jet, but the flow was so unsteady and the 
space was so limited between the jet and the ground plane that other reliable mea
surements could not be made. These results were then supplemented with an oil-smear 
run to obtain an estimate of the streamline pattern on the ground plane. The 
resulting pattern, presented in figure 8, is qUlte similar to the veloclty-vector 
pattern presented in figure 3 for the full-scale facility. The general pattern and 
the small reversed-flow region next to the buildlng and under the center of the jet 
are noted to be alike in both figures. Both are averaged steady-state results right 
on the ground plane. The data taken wlth the hand-held anemometer were averaged 
over part of a mlnute and the oil-streak pattern was obtained by running the tunnel 
for about 0.5 hr after a thin layer of oil had been brushed onto the ground plane. 
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This comparison and the other satisfactory comparisons between model and full-scale 
led to the conclusion that the model was acceptable as a screening device for the 
study of deflector-ramp designs. 

Even though the foregoIng results with the hand-held anemometer, pitot tubes, 
and oil smears were qualitatively correct, other more accurate and rapId means had 
to be used to determine whether a particular ramp design was satIsfactory. For this 
reason, an extensive array of yarn tufts was attached to the ground plane and to the 
roof of a representation of a nearby building under and around the exhaust jet. A 
hand-held tuft wand and a smoke wand (using a mixture of S02 and NH3) were used to 
visualize the flow patterns that were generated. Although these two methods gave a 
qUIck, accurate evaluatIon of ramp configurations, the most satIsfactory and quanti
tative measurement technIque was obtained with a Laser Velocimeter (LV) unit 
(refs. 9 and 10). The instrument measures two components of the velocity at pOints 
anywhere between 2.3 m (7.5 ft) and 10 m (33 ft) from the output lens. Since the 
cross-stream velOCIty component was small and had a secondary effect on the flow at 
the ground plane, this component was not measured. The LV instrument was therefore 
located to the side of the jet (fig. 11 of ref. 10) so that the two measured compo
nents consisted of the vertical and the horizontal component in the direction 
perpendicular to exhaust openIng (i.e., the south wall of the bUIldIng). As a 
consequence, the flow field of the exhaust jet and the surroundIng air motIons could 
be defined qUIte accurately. The LV is Ideally suited to this problem because it 
makes a remote, nonintruslve measurement which is accurate on both large and small 
velocities. 

The velocity distribution was measured with the LV on a pOlnt-by-point basis at 
a given statIon along a vertIcal or horizontal survey line. Once the flow in the 
model tunnel was established and brought to steady state (dynamic pressure in test 
section = qts ~ 479 N/m2 (10 Ib/ft2), Vts = 28 m/sec (92 ft/sec», data were taken 
at a desired point in the flow fIeld. The flow was seeded upstream of the measuring 
point with an aerosol 011 mist to enhance the data-taking rate of the LV. The 
velocity components of the 011 mist droplets passing through the focal volume were 
accumulated to form a velocity histogram of 100 data points. An average (or mean) 
and 0 (the estimator of standard deviation) were then calculated. On the basis of 
those values, any data samples that deviated by more than 30 from the mean were 
discarded. New values for the mean and for 0 were then recomputed and used to 
calculate the parameter 

tJ.V = ±az lIN c (1) 

where tJ.V is the uncertainty interval about the mean velocity corresponding to a 
95% confidence level, 0 IS the estimator of standard deviation, Zc is the confI
dence coefficient for the 95% level (zc = 1.96), and N is the number of samples in 
the distribution, less those discarded. The length of the uncertainty bars drawn 
vertically through each point in figure 9 is a representation of tJ.V as computed by 
equation (1) for each data ensemble. That is, one can be 95% confident that the 
mean velocity, represented by the center of the square symbol in figure 9, lies 
somewhere along each uncertainty bar. Each velocity survey yields data similar to 
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those presented in figure 9 for the vertical and horizontal velocity components. A 
more visual representation of the data for the flow field is presented in figure 10, 
where velocity vectors have been drawn on the basis of the data shown in figure 9. 
Since the velocity vectors are based on the mean values for the velocity, the vec
tors represent a steady-state or time-averaged flow field. Some of the vector
direction scatter apparent in the velocity-vector plots shown in the figures can be 
attributed to variations caused by the atmospheric wind blowing past the doors in 
the building which houses the one-fiftieth-scale model and through which the jet 
blows. The doors had to be left open during the tests to allow discharge of the 
exhaust stream and thereby prevent induction of recirculating airflow. 

TEST RESULTS 

The deflector ramps listed in table 1 were evaluated by use of the one
fiftieth-scale model of the NFAC set up in the 80- by 120-Foot Wind Tunnel mode of 
operation. Each design was first evaluated by observing the yarn tufts, which 
indicated the magnitude and unsteadiness of the winds on the ground plane. One or 
more surveys were then made with the LV to obtain a quantitative measure of the 
velocity field induced by the exhaust jet. The results of these tests are summar
ized here by describing the response of the yarn tufts and presenting the velocity 
surveys downstream of the ramp. The first configuration studied consisted of the 
exhaust opening without a deflector ramp. The findings for the ramps listed in 
table 1 are then described. The objective is to find out how the ground winds are 
affected by the various characteristics of the deflector ramps. 

Multiple surveys with the LV were first taken downstream of the exhaust opening 
when a ramp was not present (fig. 11). The expected spreading and deceleratlon of 
the jet (ref. 11) and the rounding of the velocity profile is apparent in the mea
surements, both in the side and top views of the flow field. The measured prof1les 
also ind1cate that the flow in the lower part of the jet stays attached to the 
ground plane. As a consequence, the tufts under the jet moved act1vely, shOWing a 
highly unsteady movement of the air. Not 1ndicated in figure 11, or in any of the 
velocity plots, is the turbulent or unsteady nature of the flow near the edges of 
the jet. The action of the tufts effectively monitors the variability of the flow 
with time, but it was not poss1ble to depict this character1st1c in a figure. These 
results suggest that the deflections of the elements of vane set #7, WhiCh 1S 
upstream of the screen and structural steel, were effect1ve 1n turning most of the 
jet upward at about 40°, but lacked the control needed at the ground plane. The 
asymmetry of the exhaust opening (figS. 1, 2(b), and 7(b» is no doubt respons1ble 
for the lack of symmetry 1n the velocity profiles shown 1n figure 11(b). As the Jet 
proceeds downstream, it assumes a more rounded and symmetr1cal profile. The small 
reversed-flow regions on the lower part of figure 11(b) are attributed to the inter
ference of atmospheric winds on the Jet. This interference changes not only from 
day to day, but also during a test so that a number of idiosyncrasies in the veloc
ity surveys appear which can be attributed to winds blowing past the doors of the 
building where the one-fiftieth-scale model is housed. Although the wind did 
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Interfere somewhat with the tests, and did alter some of the velocity profiles 
measured with the LV, the general conclusions regarding the effectiveness of the 
ramp being studied was not affected. Although the wlnd did significantly affect the 
smaller velocIties around the jet edges, the data generally repeated quite well. 
VariatIons in the wind did provide an opportunIty to simulate the more realIstIc 
conditions under which the full-scale facilIty is requlred to operate. 

The closely spaced points in WhICh data were taken for the multiple surveys 
presented in figure 11 required about 10 hr of test time. It was therefore decided 
to restrict the survey lines with the LV to only one line in the vertical dIrection 
at a station located 0.91 m (36 in.) from the exhaust openIng. It was found that 
the qualitatlve observations of the yarn tufts, supported by the quantItatIve evalu
atIon of the velocIty distrIbutIons at the one statIon, were suffIcient to screen 
the characteristics of the exhaust ramps. As a consequence, fIgures 12-19 present 
velocity data at only the one survey station. The data are grouped in each of the 
figures to show how the varIatIon of a single parameter affects the velocIty dIstrI
butIons In the jet and those It Induces near the ground. 

One of the first observatIons made with the tufts was that the deflector ramps 
should be placed next to the buildIng dIrectly on the ground plane. Since the 
structure does not permit the lower part of the ramp to be located directly next to 
the screen and vane set #7, It was always displaced SlIghtly downstream, as indi
cated in the figures. ThIS dIsplacement did not seem to affect the performance of 
the ramps. However, a vertIcal dIsplacement that left a small gap or slot between 
the ground plane and the ramp did enhance the ground wInds, as IndIcated by the 
velocity surveys In fIgure 12. Therefore, all further tests were conducted wIth the 
gap sealed by plastic tape. 

Since the length and proper proportion of leakage and diversIon were not known, 
ramps of varIOUS lengths and porosIty were tested at several angles relatIve to the 
ground plane (figs. 13-16). Both the response of the yarn tufts and the character 
of the velocity profiles at the 0.91-m (36-in.) station showed that a ramp wIth 
about 30% porosity and 15.24 cm (6 in.) long at an angle of 45 0 provided the needed 
effectiveness for the one-fIftieth-scale model. Larger (0.635-cm diam (0.25-ln.), 
more widely spaced holes (porosity = 23%) (fig. 16) were observed to be about as 
good as the smaller or 0.32-cm-diam (0.125-in.) holes spaced for 30% porosIty. As 
antIcipated, a SOlId ramp (I.e., no holes) caused a different kind of Induced flow 
at the ground plane (fIgS. 6 and 14) and was not as effective as those ramps with a 
porosity between about 20% and 30%. 

In all of the tests a measurable change was not detected In the pressures 
Inside the tunnel circuit or In the aIrspeed through the tunnel, even for the 
25.4-cm (10-in.) ramp at 60 0 elevatIon angle. However, when the ramp was placed in 
the vertical (i.e., at 90 0

), the tunnel test section lost about 10% in dynamic 
pressure or about 5% in velocity whether or not the ramp was porous. The allevia
tion of the winds (fig. 17) was observed from the tufts to be generally adequate, 
with some disturbances to the tufts near the building, but qUlte adequate farther 
away. This approach was not pursued further because of the unacceptably high loss 

7 



in tunnel performance even though the concept would be easy to implement by, for 
example, simply closing the lower one or two rows of doors in vane set 17. 

A series of tests was then conducted to explore alternatives to flat ramps and 
uniform porosity ln order to increase the possible materlals and structural tech
niques that could be used to construct the full-scale deflectors. The curved ramps 
(fig. 18) were studied because they slmulate many of the barrlers used at alrports 
to deflect the high-energy exhaust of the jet engines of alrcraft upward and away 
from areas occupied by personnel or equipment which cannot tolerate the hot, high
velocity airstreams. The present applicatlon is very different from that at air
ports because of the ratio of the jet diameter to ramp length. In the wlnd tunnel 
situation, the jet thlckness is over five tlmes the helght of the curved ramp used 
in the test (fig. 18). In the alrport situation, the ramp Slze lS usually two to 
four times the jet Slze. The test results show that the curved or clrcular shape ln 
the wind tunnel appllcation becomes a dlsadvantage (tufts and fig. 18) because the 
curved ramps are less effectlve than the flat ones. 

Constructlon of a deflector ramp necessltates the use of support beams, corru
gations, and other structural elements to obtain a structure that lS both functional 
and strong enough to sustaln the jet and atmospheric wlnds expected in a 40-yr 
lifetime. The support structure could be slmplified if the poroslty could be con
fined to strips on the ramp surface WhlCh are separated by nonporous strlps. The 
relative widths of the strlps are determlned so that the average poroslty is about 
30%. For these reasons, tests were conducted on the last four conflgurations listed 
ln table 1 (see fig. 19 for veloclty profiles at 0.91 m station). Both the tuft 
motions and the velocity measurements lndicate that the two conflgurations 
(figs. 19(b) and 19(d» wlth the porosity confined to strips would be marglnally 
satisfactory. They are not as effective as the plate with uniformly distributed 
0.32-cm-diam (0.125-1n.) holes. Materials with larger porosity such as the same 
ramps without the nonporous strips (flgS. 19(a) and 19(c» were found to be less 
effective than the 30% material. 

On the baS1S of the results found for the tests on the deflector ramps listed 
in table 1, it was recommended that a ramp about 15.24 cm long (6 In. (or 25 ft 
full-scale» with 0.32-cm (0.125-ln.) holes uniformly dlstrlbuted over the surface 
to produce a porosity of about 30% be scaled up and used for the full-scale appllca
tlon because it more than fulflils the objectlves of the program. For this reason, 
more surveys were made with the LV to better define the veloclty field of the jet 
and to be certain that any undesirable characterlstic dld not occur elsewhere ln the 
flow field (fig. 20). The jet lS noted to break cleanly from the ground plane and 
to remain detached thereafter. Both the yarn tufts and the veloclty measurements 
indicate that the directly drlven and the induced wlnds produced by the exhaust jet 
are of negligible intensity at the ground plane. Just as when a ramp was not pres
ent (fig. 11(b» the jet has a slight asymmetry in the horlzontal plane produced by 
differences in the building walls at the two sides of the jet. These idiosyncrasies 
are suppressed by turbulent mixing as the Jet moves away from the exhaust opening. 

The latitude in the design parameters is required to maintain sufflclent 
effectiveness of the ramp, but is not a firm boundary. That is, if the ramp 
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performance is to be acceptable, deviatlons from the recommended deslgn result in a 
slow degeneration of the performance. For example, a shortening of the already 
relatively small 15.24-cm (6-in.) ramp to, say, 12.7 cm (5 In.) for the model tunnel 
IS probably acceptable, but further reductlons are not, because conservatlsm is 
being lost. Enlargement of the ramp is usually not desired because of the added 
cost of construction, but any change above 15.24 cm (6 In.) would enhance the con
servatism of the design. A change to smaller, more numerous holes whlle keeplng the 
porosity fixed at about 30% is also acceptable, whereas use of holes larger than 
about 0.635 cm (0.25 In.) may be detrimental. 

Toward the end of the experimental study, several end treatments were tried on 
the ramps. None of the end treatments seemed to affect the veloclty dlstrlbutlon on 
the center plane of the jet. However, the Induced velocities near the lower corners 
of the jet In the vlclnlty of the bUllding were suppressed by end plates such as 
those presented in figure 21. Without end plates, the jet appears to draw In or 
Ingest more air around the ends of the ramp than wlth the end plates. Hence, when 
end plates are present the Jet separates more cleanly from the bUlld1ng and from the 
ground plane. 

Photographs of smoke paths In and under the jet when a deflector ramp IS not 
(fig. 22) and is (fig. 23) in place 111ustrate the change in the flow field brought 
about by the recommended ramp des1gn. W1thout a ramp (fig. 22) the flow stays 
attached to the ground plane and is more turbulent (smoke path IS more slnuous). 
When a ramp is In place, the smoke path ind1cates a clean separatlon from the ground 
(fig. 23). When smoke was placed under the jet, It remained relatlvely qUlescent, 
r1slng slowly to jOln the flow along the lower part of the jet. The smoke essen
tially confirms the results observed w1th yarn tufts and with the LV. 

APPLICATION TO FULL-SCALE FACILITY 

The experimental data on deflector ramps described in the previous section were 
all obtained with a one-flft1eth-scale model of the NFAC. Dec1slons now need to be 
made on how to scale and adapt these small-scale results to effectively apply them 
to the full-scale facllity. If all dimensions are increased by a factor of 50, the 
ramp becomes 7.62 m (25 ft) long and the holes become 15.24 cm (6 in.) in dlam
eter. Since it is easier to obtain materials with smaller holes, and the smaller 
holes were predicted to sustaln effectiveness, the porosity will probably be 
achleved with sheet metal hav1ng a uniform distrlbutlon of holes about 2.5 cm 
(1 in.) In diameter. The support structure for the porous plate wlll need to fit 
under and around the superstructure on the outs1de of the bUlldlng (flgS. 2(b) 
and 4). Several posslble adaptations that are acceptable are presented 1n 
figure 24. The design which minimizes the amount of interference between existing 
and new structures, and which IS lowest In cost, is the one that wlll probably be 
chosen (fig. 24(c)}. 
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FAR-FIELD JET STRUCTURE 

Another concern that arises 1n the full-scale use of the 80- by 120-Foot W1nd 
Tunnel is the persistence of the jet to altitudes occasionally used by a1rcraft. 
Whether the wind shear and jet velocities really do pose a hazard to low-flY1ng 
aircraft was investigated by first developing emp1r1cal relat1onsh1ps for the jet
veloc1ty distr1bution. These relationships are needed to extend the data to d1S
tances beyond those measured w1th the one-f1ft1eth-scale model. Slnce a h1gh degree 
of precision is not needed, the approximations of a self-sim1lar model for turbulent 
circular jets (Chapter XXIV of Schlichting, ref. 12) was chosen as the bas1s for the 
extrapolation. Applicat10n will be made only to the jet structure when a deflector 
ramp 1S present for which data are ava1lable (f1g. 20). The w1dth or depth of the 
jet is taken as proportional to the distance, (x - xv), from a v1rtual or1g1nj and 
the centerline veloc1ty, U~, as 1nversely proportional to (x - xv). Based on the 
data in figure 20, the v1rtual orig1n which best f1tS the veloc1ty d1str1but1on is 
located 183 cm (72 in.) upstream from the exhaust opening of the model. At full 
scale, the virtual or1g1n is 50 t1mes as far, or Xv = -91.3 m (-300 ft). The 
equations for the velocity on the centerline of the jet are then glven by 

(2a) 

for the model tunnel at its operating speed (x is in inches from the exhaust open
wg)j and 

800 
UTe = x + 300 x 48.5 knots (2b) 

for the full-scale tunnel at 1tS maximum operat1ng speed (x 1S 1n feet) of 
100 knots 1n the test section. The data in figure 20 are compared w1th the fore
gOlng relationsh1p 1n f1gure 25. The quantity x is the hor1zontal d1stance from 
the exhaust open1ng and not the d1stance along the jet. Since the jet 1S incl1ned 
at roughly 38° from the hor1zontal, the two lengths are related by the COS1ne 
of 38°. 

Since the exhaust opening is rectangular 1n shape and not round, the jet 
spreading w1th horizontal distance 1S d1fferent for the width and for the depth of 
the jet. The same virtual orig1n does not apply for depth and breadth because two 
size relat1onsh1ps are needed. The data for the model and the1r 11near approx1ma
t10ns are presented 1n figure 26. It 1S to be noted that the Jet spreads such that 
the d1fference between the magnitude of the w1dth and depth remains approx1mately 
constant. 

The data presented herein and represented by the forego1ng equat10ns were 
obtained in essent1ally still air. Even though wind was present on occas1on, an 
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effort was made to minimize its net effect and any bias it might put In the data. 
Under actual full-scale operation, atmospheric winds will often be blowing hard 
enough to alter the velocity and shape of the jet, especially at the larger dis
tances from the exhaust openIng. A lImIt on thIS Interference is set by the crI
terIon that the 80 by 120 does not operate if the wind magnitude IS greater than 
20 knots. 

With the foregoIng relatIonships for the structure of the jet, a sImulatIon was 
carried out by Streeter (ref. 12) of the interactIon of an aIrcraft with the jet as 
it penetrates the plume from dIfferent dIrectIons and altItudes. In summary of 
reference 12, it was learned that an aIrcraft at hIgher altItudes wIll be affected a 
negligIble amount by the Jet dIsturbance. However, as the altItude of penetratIon 
decreases, the Jet velocIty increases to such an extent that consIderable perturba
tIons of the flightpath IS experienced. Reference 12 presents detaIls of the 
aIrcraft/Jet InteractIon. 

CONCLUDING REMARKS 

The exhaust plume of the 80- by 120-Foot Wind Tunnel as It leaves the facIlity 
was found to cause Intolerably hIgh wInds on the ground and around other bUIldIngs 
in the vicinIty of the jet. The experImental program descrIbed here identifIed the 
characterIstIcs of a deflector ramp that would reduce the magnitude of the undeSIr
able winds to a neglIgIble level. SInce the parameters that govern the ramp design 
are effectIve over a range of values, some latItude is avaIlable for implementatIon 
of the full-scale ramp. Based on the test results obtaIned WIth the one-flftleth
scale model of the tunnel, the full-scale deflector ramp should be placed on the 
ground next to the exhaust openIng. It should have a slant length of about 7.62 m 
(25 ft) or more, and should be elevated at an angle of about 45° to the ground 
plane. The surface materIal should preferably have a porOSIty of about 30%, WhICh 
is produced by unIformly distrIbuted holes 15.24 cm (6 in.) or less In dIameter. 
The east and west ends of the ramp should be capped with plates to suppress unwanted 
eddies. 
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TABLE 1.- FLOW DEFLECTORS TESTED WITH ONE-FIFTIETH-SCALE MODEL OF 
80- BY 120-FOOT WIND TUNNEL 

Figure 
Cross- Length of ramp Angle of number 

Mater1al sectional surface, 1ncl1nat1on, where 
shape cm (in.) deg veloc1ty 

1S shown 

None --- --- --- 9, 10, 11 
Solid plate; 0% poros1ty Flat 6.1 (2.4) 45 14a 

12.7 (5) 45 12, 14b 
15.24 (6) go 17a 
25.4 (10) 45 14c 

C1rcular 12.7 (5) 45 18a 
arc 

Porous plate, 0.32-cm C1rcular 12.7 (5) 45 18b 
( 1 18-w.) holes; arc 
30% porosity 

I Flat 10.2 (4) 45 15a 
I 

12.7 (5) 45 15b 
15.24 (6) 45 15c, 20, 25 
15.24 (6) 90 17b 
25.4 (10) 30, 45, 60 13 

Porous plate, 0.635-cm Flat 10.2,15.24 (4,6) 45 16 
(1/4-in.) holes; 
23% porosity 

Wire screen, 43% porosity Flat 15.24 (6) 45 190 
With taped str1ps Flat 15.24 (6) 45 19d 
Expanded metal mesh, Flat 15.24 (6) 45 19a 

75% porosity 
With taped str1ps Flat 15.24 (6) 45 19b 
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Flgure 1.- Dlagram of plan Vlew of the National Full-Scale Aerodynamlcs Complex at 
NASA Ames Research Center WhlCh lllustrates 40- by 80-Foot and 80- by 120-Foot 
Wind Tunnel circults. 
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(a) View of facility looking into the entrance of 80- by 120-Foot Wind Tunnel 
from the northwest. (AC 82-0551-54) 

Figure 2.- National Full-Scale Aerodynamics Complex showing the entrance and 
exhaust of the 80- by 120-Foot Wind Tunnel and the surrounding buildings. 
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(b) View of NFAC looking into exhaust opening from the south. (AC 82-0551-43) 

Figure 2.- Concluded. 
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Flgure 3.- Plan Vlew of wlnd vectors measured wlth a ~and-held wlnd anemometer on 
the ground under the exhaust Jet durlng the 1982 tests of the full-scale facil
ity. (Run 12, fan drlve blade angle = 44°, 12-9-82); Vtest sectlon ~ 86 knots, 
VJet b ~ 40 knots, P = 77.7 MW. 
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Figure 4.- Slde Vlew of cross sectlon of vane set #1 and exhaust openlng WhlCh 
illustrates splay angles of doors and offset of tunnel floor from ground level. 
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Flgure 5.- Plan view of southwest corner of NFAC WhlCh lilustrates offset of three 
corner vanes and removal of four flaps from VS #6 (WhlCh contalns a total of 
57 vanes) to accommodate the inward sWlng of VS #7 as lt opens for 80- by 
120-Foot Wlnd Tunnel operation. Debrls screen and structure on outslde of build
lng are not shown. 

19 



~JET 

% 
~ } THROUGH-FLOW 
. ~ --+ VELOCITIES 

(a) Flow field when ramp 1S too porous or nonex1stent. 

~JET 

% 
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(b) Flow field when ramp is solid or nonporous. 
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(c) Induced veloc1ties at ground are neglig1ble when size and porosity of ramp are 
correctly chosen so that induced and through-flow veloc1t1es cancel one another. 

Figure 6.- Schematic side view of exhaust Jet and opening w1th a ramp to illustrate 
concept on which design of porous ramp is based. 
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Flgure 9.- Velocity data taken wlth LV along a vertlcal line located on Jet center
llne at 0.91 m (36 In.) from exhaust openlng. No ramp ln flow fleld which lS 
baseline case. 
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from exhaust opening. No ramp in flow field WhICh IS baseline case. 
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Figure 12.- Vector representation of velocity surveys taken along a vertical tra
verse 0.91 m (36 In.) from exhaust opening when a 12.1-cm (5-in.) ramp with no 
porosity and elevated at 45° to the ground plane is present next to the lower end 
of the exhaust opening. Vts = 55 knots. (a) Gap eXists between ground plane 
and ramp. (b) Gap sealed with plastic tape. 
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traverse at 0.91 m (36 in.) from exhaust opening with 25.4-cm (10-in.) ramp 
0.32 cm (0.125 in.) holes; porosity = 30%. (a) Ramp angle = 30°. (b) Ramp 
angle = 45°. (c) Ramp angle = 60°. 
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Figure 14.- Vector representatlon of veloclty dlstribution taken along vertlcal 
traverse at 0.91 m (36 in.) from exhaust openlng when SOlld ramps (0% poroslty) 
of different lengths are used to deflect the jet. (a) Ramp length = 6.1 cm 
(2.4 In.). (b) Ramp length = 12.7 em (5 in.). (e) Ramp length = 25.4 em 
( lOin. ) • 
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Figure 15.- Vector representation of velocity dlstribution taken along vertlcal 
traverse at 0.91 m (36 in.) from exhaust opening when porous 0.32-cm (0.125-ln.) 
holes; 30% poroslty ramps at 45°, but wlth different lengths are used to deflect 
the jet. (a) Ramp length = 10.2 cm (4 in.). (b) Ramp length = 12.7 cm 
(5 in.). (c) Ramp length = 15.24 cm (6 In.). 
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Figure 16.- Vector representatlon of veloclty distrlbution taken along vertlcal 
traverse at 0.91 m (36 in.) from exhaust opening when porous 0.635 cm (0.25 In.) 
holes; 23% porosity, ramps at 45°, but with different lengths are used to deflect 
the jet. (a) Ramp length = 10.2 cm (4 In.). (b) Ramp length = 15.24 cm (6 in.). 
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Figure 11.- Vector representatlon of velocity distributlon taken along vertlcal 
traverse at 0.91 m (36 in.) from exhaust opening when ramps 15.24 cm (6 in.) long 
at 90 0 but of different porosity are placed along lower edge of opening. 
(a) Solid or 0% porosity. (b) 0.32 cm (0.125 In.) holes for 30% porosity. 
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Flgure 18.- Vector representatlon of veloclty dlstrlbution taken along vertlcal 
traverse at 0.91 m (36 In.) from exhaust openlng when ramps wlth clrcular arc 
curvature 12.7 cm (5 In.) long but wlth dlfferent poroslty are used to deflect 
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Figure 19.- Vector representation of veloclty dlstrlbutlon taken along vertlcal 
traverse at 0.91 m (36 In.) from exhaust openIng when ramps 15.24 cm (6 In.) long 
wIth nonuniform porosity at 45 0 are used. (a) Expanded metal mesh 
(porosIty = 75%). (b) Expanded metal mesh (porosIty = 75%) with taped strips 
0.953 cm (3/8 In.) wide spaced 0.635 cm (1/4 in.) apart to yield an average 
porosity of about 30%. (c) Wire screen; porosIty = 43%. (d) Wire screen (poros
lty = 43%) with taped strlps 0.635 cm (1/4 in.) wide spaced 1.27 cm (1/2 in.) 
apart to yield an average poroslty of about 29%. 
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Figure 20.- Vector representation of velocity 1n flow field downstream of exhaust 
opening with recommended ramp 15.24 cm (6 in.) long at 45° elevation and with 30% 
porosity created by 0.32 cm (1/8 in.) holes uniformly spaced; Vts = 55 knots 
(28 m/sec). (a) Side view of velocity distributions along vertical traverses 
through centerplane of jet. (b) Top view of velocity distribution along horizon
tal traverses through center of jet. 
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(a) Smoke injected at lower edge of opening to illustrate how flow stays attached 
to ground plane. (ACB3-B013-41) 

Figure 22.- Photographs of smoke trails in exhaust of 1/50th scale model of 
BO- by 120-Foot Wind Tunnel when no deflector ramp is present. 
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(b) Smoke injected part way up exhaust opening to illustrate that jet flow is gener
ally upward but that considerable turbulence exists as evidenced by sinuous form 
of smoke trail. (ACB3-B013-42) 

Figure 22.- Concluded. 
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(a) Smoke injected at lower edge of ramp to illustrate nearly stagnant region 
under ramp. (AC83-8013-34) 

Figure 23.- Photographs of smoke trails in exhaust of 1/50th scale model of 
80- by 120-Foot Wind Tunnel when recommended ramp 15.24 cm (6 in.) long at 45 0 

elevation and with 30% porosity created by uniformly spaced 0.32 cm (1/8 in.) 
diameter holes is present. 
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(b) Smoke injected slightly above ramp to illustrate how cleanly jet separates 
from ground plane. (AC83-8013-33) 

Figure 23.- Concluded. 
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(a) 

(e) 

F1gure 24.- D1agrams of poss1ble ways to 1ncorporate ramp 1nto and around external 
structure of w1nd tunnel bU1ld1ng. (a) Stra1ght ramp beg1nn1ng at lower edge of 
exhaust open1ng. (b) Ramp beg1nn1ng at lower edge of open1ng but bent Sllghtly 
to reduce 1nterference w1th external structure of bU1ld1ng. (c) Lower end of 
ramp located far enough from bU1ld1ng to avo1d 1nterference with structural 
steel. It 1S most 11kely one to be bU1lt full scale. 
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Figure 26.- Variation of depth and breadth of jet as a functlon of distance 
from vlrtual origin. 
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