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ABSTRACT 

An investigation into aerodynamic problems associated with large building 
rooftop STOLports has been performed. 
tian study indicated two essential problems: (1 )  the establisbnt of smooth, 
steady, attached flow over the rooftop, and (2) the generation of acceptable 
crosswind profi le Once ( I )  has been achieved. This study indicated that (1) 
could be achieved by attaching clrcular-arc rounded edge extensions to the 
upper edges of the building and that crosswind profiles could be modified by 
the addition of porous vertical fences to the lateral edges of the rooftop. 
Important fence parameters ass= iated with crosswind alteration were found to 
be solidity, fence clement nuder and spacing. Large scale building induced 
velocity fluctuations were discovered for most configurations tested and a 
possible explanation for their occurrence was postulated. Finally, a simple 
equation relating fence solidity to the resulting velocity profile was developed 
and tested for non-u,riform single element fences with 30 percent maximum solidity. 

Initially, a qualitative flow visualira- 
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An invest igat ion i n t o  aerodynanic problems associated w i t h  large bu i l d ing  
rooftop STOLports has been performed. 
carr ied out a t  the Langley Research Center indicated two essent ia l  problems: 
( 1 )  the establistnnent of smooth, steady, a t t a c k  f l a w  over the rooftop; and, 
(2) the generation o f  an acceptable crosswind p r o f i l e  once ( I )  has been 
achieved. 
the gross nature of the f l o w  over the rooftop and that  r e l a t i v e l y  smooth 
attached flow could be achieved by the addi t ion of c i rcu lar -arc  rounded edge 
extensions t o  the upper edges o f  the bui lding. It was fur ther  determined that  
crosswind p r o f i l e s  could be al tered by the addi t ion o f  v e r t i c a l  fences along 
the la te ra l  edges o f  the bu i l d ing  rooftop. 

A q u a l i t a t i v e  f l a w  v i sua l i za t i on  program 

It was found that the conf igurat ion o f  the bu i l d ing  i t s e l f  determines 

A more quant i ta t ive program was undertaken a t  the University of Virg in ia .  
Ef fects  o f  various fence paraneters such as screen wire and mesh size, nunber 
o f  elements, etc., were investigated. Also a b r i e f  study o f  bu i l d ing  indued 
turbulence was carr ied out and a qua l i t a t i ve  descr ipt ion of the generation o f  
the turbulence was hypothesized. 

I n  an e f fo r t  t o  isolate fence effects frola bui lding effects, a study o f  
simple one element fences i n  the absence o f  a bui lding model showed that 
downstream flow VelWity was reduced over a height equal t o  that o f  the 
fence. I n  contrast t o  this, a fence instal led on a bui lding model affects 
the downstream flow up to  approximately two fence heights. Finally, a simple 
equation re la t ing the velocity a t  any height behind a one element fence t o  
the fence so l i d i t y  ( ra t io  of  projected wire area t o  projected to ta l  area) 
was derived and validated for l ow  so l id i ty  fences (up t o  0.30 area blockage). 

I NTROO UCT I ON 

During recent years, the rapid increase in the nunber o f  a i r  passenger 
miles traveled has imposed considerable hardships on contemporary a i r  transpor- 
t a t i o n  systems. 
some inmediate r e l i e f  i s  needed. This i s  p a r t i c u l a r l y  t rue o f  short-haul 
operations where times required fo r  ground transportat ion t o  and from the 
terminal areas of ten compare In  magnitude t o  f l i g h t  t ime. With the development 
o f  STOL a i r c r a f t  has come the p o s s i b i l i t y  o f  supplying sune needed r e l i e f .  
Many var iat ions o f  possible STOL transportat ion systems have been proposed, and 
many points of  v i m  have been expressed concerning the advantages and disadvan- 
tages o f  various canponents o f  these systems. One o f  the few issues upon which 
there i s  agreement i s  that the STOL passenger would d e f i n i t e l y  be subjected t o  
conditions qui te  d i f f e r e n t  from those t o  which he has been accustomed i n  
t ravel ing between major c i t i e s .  

Both a i rpo r t s  and airspace are congested t o  the extent that  

T h e  uncertainty concerning the acceptabi l i ty  



of these factors  t o  the t rave l ing  public hats undoubtedly been an important 
fac to r  contributing to  the hes i ta t ion which has been evident in making a 
catlnritment t o  implement a STOL system. 

I n  order to help a l l e v i a t e  sune of these uncertaint ies, a progrrm was 
i n i t i a t e d  a t  the Univers i ty  o f  V i rg in ia ,  through i t s  Center f o r  the Appl icat ion 
of  Science and Engineering t o  Public A f fa i rs ,  to develop modeling techniques t o  
predic t  hunan acceptance of proposed STOL systems and to develop acceptabi l i ty  
c r i t e r i a  for the many variables and t h e i r  trade-off p o s s i b i l i t i e s .  
requires a thorough understanding o f  the nature of the variables and a quanti- 
t a t i v e  formutation of response to them. 

This 

The work reported herein represents one facet o f  t h i s  overa l l  program 
which arose from the following considerations. STOLcraft can be accarmodated 
i n  r e l a t i v e l y  small terminal areas; it is ,  therefore, possible that  STOLports 
can be placed nearer the populat ion centers o f  c i t i e s .  
would have two major advantages. F i rs t ,  it would improve short-haul a i r  trans- 
por ta t ion  d i r e c t l y  by decreasing ground t rave l  t ime and consequent t o t a l  t r i p  
time. Second, i t  would a i d  long-naul a i r  t ransportat  ion by re1 ieving congest ion 
a t  conventional a i rpor ts  cur ren t ly  caused by short-haul operations. 

Such an arrangement 

One means of placing STOLports near c i t y  centers i s  to  u t i l i z e  the roofs 
of very large downtown bui ld ings as landing and takeoff areas. This would 
minimize d isrupt ion o f  normal dawntown economic a c t i v i t i e s  since the bu i ld ing  
i t s e l f  could be used for varied revenue producing a c t i v i t i e s ,  as w e l l  as for 
the STOL terminal. An a r t i s t ' s  conception of such a STOLport  i s  shown i n  
f i g u r e  1 .  There are, however, many types of problems associated w i t h  the 
development of such an unconventional a i rpor t ,  and the present work i s  d i rected 
toward those re la ted to the q u a l i t y  of the a i r f l o w  over such a structure.  There 
are t w o  important issues involved. One i s  the nature of the local f low near the 
landing surface induced by the design o f  the structure.  T h i s  w i l l  have a d i r e c t  
influence on the motion experienced by the a i r c r a f t  (and i t s  passengers) in the 
landing and takeoff maneuvers - as w e l l  as i n  the safety  of these a c t i v i t i e s .  
The other arises from the fact that the need to  r e s t r i c t  the SfOLport t o  a s ing le 
runway w i  1 1  general ly g ive r i s e  t o  crosswind problems which could e f f e c t  the 
q u a l i t y  and safety o f  the landings and takeoffs and the r e l i a b i l i t y  of the 
system operation. Thus, the p o s s i b i l i t y  of a l l e v i a t i n g  crosswind problems and 
general ly improving f l o w  q u a l i t y  through the use of wind screens and proper 
bu i ld ing  design was deemed worthy of study. 
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SmBotS 

arc length o f  rounded edge extensions, an (in.) 

bui lding d e l  width, cm (in.) 

screen drag coeff ic ient  based on average i n t e r s t i t i a l  velocity and 
blocked area (see eq. A-4) 

bui1d:ng Rodel height, an (in.) 

fence height, cm (in.) 

height o f  measurement above model, cm (in.) 

local drag coeff icient o f  a variable so l id i ty  screen 

total pressure drop across screen or to ta l  pressure drop from f a r  
upstrean t o  far dounstrCaR, n/m2 ( lb / f t2)  

s ta t i c  pressure far upstrean of a screen, N/m ( lb / f t  ) 2 2 

s ta t i c  pressure far dawnstream of a screen, N/m2 ( l b / f t  2 ) 

dynamic pressure, 

Reynolds number, 

N/m2 ( lb / f t2)  

%wb 
IJ 

distance between upstream and downstream fences, an (in.) 

local velocity i n  flow f ie ld,  m/sec (f t /sec) 

free-stream velocity, m/sec ( f t /sec) 

a i rcraf t  a i r  speed, k t s  



*CW 

V 
cwa 

v9 

X 

crosswind velocity,  m/sec/kts ( f t /sec)  

local crosswind velocity, nt/sec (fvsec) 

maxiswrn crosswind velocity, m/sec (ft/sec) 

a i r c r a f t  ground speed, kts 

horizontal distance measured fran fence, cm ( in . )  

vert ical  distance measured fran b o t t a  o f  screen, cm ( in . )  

vert ical  distance measured on the screen, cm ( in . )  

density o f  a i r ,  gn/cm 3 (slugs/ft  3 ) 

viscosity of  air ,  Nsec/m 2 (slug/ft-sec) 

rms-veloci ty f luctuation 
mean veloci ty  local turbulence, 

local s o l i d i t y  o f  screen = projected blocked area/projected total area 

QWIL I TAT I VE I NVEST I CAT I ON 

The i n i t i a l  study i n t o  the f e a s i b i l i t y  of u t i l i z i n g  large bu i ld ing  roof- 
tops as elevated STOLports was begun in Nwcmber 1969, in a joint e f f o r t  by 
the Univers i ty  of Virginia,  Department of Aerospace Engineering and 
Engineering Physics, and the Langley Research Center, Low Speed Vehicles 
Branch. I n i t i a l  studies *were of a q u a l i t a t i v e  nature and were performed i n  
the IT-foot t e s t  section of  the 300-mph 7-by 10-foot wind tunnel a t  the 
Langley Research Center. 
observation o f  the overa l l  flaw f i e l d  associated w i t h  a rooftop S t O L p o r t  and 
the inf luence o f  the bu i ld ing  conf igurat ion changes on that  flow. 

The purpose of t h i s  program was the qua l i t a t i ve  
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Test Set Up 

The primary experimental technique u t l l i z e d  in t h i s  i n i t i a l  invest igat ion 
was f l ow  v i sua l i za t i on  achieved by the use o f  smoke and tu f ts .  
photograph of one o f  the configurations tested, and f i gu re  3 shows cross 
sections o f  s i x  o f  the configurations tested. 
f i gu re  3 i s  the s o l i d  rectangular paral lelepiped bu i l d ing  i t s e l f .  Next i s  a 
series o f  four configurations, each having an elevated roof top (or raised deck). 
The f i r s t  i n  t h i s  series i s  the basic raised deck. The second has side ranps, 
which were t r i e d  because they of fered a method o f  l a t e r a l  containment f o r  land- 
ing STOLcraft. A c i r c u l a r  arc s ide overhang was a lso t r i e d .  
conf igurat ion i n  the series.) F ina l l y ,  porous side fences were added to the 
raised deck w i t h  curved overhang in an attempt t o  modify the crosswind ve loc i t y  
p r o f i l e s ;  each side fence was constructed of three rather closely-spaced pieces 
o f  stainless s tee l  screening o f  d i f f e r e n t  heights. Figure 2 i s  photograph 
o f  t h i s  four th  elevated-rooftop Configuration w i t h  i t s  curved overhang and 
porous side fences. The last  conf igurat ion in f i g u r e  3 d i f f e r s  from the 
preceding one in that the space under the raised deck i s  closed i n  order t o  
determine whether the raised deck i s  essential in  achieving the desired f l o w  
patterns. 

Figure 2 i s  a 

The f i r s t  conf igurat ion i n  

(See t h i r d  

The bu i l d ing  models are 1.2 meters by 2.'. meters (4 f t  by 8 ft) by e i the r  
41 cm or 51 cm (16 i n  or 20 in)  high, depending on the configuration. If the 
fu l l - sca le  bu i l d ing  i s  152 meters (SO0 f t )  wide, then the IS cm (6 in )  height 
of the model fences corresponds t o  an actual fence height o f  19 meters (62.5 f t )  
and the fu l l - sca le  bu i l d ing  would be 51 or 63 n r t e r s  high (167 or 208 f t  high). 
The bu i l d ing  model was mounted so that i t  could be placed a t  any yaw angle t o  
the tunnel flw; in f i g u r e  2, the tunnel flaw i s  p a r a l l e l  t o  the d e 1  runway. 

Qua l i t a t i ve  Test Results 

A motion-picture f i l m  supplement showing smdre f l a w  over the various 
bu i l d ing  models has been prepared." 
as f igures 4 through 9. Figures 4 through 7 s)xm the f l o w  over the four con- 
f igurat ions i n  the elevated-rooftop series. Figure 8 shows the f l o w  over the 
s o l i d  rectangular paral le lepiped bu i l d ing  alone, and f i g u r e  9 i s  o f  the s o l i d  
bu i l d ing  w i t h  rounded edges but not fences. I n  eech case, the flow i s  from 
l e f t  t o  r i g h t  and the tunnel f l o w  i s  a t  9' to the runway (pure crosswind). 

f i r s t  schematic in  the elevated-rooftop series i n  f i gu re  3 . )  
good. 
Over the e n t i r e  rooftop, the f l o w  i s  h igh ly  turbulent and unstaady. 

Six franer from t h i s  f i l m  arc presented 

Figure 4 s b s  the f l o w  over the model w i t h  the basic deck. (See the 
T k  ; ! m  i s  not 

It i s  separated at  the leading edge, end r e a t t c b c b n t  does not occur. 

.'. 
"This film supplement (16 m, 23 min, color, narrated) may be obtained OF 
loan by requesting film serial number L-1114 entitled "Roof-Top STOL/Port 
Flow Visualization'' from NASA Langley Research Center, Attn: 
Branch, Mail Stop 171, Hampton, Virginia 

Photographic 
23665. 
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F l m  over the second conf igurat ion in the elevated-rooftop series i s  
shawn in  f i gu re  5. The add i t ion  of side ranps t o  the basic raised deck i s  
seen to be detrimental. The separation angle i s  larger. I n  the center region, 
the flow i s  even more turbulent  and unsteady than that  over the basic ra ided 
deck. 
f i g u r a t i o n  has the worst flcw of any o f  those tested. 

The unsteady f l o w  region extends very h igh above the model. This con- 

Figure 6 shaws the f low over the t h i r d  conf igurat ion i n  the elevated-roof- 
The e f f e c t  of adding rounded edges to  the raised deck i s  dramatic. top series. 

Some turbulence can be seen, but  the f low pat tern ;s considerably be t te r  than 
for the f i r s t  two elevated-rooftop configurations. 

Once success i n  maintaining attached f low had been jchieved by the add i t ion  
o f  rounded edges, fences were added t o  determine whether the f low would remain 
smooth and whether the crosswind p r o f i l e  above the deck would change. The flow 
over the resu l t ing  conf igurat ion ( four th  i n  the elevated-rooftop ser ies i n  f i g .  
3)  i s  shown i n  f i gu re  7. Orie must pot confuse the spreading 01 the smohe due 
t o  turbulence and unsteadinesn vi i th the spreading due t o  low ve loc i t ies .  The 
lazy d r i f t i n g  ac t ion  of the smoke i n  t h i s  ficjure indicates low velocit;es. 

Figure 8 shows tha t  the flow over the s o l i d  parallelepipeG Sui ld ing alone 
i s  separated and turbulent. I n  fact ,  i t  scems t o  be s l i g h t l y  worse that, the 
f low over the basic-raised-deck configuration ( f i g .  4 ) .  

Again, the e f fec t  o f  adding rounded edges i s  dramatic. Figure 9 shows 
that  over the s o l i d  bu i l d ing  w i t h  rounded edges the f low i s  attacheJ and f a i r l y  
smooth and steady everywhere; i t  seems t o  be as smooth as the f low over the 
raised-deck conf igurat ion w i th  rounded edges ( f ig .  6). A t  t h i s  stage o f  the 
study, i t  was concluded that the raised deck i s  n o t  necessary to  obta in  good 
attached f low but that  the rounded edges are the important factor. However, 
l a te r  investigations showed that  the elevated deck may be desirable. This 
w i l l  be discussed i n  a l a te r  section. Although not i l l us t ra ted ,  i t  should be 
noted that  the addi t ion o f  fences t o  the s o l i d  bu i ld ing  w i th  rounded edges 
produced favorable resul ts .  The flow remained smooth and the crosswind ve loc i -  
t i e s  w a r  the  bu i l d ing  rooftop were great ly  reduced. 
work has been without raised decks on the models. 

Most o f  tne subsequent 

This f i r s t  qriai’t31ive phase o f  the research e f f o r t  gave encouragement t o  
the expectation that  smooth, attached f l o w  ovcr an elevated STOLport could De 
achieved and that the crosswind p r o f i l e  could be modified i n  some desirable 
f as h i on. 

QYANTITATIVE INVESTIGATION 

The next phase o f  the study was a s m  /hat more deta i led experimental i n -  
vest igat ion car r ied  out a t  the Univers i ty  of V i rg in ia .  Results concerning the 
influence of fence s t ructure and geometry on changes i n  crosswind ve loc i ty  a r e  
presented. 

5 



F igwe  10 shows schematically the type o f  e f f e c t  one expects fences on 
e i ther  s ide o f  a STOLport runway t o  have on the crosswind ve loc i ty  p r o f i l e .  
The left-hand sketch shaws the tunnel f low w t t h  the tunnel boundary layer. I n  
the right-hand sketch, the dashed l i n e  indicates the p r o f i l e  on the STOLport 
model a t  the center l ine w i t h  no fences. With fences, the p r o f i l e  i s  modif ied 
as shown by the s o l i d  curve. The cltrves i n  t h i s  f igure  are j u s t  i l l u s t r a t i v e .  

The e f f e c t s  o f  a crosswind ve loc i ty  on an a i r c r a f t  a t t i t u d e  and airspeed 
can be seen i n  f igure  11, which i s  a schematic diagram o f  a STOLcraft, designed 
t o  land a t  an airspeed of 60 knots, landing a t  a STOLport between fences i n  a 
30-knot crosswind. The right-hand side of the f igure  indicates the s i t u a t i o n  
i n i t i a l l y  i n  the f u l l  30-knot crosswind. The airspeed i s  67 knots; the ground 
speed i s  60 knots; and the crab angle i s  27 . The left-hand side indicates the 
s i t u a t i o n  a t  a place where the fences have reduced the crosswind speed t o  I5 
knots, w i t h  the azsumption of perfect  decrabbing and a constant ground speed of 
60 knots. The airspeed i s  now 62 knots, and the crab angle i s  I4 . The e f fec t  
o f  crosswind angles of other than 90 could be examined i n  a s imi la r  fashion. 
Some concern had been expressed about the po ten t ia l  loss of airspeed as the 
crosswind component i s  removed. I t  can be seen from f i g u r e  I I  that  even when 
the r e l a t i v e l y  large crosswind o f  30 knots (SO percent o f  ground speed) i s  
decreased by 50 percent, the airspeed i s  only decreased by about 7 4 percent. 
Consequently, i t  seems that  loss of  airspeed i s  probably not a s u f f i c i e n t  reason 
for not seeking to contro l  crosswind pro f i les .  

It seems obvious that  i f  a p i l o t  had t o  land such a STOLcraft an an 
elevated STOLport i n  a crosswind, he would be concerned about such factors as 
the fol lowing: A t  what height does the crosswind component begin t o  change? 
How rap id ly  does i t change? A t  what height above the runway does the crosswind 
become neg l ig ib le?  

It should be noted that the resul ts  to be presented herein are not given 
as a llsolutionll to  the crosswind problem. 
bu i ld ing  and a given flaw over it, there w i l l  be a ce r ta in  crosswind ve loc i ty  
p r o f i l e  provided by nature. 
there i s  no problem. I f  i t  i s  not acceptable, then s a n  mechanism o f  making the 
crosswind ve loc i ty  p r o f i l e  acceptable becomes o f  in terest .  The question t o  
which the present work i s  addressed i s  simply t h i s :  What are the p o s s i b i l i t i e s  
of crosswind p r o f i l e  modi f icat ion by pu t t ing  fences on e i the r  side o f  the STOL- 
port bui ld ing? 

With a given, unfenced STOLport 

I f  t h i s  p r o f i l e  i s  acceptable t o  a l l  concerned, 

Crosswind lnvest igat  ion 

Figure 12 s h s  the tes t  setup f o r  a bu i ld ing  model that  i s  76 cm (30 i n )  
wide and 15 cm (6 in)  high. 
7 cm (2.75 in) .  I f  the 76-cm (30-in) model width corresponds t o  a 152-meter 
(500-ft) fu l l -sca le bu i ld ing  width, then the Is-cm (6-in) model height corres- 
ponds t o  a 30.5-meter (100-ft) bd i ld ing  hefght. Also, the 7-cm (2.75-in) model 
overhang radius cnrrcsponds t o  a 14-meter (46-ft) bui ld ing  overhang radius, and 
the 7.6-cm (3-in) iiiadel fence height corresponds t o  a 15-meter (50-f t )  f u l l -  
scale fence height. 
screens. 

The rounded edges o f  the model are c i r c u l a r  and o f  

The fences were constructed of one, two or three wire 
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f igures I3 and I4 shaw the measured p r o f i l e s  a t  the model cen ter l ine  f o r  
d i f f e r e n t  fence configurations. The dashed l i n e  indicates the top of the fences. 
The model i s  76 cm (30  in) wide, and a l l  the fence conf igurat ions are 7.6 cm 
(3 in)  high. It i s  obvious tha t  increasing the nunber o f  screens causes the 
center l ine ve loc i t i es  near the deck t o  decrease and causes the height t o  which 
the fence e f f e c t  extends t o  become larger. It i s  apparent that  fence s t ructure 
has a large inf luence on center l  ine crosswind ve loc i t y  p ro f i les .  

Figure I5 shows resul ts  o f  e f f o r t s  t o  generate varied ve loc i t y  p ro f i les  by 
proper fence design. The s t ra igh t  l i n e  p r o f l l e  i s  the r e s u l t  of a separate 
experiment conducted a t  Langley ( re f .  1) where a p a i r  of three screen fences 
were modified i n  a t r i a l  and er ro r  manner un t i l  a l inear  p r o f i l e  was produced. 
The other p r o f i l e  was generated a t  the Univers i ty  of  V i rg in ia  in an e f f o r t  t o  
show that  unusual p r o f i l e s  could be generated. These resu l ts  indicate that  
center l ine p r o f i l e s  are adjustable over a considerable range and suggest that  
one might learn how t o  predic t  p r o f i l e s  f o r  given fence structures and 
geomet r ies . 

It i s  a lso in te res t ing  to examine crosswind wloc i t y  prof i les a t  posit  ions 
other than the center l ine.  
included experiments t o  determine the e f f e c t s  o f  measurement posi t ion.  
through 21 compare prof i les taken 11.4 cm (4.5 i n )  behind the leading-edge fence 
t o  p r o f i l e s  taken above the center l ine.  I n  general, there i s  a s h i f t  t o  the 
l e f t  and upwards w i t h  increasing distance. This indicates a slowing and d i f f u -  
s ion o f  the f low w i t h  distance behind the fence. Figures 22 through 26 show 
var ia t ion  of t e l o c i t y  p r o f i l e  w i t h  distance for d i f f e r e n t  r a t i o s  of S/hf. 

trends shown by these graphs are s imi la r  t o  those seen i n  f igures I6 through 
21. Figure 22 corresponds t o  the maximum S/hf tested. It can be seen tha t  

there i s  less d i f ference between the 1/2 S and the 3/4 5 p r o f i l e s  than betwcen 
the 1/4 S and the 1/2 5 prof i les .  
approaching an equi l ibr ium condit ion. 

The invest igat ions a t  the Univers i ty  of V i rg in ia  
Figures 16 

The 

This seems t o  indicate that the f low i s  

I n  an e f f o r t  t o  determine the e f f e c t  of  screen mesh and wire size, s im i la r  
fence conf igurat ions were constructed from two d i f f e r e n t  mesh and wire s ize 
screens. The s o l i d i t y  or  r a t i o  o f  projected .dire area t o  projected t o t a l  are? 
was constant a t  about 0.30 f o r  each of the screens. Results for s im i la r  fence 
conf igurat ions are shown on f igures 27 through 32, 
center l  ine show negl i g i b l e  var ia t ion  w i t h  type o f  screen f o r  the one screen and 
two screen prof i les.  However, tht taken a t  11.4 un (4.5 i n )  behind the screen 
shows appreciable differences. This i s  i n  agreement w i th  other s imi la r  tests 
performed a t  the Universi ty o f  V i rg in ia  (ref .  2)  which indicated that  the equi- 
l ib r ium p r o f i l e  behind a screen depends only on the s o l i d i t y  o f  the screen, but  
that  the distance t o  equi l ibr ium depends on the wi re and mesh size.  The graphs 
also h i n t  tha t  equi l ibr ium distance increases as the e f fec t i ve  s o l i d i t y  of the 
fence increases by the addi t ion o f  more screens. 
of the three fence configurations tested at tho center l  ine indicates small 
but increasing dif ferences in  ve loc i ty  profiles w i t h  increasing nwnber of 
screens. 

The data taken above the 

I n  other words, comparison 
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An addi t ional  experiment showed that  the center l ine p r o f i l e  was essent ia l -  
l y  the same with and without the downstream fence. 
concludes tha t  the p r o f i l e s  in the runway area are f i xed  by the upstream fence 
and are nearly independent o f  the downstream fence. Some addi t ional  evidence 
on t h i s  point  i s  provided i n  f i gu re  33. A s ing le two-screen fence was placed 
approximately a t  the center1 ins posi t ion,  and prof  i I t s  were measured 5 cm (2 in) 
upstream and 5 cm (2 in) dowrstream of the fence ( that  is ,  0.07b upstream and 
downstream o f  the fence). The other curve (through the square symbols) i s  the 
no-fence p r o f i l e  a t  the fence posi t ion.  
a l t e r s  the downstream f l o w  ve loc i t y  very much more than it does the upstream 
veloc i ty .  These resul ts  provide some ins ight into the mechanism by which 
fences a l t e r  the adjacent upstream and downstream f law f i e lds .  

Thus, one t e n t a t i v e l y  

The data c l e a r l y  show that  a fence 

Veloci ty Fluctuat ion Invest igat ion 

Throughout the quant i ta t ive tes t  program, I-rge-scale v e l o c i t y  o r  dynamic 
pressure f luctuat ions were observed above b le STOLport deck. 
t ions appeared and were s im i la r  f o r  a l l  configurations tested. 
died out on the order of 0.5 bu i l d ing  heights above the deck. 
frequency associated w i t h  them was approximately one hertz, but  slawer and 
faster frequencies were superimposed on th is .  
analysis was carr ied out due to the lack o f  proper instrumentation. For most 
configurations, the gross appearance o f  the f l uc tua t i on  was invar iant  over the 
small Reynolds number range investigated (Re = 100,000 t o  750,000). Figure 34 
shows a t yp i ca l  va r ia t i on  of the f luctuat ions w i t h  height above the bui ld ing.  
These measurements! were obtained using a P i t o t - s t a t i c  tube placed a t  d i f f e r e n t  
heights above the center l ine of the model. Approximately 250 percent f luctua- 
t i o n  i n  dynamic pressure (+25 percent ve loc i t y  f l uc tua t i on )  can be seen in  the 
extreme case near the deck. It i s  real ized that  because o f  t h e i r  r e l a t i v e l y  
s ! w  response times P i t o t - s t a t i c  tubes are not the ideal instruments t o  use i n  
measuring f low unsteadiness. In  t h i s  appl icat ion,  however, the law frequtncy 
o s c i l l a t i o n s  are of  primary interest  since they would have the greatest ef fect  
on landing a i r c r a f t .  
l y  fas t  t o  observe these l o w  frequewy osci 1 lat ions. 

These f luctua-  
They usual ly 

The predominate 

Unfortunately, no spectral 

The response t i m e  o f  the P i t o t - s t a t i c  tube i s  s u f f i c i e n t -  

I n  an attempt t o  determine scale ef fects ,  a s ing le series of tests  were 
performed on a larger model (one that  had been used i n  the e a r l i e r  flow v isual -  
izat ion tests)  i n  the Langley f u l  1-scale tunnel. The same instrumentation that 
had been used a t  the Universi ty of V i r g i n i a  was used i n  t h i s  investigation. A 

Reynolds number one f u l l  order o f  magnitude higher (5 x 10 ) was achieved. 
Mean ve loc i t y  p r o f i l e s  and ve loc i ty  f luctuat ions were s im i la r  t o  those previous- 

5 l y  obtafned a t  Re = 5 x 10 . 
bui ld ing w i t h  a Reynolds number of 5 x IO8 i s  not possible. 
scale existence o f  t h i s  phenomna has not been ver i f ied.  
be discounted on the basis of  tests completed t o  date, 

6 

Extrapolat ion of these resul ts  t o  a f u l l - s c a l e  

Hence the f u l l -  
However, it can not 

Qua l i t a t i ve  descr ipt ion o f  ve loc i t y  f_luctuatfon.-One possible explanation 
of the f l o w  f luctuat ions i s  the existence c $ f  an unstable vortex located in 
f ron t  o f  the bui ld ing model. This i s  a flei*. pat tern s im i la r  t o  that shown I n  
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f i g u r e  35. The flow f i e l d  i s  div ided i n t o  two regtons separated by a Stagnation 
s t reanl ine which i s  attached t o  the leading-edge overhang. Adjacent to  the deck 
and elsewhere i n  the upper region the speed i s  high. The speed below the stag- 
nat ion streamline, however, i s  low.  Associated w i t h  t h i s  di f ference i n  speed 
i s  a pressure gradient between regions 1 and 2 i n  f igure  35. Under equ i l i b r i un  
condit ions, t h i s  gradient i s  j u s t  balanced by the curvature of the stagnation 
streaml in t .  I f  the pressure gradient i s  raised above t h i s  equi 1 ibr ium con- 
d i t i o n ,  the stagnation streamline would detach as shown i n  f i g u r e  36. This 
would al low a "bubble" o f  turbulence to  escape up over the rounded edge. When 
the bubble is released, the excess pressure gradient i s  re l ieved and the stag- 
nat ion streamline reattaches. This allaws the pressure gradient t o  r i s e  again 
and the cyc le  i s  repeated. This heur ls t i c  explanation has been substantiated 
by the use of flow v isual izat ion.  Smoke in jected under the rounded edge i n  
f r o n t  of the bu i ld ing  escapes in d i s t i n c t  bubbles. 
that  if the above explanation i s  true, the ve loc i ty  f luc tua t ion  could be 
el iminated simply by continuously r e l i e v i n g  the pressure gradient. 
i n  mind, a bu i ld ing  conf igurat ion such as that s k n  i n  f i g u r e  37 was i n s t a l l e d  
i n  the tunnel. It was found that i f  the second deck i s  ra ised high enough, and 
i f  proper rounded edges are used, the ve loc i ty  f luctuat ions can be v i r t u a l l y  
e l  iminated. Another in terest ing means o f  a1 l e v i a t  ing the f luc tua t ion  (although 
i t  may not be prac t ica l  i n  actual i t y )  i s  sham i n  f igure 38. 
f ron t  of the bu i ld ing  can be adjusted so that  the stagnation streaml ine has a 
stagnation point  a t  A and another a t  3 .  
streamline i s  s tab i l i zed  and the vo- tex i s  stable. Consequently, the f l o w  
over the deck i s  smooth. 

It was fur ther  hypothesized 

With t h i s  

The wedge i n  

With t h i s  s i tuat ion,  the stagnation 

Bui ld ing induced turbulence measurements.-Since the magnitude and frequency 
of the ve loc i ty  f luctuat ions are such that  i t  would be po ten t i a l l y  hazardous 
(depending o., scal ing, of course), i t  was decided that  the phenanena should be 
more ca re fu l l y  investigated. Consequently, an experimental program was i n i t i a -  
ted t o  determine important parameters associated w i t h  the ve loc i ty  f iuctuation. 
The tes t  set up was s imi la r  to  that used e a r l i e r  at  the Universi ty o f  V i rg in ia ,  
the only di f ference being the use o f  hot wi re  anemcnnetry f o r  ve loc i ty  
measurements. 
above the deck f o r  various bu i ld ing  configurations. 
complete as ant ic ipated largely  because o f  d i f f i c u l t i e s  i n  using hot wires i n  
the Univers i ty  of V i rg in ia  law-speed tunnel. The primary d i f f i c u l t y  being the 
i n a b i l i t y  t o  adequately temperature canpensate f o r  the large scale temperature 
var ia t ions which occurred i n  t h i s  closed tunnel. Turbulence measurements, 
however, are insensi t ive to t h i s  problem, and consequently these data are 
presented. 

Both mean ve loc i ty  and RMS turbulence were measured w i th  height 
This program was not as 

Figures 39 and 41 show the height versus turbulence var ia t ion  at  stat ions 
above the deck for various rounded edges, A basic bu i ld ing  conf igurat ion (no 
second eYevated deck) was used f o r  these tests,  
greater dif ferences between the leading edge and center l ine data than between 
the center l ine and t r a i l i n g  edge data. 
brium i s  being approached, 
d i f ferent  rounded edges. With increarlng distance from the leading edLe, data 
due t o  the 0.75h 

Each o f  the f igures shows 

This seems t o  indicate that  some e q u i l i -  
Figures 42 and 44 show dif ferences due t o  

Die and 0.916hb Dia rounded edges become more s i m i l a r .  
b 
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Next an elevated deck was i ns ta l led  above the basic bu i ld ing  deck. The 
spacing between the basic bu i ld ing  and the elevated deck was7.6 cm (3  in) o r  1/2 
bu i ld ing  height. 
the basic bu i ld lng  and the deck. 
turbulence w i th  height for  a given model conf igurat ion a t  d i f f e r e n t  tunnel 
speeds. I n  each case there i s  a general decrease in turbulence w i th  increasing 
wind veloci ty.  The shape of the p r c f i l e ,  however, seems t o  remain the same f o r  
a given configuration. There i s  no ind icat ion that  z constant turbulence pro- 
f i l e s  independent of Reynolds number, i s  being apprw-hed. It should be 
remembered, hawever, that  the maximum tested Re i s  t w o  orders of  magnitude 
smaller than that f o r  an actual bu i ld ing  so no real  conclusions about scal ing 
can be drawn. 
ing d i f fe ren t  rounded edges on the bu i ld ing  edge whi le  keeping a given rounded 
edge on the upper deck. The pro f i les  on each graph sre s imi lar .  This indicates 
a r e l a t i v e  i n s e n s i t i v i t y  t o  bu i ld ing  rounded edges for a given deck edge. 
Figures 54 through 56 show resu l ts  f o r  d i f f e r e n t  deck edges and a constant bu i ld -  
ing edge. I n  each o f  these f igures,  the p r o f i l e s  f a l l  i n t o  two groups. I n  each 
case, the s imi la r  prof  i les have s i m i  l a r  arc length to  radius r a t  ios (a/r). 
These graphs indicate, therefore, that  the rounded edge on the upper deck has a 
greater e f f e c t  on the turbulence than the rounded edge on the lower sect ion o f  
the bui lding. They also indicate the quant i ty a/r i s  important and should be 
investigated. Unfortunately, t h i s  could not be done i n  t h i s  program. The 
spacing o f  the elevated deck aboge the bu i ld ing  i s  another important parameter 
tha t  was not, but should be, investigated. It would a lso  be desirable to per- 
form frequency and spectrai-energy analyses on the turbulence above the deck. 
This invest igat ion has shcwn that the bu i ld ing  conf igurat ion has a marked 
e f f e c t  on the turbulence above the bui lding. 

Tests were made w i t h  various rounded edge extensions on both 
Figures 45 through 50 show the var ia t ion  o f  

Figures 51 through 53 show turbulence prof i l e s  obtained by plac- 

6as i c  Fer.,: Research 

During the elc i ted deck turbulerxe program, i t  was not iced that  mean 
ve loc i ty  p r o f i l e s  took d i f fe ren t  shapes than corresportding p r o f i l e s  obtained 
with s imi lar  fence conf igurat ions on the basic bu i ld ing  model. This indicated 
that  the bu i ld ing  conf igurat ion i t s e l f ,  o r  possibly the bui lding-fence i n t e r -  
act iny,  has an e f f e c t  on the ve loc i ty  p r o f i l e .  In an attempt t o  iso la te t h i s  
e f f e c t  and gain knowledge i n t o  the basic mechanism by which fences alone a f fec t  
ve loc i ty  p ro f i les ,  a basic fence invest igat ion was in i t ia ted .  

Experimental program.-The experimental par t  of t h i s  invest igat ion 
u t i l i z e d  the tes t  set-up shown i n  f igure  57. I n  t h i s  arrangement, the fence 
was placed on a grourtd board above the tunnel boundary layer. Reasonably 
uniform f l a w  was therefore incident on the fence as long as the fence W ~ S  f a i r l y  
close t o  the leading edge o f  the ground board, 
taken a t  various distances behind a simple one element fence. Near the screen 
the ve loc i ty  p r o f i l e  i s  very i r regular .  This i s  because ef fects  o f  indiv idual  
wires are being seen. As the distance behind the fence increases, these 
dif ferences are smoothed and a uniform p r o f i l e  i s  established. 
resul ts  f o r  a more c m p l  icated two element fence conf igurat ion.  Data were taken for 
t h i s  conf igura t ion  up t o  91 cm (36 i n )  (12 fence heights) downstream. As was 
the case w i th  the simple one element fence, an equi l ibr ium p r o f i l e  i s  establ ished 
downstream and maintatned u n t i l  the boundary layer growing from the leading edge 

Figure 58 shaw veloc i ty  p r o f i l e s  

Figrire 59 shows 
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of the ground board becomes thick enough to a f fec t  the prof i le .  A t  91 CIB 
(36 in) downstream, a large boundary-layer e f fec t  can be seen i n  these data up 
to about 1/2 fence height. Figure 60 shows velocity prof i les  i n  frcrnt o f  the 
fence for th is  2 element configuration. 
l i t t l e  upstream effects o f  the fence a t  23 cm (9 i n )  (3  fence heights) i n  front 
of the fence. This i s  similar t o  results obtained i n  f ron t  of the fence on 
the building d e l .  

It can be seen t h a t  there i s  very 

The s t r i k ing  difference between these results w i t h  fences on a ground 
board and those obtained with similar fences on bui lding models i s  that the 
height t o  which the fence affects the f l o w  i s  mch less i n  the absence of the 
building. This c w l d  have important practical ramifications since i t  i s  
structural ly and economically desirable to bui ld  fences as low  as possible. 
Corresponding prof i les obtained with fences on the bui lding model and on the 
rasied ground board also vary solnewhat i n  appearance because o f  the differe-,t 
characteristics of the boundary layer associated w i t h  each case. 

l v t i a  D ~ W .  - Analytical investigations o f  incompressible flow 
through wire gauze have been perfonned by Taylor and Batchelor i n  1949 (r f. 3)  
and by Owen and Zienkiewicz i p  1957 (ref. 4). The Taylor-Batchelor work seals 
with the ef fect  o f  woven wire gauze on small disturbances t o  a uniform stream. 
I n  th is  work, the drag coeff ic ient  o f  a unifonn screen i s  defined by 

Owen and Zienkiewicz's analyt ical  work on screens was performed as part o f  
an attempt to  produce uniform shear f lw i n  a wind tunnel. They were able to  
predict the s o l i d i t y  d is t r ibu t ion  necessary t o  generate constant shear. 

T h e  objective o f  the present work i s  t o  predict  the fence s o l i d i t y  d i s t r i -  
bution necessary t o  generate a predetermined nonlinear ve loc i ty  p ro f i l e .  I n  
addit ion to d i f f e r i ng  i n  p r o f i l e  shape, th i s  work d i f f e rs  frm Owen and 
Zienkiewicz's i n  the boundary conditions on the fence. There i s  essent ia l ly  
no upper boundary on the fence i n  the current work. 
g r i d  spanned the en t i re  test section o f  the wind tunnel. 

Owen and Zienkiewicz's 

Qual i ta t ive ly ,  the e f fec t  o f  a fence on a f law f i e l d  can be described as 
follows. As a streamline passes through the fence, f l u i d  momentum i s  lost .  
This corresponds to a decrease in  stagnation pressure at  the fence. Conserva- 
t i o n  o f  mass requires that f l u i d  veloci ty through the fence be continuous, 
therefore, the change in  stagnation pressure must appear as a s t a t i c  pressure 
drop across the fence. Fsrther downstream an equil ibr ium condit ion i s  reached 
where s ta t i c  pressure does not vary ver t i ca l l y .  A t  the equil ibr ium condit ion 
an exchange between s ta t i c  pressure and veloci ty has occurred so that the 
momentum (or stagnation pressure) decrease appears as a decrease i n  veloci ty.  

1 1  



Ber~#rlIf's equation mf t ten for a s t r e d i n e  passing through a fence i s  

1 1 
p, + PU-2 - P, - y P U 2 W  = P1 - p2 

1 2 

where p, and p, are the s t a t i c  pressures far upstre- .nd f a r  daunstream, 

respectively, u(y) i s  the local equi l ibr ium veloci ty dmmstrem. In  the 
absence o f  an upper boundary on the fence, pm1 and 
equation (2) to  be rearranged as 

are equal. This allows 
p-2 

In  a manner analogous t o  equation ( I ) ,  a local drag coef f ic ient  can be defined 
by the l e f t  hand side o f  equation (3) so that 

It has been demonstrated that f o r  pract ical  so l id i t ies ,  streamlines passing 
through the fence are straight SO that yo = y.  

For any arbi t rary,  single-elemtnt screen or paral le l - rod g r i d  i n  an in- 
compressible flaw, i t  can be shown that the drag coeff ic ient ,  I((yo) i s  related 

t o  the so l id i ty ,  5 ,  by 

where CD i s  a drag coef f ic ient  based on the blocked area of the g r id  and the 

average i n t e r s t i t i a l  ve loc i ty  (see Appendix I ) .  Experimental resul ts have 
shown that i n  the absence of an upper boundwy CD = 0.5 fo r  uniform grids of  

30 percent and IS percent so l id i ty .  W h e n  the s o l i d i t y  i s  increased t o  60 per- 
cent, hOmver, the C decreases t o  approximately 0.14. This indicates that CD 

i s  approximately constant a t0 .5 fo r  so l i d i t i es  less than approximately 30 per- 
cent, For higher so l id i t ies ,  haever, i t  becomes a function of  fence so l id i ty .  
The f o l l w i n g  resul ts are l imi ted to maximum so l i d i t i es  of 0 . 3 .  Using CD = 0.5. 

and cambining equations (4) and (5) leads to  

0 

12 



Figure 61 shows a nonlinear velocity p r o f i l e  measured behind a paral le l -  
rod gr id  insta l led i n  the University of Virginia Low Turbulence Wind Tunnel. 
The r a t i o  o f  g r id  height ta tunnel test  section height was approximately 0.14. 
The experimental values o f  u/U, from figure 61 were used i n  equation 
(7) t o  compute the s o l i d i t y  distr ibut ion.  The canputed s o l i d i t y  i s  compared 
t o  the actual measured s o l i d i t y  in f igure 62. Figures 63 and 64 show s imi lar  
results for another fence o f  approximately the s a w  height, but constructed 
from a variable s o l i d i t y  screen. The average error  i s  approximately 5 percent 
fo r  the paral lel-rod arrangement and approximately 15 percent for the screen. 
Host of t h i s  error can be at t r ibuted t o  wind tunnel blockage ef fects that  
prevent pcrp and p, from being exactly equal. Results are also sensit ive t o  

accurate measurement of U . 
cannot be extended t o  higher Reynolds nunber cases unt i l  Reynolds nunber ef fects  
on Cg can be determined. 

1 2 
It should also be pointed out that these resul ts 

OD 

CONC LUS IONS 

The problem o f  rooftop STOLport aerodycranrics i s  a large and complicated 
one. Consequently, the i n i t i a l  investigation has generated more questions than 
i t has answers. 
may be stated as fol lows. 

There are, hawever, sane re la t i ve ly  f i r m  conclusions which 

1 )  A t  the scale of these experiments, i t  Is possible to modify STOLport 
bui ld ing models so that i n  a steady (wind tunnel) crosswind there i s  
smooth attached f l a w  over the models. This i s  achieved by attaching 
rounded-edge extensions to the upper la te ra l  edges of the model. 

2) A t  the scale of  these experiments, i t  i s  possible t o  modify the 
steady crosswind prof  i l e  above the bui ld ing model, by attaching 
ver t ica l  porous fences t o  the upper edges of the model. 
the fence geometry, a wide range of p ro f i les  can be obtained. 

By varying 

3) By a not well-understood mechanism, some d e 1  configurations produce 
large levels o f  turbufence at  l o w  frequencies (1 Hz a t  th i s  scale) 
above the STOLport deck. 

4) A simple theoretical analysis o f  the e f fec t  o f  a single 
element fence on a uniform velocity p r o f i l e  has been 
validated f o r  l o w  so l i d l t y  fences (up t o  0.30 area 
blockage) . 

5 )  There are several important questlons that have been raised, but l e f t  
unanswered because of the l imi ted scope of t h i s  research. 
important of these pertain t o  both fences and buildings and are: 

The most 

a) The determination o f  scale ef fects 
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b) The dctennination of effects darivsd fran the natural 
unsteadiness in  actual atmospheric flow. 

e) The determination of effects derived fran the unique 
charwttr o f  the earth's boundary layer. 

The above questions can only be answered by large scale atnospheric 
testing. 
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APPENOIX A 

Relationship Betmen So l id i ty  n d  Drag Coefficient 

*he s o l i d i t y  of a unifonn screen or paral le l - rod g r i d  i s  defined as the 
r a t i o  of blocked area to t o t a l  area. 
& by h k%re L i s  the g r i d  length and h is  tht g r i d  height and the d ime tc r  o f  
tb wire i s  d, the fol iawing can be w r i t t e n  for each grid: 

If a wire screen has g r i d  dimensions of 

2 Blocked Area = hd + t d  - d 

Total Area = hll 

2 
Open Area = h a - ( h d + t d - d )  

Consequently, the so l i d i t y ,  E ,  i s  given by 

d(h + e - d) 
he 5 1  

o r  i f  the g r i d  i s  square so that h = L 

E = + +  d 211 

For th t  cdse of a paral le l - rod grid, the s o l i d i t y  can be w r i t t e n  as 

d c y  

Al 

A2 

a3 

where d i s  the rod diamerrr and 5 i s  the spacing betwen successive rod 
centerlines. These --mt ions are va l i d  l oca l  s o l i d i t y  expressions for a 
non-uniform Screen (or parsl le l - rod g r id  w i t h  variable spacing) i f  h and 
(or S) are give- - w i r  local values. 

The re:rt ionship between the drag coef f ic ient  and s o l i d i t y  for a screen 
can be &\,loped by considering the aerodynamic force on one g r i d  as follows: 

a4 

where K i s  th, drag coef f ic ient  based on t o ta l  g r i d  area and the freestrean 
velocfty, Urn, and CD i s  the drag coef f ic ient  based on the blocked area o f  the 

The average i n t e r s t i t i a l  gr id  m d  the overage i n t e r s t i t i a l  velocity, U 

veloc i ty  can be found in  terms of um by consldering conservation of mass i n  a 
ave 



rectangular (h x L) s t r e n  tube intersesting the rtroen a t  the g r i d  w k r e  K 
i s  to be determined. For incompressible flaws, t h i s  gives 

which can be c a n b f d  wi th  equation A4 t o  give 

CD[(M + Ld - d 2 / W ) ]  

= [l - (hd + ad - dz)/(W)]' 

Similarly, i t  can be sham for a paral lel-rad g r i d  that, 

Ab 

A7 

When wr i t ten in terms of so l id i ty ,  e i ther  of these equations reduces to  the 
general resul t  

As mentioned i n  the text ,  Cg = 0.5 for so l i d i t i es  less than 30 percent ( fo r  the 
Reynolds nunbers tested). 
the resistance, K, of a screen or paral le l - rod g r i d  as a function of so l id i ty .  

Equation A8 can therefore be used to determine 

16 
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CROSSWIND VELOCITY PROFILE 
AS A RESULT OF FENCE INSTALLATION 

Figure 10 



CROSSWIND LANDING FACTOF6 
30-knot CROSSWIND 

Figure 11 



TEST SETUP 

FULL SCALF 152 R (500 ftJ 
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Figure 12 
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EFFECT OF FENCE LOCATION 

Figure 33 
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Fig. 35- Flow over building mo&l when stagnation streamline i s  attached. 

Fig. 36- Flow over building model when stagnation streamline has detached. 



Fig. 37- FPw r;.ver building model with elevated deck h$ above basic building 
model. 
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