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CHAPTER 1

INTRODUCTION

k

1. Applications of Wind Tunnel Research

Cermak (1975) has tr_ced the beginnings of experlmenta_ studies uf
4,

wind effects to the eighteenth century. In the last fifty years wind

tunnel development has made possible many studies involving simulated

wind passing around buildin_-_ and other structures. S_.ch stud,us,

: coupl_d with the development of the principles of dimensional analysis, _.

have made possible the prediction of forces and moments created by

atmospheric wind.

In recent years wind tunnels have been used to investigate the flow

fieJd around buildings to aid in th prediction of the spread of poilu-

rants from factories and automobiles and to predict the wind environment

of pedestrians, lead vehicles and aerospace vehicles in the immedxate '_°

vicinity of buildings. Besides buildings, natural topography can affect _"

the flow structure of the atmosphere, as can towers, fences and resets-

Lion. The present work is concerned with the latter wind effect, viz.,

the effect of buildings or other obstacles on the wind environment of

. aerospace vehicles in flight.

2. Background of the Present Investigation.
t

Prediction of takeoff and landing trajectories of aerospace

f

' vehicles requires an advance knowledge of wind conditions in the field

of operation. It is known that buildings in the vicinity of landing

strips can affect the velocity profiles of the wind fiol_, lakes from
t_
t _

L_
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bluff bodies, as a potential hatard to air traffic, has been discussed

by Ftchtl, Camp and l:rost (1977).

NASA Marshall Space Flight Center initiated work to relate building

g.

geometry to wake flow. Results of a field investigation was reported by

%

Frost° et al (1977). and a wind tunnel investigation was described by

Woo, Peterka and ('ermak (1977). The data of the above field and wind-

tunnel tests have been compared by l,ogan and Camp (1978). The effect of

an upstream obstacle on the wake of a second (downstream) obstacle was

investigated by l,ogan and t'hang (1980). The interaction of wakes from

laterally space._ buildings was reported by l,ogan and Barber (1980) and

by l,ogsn and l, in (1982).

The work cited above involved the effect of the spacing of very

long (two-dimensional) buildings. In the present work buildings of

finite length are considered. Building models are arranged in patterns

of one, two. three or four buildings, and measurements of velocity and

, turbulence in the wake region are obtained. The results show the effect

of building length and spacing on the wake character. The study pro-

rides data which are useful for the prediction of the flight path of

aerospace vehicles which are landing or taking off in the vicinity of

single-or multiple-building arrays. The information is useful for the

planning of new structures in the vicinity of airports.

3. Single Buildin|s

Figure I was extracted frost a report by Holdredge and Reed (1956).

Using models of block-type buildings in a low-speed wind tunnel, the

basic "features of flow behind the buildings were studied through flow

visualisation. In the reoiroulation tone flow over the building i8

/

.7

i
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accompanied by a reversed flow at ground level. Flow around the ends of

the building is partly returned via an inward flow towards the back side

of the building. These two secondary motions accompany the main flow

• around the single building and characterize the recirculation region.

The length of the recirculation zone for a two-dimensional model

(large L/H) of square cross-section should be slightly less than nine,

according to Fig. 1. This is in excellent agreement with the results of

Logan and Barber (1980) obtained from skin friction values.

Figure 2 was also presented by Holdredge and Reed (1956) and illu-

strates surface pressure variation. Pressure taps were drilled through :_

the walls of _lexiglas models in a grid pattern. The results were then

presented as contours of surface pressure coefficients on the five

exposed facos of the block-type building. On the front face a region of

high pressure (Cp) .9) is indicated. The pressures are below atmos-

pheric on the to_, side and back faces, as these faces are in contact

with regions of separated flow. The cavities formed by the separated

flow contain some fluid moving counter to the main flow direction. The

pressure contours indicate probable flow direction along surfaces, e.g.,

on the back surface flow is expected to occur outward from the region •

interior to the Cp = -.4 contour, i.e., towards the end and the top

surfaces, where Cp ( -.4. The flow patterns are as indicated in Fig. I,

which are obtained by flow visualization.

The present investigation extends the work of Holdredse and Reed

i (1956) .to include wake profiles of velocity and turbulence. The present

i work also involves surface flow patterns on the ground in the cavity

behind the model.

4
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ORIGINAL PAGE _

4. Multiple' Bui idin I Arrays OF POOR QUALITY

Holdredle and Reed (IQ56) also investi|ated the flow of sir around

arrays of buildin|s, includin| most of the patterns used for the present

work. Their emphasls was different, in that only surface pressure

measurements _Jre roported. Their work shows the effect of buildinl

spaoinl on center|ins surface pressures. The present work estends their

investi|ation ,o include velocity and turbulence profiles downstream of

buildinl arrays and surface flow patterns obtained fr_ flow visualisa-

tlon.

Penwsrden sttdWise (IQ_) obtsined surface flow patterns, as well

as velocity and surface pressure measurements for multiple buildin8

arrays. The thrust of this work. as well as the earlier work of Vise.

Sexton and l.illywhite (196_), was to define the wind enviromaent between

buildin|s. The present work is [e_metrically similar but extends the

work to include wake measurements dovnstre•m of the arrays,

$, Theoretical Considerations

S_ae important theoretic•l ideas •bout flow around sinsle buildinsa

war• advanced by Hunt (1971). He presents expressions whi©h relate th•

_orc• or moment on • buildin 8 to the velocity field, Referrinl to Fl l,

$ th_ dral coefficient on e blook-typo bnildin8 is liven by

II ' II '1 U dyda - O dyds
%m_ s

ut %

-fJgVdxda- I _l_dxdy - _,odxda

AS A4 AS (1.1)

1983006159-019
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i

where A1 refers to area afed_, A2 to area bshcb, A3 to are• •fgba, A4 to

area abcda (or ar_a efghe) •nd A5 to •re• dehcd. These •teas •re the

plane control surfaces of a box-like control volume surrounding the

building, which is situated •t the origin. The reference velocity UR,

used to non-dimensionalize the expression, is arbitrary and could be the

freestre•m velocity UI, the velocity UH at y = H in the upstream profile

or an aver•g• velocity based on that part of the profile between y = o

• nd y = H. The surface shear stress _o and the velocity components U, V

and W vary over the areas of integration.

Although the drag force D can be increased by increasing building

length L, height H or the wind velocity UR, the drag coefficient is

modified when certain dimensionless r•tios •re •ltered. Joubert, Perry

and Stevens (1971) indicate that this dependency might be given as

CD = f ( H/6, HUe/ , L/H) (1.2)

where 6 denotes boundary layer thickness, Ue upstream friction velocity

and kinematic viscosity. Modification of the qu•ntities on the right

h•nd side of (1.2) ch•nges the streamline p•ttern, and the surf•c• pres-

sure contours are likewise •ltered. Referring to Fig. 2, it is seen

th•t • shorter building would yield • lower CD, since end effects would

exert • greater influence. The difference in Cp on the front of the

building and on the te•r is cle•rly less near the ends th•n at the

center. Thus a lover aspect t•tio L/H implies • lower drag coefficient

CD. This effect is corrcborated by the extensive experimental results

of Wis|hgrdt (1953). Figure 4 shows that increasing L/H increases CD

for sodel8 of square cross section. The reference velocity UR used in

Pig. 4 is the integrated •verajc in the ruse o ( y ( H.

8 OF POOR QUALITY _;
?

i
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Wieshardt's results show that CD increases with H/6 and with URH/

The ratio of H/W, m._del heisht to streanwise width, also affects CD.

Fence-like models with larse values of H/W have the hijhest drab coeffi-

cleats. Similarly the cross-sectional shape of the model affects CD.

Profiles havin8 a sharp edse at the roof line have the hishest dra|

coefficients.

Referri_ to (I.I) it is observed that all the terms on the ri|bt-

hand side are affected by a chau|e in CD, except the first term, which

depends on the upstream profile. The second term is affected most

substantially and will decrease with an increase with CD. This term

represents the major part of the momentum flow from the control volume.

Measurement of centerline velocity profiles and evaluation of fUSdy

provides a measure of this term, and chan|es in this inte|ral are pro-

portional to chan$es in CD. Wake velocity profiles are thus related to

the $eometical features of the flow throu|h (1.1) and (1.2). The

momentum flux at the centerline can be obtained from velocity

measurements of the present work.

1983006159-023



C.APT ' 2,

EXPERIMENTAL WORK

I. Models

Block-type buildings were modelled using sections of square

aluminum bars which were cut to several lengths. The height H of the

models was 8.38mm + 0.01mm, and the streamwise width g was likewise

8.38m_. The length L of the models was equal to 3H, 6I! or 9H.

For multiple-building arrays, the space S is also varied. Figures

5-9 depict the arrangements studied and indicate the notation mentioned.

Lll lengths are even multiples of the model height H.

The models were mounted in arrays on the floor of the wind tunnel

and securely glued in place. The arrangements used are indicated i_

Table I. The infinite spacing (S = -) refers to the single building as

shown in Fig. 5. The lateral spacing, where buildings are separated

laterally, is always 6H.

2. Wind Tunnel

Figure I0 is a schematic depiction of the wind tunnel used for the

model tests, Room air wag drawn into the tunnel through a filter, and a

boundary layer was developed on the floor between the inlet and the test

section. The models were mounted 4.88s from the inlet, which left 2.44n

of tunnel length downstream of the models.

The floor of the tunnel is $6 cm vide and is made of plyvood

covered with 8 layer of Formica. The sides and roof are constrnoted of

Plexiglas. The roof was a_justed to 8ire a aero preasure 8radient flov.

11 t
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and its. height, above the floor varied from 25.4 cm at the inlet to 29.'_

em at the ,sit. Pressure taps in the sides of the tu,mel were used to

determine the required adjustment of tile roof.

The roof was slotted to allow the insertion of prob©s, but the

! _lot_ were cove, red during tests to assure minimum leakage. Probes were

supported and moved by a traversing carriage, which allowed probe move

| ment itx throe ,;irect ion_.

! TAHI.F !

i lluildtng Arrangemetxts

Pattern Shown in I.ensth Spacing

. _9 ........l:'_iit_ N_o...... _L_ ..... ,_';___

1 5 611 "

2 6 611 2 II

3 5 311 ,_

4 6 3 II 2 !1

5 7 611 3 II

? (_II _I_

7 7 6H 911

8 5 911 "

9 8 611 3 H

IO 8 6H 6H

11 8 6H 9H

12 9 6H 3H

13 9 6H 6H

ORltiil_g,. :-':,

F
OF POOR _ _ ,_.., T'_' i,

..,
H
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A trtppinj rod and a section of sandpaper on the floor near the

inlet of the tunnel was used to promote rapid devel,_pm_nt _f _ boundary

layer. ]_e thickness of the boundary layer formed on the floor of the

% tunnel at the position of the models (x 4.8m) was approximately 10ll.

1_0 freestream velocity U 1 at this point was maintained st 6.7 ¢ .I m/s.

]_e temperature of the air in the room, which was _rawn into the tunnel,

wit controlled to 25 ¢ 1 degrees Celsius. tinder these conditions the

obstacle Reynolds number, defined as It t I!/ , was approximately 3750.

3. Flow Visualization

The adaptation of the oil-film technique to visualize surface flow

paths by l.ogan and l.in (1982) was applied to all of the model arrays in

Table I, except for pattern nos. 2 and 4. A mixture of isopropyl

alcohol and charcoal powder (0.567j charcoal/55 ml alcohol) was poured

over the floor of the tunnel ium©distely around the models. Photographs

were taken just after the first 15 seconds of tunnel operation. All

photographs were made with a tripod-mounted 35mm camera supported above

the roof of the test section. The camera setting used was f/5.6 and

1/125 sec. The film used was Tri-X ASA 400, and prints were made on

high contrast F5 photographic paper.

4, Weasuremen_s

Preliminary measurements of the three components U, V and W of mean

velocity in the wakes of pattern nn..bers 1 and 6 (Table I) were obtained

with a three-dimensional Pitot tube. This probe was the model DC-12$

directional probe manufactured by United Sensor and Control Corporation.

The probe connections were made as shown in Fig. 11. The pressure

q''

17 7_
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transducer was a C,ould-Statham Model PM5 (0.3psid), and the bridge

amplifier was a Fogg model 50.

The pressure probe permitted the making of off-centerline measure-

,, ments but was not useful for detailed measurements very near to the

floor. Thus profiles of mean velocity U and root-mean-square fluc-

tuation u' were ce,'ried uu_ at centerline stations for all building

arrays listed in Table I using a single-, normal-rod TSI 12.10-20 hot-

film probe of 0.0508mm diameter. Detailed mean velocxty -rid turbulence

intensity profiles were obtained with this probe. The TSI 1050 series

ingtrument used with this probe comprises four parts: a 1050 Constant

Temperature Anemometer, a 1051-6 Monitor and Power Supply, a 1072 Signal

Linearizer and a 1076 True RMS Voltmeter. A DISA 55D35 RMS unit was

also used to measure the RMS values.

Since a typical sensor (TSI 1210) was used in an air flow of low

velocity range (0-30 fps), the four polynomial coefficients involved in

:he adjustment of the linearizer could be obtained from the manufac-

turer-supplied Table of Coefficients. Because the freestream v_locity

U1 was used as a non-dimensionalizing quantity, the non-dimensionalized

values of mean and fluctuating velocities were really just relative

values to that of U1, so the only calibration needed was to secure a

consistent freestream velocity value, The Linearizer was qet to give a

velocity reading of 10 volts when the probe was moved to a reference

position in the freestrean. The readings of mean and fluctuating velo-

cities which were recorded were already non-dimensionalized.

/ ,

o ,
u
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CHAPTER 3

SUP,FACE FLOW AROUND MODELS

%

Figures 12-15 show photographs of streak patterns formed with the

alcohol-carbon powder m_xture on the floor of the wind tunnel in the

vicinity of the models. Most of the arrays listed in Table I were

studied in this way. The photographs give useful information about the

extent of the disturbance to the flow field aronnd the models. Noting

that the squares of the superimposed grid are 2H in size, it is observed

tha the flow field is influenced to a distance of about 6H sway from

an_ side of the block-type model.

The asymmetry of the upstream flow patterns is evident in Figs.

12-14. Although the models were set at approximately 90 degrees to the

! side walls of the tunnel, it appears that some small deviation from 90

degrees must exist between the velocity vectors of the upstream

particles and the models. This may be explained by a small lateral

! component of mean velocity, which produces an angle between the velocity

and the models of slightly less than 90 degrees. Such a lateral compo-

nent is expected, when turbulent boundary layers are developing in

non-circular ducts. For example, Pletcher and McManus (1965) repo_ted

secondary currents as high as one percent of the freestream velocity.

Logan and Lin (1982) reported secondary currents in the wind tunnel used

in the present investigation. Apparently the slightest deviation fro_ a

90-degree direction of the velocity vector shifts the stagnation region
/

noticeably. The smok_-filament studies of Holdredge and Reed (1956),
/

shown in Fig. 16, also indicate that the stagnation point shifts to a .),

,_

#f

/

1983006159-033



. ¢

= ,)_T

FiB. 12. Surface Flow around Sinsle Buildinss

21

1983006159-034



OF POOR QUAL!',I_"

S = 9H

Fig. 13. Surface Flow around Buildings in Tandem

22

1983006159-035



S=9H

Fis. 14. Surface Flow around 4-buildin_ Arrays
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Fis. 15. Surface Flow around 3-buildins Arrays .
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position near the leading corner of a model in a skewed position with

respect to the approaching stream.

'l_ne surface flow pattern around the single model, shown in Fig. 12,

shows symmetrical flow fields in the recirculation zones behind each of

the three buildings tested. Fluid from the end regions passes into the

region behind the buildings and approaches the back sides near the

centerline, as shown in Fig. 1. The line which divides building-

directed fluid from downstream-directed fluid is curved and reaches a

maximum distance from the back side of the model on the centerline.

This rcattachment dtstance is approximately 311, 5H and 7II for the models

of lengths 3H, 6H and 9li, respe_:tively. These distances agree quite

well with those given by lloldredge and Reed (1956), as taken fro,. the

graph in Fig. I, except for the longest building. The graph of Fig, 1

for W/H = 1 is a reasonable representaion of the maximum dimension of

the recirculation region, although it could be mcdified slightly by the

present results.

The contrasting dark and light areas in Fig. 12 are assumed to

indicate regions of low and high surface shear stress, respectively.

There are, of course, inconsistencies, e.g., shadows, such as the dark

annular region caused by the la,.p used for lishtin| the test section.

The separation resion_ at the sides and back of the nodels are darker,

and the stresses there are low. Along the centerline downstream of the

recirculation region, there is a dark, wedge-shaped region. In this

section of the wake, the surface stresses and low-level velocities are

low. Fluid noves frol the two adjacent sides into this region, and the

central region increases in velocity and shear stress at the expense of

the regions on each side of it. Thus the wake of low-n_entma fluid

"t
".0
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i

spreads in a wedge-sh•ped manner. The half-•ng!es of the wedge-shaped

• reas are approxim•tely 7, 14 •nd 18 degrees for models of length 3H 6H

and 9H, respectively. The virtu•l origins of wedges appe•r to be

', located approximately •t distances of 8H, 4H vnd 2H downstream of the

back side of the models of lengths 3H, 6H and 9H, respectively.

Figure 13 shows the effect on the flow field of • tandem arrange-

ment of two identical buildivgs. The shortest sp_ ing S is 3H. For

this case the flow field does not appear to develop in the rear of the

first building. Instead _he flow develop: around both buildings as •

unit, and the recirculation region formed behind the second building is

lik_ that for • wide building, i.e., W/l] ) 2. In Fig. 1 the W/l] ) 2

curve indicates a reattachment length of 3.6 l]. This is in good agree-

ment with the observed value for S = 3H in Fig. 13. Figure 13 shows •
e

recirculation zone behind both buildings when the separation is 61] and

9H. However, the reattachment length behind the second building is oLly

about 4l] for the largest separation, whereas it is closer to $l] for the

single-building case. The wedge-shaped region is also present with the

tandem arrangement, and the half-angle of the wedge is roughly the sane

as behind the single building. However, the virtual origin o_ the wedge

is somewhat closer to the back side of the model.

The wedge locations for the arrays of Fig. 14 are slightly

different from one another, although the tandem arrays are identical.

Otherwise the flow patterns are individually very similar to those in

Fig. 13. If the wodse patterns define the regi._u of retarded fluid, the

1 approximate location of the intersection of the noi|hborin8 wedges -
I

should correspond vith the point of maxiumm retardation and should be

observable frol eenterline velocity profiles. For a l$--dejree
t

_7 "
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half-angle of the wedge and with the 6_I lateral separation shown in Fig.

14, calculations results indicate a wake intersection at 24H.

The rccirculation zone for a building located behind the gap

between two long buildings i_ shown in Fig. 15. The reattachment

lengths for these cases are close to those of the single building in

Fig. 12, i.e., they comply roughly with the graph of Fig. I. Because

the flow behind the downstream building is bounded at e_ther side by

, retarded fluid fro., behind the Ions, upstream buildings, there is less

interaction, and apparently no wedge-shaped region is formed. Tho gap

flow upstream is disturbed considerably by the model behind the sap.

The flow through the gap is probably reduced in the central region by

the obstacle, with a resulting increase in flow above t!,is region, but

the flow between the ends of the buildings nay be intensified, at l:a3t

for the spacing of 3H, as indicated by the light areas at the ends of

the central building.

p
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CHAPTER 4

VELOCITY PROFILES

I. Upstream Profiles

Profiles of mean velocity and turbulence intensity taken with no ,,

models on the floor of the tunnel are ._hown in Figs. 17 and 18, respect-

ively. These profiles _e_ taken wit 'he hot-film probe described in

Chapter 2. The honeycomb flow streightener was removed for thi_ test

and for all hot-film measurements rer',rted in the chapter. The profiles ._

are compared with those previously reported by Logan and Barber (1980),

]

using the same tunnel geometry, but with the tunnel located in a differ-

ent room. A difference in shape of the velocity profile is noticeable.

The free stream turbulence level in the new location is significantly

:_ higher. Apparently turbulence generated outside the tunnel is more

¢

i significant in the new tunnel location, and the root-mean-square of the :

longitudinal fluctuation u' amounts to 4.9 percent of the free stream
!

velocity UI.

The effect of an increase in the high free stream turbulence iaten-

sity on the mean velocity profile is to lc.wer the shap_- Cactor II

(defined as the ratio of displacement thickness to momentum thickness).

The charge of velocity profile, corresponding to s change of H. _b._ in

Fig. 17 agrees with that predicted by McDonald . " Kreskovaky (1974).

2. Wake P.'of iles

Take Profiles of mean velocity were measured downstream of the _

patterns described in Table I. Measuremen._ so:. made at stations which
'i

i
!
i
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were locsted at distances of 2H, 4H, 6H, 10H, 16H and 28H from the rear

• (downstream) side of the building model. The earliest measurements were

made in the wakes of pvttern nos. 1 and 6 (Table I) using a five-hole-

pressure probe. These measurements are presented in the Appendix in

Tables A-1 to A-6.

The pressure-probe measurements are useful in that the three velo-

• city components U, V and W are siren. They serve as a means of con-

structin8 a qualitative flow picture in the wake behind the single

building (L = 6H) and the two-building, tandem array (both buildings

have L = 6H). These data should be considered only qualitative, as seed

accuracy is precluded by the relative size of the probe (3.175mm

diameter) as compared to the heisht of the model (H = 8.38mm) and to the

thickness of resions of hish velocity gradient generated behind the

mode I s.

Measurements of wake profiles of mean velocity (longitudinal compo-

nent U) and turbulent fluctuations (rms of lonsitudinal component) were

made behind all 13 patterns of Table I usins the hot-film probe. Since

": the sensor for this probe (TSI 1210) is a cylinder 0.0$08mm in diameter

and is held parallel to the floor and normal to the main flow direction

i (x-direction), detailed wake measurements in the reaion of hiah velocity

sradlent were feasible. Profiles measured with the hot-film probe were

obtained only at stations on the centerline, however. At the centerline

i the measurements of mean velocity include a vertical component V as well
-j

as the horizontal component U. Since the ensle of the resultant

velocity vector is not determinable with the 8inale-sensor, normal,

hot-film probe, the effect of the vertical ©omponent is ianored in this

report. The worst error due to this effect is expected to be 1 to 1.$ i
y

t
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percent and would occur close to the model, say in the region bounded by

o ( y/H ( 3 and o ( x/H _ 10.

/

Preliminary Velocity Measurements: Pressure Probe Results

' The data of Table b-1 to A-6 were taken with the five-hole pressure

probe. The results are given to aid in buildin$ a qualitative picture

of streamlines at various levels in the wake region. In the wake of a

building arranged ss in Fig. 1 a low speed region of reversed flow is

expected to occur just behind the building. The flow around the sides

and roof of the building is accelerated initially but later mixes with

:o

and accelerates the retarded fluid directly downstream of the building.

Near the surface (floor of the tunnel) the velocity profiles show

increases in U/U1, as x/H increases. The increase in U at low levels in

the central wake region means that mass must be added to the region from

regions above o__ to the sides of this region. Tables A-2 and A-3 show

that V ( 0 and W ) 0 at all off-centerline stations in the wake of the

single building. Flow occurs towards the centerline and towards the

ground (flooz of the tunnel) in the wake region. The sam© general

features of the wake flow are observed in the data of Tables A-$ and

A-6, which were obtained behind two buildings in a tandem array.

The relative magnitudes of the vertical velocities, given in Tables

A-2 and A-5, are of interest in the determination of aircraft response

i during flight through building wakes. A low-level flight through a wake

l night be as depicted in Fig. 19. The aircraft would have gained a "

height above the ground of roughly y/H = 2 when it was 10 building

heights (x/H = I0) to the rear of the building. The downdrafts V from

Table A-2 can be used to esttnate the deviation of the angle of attaok,

33 P-++'
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0

or the lift coefficient _L, from"_t_q_e--" "- in a purely horizontal wind.

This deviation of CL, denoted by ACL, is plotted in Fig. 20 using the

data obtained on the centerline behind a single building at x/ll ffi 10.

To obtain the values of ACL used in Fig. 20, it is assumed that the

deviation of angle of attack Aa from the angle of attack a of the wins

of the aircraft flying in a horizontal wind is given by arc tangent

[V/(U + nU)], where nU is the flight speed of the aircraft. If the

flight speed is very low, or the wind speed U is very high, then it is

plausible that n ( 4. The slope of th; lift curve of the aircraft is

estimated as 0.I per degree. Assuming an aircraft lift coefficient of 2

to 3, it is seen from the graphs of Fig. 20 that flight through a wake

of a building could entail a momentary lift change of from 2 to 25

percent, owing solely to downdrafts in the wake.

I The magnitudes of V in Table A-$ for the tandem arrangement are

I comparable to those in Table A-2 but show somewhat higher values of ACL

' for the location considered in Fig. 20 For example _CL is 42 pox'cent! • ,

higher at y/H = 3 and x/H = 10 as compared with the value of bC L behind

the single building at the same location.

Detailed Velocity Measure_0nt8: Hot-film R_sult8

Mean Velocity profiles obtained at centerllne stations in the wakes

produced by the 13 patterns (Table I) are shown in Figs. 21-46. The

detailed profiles show two bends, which constitute upper and lower

boundarys of the disturbed region. The height of the upper bend is

denoted by 6 i and that of the lower bend by 6s. Tae variation of 8i and

6 s with distance • downstream of the building is sijnifioant, in that it

delineates the re8ton of the wake which is potentially dangerous to

36 _
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aircraft. In particular the region bounded by the lower height 6 s and

the upper height 6 i is one of high velocity variation, i.e., the vale-
!

city gradient dU/dy is higher than found in the undisturbed profllv at

the same elevations.

i The semllosarithmic plots of Figs. 21-46 show that the velocity

i profile can be approximated by a straight line between the two bends,
s

i i.e.,

-!

i _U= A In _y + B 14.1)

i Uz H

I is the equation of the straight portion. Thus

d__u_ --AUz 14.2)

dy y

and

dU/U, AH (4.3_

dy/n y

The parameter A is a useful measure of the magnitude of the velocity

gradient. Per a |ivan 8trai|ht-lino segment, A and B are constants and

can be determined from the graphs.

Values of 6i, 68 and A were obtained from the |raph8 and -.to pre-

sented gzaphioally in _i88. 47 and 48 for single buildin|s and for one

tandem arrangement. The data of Lo|an and Barber 11980) for building of

infinite length arc included also. Tha solid curves show the position
./

of 8 i and 88, and the area between these curves represents the disturbed

region, i.e., the region of hiahaz_-than-avara8 a dU/dy or &.
't
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Values of the cons_sn_ A, for single buildings are plotted in Fig.

48. A higher value of A means a higher value of dU/dy at a given eleva-

tion y. Figure 48 shows that increasing the aspect ratio L/H also

increases A. Since the relatinn between A and skin-friction coefficient
k

zs given by

%

A = 2.5 (4.4)

it is evident that Cf increases with L/H also.

The upstream profile corresponds to Cf 0.0035 or A = 0.1046,

The disturbed values of A for single buildings lie in the region bounded

by the dashed curves of Fig. 48. The upper curve represents roughly the

variation of A with z/H when L/H is infinite, and the lower curve repre-

sents values of A for L/B = 3. Extrapolation of the data shows that the

wake of a building of snail aspect ratio decays much faster. The value

of z/H at which the curve reaches A = 0.1046 is the lensth of the

disturbed region or wake. Figure 48 i8 useful in making estimates of

wake length, which is the region of potentially hazardous air travel.

The height of the region of hazardous flight is dete=liined from Fig. 47,

after the length of the region is known from Fig. 48.

The length of the zone of hazardous flight could also be estimated

by writing equations for the solid lines of Fig. 47 and solvin 8 thou

simultanaously. The equation for the upper lina is 8iveL by

_.. 1.75 (4.$) .

and that for the lover boudar7 is
A:

t 66 OF POOR QUALITY """
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.63

= 0.192 (4.6)
: H

_ Since 6i/H achieves a value of I0 at x/H = 200, and this is the edze of .

the wind tunnel boundary layer, the extinction of the disturbed region

• occurs when 6s/H = 10, viz about x/H = 500. This is somewhat lonser

than the resion obtained by extrapolation of the limited data of Fig.

48. However, the slow decline in the value of A for the buildins of

infinite aspect ratio makes the latter estimate note plausible.

It should be noted that Cf in (4.4) is related to the CD in (1.2),

rather than to the local wall skin friction. The lower part of the

profiles, below y = 5 s, have slopes related to the local Cf. This

disturbed part of the profile and the correspo_dinz slope A are affected

primarily by the force on the model, i.e., by CD. As seen previously in

Fi|. 4, CD decreases as L/H decreaser. _'_us Lt is expected that A would

decrease with L/H as is depicted in FLI. 48.

The heilht 6 i of the disturbed resion is increased by the tandem

arranlement (Patterns 5-7), as is depicted in Fil. 47. The differences

in 6 i disappear further downstrems, via., by x/H = 30. Values of slope

A are lower initially, but differences disappear by x/H = 16.

The tandem arranlenent of Patterns 5-7 are repeated in Patterns

9-11, which provide two tandem rows spaced lateraliy by a distance of

6H. Here it is assumed that wake profiles on the buildin8 centerliues

will be 88 liven for Patterns 5-7 in Piss. 29-34. The wake profiles

crested alon8 the eenterline of the lap between buildin8 rove are pie-

seated for Patterns 9-11 in File. 37-42. klthoulh not an identical
!

"_-

b*_

67 _'
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geometry, a comparison with the wide-gap results of Logan and Barber

(1980) can be made. The disturbance region is shown in Fig. 49 and may

• be considered to be included between the dashed curves. Figure 50 shows

the variation of A with x/H. Its value Is around 0.2 over the entire

•, range, which is almost twice the undisturbed value. The gap data do not

show a rapid decay, but it is expected that the decay, indicated by the

dashed curve is more appropriate for rows of low aspect-ratio buildings.

Merging of the two dark wedges observed on the pbotcgraph_ of Fig.

14 occured _. -bout x/H = 24 for L/H = 6. This position should corre-

I spend with the observed maximum value of A, i.e., to the distance

required for the retazding effect behind the obstacle to reach the

centerline of the space between the obstac_.e_. The points of Fig. 50

for L/H = 6 show that A maximizes between x/H = 16 and x/H = 28. If the

effect spreads laterally a distance of 3H at x/R = 24, then the lateral

rate of spread is roushly the same as the vertical rate, as nay be

_ inferred from the upper (solid) curve of Fi s. 47.

A single building downstream of the gap formed by two laterally

spaced buildin$s was studied and data are presented in Fi|s. 43-46. The

wake profiles for the single building behind the sap (Patterns 12 and

' 13) were compared with profiles for the single building (Pattern I).

Little effect is noted in values of 6 i and 6s. However, as significant

difference in A occurs at snail values of z/H. The shall acceleration

t of fluid which o_cul"s in the sap regiun results in hi_her velocity

gradients downstreab of the building. For Pattern 13. the value of A is

increased by 35 percent at x/H = 4 over the value for the building in

undisturbed wind. Further couparisons can he uade usin 8 the numeric81

data presented in Table A-7 in the Appendix.

/
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_ CHAPTER5

TURBULI_CE DISTRIBUTION

• Hot-film-probe measurements of u', the rms value of the longitu-
%,,

dinal velocity fluctuation, are presented in Figs. 51-76. The fluctu-- ._

tion u' is non-dimensionalized with U*, the friction velocity of the
1
J

undisturbed flow. _"

J

i In these profiles an increase of u' is observed immediately behind

i the building. The ma.imum _alue of u' occurs at elevations of I-1.5H

above the groun_ at :_/H = 2. The location of the maximum of u' is

•t denoted by bin, and the maximum fluctuation is denoted by u'm. These
?

locations and magnitudes are presented systematically _u Table A-7 of

the Appendix.

The extent ( the region of increased turbulence may be observed by

comparl, g the wa}_ profiles with the profile for undisturbed flow. This

is shown in Fig. 51 to illustrate the clear definition of the region.

The upper limit, or merge point, correspon?., closely with the position

, of the upper bend in the velocity profile, i.e., it occurs at or near y

= hi. The location of the point of maximum turbulence occurs nearer to

: 6s, i.e., in the mower part of the zone of high velucity gradient. From

(4_ i_ is clear tha" dU/dy is largest n_ar tLe bottan of the hish-

_ gradient zone• i.e., near y = 6s, and turbulence production isproportional to dU/dy. The turbulence productio- also _pends on the

! Reynolds shear stress Tv• and this has been shown to maximize in a

1 manner analogous to the turbulence fluction. [See Logan and Chang

• (1980)]. Prandtl'a nixing length theory indicates a dependence of i i• _

ii:
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Reynolds shear stress on the square of l(dU/dy) o where 1 i_ the mlxln8

length.

Turbulence in the region below y = _s is still elevated above the

undisturbed value. The region is supplied with 'urbule_ce energy via _

gradient diffusion from the higher production zone. Turbulence energy

is lost from this region by dissipation in smaller eddie- and by

_radient diffusion in the lateral direction, i.e., in the z-directlon.

/
Although the discussion given about fits the wakes directly behind

obstacles, it does not suit the development of profiles measured in line

with the centerllne of the space between two rows of buildings. Pro-

files for Patterns 9-11 are shown in Figs. 67-72, and they are repre-

sentative of the second kind of wake. The flow in these regions derives

its changed form by adjusting to the highly sheared flow at either side.

Momentum is lost to adjacent slower-movlng fluid via Reynolds shear

stresses associated with lateral variation of mean velocity. Turbulent

energy is gained in this region via diffusion from more energetic shear

zones and through secondary currents which convect turbulence into this

zone near *_e _,ll (see Fig. 77). The latter concept of secondary cells

was advanced by Rotta (1972) and was based on the shape of Isotachs

downstream of surface-mounted spheres. The effect of the building on

• the boundary layer, vlz., increased velocity gradient and turbule_,e, _

propagates laterally at rou|hly the sane rate as verticelly. The effect

has been propagated fully to the centorline between the rows of

buildings by 16 ( x/H ( 28, as seen in Pig. 68 for Pattern 10. Study of

surface flow T,_terns and velocity profiles indicates that the effect

naxl_iaes between x/H = 16 and x/H = 28. Beyond this station, tuzbu-

genes and slope A decline. Because the effost is propagated from the ,_

J8
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first element of the two in tandem, formin 8 of the profiles besins

earlier in Fi8. 71 for Pattern 11, than for Pattern 9 and 10.

One inference that can be made from these data is that the lateral

spread rate is roushly the same as the vertical rate of spread, This is

in asreement with predictions made in an earlier section from velocity

profile chanses and from surface flow visualization. This approximate

method may be used to predict the lateral extent of the wake and to make

estimates of the slope A and maximum values of u' on the sides of the

model. The method should be checked in future research.

'L
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CHAPTER 6

COMPARISON OF WAKES

Some important data for each pattern used in the present study are

compared in Table II. The first three columns of the table refer to the

last station, i.e., x/H = 28. For this station the first column

contains the height of the shear layer in building heights. The second

column lists the height of the layer of maximum turbulence level at x/H

= 28. The third column presents the increase in turbulence level above

the original or upstream value u' o at the elevation 6m/H where u' has

its maximum value. This turbulence excess u' m - U'o is non-dimension-

alized with the upstream or undisturbed friction velocity Ue. The

fourth column lists values of non-dimensional velocity gradient in the

shear layer formed in the wake between y = 8 i and y = 6s The |radiant i•

shown is the maximum at the arbitrary heiaht y = 3R. In this chapter

values in Table II will be used to compare the wakes produced by the 13 1

patterns of buildinas. From the standpoint of fli|ht safety, patterns

having the smallest values of quantities in Table II are preferred.

Patterns I, 3 and 8 are the sinale, block-type structure with its

length nomal to the flow. From Table II it i8 seen that inureaain8 L/H

increases the thickness 6 i of the shear layer. The maanitude and heijht

of the hiah turbulence zone a18o are found to increase with aspect

ratio. The maanitude of the velocity 8radiant increases when L/H is

iworeased from 3 to 6 but does not ohanae sianifieantly when L/H ohanae8

from 6 to 9. A mailer aspect ra_io is clearly desirable.

\i ';
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OF POOR QUALITY

TABLE II

COMPARISONOF WAKES

'_ATTERN x/H = 28 max. at y/H = 3

No. 5i/H 5m/H (U'm-U'o)/O* d(U/u')/d(y/H)

1 5.6 2.7 .7 .18
2 4.8 2.6 .6 17
3 4.2 2.4 .4 10
4 3.5 2.3 .5 07
5 4.8 2.4 .7 14
6 5.8 3.3 .8 14

7 5.5 3.3 .8 14
8 5.9 3.3 1.3 17
9 4.0 1.9 .7 06

10 3.6 1.9 .6 07
11 3.8 1.9 .7 08
12 6.0 3.3 1.2 19
13 5.7 3.3 1.1 20

Tandem arrangement of two buildings of equal length was employed in

patterns 2, 4, 5, 6 and 7. Pattern 4 can be colpared with Pattern 3,

since L = 3H in both cases. A small improvement is observed for the

closely-spaced, low-aspect-ratio buildings. Patterns 5, 6 and 7 can be

compared with pattern I, as all buildings have L/H = 6. _he closely i

:;paced, tandem arrangement, pattern 5, shows an improvement in all

categories, while wider spacing does not improve the wake in an overall

sonde. Thus the tandem arrangement with S/B = 3 is preferred over the
,k

sint41e building.

No sig_, ficant differences are observed in the wake of the gap
J

betwee tee rows of the 4-buildlng arrays, patterns 9, 10 and 11. Based I
T

on data from the tandem patterns, it appears that the pattern 9 is to be

preferred• One point that should be studied in the future It the masnl-

tud,s of secondary air currents set up by the rows of buildings. In

future investigations three or more buildings could be included in each

ro_, and the velocity components, U, V and W, measured.

\ 102
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The arrangement of a single building behind the gap formed by two

laterally spaced buildings appears to be a very bad design. The wake of

the single building in patterns 12 and 13 can be compared with that of

the isolatea building in pattern 1. The gap appears to affect the wake

adversely for both longitudinal spacings. Further study could prove

that tandem arrangement with short longitudinal spacing would be

superior in this case as well, i.e., in the case of a 3- or 4-building

array of buildings of unequal lengths.

An extension of the present research, which seems worthwhile, would

be an attempt to optimize spacing in the tandem arrangement for various

aspect ratios. The data of Table II show that such an optimum may

exist. The effect two or more buildings of different heights in a

tandem array should also be addressed.

xos i!_,
t
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TABLE A-1

Pressure-probe Measurements of U(m/s) for Pattern No. 1 (Table I)

x/H

z/H y/H 2 4 6 10 16 28

0 1 3.505 3.656 3.895 4.368 4.793 5.211
2 5.617 5.567 5.108 4.839 5.026 5.388
3 5.872 5.780 5.782 5.620 5.488 5.589
4 5.993 5.967 6.000 5.937 5.877 5.783
5 5.998 6.089 6.031 6.001 6.061 6.092
6 6.091 6.207 6.151 6.122 6.122 6.182
8 6.299 6.353 6.357 6.270 6.270 6.299

10 6.439 6.414 6.414 6.386 6.472 6.499

-2.5 1 4.642 4.946 5.170 5.255 5.226 5.155
2 5.729 5._76 5.584 5.577 5.513 5.610
3 5.884 6.067 5.819 5.811 5.747 5.748
4 6.008 6.036 6.005 5.970 5.909 5.970
5 6.128 6.127 6.067 6.093 6.002 6.122
6 6.247 6.247 6.186 6.182 6.124 6.213
8 6.363 6.391 6.332 6.389 6.361 6.360

10 6.478 6.534 6.504 6.504 6.504 6.531

-4.5 1 5.466 5.388 5.284 5.184 5.255 5.293
2 5.817 5.757 5.693 5.692 5.694 5.728
3 6.008 6.007 5.885 5.917 5.916 5.949
4 6.069 6.068 6.040 6.100 6.040 5.980
5 6.190 6.159 6.161 6.161 6.190 6.161
6 6.307 6.307 6.220 6.249 6.278 6.249
8 6.423 6.479 6.366 6.423 6.479 6.423

10 6.536 6.563 6.535 6.508 6.507 6.564

-6.5 1 5.629 5.594 5.526 5.527 5.525 5.973
2 5.978 5.944 5.944 5.946 5.943 5.974
3 6.219 6.189 6.189 6.160 6.126 6.214
4 6.277 6.307 6.278 6.278 6.332 6.364
S 6.365 6.422 6.335 6.393 6.421 6.450
6 6.479 6.479 6.479 6.479 6.450 6.506
8 6.592 6.592 6.592 6.564 6.$90 6.618

10 6.673 6.647 6.647 6.675 6.673 6.701
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TABLE A-2

Pressure-probe Neasurenentse of -V(n/s) for Pattern No. I (Table I)

z/H y/H 2 4 6 1G 16 28

0 1 1.172 1.007 .967 .766 .580 .374

2 .248 .287 .377 .509 .493 .341
3 .215 .262 .286 .327 .348 .312
4 .237 .242 .257 .303 .273 .285
5 .238 .227 .253 .238 .267 .227
6 .226 .231 .237 .223 .223 .216
8 .184 .195 .195 .187 .205 .202

10 .168 .171 .171 .174 .130 .144

-2.5 1 .347 .354 .364 .449 .489 .571

2 .177 .273 .272 .391 .381 .386
3 .254 .267 .300 .338 .346 .328
4 .257 .290 .294 .335 .325 .335
5 .260 .278 .267 .336 .312 .314
6 .245 .245 .270 .288 .277 .266
8 .230 .244 .269 .261 .265 .212

10 .199 .210 .230 .230 .247 .175

-4.b 1 .325 .321 .357 .352 .363 .336
2 .205 .232 .240 .260 .279 .256
3 .220 .182 .235 .215 .231 .209
4 .212 .231 .179 .190 .198 .186
5 .180 .202 .183 .165 .198 .183
6 .184 .184 .159 .191 .170 .173
8 .154 .147 .125 .136 .147 .136

10 .141 .155 .106 .110 .161 .103

-6.5 1 .288 .293 .322 .302 .382 .279
2 .205 .246 .227 .246 .265 .261
3 .159 .180 .198 .lU .223 .230
4 .199 .149 .152 .1$2 .198 .195
$ .177 .154 .163 .139 .171 .150
6 .147 .147 .130 .130 .168 .179
8 .135 .135 .135 .138 .152 .149

10 .109 .129 .112 .109 .lU .124

CAll valuos iu this table aro of -V: thus all values of V are aosstive.
i.o.. dirooted dowawtrd.

j i
\

108 _ ,-'

t

1983006159-121



TABI,E A-3

Pressure-probe Measurements of W(m/s) for Pattern No. 1 (Table I)

x/H

z/H y/H 2 4 6 10 16 28

o 1 0 0 -. 068 - .076 - .084 -. 182
2 -.294 -.187 0 -.084 0 0
3 "-.308 -.202 -.101 -.098 0 0
4 - .314 - .208 0 0 0 0
5 - .209 - .213 0 0 0 0
6 -.106 - .217 0 0 0 0
8 -. 110 - .222 0 0 0 0

10 -.225 -.112 0 0 0 0

-2.5 1 .986 .783 .726 .552 .457 .360
2 .I00 .307 .390 .390 ._5 .392
3 .103 .106 .101 .304 .301 .301
4 0 .105 .105 .208 .206 ,299
5 0 0 .106 .106 .210 .213
6 0 0 .108 .216 .214 .217
8 0 0 .111 .111 .111 .222

I0 0 0 .113 .113 .113 .228

-4.5 1 .574 .282 .277 .181 .092 0

2 .305 .201 .199 .199 .099 0
3 .105 .210 .103 .103 .103 0
4 .106 .106 .105 .106 0 0
5 0 .107 0 0 0 0
6 0 0 0 0 0 0
8 0 0 0 0 0 0

10 0 0 -.114 0 0 0

-6.5 1 .098 .195 .193 .193 .096 .208
2 .104 .207 .20"/ .104 .207 .208
3 .108 .108 .108 .10g .214 .219 '_
4 0 .110 .110 .110 .221 .111
5 0 .112 .111 .111 .112 .112
6 0 0 .113 .113 .112 .114
8 0 0 0 0 .115 .115

10 0 0 0 0 .116 .117
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TABLE ,*,-4

Pressure-probe Measurements of U(mls) for Pattern No. 6 (Table I)

x/a

z/H y/H 2 4 6 10 16 28

0 1 3.891 3.892 4.137 4.451 4.830 5.094
2 4.765 4.682 4.680 4.761 5.021 5.278
3 5.595 5.392 5.425 5.318 5.386 5.419
4 5.943 5.911 5.849 5.815 5.751 5.719
5 6.124 c.065 6.032 6.032 6.003 5.942
6 6.212 6.213 6.183 6.124 6.125 6.154
8 6.331 6.360 6.331 6.330 6.273 6.330

I0 6.531 6.503 6.532 6.503 6.503 6.474

-2.5 1 4.685 4.676 4.904 4.979 5.056 5.142
2 5.275 5.206 5.214 5.279 5.350 5.388
3 5.753 5.624 5.556 5.553 5.587 5.584
4 5.877 5.846 5.814 5.814 5.812 5.749
5 6.000 5.940 6.000 5.969 5.969 5.938
6 6.060 6.061 6.031 6.051 6.061 6.090
8 6.269 6.269 6.239 6.211 6.270 6.269

10 6.410 6.413 6.415 6.386 6.416 6.412

-4.5 1 5.289 5.269 5.150 5.367 5.404 5.280
2 5.775 5.742 5.782 5.800 5.800 5.743
3 5.979 5.907 5.937 5.997 6.026 5.967
4 6.099 6.098 6.097 6.116 6.118 6.059
5 6.195 6.216 6.216 6.216 6.244 6.177
6 6.341 6.309 6.311 6.310 6.302 6.295
8 6.431 6.459 6.425 6.424 6.418 6.442

10 6.543 6.543 6.594 6.621 6.594 6.555

•"6.$ 1 5.543 5.510 5.408 5.386 5.3J5 5.352
2 5.895 5.864 5.872 5.812 5.812 5.74_
3 6.085 6.055 6.086 6.029 5.999 5.967
4 6.204 6.115 6.204 6.179 6.179 6.179
5 6.350 6.3_0 6.325 6.268 6.239 6.238
6 6.407 6.407 6.353 6.355 6.326 6.355
8 6.$22 6.522 6.467 6.469 6.441 6.469

10 6.60_ 6.60_ 6.579 6.553 6.553 6.553

xxo i,
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TABLE A-5

Pressure-probe Measurements • of -V(r./s) for Pattern No. 6 (Table T)

z/H

z/H y/H 2 4 6 10 16 28

0 1 .963 1.014 .864 765 .533 .531
2 .543 .595 .616 585 .572 .485
3 .332 .377 .398 442 .447 .426
4 .340 .356 .353 376 .389 .387
5 .332 .323 .345 345 .346 .358
6 .336 .336 .324 332 .332 .330

.321 .313 .285 304 .293 .304
10 +274 .295 .239 .264 .249 .268

-2.5 1 ,$27 .440 .456 500 .5!1 .429
2 .2_3 .346 .367 377 .3e" .383
3 .290 .307 .317 357 .37_ .372
4 .311 .315 .319 339 .357 .367
5 .312 .302 .331 335 .316 .339
6 .322 .304 .308 308 .322 .336
8 .276 .276 .298 .284 .276 .294

10 .275 .275 .240 .244 .240 .292

-4.5 1 .487 .468 .617 .586 .576 .421
2 .374 .398 .413 .467 .467 .347
3 .348 .394 .407 .417 .430 .316
4 .349 .367 .385 .416 .398 .285
5 .337 .368 .368 .368 .381 .306
6 .317 .373 .338 .356 .373 .290
8 ,323 .319 .340 .357 .339 .254

10 .325 .325 .317 .330 .317 .240

-6.5 1 .377 .382 .412 .341 .363 .346
2 .322 .328 .273 .261 .261 .272
3 .258 .259 .246 .216 .234 .261
4 .249 .260 .249 .215 .202 .215
5 .230 .230 .180 .188 .208 .227
6 .222 .222 .228 .186 .197 .194
8 .225 .225 .198 .164 .168 .,64

10 .216 .200 .18_ .154 .154 .154

CAll values in this table are of -V: thus all values of V are nosative,
i.o,, directed downward.
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'I'ABIJ_ A-6

Vresture prL_be Neasur_ments of" W(m/m) for i_att, rn No. 6 (Table !)

I/ll

z/ll y/ll 2 4 6 tO 1(_ 2g

o t O ,O6H .t)72 , !.5_ .1614 .1714
2 0 .082 O . ()8,_ .17.5 .1 84
3 0 0 0 .Og3 .0_4 .180
4 0 0 0 . tOI .1o0 .100
._ .107 0 .105 . t O.S .103 .104
6 .108 O . IO8 .107 0 . IO7
f O O . ! it .I 11 . z_)_) .l II

tO o 0 . t 14 . 113 . i 15 .l t5

--2.3 I "742 .741 .429 348 .265 0
569 .564 .182 277 . ! A"y 0

J I00 .098 ,194 194 .097 ,097

4 103 .102 .lOt I01 .I01 .I00
3 IO5 .104 . IO5 104 . IO4 .104
6 tO6 .106 .103 105 0 .106

8 I09 .109 .IO" 108 0 .109

10 224 .112 . I 1,_ 112 0 .112

-4..5 1 74,_ .647 .6,t2 .6.59 ..568 .184
2 607 .603 ..506 .610 .6tO .SOl
' 418 .'517 .519 ..534 .'527 .208
4 426 .426 .4;16 ,555 .$_15 .211
,5 $24 .454 .4,t4 .4.q4 .437 .216
6 $,t_t .$$1 ,3,tl 3,11 .441 .??0
8 22.q .22,5 .$37 .3.q7 .449 :

10 229 .229 .$46 ._147 .$46 .114 i'
-6.$ 1 .290 .289 .285 .094 0 0

2 .$09 .$07 .205 , 101 .101 .lO0

$ .213 .2!I .213 .10'5 .lOS .104 _,

4 ,217 .214 ,217 .I08 ,108 ,108
,5 .2_z3 ,323 .110 0 0 0
6 .224 .234 .111 0 0 0
8 ,114 .114 .115 0 0 0

10 .115 .115 .115 0 0 0

113 *, "
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TAHIAF A 7

Wake Charaoterist los

rat t • rn t_L!_
No. 2 4 6 I0 16 28

_l/H 2.2 2.7 3.1 3,6 4.4 5.6

8s/H I.2 I.I 1.4 1.5 1.7 2.7
1 A .Q5 .60 .55 .45 .J2 .23

_mlH t.5 1.5 1.9 2.I 2.4 2.7

u'mlU* 5.2 4.8 4.5 3.0 3.5 2.5

f_l/X 3 3 3.2 4 4 4.8
6sill .8 .03 I .2 1.5 1.7 2.6

2 A .5 .49 .43 .32 .2Q .21

_m/H I.5 I,5 I.9 I.0 I.9 _.6

u'm/U* 4.3 4.1 4.0 3.6 3.2 2.4

bi/ll 2 2.5 2.6 3.2 3.5 4.2
_s/H 1 1.1 1.2 ! .4 I ,7 2.1

3 A .87 .65 .45 .29 .25 .14

6m/ll I.2 1.5 I.5 I.5 1.9 2.4
u'm/U* 4.7 4.3 3.8 3.I 2.8 2.2

6i/il 2 2.4 2.6 2.0 3 ._.5
_s/H .6 .7 .O 1.O5 1.1 1.1

4 A .72 .39 .31 .23 .22 .14

_,mlH 1.0 I,2 I.2 I.2 1.2 1.2

t_'m/U* 3._ 3.5 3,2 2.8 2.6 2._

61111 2.9 3.4 _t.5 3.8 3.9 4.8
bs/X ,05 ,95 I.I I.$ 1.8 2.5

5 k .51 .43 .$9 ._1 .27 .18

_m/H 1.5 1.5 1.5 1.9 1.9 2.4
u'mlUO 4.4 4.2 3.9 3.$ 3.1 2.5

&I/H 3.8 4,3 4.7 4,7 5.1 5.8
b,/ .85 I.I 1.5 1.8 2.2 2.9

6 A .43 .40 .39 .$5 ._11 .22

$m/H 1.0 1.9 2,4 2.4 2.4 3.$

u'm/Ue 4,5 4,4 4,1 3.6 $,$ 2.8

&lib 4.0 4.8 4.9 5.1 $.3 5.5
&s/H .75 ,g6 1.$ 1.7 3 2.7

7 _ .41 .$8 .$8 ,$$ .$$ .24

6m/H 1.2 1.5 1.9 2,4 2,4 $,$
u'm/U* 4.4 4,$ 4,1 $,7 $.4 2.5

61/B 2.3 2,7 3 $.8 4.6 5.g
6sir 1.1 1.1 1.25 1.6 1.8 2,8

8 A .Bg .72 .50 .$1 .42 ,351

6m/B 1,$ 1,5 1.9 1,9 3.4 $.$
u'IalU* 4.8 4.9 4,5i 4.3 4.0 $,0

115 _
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Psltern x._H
No. 2 4 6 10 lt_ 28

_i/ll 2.5 2.5 2 .'/ 2.7 2._ 4
bs/H .55 ._ .5 .55 .8 I .1
A .14 .15 .17 .19 .20 .17

_m/ll . i ._ .._ 1.0 I .2 I .9
U'm/U* 2.3 2.{_ 2.6 2.7 2.7 2.6

_t/ll 2.5 2.5 2,9 3.3 3 ._ 3.6
_s/X .3 .35 .55 .8 .95 1._

10 A .16 ,19 .19 .20 .21 .18

8m/H .8 .8 .8 1.2 1.2 1.9
tt'a/ll* 2.5 2.0 2.7 2.8 2 .It 2.5

_t/H 2.3 2.8 2.7 3 3.3 3.8
_.,/H .'/5 .75 .g5 .93 t 1.5

I1 A .19 .20 .25 .24 .22 .70

t_m/H .9 .9 1.2 1.5 1.5 1._

o'l/ll* 2.5 2.6 2,6 2.8 2.8 2.6

6t/H 2.2 2.8 3.5 4.4 4.9
tSs/H 1.1 1.2 1.3 1.7 2.3 3

12 A 1 .77 .58 .47 .42 .2"/

_m/a 1.5 1.9 1.9 2.4 2.4 3.3
u'a/U* 5.4 5.0 5.0 4.4 3.9 2.9

6i/H 2.3 2.8 3,2 3.9 5 5.7
bt/H 1.2 1.25 1.3 1.7 2 2.8

13 A 1.2 .93 .59 .5 .38 .26

5m/H 1.$ 1.5 1.9 1.9 2.4 3.3
u'u/U* 5.3 4.9 4.8 4.1 3.8 2.8
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