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15 Abstract
Restults of a series of in-provad-effect twin jer tests are presented along
‘ with {low models for closely spaced jets to belp predict pressures and up-
] wash forces on ~sirulated arrcraft <urfaces. The exverimontal date uscd to
' dovelon the models consist of the effect of jet spacing and herght ahow
‘ around on the ground and upwash pressures, oil flow visualization pretures
and the jet indaced torces ov a series of Ltwe and three dimensional bodsies,

-

The ssclated rwin jetr tests revealed unstable tountairs (or upwach fi
over a range of spacings and jet heights, regions of baiow ambiert pr
on the ground, and nerative pressme differential in the upwash firos f1edd,
] With the swmulated fusflage surfaces placed be'ween tne qjers, significanc

: positive l1ft forces i1n-growmd-eficet were found to resuit f{rom rhe addi-
tyon of strakes and squarang the fuselage lower contour.
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Vo pdrate computer code wis duevetoped for verticarsy orrcated, 1wonpresscbic
sete which 1rcludes a 10t impingenent zone wall jer transition medel.  “the
waLl more accuracely reflocts 1ountawn behavior without tul’y formed wall
jots, as in the case of close jer soacing, wadd adequatels oredicts grouad
t>oh s, upwdsa dyvnanic pressure decay and fountiin lift rorce wariatioa with
Lot it adbove groumd.,
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vV TOL IN GROUND EFFECT FLOWS FOR
CLOSELY SPACED JETS

David Migdal, William G, Hill, Jr.. Richard C. Jenkins
and Michael J. Siclari

Grumman Aerospace Corporation
"Bethpage, New York

1, SUMMARY

The primary purpose of this study was to obtain detailed pressure and veloc-
ity field data for twin jet configurations in-ground-cffect and to develop flow medels
to ald in predicting pressures and upwash forces on aircraft surfaces. For the basic
experiments 50.3 mm (2 in) diameter jets were used, oriented normal to a simuiated
ground plane, with pressurized air providing a jet velocity up to 90 m/sec. The ev- )

perumental data consisted of (1) the effect of jet spacing and height, on the ground and

unwash pressures (2) o1l flow visualization photographs to 1dentify streamline directions

(3) the effect of simulated aircraft surfaces on the isolated {low field (4) the effects ot

aiding a third jet on the two-jet upwash propertics and (5) the jet irduced forces on a

series of two and three dimensional bedies with strakes and variations in fuselage cross

seetion,

The tsolated twin jet tests revealed regions where the tountain flow was un-
stable, below ambient pressure regions in the upwash, and the forination of ground
stagnation ines {and apwash flow) even when the outer boundaries of the free jets have
merged,  With the simalated tuselage surfaces placed between the jets stgmificant 1
forces were obfamed in-ground-cffect with the addition of strakes and squaring the

lower fuselage contour, Simitlar effects were not obtained with fliat plate models,

A new flow model was developed for verdcally oriented twin jets which ve-
counts or the non-fullv fermed wall jete at close spacing, It includes a jet impinge-
mend sone wall get Sransition model, the ffocs of fuscluape cross sectien on fountain
mduced it forcern, and adequadely predicts the ettects of spacimy, and height above

vround on flow ficld pressures and upwash torces,

1t 1s concluded that (D) flow teld mztabilihies can be present at low heights

a.ove growed: (D A twn et conhguration the onset of jet bondory merging does not

rare. P A -y - wvedyrmn W Smmy



preclude the formation of fount.ins; (3) values over 207 lift/jet thrust can be obtained
in-ground-effect due to fountains impinging on the underside of a simulated fuselage
for a twin jet configuration, depending on the shape of the fuselage and dimensions of
horizontal strakes and; (4) the use of a modified wall jet transition model adequately

predic.c the trends with height above ground and jet sprcing on the ground ard upwash ‘

pressures.
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2. INTRODUCTION

Lift and control for V/STOL aircraft operating in-ground-effect presents a
critical condition in sizing the propulsion system, Ground proximity effects can re-
sult I i4vre jet induced lift losses, or produce positive fountain lift, depending on the
aercere, ' ion configuration, The complexity of the resulting flow field and the sen-
sitivity to many design parameters gives rise to a large body of experirental data
(Reference 1) whic'r model various aspects of the flow field. References 2 to 6 deccribe

the development of one technique to predict the pressure distributions and acrodynaniic -

characteristics based on a modular approach to the various flow regions shown in Fig-
ure 2-1, The four major subregions consist of a free jet, impingement zone, wall jet
and upwash flow, As shown in Figure 2-2, all of these major elements are present in
the two jet ground impingement problem iand the basic two-jet s¢ ation can thus be

used uas a building block for multi-jet configurations,

The simplified medular approach utilizes bausic mass, momentum ard crergy
consermatien principles along with empirical data desenmbing entrainment of ambient
air (¢.g. maxiimum velocity decay and velocity profiles as described in References
2to 1). A review of the basic experimental data regarding two-jet behavior indicates
several limitations when the et spacing 1s decreased. As reported in Reference 3,
instabilities {n the upwash flow weie noted for some combrnations of spacing and
helght, Also, as the jets are brought closer an upwash is formed prior to the estib-
Hshment of a fully developed wall jet, Yor even closer spacings, the upwash cun
completely disappear when the two frec jets merge as thev grow in size due to en-
trainment of amhient air, The object of this study was to explere 1in more detall, the
two-jet cluse spacing problems experimentally to help establish a more accurate model

of the resulting flow field.
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3. SYWMBOLS

Bouuda.y radius
Body depth from nozrle exat
Nozzle diameter

Boundary iayer height

Interference Force
Jet height above ground

Body length
momentum
Total pressure
P-pa

Static pressure

P -pa

P_.-pa
v

Dynamic pressure
Density

Radius

Spacing between jet conterlines

Strake depth
Jet thrust

Vejooity

2ot et velocity

2ody width

Distance befween strakes
Distonce perpendicwdar to line jomning jet centers
Distunce along line joining jct centers

P.obe height above ground

Distane - from et exat
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0 (zerxc)
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stagnation line center conditions

ground plane

jet exit conditions

jet half-width

maximum

nozzle

potential core

static

initial wall jet radius

dimension at 1/2 maximum presswme

dimension at 1/4 maximum prescure
(1/2 maxamum velocity)
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4. MODELS AND APPARATUS

The experimentgl portions of this study were performed in the Grumman
Research Department. Two similar air flow facilities were used, one for flow surveys
(designated Facility 2) the other for vehicle force and pressure mcasurements
{Facility 1), Sketches and photographs of these two facilitics are shown in Figures 4-1
througl -8, Thesec facilities utilize centrifugal fans which are beit driven by 220 V/3
phase "-1/2 "I motors. The flow rate and hence total pressare in the scttling chamber
{s cont.olled by throttling the inlet to the fan, Experiments ace usually cunducted with
a tota! pressure minus atmospheric pressure of 5004 : a 20,1 mches of watery result-
ing in an exit velocity of 91 m/sec (300 ft/sec).

The flow [rom the fan into the settling chamber ig non-uniform with higher
velocities towaids the outside of the fan (top). This flow Is passed through a short
constant area section where vanes redirect the flow for a moie uniform distribution.
The fan is connected o this section with a flexible mnateriai to aveoid transmisston of
vibration from the fan to the settling chamber. The air then flows through a difuser
into the large settling chamber. To bre~z the length of the facility within the evailable
space, large-angle segmented diffusers are used. These diffusers are an extensicn
to the two aimensional work reported by Kline (Ref. 7). The diffuser of Feciltty 1 is
approximately a 33° square pyramid filled for 2/3 of its length wiuth 7° paper cones.

The flow at its exit is almost completely attached and omiform.

The dufuser of Facihity 2 is a 66° pyramid and filled with pyramidal sections
of pleawlass {sce Fig, 4-3) of approximately 7° angle. Flow into the setiling chamber
is then conditioned by honeycomb and screens and passcs into the scitling chamber,
For the pairs of 50,8 mim (2 inch) diametor jets in most of the current experiments, a
610 mm (2 foot) sguarc cross scction leads to an area rato of 32 {¥Facility 1) while
FMacility 2 has an arvea ratio ot 2r%  This produces a very uniform {low of low turbu-

leace leve! (iess than 1/27% RMS).

To facilitate ehan g the nozate spacing, a pdair of nozzles is mounted ceion-
trealiy on a parr of discs, which are ciamped to the fiont face (Divure 4-¢), providing
contmuos variation of nozzle spacing, The nozzles are spun aluminum with an en-
trance contour wdentical to an ALME long radius flev metering noszele, but followea by
L constant area section 5,5 diametore joryg, Alguanent of nozzies in horwzoral duece-

Laon 1s done witnrefcrence to granvity by drop hine and bunhle levet, and with reference

-1
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to other apparatus {traverse cquipment primazily) by cross halr siphtings, A check
on the allgnment is performed by trinersing the free jets and tracking centerline
(maximum q) locations using an electrically powered variable speed traversing mech-

anlsm,
Modcli

The m.lols used for the upwash body impingement experiments {neiude sev--
eral classes, The Inthial experiments on the effect of jet spacing were conducted
using the two-je! configuration shown in Figure 4~7. Cylindricel fuselage models
(Figure 4-5%) with a range of corner radii were used for the effect of body shape.
These bodies were also nstiumented for pressure distributions and were tested for
varfouns strake hawghts, in addition to the basic tests, The strakes are shown on a rec-
tangular body (Figure -1-9) where the nozzles were contained within the planform, A
third cluss of body iv o Inrge (12D x 12D) flat plate, Dimensional dawa for the vartous

odies ar1e contamed m Figure 4- 106,

n-trumentation

The coordinate system for locating nozsles wmd probx s is shown In ifrgura
i=11. “The vosttion of the prowna vlane ard of the prones are mea tured Ly the voltagse
ovtpid of 4 10-turn potentiometer fo1 most data 1o this report pomdess otherwise noted),
Por medastrement of smaal dimensions, such as the Laundary laycr thickness,
rreasurements were naade with 2 Hnear potentiometer or o vernier calipevr., Tor the
t1 nwerse units, with serew thread drive or reek and pinion drive, {(all probe movemnents
and the ground plane motion on acility 1) a rotary pot Is used to measure cable mation
conrected to the movang apparatis,  Uor the ground piane of Facthity 2, @ rotary pot
was attached to a sprocket &8 one end of the chain loop, Siuce come hysteresis occurs
for my of these systems, tinver<es were tahen only in one direction, and a volimeter
wos used 1 check an intbral output at a starting tocation and pertodically to check

by ation,

Phe purpese of providing an electrieal output for position 1s o provuce o con-
truous curve of the paramdaior beme measured (ebicle forces, pressures, bot wire
voleaities, dtes) versas postunn, and to plof thiat curve on e N-Y Recorder, N 100l-

’ 1
fthe anaiop data reduchion teekbngue was used 1o protedd agamz! missing unusuad be-

avtonr of tre date o the deyeloprent of problems dirmgg o Test,



Rerdong - ooms semrongy

Pressures were measured with differential pressure transducers, For the
pitot-static probe, the total and static pressure tubes were each connected to separate
tronsducer referenced to the atmosphere (an undisturbed area of the room). Each of
these pressurec tubes aiso contained & '"7", and a third transducer was connected to both
pressures, thereby directly reading Pt - P8 or y (anothor analcg data roduction tech- )
nigue). The pressure transducers wore calibrated and perledically checked by usa of an
oil manometor; vertical or inclined, depsnding on the transducer ranrge.

Vehicle force measurements were made using a five -componant strain gage
brlance, while force measwement on the ground plane utilized three separate fovca
olements, spaced at & disiance from the force center. Calibration of the force bal-
ance was achieved by placing weights {from a laboratory scale, set on a special gradu-

ated body, and spot checks were done periodicalily on the model being tested.

During efforts to fdentify the cause of the measured Iarge nepative static
pressure differentials, velocities were measared with a hot filin system,  This sys-
teni Is essentially the same as a hot wire system; our measurem-ants Involved u con-
stunt temperature anemometey, a signal Hnearizer, and a troe RMS time-averagng

voitmeter,  Cutput from the traverses v as plotted on the X-Y recorder,

Qil flows were used for both ground plane Indications of the end of ypwash
tormation with increasing jet interference and for qualitative flow description with o
splitter plate,  The ofl base was 10W-30 moior oil and it was colored for identiffca-

tion and thickened by artist oll cojors,

i~3



[t et bt g e e e

MR AVIAR N

Sir Screens

Fov 18 Mo O ML
One 80 Mosh b Miy

610 nun
2100

Sauasn Cras
Stction

s
/7

T me e pmr e Ap v

Se g tid
(hit*uve

Steaght *nes

HHGH watt
(7% HP) tan

TYTYTIY T T IYTTTITYY

Cy gt e
Huonoycomh

—

Picure -1, = Iacility 1 tlow path.

S R m
TR FF

T
N - -

- eyt
»l)"“-.
. wof o
.
I K;
P i
oAy - .
g 'ﬁa'rg"‘ [P .
3 by L e e z
N - - ~& - .
A ¥ ¢ n, g
A& < b .
PRy e TR
Al <l ¥t i
;ﬂ.“ﬂg I\ o~ . -?‘»% ‘ S F
- ¢ \:n ) F{E - é i; §
TR oA , Vs T -
Fogzaaze AR » 5 e, |
- I N . s W .
Yo D S S ‘,\;‘u’;t_"’,}i .
P ] S i 2 P
i 4 P, Py P S d
1 R i
Lo S i )
% 3 = g .
P SR .
Y -
! ¥
L i f
\ - N
' r ,‘ ’\ v T e oSy -7
-~ . — -
- N e, L~ !
Al g - SR
N 3
[ - - - d
Bl - 5
v S L ~
, Yo ERSACRURN S
- N MV v :—;h.\=?t»~\‘~\‘u*3£:§ :‘::..zr;;j
S Yot
Tictae -2, Pretoet g ol aahty o,

B

g

b



~ e ey - . o em c ae a e e e - e e - e e e et n, e —— O

Five Screens
Cne 20 Mosh S RYIL
Two 24 Mesh, 7 MIL Seqmented
Tv o 34 Mesh 6 MIL Outfuser

A
,.:;l____.
. ] -
EI
,.||I
N
914 mm Vi : | == d
(31600 i} |::|: — -
Hlow Sauare Crosy [, | —
Section [ { =
':lll
||:||
|.|||—*__.._
vl === _~ 0

Str gt g

5495 wa
{75 HP) tin

Foc i G g XTI

Cy trrdrac 3l
He vanjong!
Hrwycomb

O GO

hreuare 1=-3, - Faality 2 flow path,

// e -
- L e

—~ YT 2
e VIR

)
}
':0

2

1 -1
3 iﬂ
i
R -
- ‘l.
Lo
um
.o
o

P %
W .
o E b | % I j‘
.
3 ‘r’f‘. %
4 [ —
R 5’ ce
TR e enaddebd® oo, @
1 - ) e
g TR
h.oé ¥ 4 + - h
I"'».l [ Bow e V-
RPN -
P Dy “tl,::;:r":}b-, g

t
:
3
K
/;,-'
)171
28

s
i

//

41
4

.5"
L
SN
4 N
J 7
Jr

\\f

#/

{

k3

i

7

/,

5
-
j’,
baisd

4
v
\
JLA
by,

3

R\

9" \

1

)/

é

i
b7

g

b l«.a’,fhv"

T D Preare =1 Photowr b of neghiny 2,

FITIErrryrrTy Ty

rd 07T

- r—

- gy e by g

S e e e w e et R e i s PeepvAm = mers o e



- wmw‘-*%:f,arﬁ‘

T s pen:

(N
e S ‘tm SEniap
L h,}z,‘, -2 e
SR i
k] T
- LN I . 0
‘&» I T

3—5 W’ g

G i S

“‘

MWW' id

o Ly Ao,

R
Lo

Tyoure i-h, Pecentne nozzle mounting

'
v=hy




LRSS

[N —————

el ~ T, W T “ ! 'n: ’/;.

2067 0C9

Figure -1-7, Two-jet aireraft configuration (Ref., 5 & 6).

T T R TP O I T T T VI T AT R AT :u"r-pm
b ] N v < P

J. ey,

N
‘.

s . voas e TR T .- N *
i S e Bt S B e L A

‘

-

11*-
etz st ddnAdt nedis

N
Yy
[
.
¥
\“51‘*
& G
ST
PO

v e e o s e e

3

E
td
Y o
§
LTAPSIVITT Y h‘m»MLL

'
4 3
d Ry L‘--‘:, . PR \ e
E WS N — -
|
1 -5
t 1"‘}_
' 1""5“1\_ -
. T ¥ews Sepiy, Vw,{; A 14
1 et - .

.
v - 3
' H
, 3
' - N ‘ vl S
B - A e T P N N TP RO P Tt
TLo sl

I yrure d-%, Calindrical bodies wath different corner radii,

E-7
IET I ot
i “\ 0
Dot vty (:}'

I8}

"

R

M e e e p arnyy on e e e WY Ve Tes fu oy ARt 4 Y T TITE YT P ArT T 4t S T = e npy

— -

¥ —



5

1 %3
. E
- 4 K
3 ) .
3 ] + i3
i a

P
LN AT P MY o ‘

670,

reure -9,

0 5 ase (et thag 4 RY

LoS

.

A3
f

t
KN

i
v 2k
.
+
)
Y
>

=
o 3t
PR

] 2,

= I
. .{,':_ﬂ ‘__\.r;,ﬁ

e >")f

Rectangular body with strakes,

i
J _L_ LD 8
0
. O ||
i ;h()n Iv . T RN
—:—- 4D
T L

ot det Hewry ovatan
1TooV ew rg 4 3)

r—-——— \\'———-—’1‘

f— s —=
v D . !
I
. IR wo 1re
. b A s . L | D 90
_ i LD
I z Lo 1‘(!,3" -~ Vi 273
d— ‘ t —‘,—4. &l 0 5C
1
i ! l !
i ' . -
IR . i
'

‘.‘0—\-i Rl

JS I S

L R IR L 2 TON

[STERYS Buthd

3

Rt

Preure E-10, ~ Dimensional data amd nomenclature for

bodtes phacaa o apneash Stow fela,

S

oy o

ver

o ee——

1 eyt ——

ey e ey



™~

D = 508 mm (2 )

™~
T~ '
\}
e
|
|
|

.

A f

/4 7\\—
\
./_.

.('

Midpoint
of Line AB

2067 0113P

Figure +-il. - Model coordmates and nomenclature.

4-9

Ak

Ay

TSR
‘

 ———

TG Sl

T~ T ™

Ve



5. JET PROPERTIES

Figures 5-1 and 5-2 contain the results of traversing the jet plumes with pitot
pressure probes at various distances (Z') downstream of the nozzle exit plane, inthe
absence of a ground plane, The characteristics of the initial jet can be inferred from
the data very close to the nozzle exit (2' /D = 1/16). As shown in Figures 5-1 and 5-2,
a relatively uniform (top hat) profile is avaiiabie at the jet exit with the eccentiric jet
spacing mechanism and tapered setiling chamber, The Figure 5-1 daia Indicates that
for S/D = 2 the jets start to merge 4 diameters from the nozzle exit and that tle
merging is nearly complete at 20 diamcters, Merging is considered to be complete
when there are no distinct peaks in the profiles, These peaks distinguish the central
region for each free jet, Thus while the jet outer boundaries spread at an equivalent
angle B [tan B = (S/D - 1) /(22' /D)), and for S/D =2, Z'/D =4, B is approximately
7°, the inner core region for each jet persists for a considerable distance down-~

stream,

Static Pressure Inside Nozzle Near Exif

Statlc Pressures were measared inside of a nozzle at Z2'/D = -1/16 (up-
stream of the exit) to investigate the effect of the upwash on nozzie exit conditions.
Two pressure taps were used, located on opposite sides of the nozzie, The static

pressure ditferential was less than 2% ay for all cases,

Figure 5~3(a) shows the variation of nuzsle exit pressure as the ground plane
height was changed, The smooth curve shows the variation with ground kheight for
single jet impingement, illustrating the influcnce of ground blockage when h/d <1, 5,
The other two curves for dual jet impingement show that the effect of the presence of
the ground piane on the nozzle exit flow are notleecabie for h/d< 4.5 Data taken on
the inner {towards the upwash) side of the nozzle iHustrates an increasing pressure
as the ground plane gets closer, which appears to be caused by interference between
the incident flow and the upwash, The pressure rise with decreasing h/d is rmuch less

for shghtly larger spacing (Figure 5-3(b)) and disappears for wide gpacirg (Figare 5-3(c

Fo: a given nozzle spacing, decreasing h/d vall decresse interference be-

wween upwash and incident flow, snd at some vaiue of h/d sach interference should
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disappear, Static pressure surveys showed that, in the absence of interference be-
tween upwash and incident flow, the static pr 'ssure on the upwash (inner) side of the
nozzle should be slightly more negative than on the opposite side, Figure 5-3a)
shows that the inner tap pressure drops below outer tap pressure when h/d = 1. 75,
which should represent the ground he{ght below which no interference between upwash
and incident flow exists, Figures 5-3(b) and (c) show this \ :lue of h/d to be 3 for

S/d =3, and 4 for S/d - 5, 6,
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6. GROUND PLANE PROPERTIES

The upwash formatton region on the ground was {nvestigated with oll flow
patterns to ald in the identification of conditions where the upwash would no longer
form becouse of jet/upwash interference, Several concentric rings of oil dots were
placed around each jet Linpingement point and the flow was allowed to run for severa
minutes to develop a stuble pattern, Figure 6-1(a) shaews a typleal radial floew from
the jet impingement points meeting to form a straight stagnation line, For many
cases, a double line was found, Further study showed this to be caused by a separ-
ation point, Oil drops placed within this bubble ran outwards aleng the outer line snd
towards the two oll lires (Figure 6-1()). Insufflcient data exists al this time to de-

ternune the flow conditions that overn tl @ formation of thls sepuration bubble,

Figure 6-1 shows a serles of oll flows for a spacing of S/B = 2,0 (closest
mvajiable from eccentric norzles), Starting at a height above ground of i/D =1,5, a
pattern of two separate radial spreading regions with & centras stagnation region oc-
curs until an H/D of about 20, This is gencrally above the region of interest for af-
freting airplane Interference etfects,  Note that the scpiaration region disappears at

about 11/d = 10 (Ulgure 6-1/d),

SMream sam ey s without the ground plane, taken by traversing a pitet prohbe
across both jet centerlines, snowed that the two jets had partially merged 10 Jieme-
ters from the exit, Groand plane pressure profiles at 1i/D = 10 mdicated a pressure

rise corresponding to the stagnation line,

I'or /D =15, where the free stream sunrvey showed two peaks, the ground
oil flon pattern showed twn ddistinet jet impingement points and @ stagnation line also, .
At H/D = 20, where the free stream pitot sunmey shoved no distinet peaks, the ground
oil patrern also Indicated that the two jots had merged.

It thervefore seems teasonable to use the 1ude of thumb that: if separate
puadis exdst in the pitot pressure pronles of the free jels withoat 2 gronnd plane, sep-
arate ympinsement and stannatton Hne/opwash formation will eccur on the ground

plane,

h"‘l




Ground Plane 'reasures

Ground pressures were obtained with a line of pressure taps perpendicular
to the line connecting the jets and spiaced one-half a jot diameter apart (along the x
axls of Figures 1-11 and 6-2), The g ound plane was moved slowly in 2 direction
permpendicular to the line of taps and to the nozzle axis producing a continuous displuy
of ground pressures. The ground coordinates x and y are oriented parallel to and
rerpendicular to the stagnation line, with the origin at the upwash center, Figure
6-3 conteins 2 complete set of srround pressure data obtained with various jet spacings
and heights above grourd, Figure 6-3(a) contalns the ground pressures fer both the
single and dual jets at $/D = 2, b/D = 3 and demonstrates that an upwash s formed
(peak pressure at Y/D - 0) pricr to the end of the Impingement zone, The data tm-
pies ap inboard shift of pressure peak and a distortion from axial sy mmetry when

the second fet §s turned on,

Figure 6-3(h) contamns a complete data set for the closest spacing (/1 = 2)
and varyving nozsle heyght above ground, The general trend {s that the peak values
under tae et and st the stagaation point (Y/D = 0) decreases with inereasing h/D
while the profile broadens, Note that wnder the jet (3 /D - 1, igure 6-3(0) tie fni-
pinvement pressuare s within 2 of the jet a'.u'mmtlon pressure forvalues of h/D un to
L, s h/D mercases the jet fmptugement pressure deeayvs in a manner sinmdlar to the
fiee et deeav in miimum pressure (Cicure 5-1), In i:encml. the maximum wail
pressure ts higher than the corresponding value for the free jet at the same distance
from the nossle oxit,  Froure 6-3{c¢) contains the ground plane pressures for 8/D = 2,5
and 0 range of nossle WD from 1,35 to 13, Intlus, as well as other cases to follow,
suffictent daa s vroviacd to deternune the maximunn pressure on the center of the
stagnation line Pcn {(I"gure 6-2). Note that pcs increases with decrcasing h/D until
arh D af 3.0 the daain higure $-3(a) 18 sumilar 1n that the aue of Pcs does nat
comtar Iy more ove s ith decreasine h/D, In addition ot 5/1y - 2 (Dicure 6-3(d)) it
was net possedle Lo ot Oy a stanle profile and two peek valaes were oanlbited,  This
frstabiii v not orvenved at other - paddngs, At ~/D - 3 and b/ = 1,5 to 2.0 the
waashowaokd chingne fooan e side fo the cthor vath no appareat disturbance up 1o
whott Do secends, 0 eoadd be soltehed tromone side to the ofher with a temporary

biockaee ven the nozzsie ot plane,
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This unstable behavicur at S/D = 3, 0 is shown {n Figure 6-3(d) with the ac-
tual pressure trace at h/D =2,0, The large oscillations help to explain why in this
case there is a drop in the maximum stagnation line pressure, Since the probe is
reading a time-averaged value, and for a portion of the time there is not jet flow over

the probe, the time-averaged value is lower.

Figures 6-3(e), () and (g) show the ground pressure variation with increascd
spacing, Note that as the spacing s increased (e.g., Figure 6-3(f) for S/D = 4.0}
there is less effect of the fountaln upwash (at Y/D = 0) on the impingement zone

pressure distribution,

Swinmary Data of Maximum Ground Pressures

Figure 6-2 illustrates the ground pressure profile along a tne passing
through the two jet impact points and the center iine of the upwash., The maximum
pressure in the jet impingement region was always greater than the maximum
pressure on the conter of the stagnation line (pCs)' The dimension y. 5 represents
the half width of the pressure profile at half the maximum stagnation line pressure.
Along the stagnation line the maximum grovnd pressure (Pm) decreases with distance

{»} {rom the centerline,

Figure 6-4 shows the variation of centerline stagnation pressure with nozzle
spacing for a nozzle height of thiee diameters above ground. The curve shown for
comparisen was predicted by assuming that the ground pressure on the center of the
stagmation line is cqual * - the maximum pressure that wowld exist in a wall jet pro-
file ..t the same radial location from one of the jets if the opposite jet were turned off,

The predicted curve is given by the relation

p. -P o
—£2 8 syt 1)

where P ois the stagnation pressure at the nozzle exit and P;1 15 amblent pressure.

The constarts in thes equation were derived from pitot probe measurements taken in
the wall jet formead Dy impingement of a single 4 reh diamever jet, Tigure 6-1 shows
that this analysis provides an adeguate prediction of the centerline ground pressure
for jct spacims of about 4 diameters or greater, At closer noszte spacings the meas-

ared values fall belew the predieted curnve, This deviation should be expecied because

-3



at S/D = 4 the stagnation line is two diameters from each jet impingement point, and
this radiol distance from a single {rapinging jet rcbrc-scnts the beginning of the fully
formed wall jet region, Hence the measured and predicted values ocgin to diverge,
because at ciose juot spacings the ground flow approaching the stagmation line s not a
fully formed wall jet. A modifled wali jet analysis is needed to provide a berter match,

For a glven nozzle spacing. the ground pressure on the center of the stagna-
tion lne (PCS - Pn) varied with nozzle height above ground as shown In Figure 6-5,
For a nozzle spacing of ¢ diameters above ground, increasing nozzle height above
ground brought about a gradual decrease in ‘(Pcs - Pa) that appears to be caused by
interference between the edges of the upwash uand the sheur Inyers surrounding the in~
cident jets close to the nozzle exit plane. At closer nozzie spacings, this variation of
(Pcs - Pa) with hieight above ground wis more extreme  but followed the same trend,
For nozesle spacings below 3 diameters, the effccts <« Incident jet-upvash interference
severely distorted the entive ground plane pressure profile at large /D (sce TFigure
6-3(d)).

I'or each nozzle spacing the ma.amum value of (ch - )"l) occurred with H/D

between 2 and 4. he decrease 1n ([’Cﬂ - Pa) at lower nozzle hewght appears to indicate
the onset of instability condinons and may be caused by the presence of the ground af-
fecting nozzle exit cowhiiions. A scevere instalulity was encountered st a nozzie spacing
of 3 diameters for /D less than 2-1/2, The ground pressure profile appeated to be
temporanly stable 1n either of two unsymmetric shapes. s instability appeared to
be peculiar to et spacing of 3 diameters. For lirger or smaller jet spacing, the
ground plane pressure profile did not a<chibit this bistable shape for nozzle herghts down

to 1-1/2 dhameters.

The variation of muxamum grouad plane pressute (l’m - I’ﬂ) along the stagna-
tion line is shown in Figure 6-6. Data taken at 1H/D = 3 at cach jet spaclng huve been
novimalized iy the corresponding centeirhine value ond plotted versus X/D to 1Hlustrate
toe varntation of this profile with jet spacing,  When plotted versus X/8 (Figuie 6-7)

the data tor cach nozsle spacing fall clese to . profiie which can be fitted by

ro-p [ N B
m a 2X "
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Eq., (2) was derived by assuming that on the stagnation line only the components of wall
jet velocity normal to the stagnation line contribute to the stagnation line pressure,
The constante in Eq, (2) were obtalned from wall jet measurements with a single im~
pinaing jet.

Figure 6-8 shows the shape of the ground pressure profiles taken across the
center of the siagnstion line for three nozzle heights above ground with a noszle spac-
ing of 4 diameters. For each ground height the pressures were normalized by the
maximum value on the centerline ard the distance y was normalized by the half-
pressure dimension (Y' 5}:. The data show that the profile shapes are essentially the

same and can bc represented by a Gaussian profile,

Integration of the ground pressure profile across the stagnation line provides
a measure of the force excerted on the ground by the upwash, which can be related to
the momentum flux of the upwash at ground level, Asswne that the ground flow ap-
proaching the stagnation line from each of the impinging jets is an axisymmetrie, ra-
dially expanding flow that exhibits constant momentwum per radian in the wall jet, If
flow moementum is conserved in the upwash formation regon, the momentum flux per
radian of the upwash flow normal to the ground at the stagnation line can be found by
Integrating the stagnation line pressure profile, Using a Gaussian equation to repre-~

sent this profilc, Integration yiclds

Y

e y.
M, =8/2 - Pre-Pyy . x |1- 3)
8 \ O.oosz S ALS s/2 \/. 69327

Figure 6-9 shows the variaticn of muximum stagnation line pressure and half

[941

pressure width with nozzle height for S/D =4, The maximum ground pressure de-
creases and the width increases as the ground helght increases, This general trend
appeared for all jet spacings, flowever, as seen in Figure 6-10, the centerline up-
wash momentum flux per 1adian computed from Eq, (3) using the data in Figure 6-9 .15
almost independent of nozzie herght above ground., This result is important because it

confirms onc of the simpitfying assumptions used 1n the prediction techmques.

The dashed Iint in Tigure 6-10 represents twice the vhrust per radian of ene

of tnc iucident jets, Jet thiust was computed from velocity profiles that were tuken at
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the nozzle exit plune, We conclude that flow momentum Is conserved in the upwash
formation cegion, and that the upvash momentum at ground level can be computed

from the nozzle exit condlitions.,
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7. UPWASH PROPLRTIES

Ofl flow technlques were used to quahitatively assees upwash flow behavior,
A series of "splitter plates’, (thin sheets of metal at right angles to the ground plane
that split, or divide the flow) were used, In one series, the splitter plates were
placed brtween the two jets along the centerline of the upwash (In the X-Z plane)

Jooking at the radial spreading characteristics of the flow, In the sccond series, the

splitter plate was placed along the line connecting the two nozzle centerlines (Y-2

plune) spliitting cach rorzzle flow in haly,

_Q_il [Mow Results

The presence of the splide.s nlute will affe~t the upwash changing the flow
both by damping the turbwdent Juctuintions normal to the flow dirvection and by devel-
oplng a boundary iaver of lower energy flow which can interfere when pressure graci-
ents are encountered, We therefore sought primarity to look for the regons of jet/
upwash mterference with detatled probe surveys to follow,

For the aplitter plaze placed xetween the jets (N-Z plane), and a wide spacing

(8/D = 8, a uniferm spreading flow was found at heights of H/D = 2 and 6 (Tigure

T-1()), For much (loser spaciags, heglnnng with S/D = 2 we tind a similar sitgation
at low helghts, At H/7D - 2, (Figure 7-1()}, the flow spreading agrees well with oar
Al a heraht of 11/D = 6, streamies along the center appear to be

radial flonw model,
AL I1/D =38, a defimte di~

drawn tnas if by entrainment from the jet (Figure 7-1{d)).
- ergence of the center streamline occurs (T-1(a)) and going a little hipher {I/D = 0,

e T-1(0) a definite stagnation region is found where the o1l in the upper center re-

i 100 1s Nowing downward. With another increase in height (11/D = 10, Figure 7-1(g)), ti

meation of this stagnation point appears to remain the same, but the extent of its efiect

s upwash s broadened

With the sphitter plate/nozzie aryangement, we were able to go to a spacing

e S 1 e,y nesele edees toucntng, LAt this spaoing, oo siolar effect s found at
Towdt horghts, AL 87D - 2 hinare T=-1(Y), o sproading i the upper =central regon is

noted and & cle b sERnation rester ts seen ol 7D = (Puure T-11),
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For the second set of splitter plate experiments (Plate in Y-Z plane), we
again began at awide spacingof S/D = G, Resulis are shown in Figures 7-1 (j), (%),
1), beginning at an H/D of 2 und {ncreasing to 6. At the height of 1I/D = 6, the dynam-~
ic pressure was so low that it was difficult to form the oil patterns, Note the large
angle (about 30°) that appears to be the outer wall jet growth angle, We believe that
this {s due to the corner flow and i{s a warning on the qualitative accuracy of this

method of visualization,

Another view of changes produced by the splitler plate is found i1 Figure
7-1(m) iocking down on the ground plane, A conventional ground flow/sta-mation line
Is formed, 'wt the center of the jet stagaution region Is displaced outward from the
splitter plate, Again, this is believed to be due to the boundary laver formed between

the jet plume and the plate,

Proceeding then to the closer spacing (S/D = 2) a similar series of heights
was exanuned., At H/D =2, a fairly clean jet plame and upwash plcture was formed
(Figure 7-1(n))., At an i1/D =4, the upwash curved into the jet on the right (Figure
7-1(0})). A shght movement of the splitter plate caused this to be reversed with the
upvrashveening {o the feft (Pivure 7-1(p)). By careful movement of the splitter plate
while observing the oll, it was pessible to obtain an upwash flow up the center (Figure
T-1(q)). Atlarger 1I/D, Figures 7-1(1) ind 7-1(s), this sensitivity did not appear ts

extst, but a stagnation region matrhed the end of the upwash,

Sammary of Upwash Pre.sures

Tlow propertics in the upw ash vere found by traversing the Kiel and static
probes in the y-divection at various heights (7) ubove ground, Figure 7-2 shows data
obtained fronm: a4 prohe trinerse across the upwiash centerline, Nofe that the static
pressuve was below ambient throughout the upwash and beyond its edpes, At the edges
of the upwash (smallest value ¥ for which dynanac pressure is =evo) and outside the
cidees, tne Kiel pressure and statie pressuze readings were equal, in spite of the dif-
ferent shapes and ovientations of the pressure holes in the probes,  With the upwash
the statie pressure profile was only shinhtly dependent on the sire of the static pres-
sute probe, The static pressure wias below uminent throwrshout the cegion between the
1o/ le et plane and the ground ovcept for 4 smull zone Iess than 23 mm above the

around just above the stagnation line, This large reeion of low static pressure
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appears to be a characteristic of multiple jet ground impingcment flows, and was
found at all values of I and S that were run,

The dynamic pressuvre profile showed a Gaussian shape except at jet spacings
below S/D = 3 where it was distorted by a lack of symmetry, Figure 7-3 shows data
obtalned from probe traverses across the center of the upwash at various heights
above ground for /D =2 and 8/D = 4, TFor each height above ground (z) the profile
was normalized by the maximum dynamic pressure on centerline (qc), and the probe
distance (y) relative to the centerline was normalized by y. o5 This plot siows that
data token at different helghts above ground has the same profile shape, which closely
matches the Gaussian ¢ ofile

a/q = 138607y ) )
Profiles of this shape were found for nozw.e separation distances down to S/D = 3

providing the nozzle helght above ground was not large enough to provide a significant

interaction betwenn the winctdent jets and the upwesh, When the dynamic pressure pro--

file shape s independent of height above ground, at any value of z the upwash proper-

ties on the centerline can be speaitied by the values of qc/qj and y

.25°

ligure 7-4 shows the dynannc pressure decay glong the upwash centerhine for
H/D = 1 at Gifferent nozzle spacings, 1'or cach spuacin~ the values of q.weve nornal-
ired by the corresponding mixtmum sround pressure at the center of the stagnation
line, The data mre plotted versus -\*/\;)/:;—"- to account for changes {n the radial flow
pattern in the upwash at different values of 8, The data for 5/D =5 and 6 fall along a
straieht line, indleating that the dvnamie pressure vanation along the upwash centexr-
line can be represented by a power Iy decay, As the spacing 15 decreased the data
donaates from a straicht line becouse of interference Letween the upwash and the inci-

dent jet flow at this norzie height above ground,

Our modeling of the tlow direction in the upwash assumes that the radial
pattern of the wall jet flow on the ground continues inte the upwash ufter the collision
of wall jets ot the stagmation hine,  The varnation of dvnamie pressure along the up-

wash at constant hetpnt above ground ¢ i e found trom:
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{f there i no interaction between upwash and impingement zone, Equation (5) is
plotted in Figure 7-5 for §/D =4 and Z/D =2 {or comparisen with data taken at several
Oifferent values of nozzle height above ground,

The variation of upwash properties on the centerline at the nozzle exit plane
with jet spacing and jet height above ground is illustrated in Figure 7-6. Decreasing
nozzle spacing Increases the exit plane maximum dynamic pressurc, with not much
changre {n upwash width, until a maximum value is 1each between 3 and | diameters,
Further decreases in noszle spacing results in a decrease in exit plane dynamic

pressure,

At low ground heights we encountered instainlities in the upwash at a nozzle
sprcting of 8 diameters,  Such instabilities appeared as abnormally large fluctuations .
in piobe readings, Kl probe fluctuations in the upwash were generally found to be in
the tange of 10 to 20 perceent,  Unstable upwash conditions Increased the magnitude to
over 3¢ pereent,  Such conditions were encounterzd for /D = 3 when H/D was de-
creased to less than 2-1/2, Corvesponding fluctuations in ground plane pressurc were
noted under the same impineement conditions, indicating that the entiie upwash flow
was aftected,  Turther decrease in jot spacing provided more stable upwash condi-
tions at Jow pround heights, but the pressure profiles at the exit pline were somewhat

unsy mmetric,

The flow properties on the upwoesh centerline at the nozesle exat plane are 11-
lustrated m Figque 7-7, which shows curves of constant dvnamic pressure on a plot of
H/D versas 5/D, The boundavies on the left side of thue curve, Labeled 7° and 10°
tenresent the condifions where the ineident jets overlap shear lavers vefore impiging
on the ground,  The difterence in these two boundaries 1s the spreading angle assumed
for the free jot prames,  The lewer poundiy corresponds 1o a stabilify 1inut 11ustra-
ted on a stlan plot presented by Hall ond Ropers (Reference 83). Yo tow 4 that «table
mpitge ment tlows enasted it lower values of H/D than they indicated, howevey, an

unstable regror docs appear to exist around S/ - 3 an illwstrated In the dashea 1oon
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At the closest nozzle spacing, S/D =2, we found that the upwash was mildly
unstable at 11/D = 2-1/2 and 3, but not for lower or higher values of H/D, Such Insta-
bilities woudd disappear if the symmetry of the impingement flow was disturbed, Mis-
alignment of the ground plane by a few degrees would smooth out the instabllity
described above, In addition, excessive blockage by o probe support could stabilize
this type of fluctuation,

Effect of Bodics on Upmvash

Since the basic anal)t‘ic procedures assume isoiated upwash behavior, using
the two-jets as a building block, a brief experimental study was wnertaken to determine
the eftects of adding various surfaces., Figure 7-8 fllustrates the effects of the pres-
cnce of our aliceraft model on flow properties in the upwash, The total and static
pressure profiles along the eowash centerline are shown for /D =6 and S/D = 5 with
and without the model 1n place, At this height above ground the change in centerline
upnash profiles caused by the madel {s sigmificant onlv at points closer than one nozzle
Jdiameter from the fusclage underside, The static pressures increased
as the flow stagnated on the bottom of the model, Figure 7-9 shows the effect on the
upw ash of the models used i the force experiments at the exit plane for a lower height
above ground (/D = 3) and a closee noszle spacing (8/D =), In this case the models
altered the flow properties of the upwash by producing Jowered static and total pres-
sures,  The greater the body area, the oreater the etfeet, althougn it was not large
for anv cases, This effect does not appear to alter the ceneral behavior of the flow

but a correction tor {ts eftects on the general pressure Iovel may be needed,

Eftect of Adding a Thind Jet

To determine the influence of a thivd jet on the properties of the upwash
formed between two jets, probe survevs were talen across one of the upw ash flows
with and without the thind jet in operation,  The primary jet palr was spaced at S/D =
f. The thivd jet was located at either 57D =3, 86 and 87D = 3. 69 with respect to the
other two jets (1,3 and 5.3) with respect to the Iine connectings the first two jet contet-

lnes (see sheteh on Fusine 7-10 and 7=,

The nrpigement ceomety e illustrated in Dieure 7-10, which shows meaysue -
ments for the closcost spactne of the thicd el The maximam dynanie pressute in the

fountain flow s quite cluse to the predieted fountain location,  MNote that the maximum
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dynaniic pressure in the upwash formed between the primary jets is lowered 107 by
the presence of the third jet, even at points that are far from the fountain region. The
direct influence of the fountain presence appears to extend into the upwash about . 75D

from the predicted location,

Figure 7-11 shows a similar plot of maximum dynamic pressure with the third
jct located further from the primary paix, siowing that the influence of the third jet
on the primary upwash almost negligible., The direct fountain presence again appears
to extend 1,75D, For this case, probe surveys were taken at several heights above
ground to investigate the foumtain flow, Figure 7-12 shows 2 comparison of the
properties in the fountain with the properties on the centerline of a two jet upwash,
The inclmation of the location of maximum fountain dynamic pressure is illustrated in

Figure 7-13,
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8, JET INDUCED FORCES

Jet induced forces were obtained for two-jet configurations by using a strain
gauge Lalance for the simulated aircraft surfaces (full aireraft model of Figure 4-1
and fuselages of Figure 4-38). TFor the flat plate (Figure 4-10) the force was measured
with three separate strawn gauge beams. In ali cases, only the jet-induced forces were
measured, and the jet thrust was not metric. Jet thrust was calculated from tegrated
total pressi re profiles at the nozzle exit plane, including measurements through the

boundary layer.

Forces on Alreratt Modcl_

“he aircraft design used in this <tudy is shown in Figure 4~7. A series of
experiments with the basic auplane (Figure 8-1) showed interference force levels
becomung more negative as the jets were brought closer rogether, down to a nozzle
spacing to aiametcr (§/D) ratio of 2,8, Bcelow 2.8, down to 2,4 (the limit of our
apparatus) the force curves stayed essentially constant, The only hirt of any unusual
behavior was the slightly more positive than eapected force levels and the local posi-
tive deviation of the force curve for an S/D of 3.2 around a height of /D = 1,6,

(Thi< curnve is shown as a dashed lne in Figure 3-1 for clarity.)

Strakes were then attached to the lower surface of the fuselage ‘These strake
surfaces are shown in Digure 8-2. When strakes were added, a much mere comphicated
situation de.eloped. Ior awd in observing a.xl understanding the behavior, these data
are presented 1n a series of three graphs in IMigure 8-3. Figure 8-3(a) shows that be-
guming at moderately wide spacings (S/D =5 7) the interference forces ( A '/ 1‘) are
positine over the range of H/D mvestigated. As the jet spacing 15 decreased, the forces
become larger up to 4 spacing of §/D = 1, and then stay appreamately constant to 8/D
= 3.2, Pguie 8-3(0) {Larrying oever the curve for S/D = 3, 2) idicates that at a spacmg
of 571 = 3.1 the flow beeawe very unsteady for heights between approvimately H/D = 1,8
and 2000 The toree levels vared pver the range indieated i the shaded arvea of the fig-
wre. s the spaciny decreasced sull tinther, this unsteady behavior disappeared, but a
footon B these sa e 3718 oocnared where the force fell trom the 8/7h = 3,2 value to
a el lower vadng, bhe width (o H/7D values) of this region of lowered torees grew

74 -~ 7 e
wide o as 570 was decreased unti for spacings loss thaa 87D = 2,08 the higher foree
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region did not occur at all,  After thys point the general force level aghan showed a
shpght mcréase with closer spacings down to /D = 2, 4. Vor these close spacings
another much smaller unsteady transition arca occurred near a height of H/D =5,
This was a transition between the forces with strakes and the lower foree levels

(negntive) without strakes,

The changes in gencerai level and shape of these interference forces with
strihes were found to be a property of the upwash flow itself, rather than its inierac-
tion with the aircraft, as noted in Section 7.

The abeve experiments were conducted with one specific aiveraft design,
Larlier work indicated that details of the body geometry could strongly afiect the in-
tertference torces also (Reference 6), An example of this is the effect ¢, the fuselage
corner radius. Making the fusclage corner radius sharper produces positive inter-

ference forcees.

To conduct o systematic investigation of the cffects of body geometry we used

a series of simphfied bodies, as well as extens've measurements and modeling of the
basic jet,/upwash flows.

Mao-Dmen-wonal Body Torees

I'he tirst serwes of experiments mvolved eyvlindrical bodics (shown in Figure
=3y, <mudor to the aireratt fusclage in the previous sectisn, wath varyving lower sur-
fuce contour,
posttive torees m-growd-cefivct 1t was found that there was o ehange between attached
flon around the body and ~eparation af the lower commer as the comner radius was
chanved,  Plow vicualization photos using tufts show this behivior cleaily (Figure 8-1),
The swatch between attached and separated flow was fournd at a corner radius to body

width (1/) of 0,183, At this 1adius both flows could exist, and could be switched by
distm bunees of the flow,

Ihe ettect of comer 1 dus on the interference torces 15 shown i Uigure 8-3,
Begirrmz pom a shap corner which results ina laree pos:tive inter terence force,
the [orce decredses as the cornet radius s merezsed, When the flow switehes from
sepdtatton it the cormers to attadched fow (1’/“ -0, 183), the toice jumps upanmnd fo o
lareer value,  Puarther aevease in the radius resulis in a return to the frend of de-
creasieg totee with inorcasing 1adias,

In addition to confirming that o fuselage-tvpe surface can experience large
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The occurrence of a larger upward force (body "drag' in the upwash flow) for
attached flow than for separated flow 1s understandable with reference to the pressure
distrbutions of Figure §~6, The pressures on the lower surface and the upper surface
are affected by the change from separated to attached flow, The pressure on the upper
surface {8 very near ambient when the flow is separated. When the flow is attached
the upwash above th~ body acts as an ejector and produces a larger negative pressure
which, tn this particular case, is a positive interference, or lift, The pressure
distributions of Figure 8~6 also show the reason for the sensitivity of the forces to the
body geometry. The integrated pressures (forces) involve two areas on the bottom
surface, one positive, one negatine, The vesulting force 1s therefore the small differ-

eace between two large numbers, and very sensitive to shifts in the curve,

Another study area was the cffect of the strake depth on interfercence ferces,
Figurc 8-7 shows a continuing increase i upwards forces with increased depth, The
curne for r = 9, no strakes is a reference line, This was the curve of greatest inter-
ference force in Tigure 8-53, Note that aisn a bady with a corier radius and filted with
strakes which are level with the fuselage bottom section produces a higher interfer-

ence force than the fint bottomed body,

With .t strake depth of /D = 0,125 a series of experiments was conducted
with three different bodv widths, W/ = 0,5, 1,0, and 1,35, Results of this series ave
shown in Pigure §-8, A progression of higher forces with greater body width is seen.
bur the thinnest body does not have as fast u drop off of force with height above ground
as feund for the other two, All thiee of these bodies are enveloped by thie upwash for

values of 11/D down to 1.

Ixtending thus imvesnigation to other classes of bodies; 2 lower fineness
ratio (L/D =2, 2 vice 16 for the fusclage type body) rectangular body was tested with
and wathout stranes (Igure i-9). Nozzle spacings vetween 2,4 and {1, 0 result in nozzlos
contained within the phanform,

Interference torees on these bodics with stritkes (Figure 8-9) have much
Lireer negetive values than those for the meceding cases,  This 1esults bhecause of the
laracy area tor the Tower suifiace pressures to affect. We found no significant etfect
of the corner radius or the upper surtace corner geometry tor tnhis body, ‘The addition

of strakts agaia produced o large positive mcrement 1 forees, and a rogmon of
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unsteady flow devealoped for S/D = 3, 0 and height above ground between S/D of 1,5 and
2,5 (Figure 8-9).

A survey of the effects of strake heignt ¢ nd =*rake spucing were conducted at
a nozzle spacing (S/D) of 4,0 (Figures 8-10, €-11). Variation of the strake spacing pro-
duced some changes in the force curves, with an optimum at some intermediate
spacing. In all car 2s significant positive forces resulted. The positive force incre-
ment due to the strakes (Figure 8-10) increascd with Increusing strake height up to

about /D =,25, Doubling, of that value produced very little change.

Also examined briefly was the flow with a very large plate at the noizle exit
plane, using a square plate 12D x 12D, with @ nozzle spacing of S/D ~ 4,0, Large neg-
ative forces were found without strakes, but for this "vehicle' the large positive force
meremerts with strakes did not occur (Figure 8-12), I fact, for some values of 1/D

the strakes resulted in more negative forces,
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9. THE DEVEILOPMENT OF A THEORETICAL MORLI,

The problem of single vertical axially symmetric jet impingement has been
studied both experimentally and theoretically by muny imvestigators. A survey of
some of the pertinent lHterature can be found {n Ref, 9 with a sheteh of the basic flow
shown in Fig, 9-1, Downstream of the nozzle there is a veloeily decay region due to
turbulent mixing followed by a stagnation region on the grouxt plane and deflection
paralicl to the ground plane until the pressure returns to mnbient. At that point the
velogity is a maximum, Turbulent mixing will then govem the behavior of the radial

wall jet,

The impingement vegion has been treated theoretically for an inviscid irro- .
tational or uniform incudent profile (v.g., Ref, 10, 11, 12), An analjtic inviscid solu-
tion (i.e., Euler Eqgs.) was generated for the impingement region due to a rotational er

fully developed meslent profile in Ref, 13, More recently, numerical solutions have

i been genevated for the 1otational my iscic mmpingement problem using a frozen vertic-

iy concept {(Ref. 1ty, These approaches, altheugh theoretically sound, have deficien-

cies when compared to experimental data even when coupled with a boundary layver

1 aalvsrs, For example, om invaseid solution of the impingement region will yield :
wail jet growth that is smyversely proportional to the 1adial distance from the stagnation
pauat and o masamum veloodty along the wall equal to the muximum yvelocity of the -
cident profile,  Thas behavior 1s never quite achteved 1n the phystceal flow, No ade -
quate theoretical analhvsas 1s available that couples the jot deeay, impimgement region,

and resultaat tarbwdent wall jet,

In the present study senu-emphiical models are formulated for each veyion
and coupled topether to stmulate the physical flew,  Momentum is consenned and the

cemprriet iput to each region is well defined and capable of experimental verndedtion,

The establishment of a vertical et Immingement model 1s the basis tor the be-
Huviot of two jets tmpangine on @ ground plane, .\ sketeh ot the flow problem s shown
1 bwne 9-2, e 9=-2{) <hows the vartieal nl e contipimg the et stytnation points
and the pround plhme,  ach ot bmprges oa the growd plane md detleets ta form well
wis,  Ihe wall jets thon mteract and form an upwadsh detlection zone wherve the wail
jets cothide nd ne tuocd epward leaving the round plane, The stagmation e dies

on the gronnd in the vertical plane of symmetiy hetween the two tmpanging jets, The

('__1




maxtnum upwash stagmation pressure occurs at the midpoint of the line connecting

the two jct stagnation points on the ground, The ground pressure then drops oif with
lateral distance along the stagnation line, Figure 9-2(b) shows the radial streamline
pattern that has been observed (Ref. 3) both in the ground plane and in the verti-
cal plane of syvmmetry between the two jets. This flow situation enly exists when
the jets are spaced far enougrh apart so that the jet impingement zone dees not

interact or has a negligible effect on the upwash deflection zone.

Figure 9-3 shows it sketeh of the fiow pattern when the jets huve a spacing
sach that the jer impingement pressure recovery is not achieved before the uymash
deflection occurs,  In this situation, some of the wall jet streamlines imteract with the
upwash deflection sone so that ambient pressure is not achieved along the entire up-
wash deflection ine,  !Nence, a boundary of mimmimum pressure occurs between the
jet Impingement and upnw ash detiection zones (Figure 9-3),  Tlos boundary s a resalt
of the matehing of the pressurves 1n these two remons,

In general, the ftow in the upwash sheet behaves as a free shear flow in thot
it exhibits §vpieal turbulent nusng behasvior tor the decay of total pressure and veloece-
v, Pomute $=1 shows o shetoh based upon emplrical obsematiens ot what may hapypen
when the tvwo jets are sesy close o1 just prior to coalescence to o mereed ot with ro
upsas b flow,  Upavash fiow does not exist in the veriical plime containgng the ot sta-
nition ponts but dees occar Loterally,  Toe stieamlines are diverted about ¢ rone of

A0 mondash flow near the center of the upwash sheet,

It ts the mntent of this study to model the behavior of two closely spaced jets
intesiacting to torm an apwash sheet,  Pew imvestigators have attempted to sfudy this
problem in uy detaal (Ref, 3, 1, 5, 10 and 17) and tittle was knowa about the behavior

ot elhvely spaced pets prior to this studv,

Althougn ~ome results {or the two et mmpingenient problem have beon ob-
tamed by jaeaer feal mte i ation of the Naviwer -Stokes eepuatione, (hei, 19, this tvpe |
wrroach cortamiv 1~ ne aopeacteat aporoach at the curtent tome, Turbulepee mole;~
s chiat e in loneth secte s, and boand oy condhittors, aaanie fTom compuiational e,
SGost o doreidahie Case an obtarnng valid solutions of e Navier Slekes s 1
tion~. O\ uen st semnr-espiniead conpanent modeling aptro e s ke

s descrioed elog
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Jet Impingement Models -

® Free jet decay
¢ Impingement or deflection
e Wall jet
Each of these finite regions are further subdivided into minor regions where
the flow transitions from inviscid to turbulent behavior, For simplicity, a power
function of the form,
3
foy) - (1 - nn)’
is used to simulate both pressure and s clocity behavior, This functional ferm was
first used Ly Abramsvich (Ref, 13) for shear layers.

9,1 Free Jet Decay dModel

Figute 9-5 shows a sheteh of the basie jet decay madel, suldivided into threc

resLons:

potentlal core
t1ansition

® fully turbulent

[

The half veJooity boundary growth in each regfon can be determined larpely
from experimental deta, The model ossumes a simple linear boundury growth in each

1epion,
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The constants governing the half velocity boundary growth in the transition

and fully developed regions have been determined empirically, In addition, {he

potential core length and fully developed simuilarity exponent of the velocity profile

must be specified,

The growth constant of the half-velocity boundary in the potential core

reirionis determined by matehing the boundaries at the end of the potentiul core.

(o, - 1)

J‘.Z
T Tra M
ll .l)‘: rN (.)

In addition, a lincar decay in poteutial core radius, T s assumed, or

ool
b Vé
J pu

Turther, the paraneter ZJI‘U is deiermined by nr tching the boundaries
between the transition and fully developed vegions,

b
I'D e
r (1 -

-

N dJ, J

7

The static pressure an the jet av the norssle et 14 assumed to be ambient,

‘ 3

The momentum cquation can then be wiitten as,

L
\l' = :p\i\ r—\ = p ’ ’ Virdide = CONSTANI (9-1)
o it
let N1, /Y !

e, 9-1 then reduces to:

1<

\
'

i) '_'>
B NARY 9=

I
vhere . 2 ) (8-3)
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CSV is an integral of the profile function, In the fully developed region
J

this integral is assumed to be a constant,

The general form of the velocity profile is chosen as, (after KRef. 18),

a 2
v { FRESTR YRR
v sfm=gto\q \ ©9-4)
m 1 KATS )
r,
where N,w=T"
JC bJ
Substituting into eq, 9-3 and integrating, yiclds .
2
.., :
J( UL 4 3 } 1
¢ ( , O = T l1-n - - : -
sv e P T ) V2 e 2 el T3z ey
\ 1 t 1 1 (
+7 (1 -q ) 1 - '+ - — - ! _r
o Je ) aj 1 2a -1 .mJ 1 da o+ 1y (8-3)

which s 2@ general expression for CS\'I inteyprral as a function of potentiui core
&

tadins and velocerty e-onent @)

The ratio of half velocity width t jet width can be determined from (9-1) as,

1
N | 0 e >“J (9-6)
R - — ¢ - ———
J nJ e ”JC 2
9.1, 1 Potential Core and Transition Region - The momentum eguation 8-2, given that
\-n \'N, reduces to
> bt
’“(r' , ) t -
Ryt ofy (’m \ e | (9-7)
Tt N 7 “ [§]
2 N / S\ 3 JUTI
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Thus, given n and the half velocity boundary b

JC JH?
(7) yields the cxponent a g governing the velocity profile 1n the potentiat core region,

the solution of equaticn

The exponent ape is known at Z = ch. The fully developed exponent

oypp 18 nlso given empirically for Z 2 Zrpe

Thus, the velocity exponent: o must vary accordingly in this region, By
presertbing the condition that the jet half radius (bl) must vary continuously from
the end of the potential core region to its known value in the fully developed region,

can be computed as

In (i:)—‘z) (9-8)

J1 ln(l)']“/l\J),l

the transition exponent v JT

Q

Thus, the momention equation (9-7), given T30 " 0, can be used to determine
the masamum velocity :

Rytapp) Cov )
mo 1 4 (9-9)
\ T2 oo/

N * ETT

9.1, 2 Pully Developed Regron - In this region stmialarity of the ¢t profile is

assumed (("HFD = 1, 3) and, thus, the ratio of half velocity width to jet radius
and the sinulanty integral are constauts, The velocity, as determined from
equation (9-9), decays imvcrsely proportional to the half width or 7,

Flieure 9-6 shows a typical resudt for maxinuwn veloeity decay and

bounduary grovth in the fiee jet compared with some test data from Ref. 19,

9,2 Jer Detlection Reeaon

Pigure 9-7 shows o <ketch of the scaling purameters for the jet impinpement
problem, At <ome heicht, Ay, the mcrdent jet "feels™ the effect of the ground plane
and the conterhine veloeity decreases and hinally stapnates ot the yound,  The jet
mixing s inmbited somow ot in the deceleration 1epien, although £ steimation
pressure is observed to o lover then the totid pressure of the jou 2t the ground
citedt herght A ). due to tne effcets of mrang i the decelerator tegion, ‘The
mpmeement half veloaity radias and half width wiil 1 wsed to fuither scale the

wall jef recions,
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The grouad effect height has been determined experimentally and is given
from reference 11 as,

— =1.2 for E‘L<(i.8
N N
faX
J b\ h
~= = 0,153 (I+ —) for — >6.8
dy dy dy

The stagnation pressure {s also given in reference 11 as,
D \' 2
p ’ v
A J N

where ’ /
1€ Tb (1 001 - .0u3 —"—) for LN < 5.5

N

1.35 - U, 0606

2
, \/\

> tor 5.5 = - <10.0

and v

w T 37 h

. = s for -— >10,0

\ ! :
(().()7 .2 d;\

d:\ |

The jet mpmgement radu are determined from the jet decay model. The
mpingement or deflection radius on the ground, L is defined to be the location

where the pressure in the ground plane reaches ambient conditions,

9.2.1 Ground Pressure Distribation. -The empirical input data requirements are.

iy A P:.‘ r.. The ground pressure recovery function 1s assumed to be of the form.
o] i
AP g (9-10)
= - o
-31’3 fg;(n) <1 \11\\) >
whete G\ = L
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A momentum balance is performed with the integral of the ground pressure

equal to the momentum or thrust of the incident jet,

M Yo  n/2
T = ( f AP rdrdg
-0 v
2 2
1'0 \;" (1
or 1 —-\ — f (..M., dn
r V WM /
N/ n/ Jo B W
1
Let C (v ) -
’ SPg g ,(0 LR IREN
where C_ _ (a )= o1 3 - 4 4 1
SPg ¢ 2 [ I a ¢ 1 Ja + 2 fa « 2
8 £ 8 g
N 1
LSP'A(O;Z)i 2 L2
(r 0 ( Ve (9-11)
S ARNN

This equation vields the cxponent a . of the pressure recovery function that

satisfies the momentum condrtion.

The deflection radius r1s cs3timated empr cocally and 1in nondimensional

form
v
) h
20 m —— 8.6 fa 1.2 = T =300
:
Jih “N
z'” h
l—‘—' 3.6 for i_ ~ 3.0
Jil N

igure 9-3 shows the kind of cor: i ~tion achieved fox {he prescure
distiibution on the ground from this simple proce re. Lnfortunately, the degree
of succeess lareehy depends upon the chosen form or the pressure tunction,

cagaation 9-10,
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9,2,2 Wall Jet Transition Model, - The wall jet transition model con.icts of thiee

subregions:

i) Inviscid deflection region where the effects of viscosity are assumed to
be negligible except in a region close to the wall and near the edge of the
deflected flow, In this region, the inner boundary layer is established as

governed by axially symmetric stagnation flow,

fi) Transition region where the effects of viscosity are beginnng to
domin:ite and the inner boundary layer and outer shear flow transiticns to
the fully de'eloped turbulent wall jet,

ift)  Fully developed flow where the effects of turbulent viscosity dominate
and the static messure through the wall 1ayer is considercd ambient, or

fully recovered, In this region, the nearly similar wall jet develons,

The inviscid deflection region 1s assumed to cceur v der the half veloci.y
widih (1‘1”1) of the 1ncident jet profile, The pressurc distributior on the giround was
determuned 1n a previous section as

G

L= > Yoz A’.) [ - (r'\
al - af:(n\\’ 5 L t m\\) ]

The maximum velocily in this region can be predicted adequately from

Dernouliy's equation us,

A r
M T j 0 A
—_ = - ; where = e ‘
\ PR ere M - (9-12)
i ¢

The itial beundany layer thickness § , the stagnation point is assumaed

te pe both a function of noszsle hewght above ground and of Reynolds number. (Ref, 20).

o

o b assumed to be determired empiricallv. Lhe determinagtion of the maxanium
vilocity varnation is the only requirenent of this region simce the masimung total

pressuto is assumed constint,

A omodel must e cstablisned that matches the imvisend oo nmum vaelocity ot
{ne ond ot the tvisaid tewron and tronsttiops 1o a dly tarbulent «all get,  froure 4=-9
chonve o sketch of the wall jet transition boundary grovth mode . The model consists
of two Layers, The mpcr boundary Layer tlow and ower shewr, Pre fdly de cloped

ta havior of the botund niy Laver and baliveloam width i« accumed to re

4-3
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For sumplicity,

p

S and ﬁbL = 1,

The form of the boundary layer growth arises from experim. ntal observavion

(Itef, 20), The thickuess of the boundary layer appears to be relatively constant in

the vicinity of the stagnation point or in the inviscrd deflection region,

The houndary

layer grows relatively slowly until pressure recovery takes pluce aad then the

boundary layer grows with radial distance from the stagration point,

This delay in

boundary laver growth is the reason for the choice of the above function which

precludes the estabhishment ot complete sinnlarity 1in the wall jet profile

a2

The emynrical costants for the fully developed wall layer grovth are

approximately, (Ref. 29)

H e

W .09

ct

bL

~

L0175

to

Thus, th> limit of the ratio of the boundary layer bawyht to the haif veloetty

pomnt an the siear v er s,

Lim
r-»00

. 8bi

6u " o M

WH

This vaiuc s n agreement with other investigators (Ref. 21y,

Ihe more ambiruous value of ng in the mt can be computed from,

Ce

(=) -

[

- gYnl

where

aWFEFd =

- s a e emea < v Y St
. - N -  ads el L LN 7 e
R -4 . ':w o~ ’ - .:‘_' bt \‘ 1 v. X -‘:-  TaalE ,:.' Y
S e S S, e s et e o R A e
I
b, ., P
Wi r (8-13)
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which is slightiy smaller than the often gquoted value of /9 aid may be the

result of the timte torm of the chosen profile,

9,2,3 Veloolty and Statte Pressare Proflles, - Figure 9-10 shows a sketeh of the

two Laver nmodel chosen o vepresent the veloeity and statle pressure profiles {n the
developing wall laver, The smuer boundary Ly er veloelty profile is approximated

by the well ksiown turbulent power law,

1
N
(v, 7 Ve
-\\-_(.-L{LTL - (l—c—) where & = -
m ! \(» W
(9-14)
8 &
! hi, . hi,
and ‘\S r“‘ for O & =~ T—
e Py W

The #fatic pressure seross the boundary Iyer s assumed ecnstant, or

At )

AP (i}
m

Fhee outer shear Liver profiles aie approximiated by the tunctions,

i i
O 1
v - W
and Abu, (‘ Ne i
_\l‘mu) ] 1 - l\‘\

i'he tatio of the halt veloerty hetght to the wall laver helght ¢an be

determined ty, '

0

TN - W
[ e =N
R = N, =i ) (4-10)
W h R [
\

9 oo b Radeal Momaontum Blas Bguion, - Phe sovering equatien tor the flow in the

G et s toemutated as oradnad momenitum oy cguation

v iavisoud Tow solatton of the exact rctional equaeons (Rete 1) it em

Le shewn, trom the tar tie b cnahvbead solution, that the mamnuoe of the momnentam

g-11




flux in any wall jet sector summed over 2 7 1s exactly equal to the thrust of the inci-
dent jet. This is the basic princinle used to construet the following equation where
a pressure term his been added to account for the static pressure varation in the

deflection region,

M rbw ,
h ¢ —— S e 7Y TAYE R VA 9-17
Mo T I Tgegs™ JU {aVvTte, 2y 0 ar(e, W} rdz (9-17)

The ubove equation applies both to the transition region and fully developed
wall jet. In the transation region, a static pressure vanuation exists in the wall layer
due to the streamline deflection and hencee the pressure term on the RHS of this
cquation,  Because of the sticamline deflection, the momentum flux in the rwadial .
dirceetion does not achleye its consfant optimuwm value until pressure recoveiry occurs.,

The function IM( Y on the LHS reflects the change of ridial momentum in the

\\')
deflection region,

Henee, the behavior of this function must be such that,

m o
l“(

and 1“(1') 1 tor 1 > rU

The second tunction 1

i on the LIS of this equation s a term 1eflecting

Vis
the Tosses 1n momentam duae to sk fitction or shear al {pe wall, This term becomes
inportant at lnree distanees trom the stagration point,  Its behavior can be approxi-

mated n,
1

t tr ~ — e
IR o wheire a 1

(Tixt) Vi

A

S

Io poaametrie torm the radial vonentum fTax eq. (9-17) can be turther

eapressed s,

N - N 4=1%)



The integrals of the velocity squared and pressure profile functions vary
with radial distance, or

1
N ) < « C; N ’ " S
Cowvt? J‘U Fyl b Ny oy Y&

1
v - = Al r -
LS\\,I)(I) Jo Fl,(g, 1\6, aw) de

) Integration of the profile functions, 9-11 und 9-15 yield,
. g o f =D -
(S\\'\'“) : (2 ) N) l\b t (1 l\‘,’)l(ow)
(9-19)

) S - y )
Cgy plP = By * (L= N Ier )

where

In these equations @ and kg are functions of r.

The monmientum flux equation can then be rewritten as,

>

NN /—\/ l)\‘ o\ \'m ) 1 by _l n )¢ {
- 1M + . -~

s et (R nall N ( Cswyv T3 (-'_ g W swD
MWV IS Ry, ) \n‘\ AN AN 2\ \

N
{(9-2u)
As mentioned nreviousty, the radial momentuam funcuon f\} l‘r\\) 1s relate 1 to

the pressute teeovery n the deflection repron,  The approximation is now introducced

fnat the radoal meiacrtum Tay 15 related to the pressure reeovery function 1o by,
"

] 1 -1 .
tMH)“ i |.(n“l { 1)



The behavior of this functlon is such that when pressurce recovery occurs at
the wall all of the streamlines ir the layer ave assumed parallel to the wall,

The maximum velocity at the start of the wall jet at r = Y Hi is given by the
Inviscid Bernoulli equation,

9

2
’ - ; - r HETS
v m v 4 JH (
—_— = | — (L-f M Nwnere - —
\ A V g

1 r
y 0
INV N

The Initinl boundary layer thickness § S is nssumed censtant throughouw the
imiscid region,

The initial herght of the wall Layer is estimated to be the ground
cffect heweht a 3¢ Thus, Kb has an initial value given by,

a ro-r
& ._\, t Jih

Given the musceid starting maximum yveloceity, the mornentum flux equation
cin e sohved for the mmtinl half  clocity width b

wiiy of the profile as

b [ YR (o )
W 1 ‘\\ Wi
1 ) )
\ 2o /o - v\
Gt \ M \ . 1 - \ . ’
—_— —_— ¢y (¢ V- - t (p Y Glao o
N / N SwWy oWy 8 N ~W \'.'1\
INA
(9-23)
W h(‘l(‘ ! RN
. _ot and l\ o Yool
ai MVIS din
(o
The veloeity profile exprossion also vields,
|
G )
. ,—,\ W (921
- =N o
L vV e [
Wih Wi o8 0O 2 / }
Grven st values oy .’\6 Wyt 8. T < \l <15, .mr!(/_\ ,“) s the above
\
\ n b
WO ceuations e e the tao unbnowns h‘\ " andd i The solution ot wgs, 923 and 9-24
vredds the it d st aung pronle tor the vall Laver,
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_ Figure 9-11 shows a comparison between the initial profile predicted by this
method und the exact solution for an inviscid rotaticnul fully developed impinging jet
at some distance beyond the deflection region as given in Ref, 11, This simple pro-

cedure vields an inviscid starting profile not unhike that of the exact inviscid solution,

To compute the maximum velocity vartation and voundary along the wall, o
fully developed value of the exporent ¢ w must bc presceribed.  This value {s chosen
to be @il
also be prescribed throughout the wall layer and has experimentul values ranging from

= 1.5 ufter Abrumovich (Rel, 18). 7The turbulent wall exponent N must

The value of 7 15 chosen to he the tully developed vialue af the end of the Impingement

tegion, The variation of the exponent a

w throughout the deflection region has to he

prescribed with the boundary values siven by,

w -~ o at r =y
Wi i

Jh

Q O it or .
I'D t 2 Yo

Due to a lack of enmipirtcal or theoretical evidence m regard to the behavior of the ymo-
file in tne deflection repaor, o4 simple hinear vanration of the exponent was as<wmed,

The half veloaity height 1s determined for the inttral profile ond its behovior
at the end of the deflewt.on region 1s also known,  Hence, the half velocity behavion

assumes a simple hineay varration matehed to the fuliv developed heirht ot the end of

the deflection region,
The maximun veloeity 1a the deflection region can then be computed as,

> ] )

\ Bl - G it (e} s\
m 1 \ i) o\ MA IS 1 i -
I n l T K_\l) LMW s (=231
NSEEREN R Ll ( _l\_w_> - N )
i - k t I
N N
Y < <
for tpp =Ty
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In the fully developed wall layer, this expression reduces to,

l/: M
v { r i
m i Ry favs™ (9-26)
T- - 0 foy r > 1'0
N S ( e[ W
'\) N

Fiquie 9-12 shows a typical numerical result for the boundary iayer thick-
ness, as & ratro with respect to both the wall half-velocity thickness and layer height,
Firure 9-13 shows a typleal varintion of the wall et profile as a function of radial dis-
fance, The saiation is 1elatively msignificant and becomes very nearly simitar as
the vadial distance Increases,  Figure 9-11 shows a typieal overall result from the
wall jet transttion model i ternis of laver thicknesses, greund pressure, and mayi-
mum velocity along the wall,  Praure 9-15 shows a comparison with the dotn of ref, 20
of the maarnmium selocty varlation for different nossle heights,  Generally good agiee-
ment i acherved, In comearison, the level of maximum invisad ground veloeity

At each noszsle height s also marked oft,

9,3 Thwo=TJet Interaction Moddd

Tigure 8-.6 - hows a sheteh ot the qround plane coordinate systems for the

tuo et Dupinrement tcraction problem,  The jets stagnate on the ground, deflect in-
to tadial wall jets and eollide along thaeir plane ot symmetry.  The jormation of an
upt s shagiation cone as a result ot the upward dedTection of the wall jet ilow.
he poant Su. on the hine joimimy the jel conters, s the only true stagnation
poimt woere e Tow comes 1o rest and detlecets verticatlyv, At pomts ottt o1 the
center . (e fow s detiecied at an oanale such that the pressuec is representative
ot (he staetation of the normal component ot the masumum vall qet veloaiiv ., “ihe
tlow contimues radiddyv atter detlection mito the apuwaste <heet s bas been ob-

Seryed e petnnetaly

o U Moantndim Preossate histeibution aloeng the Upvashe Stacoation e, lo

sttt e upw s soagnation boae s roaned proessure dustithution the normad

Velw iy gl cae ~Treeaiion e cust be conmputea
(v1-10)
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The nressure is then, simply,

12 L2 2
) s - o\ = =\ . _9
St w2 o NORM 2 m mw C%° 9y 0-27)
ap Vo” -

or umyg niw , Yaw \ 1 1

Ap "\ v cosey T \ 2
J N N { X\~ l

i

L) J

Figure 9-17 shows some typical cesults compared with test data, for the
maximum stagmation polut pressure on the ground (as computed from the wall jet
transition model) as a function of jet spacing,  Farrly good agreement Is achieved
down to u jet spactag of two diameters as a result of the transitton model, For
comparison, the full developed wall jet decay is extrapolated back and vields much

gher pressures thin the test data indicate,

In cenerddl, the waill jet transttion model must be used to compute the
naximum veloerty along the stagnation hne {or close jet spaaing,  Yor ajet spacng,
N ';l, Lirge enough such that the wall jet 1s fully developed and the et deflection
regions do not iteract with the upwash deflection zone, o stmple expression can e

dernved to prodhet the waximum pressures along the stagnafion hoe,

Under these conditions, the wall jet mwimuam velocity can be witlten as,

\ - a
(_m\\) Win

N N ENEAN
('\ )
whete R H\\ "\ is
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Thus, .
{ 1t a )
al ump ]Wl'l) [cosy |( VIS
> - ] -
A]J S‘) (21 a\'ls) u
or T ~
N whereavis= , 24
D> a e
umg WI'D 1 (9-29)
AL i .2 ) -
& s, Svis L, s
= 2\ 2 )
ry - g\_

If this expression 1s further nondimensionahzed by the stagnauon point

. pressure at x = 0, AD
Wiy B 1
Nt N=uro G =
ump,( ) VIS (0-30)
2o \" T2
S
[ 4
o1, sinee S, ¥ N,
Tz Ap
wey !
) { () ! 3

‘ AP ey W ‘ \'Ib\) (9-31)

Y
9 (" )
/N \

! I
S

icire 9-1s shows the computed resuits 1in comparison with test data for

several jet spacings,  The above ¢ sressions cor-espond to the larger jet spacings,

Lor the closer et spaeings, cquation (9-27) 1 modifled shightly to account for the

~tatic pressure varation in the deflection 1exion, or,

Sb v ,
SLUATS Pt i / mi cosvg
YL ey s \ v Y (9-2)
S) \
where A
ws T T
U

Yo, Tw~2>1, the above exproes<ion teduces to the ongmal cquatinn
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The correlation is very good for spacings above 3.5. For closer jet

spacings, the model yields shghtly higher pressures along the stagnation line.

9.3.2 Model of Upwash Deflection Zone Without Jet Deflection Zone Interaction, -

In this section, u model for the ground pressure distribution of the upwash deflection .

zone is developed for the problem of large jet spacings, When the jet spacing is

large enough, such tlat the jets deflect into radial wall jets prior to interaction, an

upwash dellection zone of high pressures develop, Thir zone is demarcored by a line

of ambient pressures, External to this line ambient pressures exist in the wall jet

and internal to this line (y<v‘ y the wall jet begins te deflect upward and, hence,
“u

develops the upwash deflection zone,

Tue ground pressures in the upwuash deflection zone exert a force on the

ground plune equal to the normal momentum of the entire upwash sheet, The normal

monentam of the upwash sheet, aussunung a radial streamline pattern emanating from

the jet stagnation point, can be computed simply as

fou cne quadrant ot the amvash sheet,

— cosy de -
u u

In this expression, the momentum of the inci~

dent jet is divided e enly per umt radian mto the wall jet and finally into the upwash

sheet, The normal mementum of the cntive upwash sheet 1s then equal to 2V

=g

o1, roughlhv, 61, of the momentum ot one of the jets,

Iquating the norn i1 momentum of the upwash sheet to the upwash zene pressure

distiibution, vields the tollowing expression:
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Relating this expression to the cylindrical ground coordinate system of an

incident jet (see fig, 9-16), and noting that

x =S 1an
9 <Pu

WA
dx = 8 sec ¢ de
2 u u

the above expression becomes,

Y| ueo /2 , -
2 9-3f
- =8, ( J A}’urbh:c qoudq/ud)' ( )
ir 2 J b
0 U
)
S, uo 5/ ap .,
or, 2 Ly’ 4 | )
| ——RAI’ sec o de dy
. 0 0 SJ / v
hY

To develop this expression turther, a pressure function must be assumed

across~ the upwish zone at any location X or angle @u,

AP AP .
K ume 9-3°
o Ta ' (©=3")
A . iy
S) SJ
0
. uy } \
\ - ) and p . e———r
where ty, ) -t ] ug v (v )
1 ua 38 u( u
The expression tora Pumu Jdlong the stacmation hine was developed previously,

Subst:tuting all this into eq. (9-33), and noting that

vy, =2

dv v e dn , Mivlds,
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1 .
let C = f fin Ydn be the profile integral for the ground pressure
sug o ug ug
distribution,
Now,
N 2 2 ’ )
S\ wrp Csug v/ rag) (9,
o (2+a ) [coswul r dwu (9-38)
'Nos T T o N
l\r,\'

An hypothests about the behavior of the upwash zonc must now be intro-

duced mmto ¢q. (9-38). as,

‘ ( S (9-39)
‘y r
\u(" l:) _ " N
1'h c05<,iu

This expression says that the upwash zone becomes infinite 1 width and
the radial distance to the stamation lme also becomes infinite as ¢u—~ w2,
Hence, the mass m the wall jet also approaches infinity, At the same
time, the stagnation lme pressare approaches zero, Substituting, cq.

(9-39) into the integral expreezion eqe (9-38) yiclds a finite integral,

=2 {1 -a )
: ’ VIS 9-10
[(:()Sg'ul L A ( )

W l)L u( suy J

()
'\ - s

0

To dernve & simple expression tor the upwash zone, using eq, (9-10, and

makange the furtaer assumption that there are nc momentum losses in the wall jet, or
Ty = o

the tollovwmg expression ¢ e used {0 estimate the width of the upwash zone,

¢ a
g ! Sy W2 (9-11)
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. . . "
A . .

Thus, the initial upwash width is proportional to the jet spacing and depends
on the similarity constants for the velocity squared wall jet profile ard upwash ground
pressure profile as well as the slope of the wall jet half velocity growth, If it is
further assumed that the cxponentaug of the ground pressure profile is 1,5, an
estimate can be made of the initial width of the upwash zone,

Assuming a fully de-
veloped and nearly similar wail jet flow, or K =

= 32 = 1. 5.
5 L0962, .5, and
N=7,
= ,36
SWV
| Qo =299
= ,49431
W
sug = ,3156
Hence, CU?:'.MS and
y (¢) S,
————;‘ -~ (= (_o}, (9-42)
\ A !\/ buu

. s
For example, at a spacing /d\. 6, the entive width of the upwash deflec-
tion zone ulong the line connecting the jet stagnation points is approximately 2,4
norzzle diameters, A more realistic or representative boundary for the upwash de-

lection zone nught be the half pressure boundary which can be easily computed as,

()

Yaup o122 (5 )
r COSE r
u

N

(9-13)

9,3.3

Upwesh dMowentuin Models for Close - Jet Intevaction, - T further estimate

the behavinr of the uapwash zone on the ground and upwash sheet for closer jet spacings,

cnuoded for the behivior of the momentum in the upwash sheet nust be hypothesized,

A the et ave spaced eloser. their poundaries begin to merge, (nd a redistriba-
Lon o nosemown T v apweash sheet occars untld the jets coaldescee At this noant,
the apuash -heet eoases to evast hience. the normal or vertieal momentum in the

Upwastois no loneen \1) ana a moded st be provided
.
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Tte condition for no upwash flow, in the vertical plane of symmetry contain-
ing the jet stagnation points, 1s presumed to be the nozzle height above ground where

the jet boundaries touch at the ground effect height AJ. It 1s assumed that the

momerntum per unit angle in the upwash sheet has a parametric form:

M
J
.\Iu(tpu) = - fMu(cpu, h/dN, S/dN)

(9~44)

&7

Mu—"l. It 15 also assumed, that until the jets begin 0

coalesce, the momentum per unit angle in the upwash sheet 1s consered, or equal

In the limit as s/d—s0, |

to the jet momentum and for any guadrant of the upwash sheet,

M w2 M
ul f / Moo ) de = —2
1 Mad Yy T
-0
A function that satisfies all of the above conditions can be derived as,
9
f =a +2( -a)sin g 18-13)
Mu qu ( u) s (’ju !
where r (h'
T Y

¥ |
S
LSy

Thus, when the tmpinzement radius of the jet equals the half spacrag of
the two jets, the above equation yields a zero morentum flux along thre [ =0

“fre mline,

Frgure 9-19 snows the varat:on m f\lu mven by this model as o {uaction of
angle and the parameter d Thus. this model 1t wlcates that as the spacing gets
smeller or the nozzle hewght gets lnrger the momerntum 1n the upv ash shect is re-
distri ated away fiom the centerpoint between the two jets, The abo're cxpression
¢ m be further infest ated to vicld the normal momantumn t the upwash sheet as-

sume that the apwash streamiines remun approxin ately raaral,
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M M

(9-16)

<
z
o

i

2
u [au Y (- "u)]

The model then predicts that the normal momentuir in the entire upwash

-
3]

sheet decrecases from a value of 2 MJ to 4 MJ R

n 3 7

At nozzle heights where the jels begin to merge, or their boundaries hegin
to overlap, another model must be hypothesized. In this situation, it s assumed
that there is a region hetween the jets where ne upwash flow exists. It is no longer
assumed that the momentum in the entire upwash sheet equuls the momentum {n one

ot the jets, llence, for ry > S, a function of the following form is assumed:

A

—

J

M (¢ )
u u - T
s ('; - ¢ )

2( }  for
st ¢u qu “'l ¢ "(puO

u

“ul
and = 9 < ¢
AN¢ lu( (,ou) 0 for ¢0 < Yun

The valte ot 2 at v’u= 7 /2 has been held fixed and the angle ¢y denotes
o}

the angle af which upwash flow exists, This aagle is estimated from whatever hittle

cmpirteal evidaer ce that 1s avarlable as,

S, ,
2
a, =
r
J1
a
-1 c . W ¢ R
¢ =res (a) where “e¢ ~,30
ub ¢

and 1s 2 fuaction of the degree of overlap of the jet boundaries at the ground effect
height as reflected in the conlescence parameter uc. In tl.e himit, when

T, o>> 5,, the angle <, — /2. The normal, or vertical upwash momentum,

im eoeneral 1s

M N I R {3-47)
cemg | tsing - 2}
ul u

0
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Thus, the vertical momentum in the upwash sheet vanishes rapidly as the
jet boundaries overlap or as the jets coalesce as demonstrated in figure 9-19, This
behavior is a result of the diverting of momentum flux into streamlines that become
more parrallel to the ground, In the imit as «;, — /2, the amount of momentum
in the upwash streamline does not have any cffcctoon the vertical upwash momentum

because this streamline lies parallel to the ground.

Further improvement in these simple models entsiis further empirical study,
Unfortunately, it is extremely difficult, If not impossible, t5 measure the upwash
momentum, Hence, the best evidence for such models comes by way of :orrelation

between ground upwash pressures and total pressure in the upwash sheet,

9.3.-1 General Approach to the Prediction of Two - Jet Ground Pressure Distiibu~-

ticns for Close - Jet Spacing.- Figure 9-20 shows a schematic of the ground pressure

phenomena that occurs for clese jet spacing where the jet impingement and upwash
deflection zone interact. The upwash deflection zone now includes a portion where
the apwash pressures are cqual to the jet impingement zone pressures. Along this
portion of the upwash boundary the jet impingement pressures do not fully recover,
Hence, the impinging flow does not become entuiely paraliel to the ground before 1t

begins to deflect upward nnd stagnate In the upwash zone,

To estimate the behavior of such a flow, 1t is assumed that the jet impinge~
ment or deflection region is perturbed due to the closeness of the two jets, The

ambient pressure boundary 1s assumed to have the form:

rp(y) = 1‘0 - €{1 + cosy) (9-48)

The upwash boundarxy is assumed to keep the same form except for the

perturbation parameter o, or

ol 3, (9-19)
v (g ) =
u

u Cos@
u

Reiermng to figuie 9-20, it can be seen that vhie pressure at the mutual
boundary between the upwash zone and impinpement zone is obove ambient untal the
mtersection of the twe boundaries where the pressuce returns to ambient. The

et unpnuyrement vradius (o the upwash boundary 1s @miven by,

4-25



2 2
r @)= X ) (S2 R CRY (9-50)

The relationshin between the two angles ¢ and ¢ u is such that,

X(wu)
tan g = =————
'52-'\((%)
and X
tang - -—
u_ 8,

Hence, given, ¥u,

S tan
5 tan 2 t'I)u
L2 R 1Y A a—
S ~, @)
2 Juu
For a given € und ¢, the intersection of the two boundaries can be found

trom the solutior of the foliow ing equations:

Y 3y 9 B} 92
N7 Y+ I8, =y (@0 N7~ T+ 2a Altcoso ) r€(Lrcos )
(T 2 uug i\ O 0 0
.\(wu )
) -
tang  — ———————— (9-51)

“o -y (e )
- UO

[his gives the two angles o and o which completely define the intersection of

the two boundaries,

30401 et Deflection Rewmon, - To develop the analysis, it 1s assumed that t!

P I
mtert al of the pressuve in the jet impinpement sone s «tll equal to the jet thrust,

or
> ) rote ) s or ) _
“] j t / U {- j p (9-52
—_— . AP rdrde + AP rdrde
K 0 ¢ 1 o i

The presswre itenral s divided into oo parts, The fivse integral renre-

seits the preesuz e n the vegron of interaction bebween the two deflection zones where

9= 26



a miniimum pressure boundary exists.

AP (9) - AP (1)
I3 Jb £ [
_ r
Tw™ T {v)
8]

Substituting irfo eq. 9-52,

e (po n mm(w

e AP \ Jr J{ 2@ yn dn. d
2 Tas l 0 0 r, et ngng dnyde

(

T 1
JoJo
+ 0,90 Iy (w)fg (nw) n,,dn, de \

min ru(w)
Lot G ()-:f f (m) 1 whare o) -
mis ¥ 0 g( W My vbore nmm(\") rp(w)
1
and I = r fMm)In dn =C (o)
s JO £ w o w W oSy g

Then the above expressien reduces to, upon non dimensionalization,

v 2 \ ('00 T )
L)V e e, [ st

n v / } ]p ) "nn". g+ s ._D () de \

N { "o @,

where
. 4 3 1 )
‘r-_’_ﬂ +’f¢\. +1 Ju q,:+m +2
- B B s s

(9-53)
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u 42 200 +2 Ja +2 40 2
[ B

2 y
m an 8 &, 4n | n ¥
and G (‘{7) - min _ min + min _ min . min
min 2 a +2 a +1 3a +2 4 +2

Unfortunately, the first part of this integral does not lend itself to analy-
tical integration. Aside from its complexity, the implicit nature of ru( ¢ with re-

spect to Yu makes numerical integration a necessity.

The second integral in cq. 9-54 can be carried out and is equal to:

ir
2 3 2
f r (@)de=(r—¢ ) [r‘(r +2€) + - € -]
‘pO p 0 00 2
2

C
—2€{r +€)sing —— sin°}
r, ) ¢ 3 @

0 0

9,.4.-4. 2 Upwash Deflection Zone, - In the upwash deflection zone, the normal com-

ponent or vertical momentum 1n the upwash sheet is assumed given by the momentum

models deseribed m section 8, 3. J.

tence, for a quadrant of the upw.osh zone,

-/

“l/ J ”\u "
I SR AP sec i
n )2 , fo iubt(, (puupudy

This mtegral 1s also divided 1nto two parts, being

2
™

LAY Mu

7/
M r
L-Y;/i-s ;’ f SP scclw de dv+s f
oo u wou 2
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2
AP sceTg de dy
u v ou
o 0 @ v

0 (9-30)

In the interaction region of the upvash sone, the upwiash pressures are as-

sumed given by,
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and for (pu > 9’7“0 .

alug 4
>) = _
At u(wu) Apumg(('ou)[1 T ]
where n = Yy
u yu(wu)

Substituting into eq. (9.56),

Pu
Mu Z

n/2

2
5., C A > d
+b‘z(’sug f%o A I"umgsw “u %u

1
- Al - b
where C sug jn f(nu) (.nu

>

ume g
APJ ‘ wall(wu)

Now, letting

Fq. (9-39) becomes,

L2 Y 2
b‘; \ uo 1 vg
nosoe =) ), oo v L
u CoS (,"u \ / g

-1
7/
i l )
— ap ( do
' (\u'., ll,; 4 aall Pu 99
uo cos ¢
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! 1
b u? /X\'J
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[ A W 4:¢

=29
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(9-60)
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Unfortunately, these integrais also do not lend themselves to analytical
integration and must be numerically evaluated,

9.3.4.3 Overall Solution., - To obtain the solutton for the ground pressure patten for

a given spacing and nozzle height, the following two simultaneous equations are solved
iteratively for € and o,

FJ.(G,(r)—- -l =1_ =0
i d o
12 (9-61)

. P (e a) = A, -1 —1 =0
and lu.( ) Z 1u lu ¢

where IIl and IJ,, are the two integral expressions for the jet :mpingement
. 2

region and 1u1 und Iu“ corespond to the itegrals for the upwash zone,

The Newton {tevative scheme ¢oaststs of',

ar al
Loy ¢ uj Ji (
A€ -~ I (e ,o0)— -1 e —
D ? dy 0 (0) Ao u) o’ UO) do
(9-62)
. nre
and -2V (€ ,0) i Foole , ) T !
o o o= . N - | o 0
T Ny e T Tac g ot "ol e
o
N N
where D b N h
e Ao 5¢  oa

and the tunction and its partial devinatives are evaluated at the value €0, 0o which

may be an intial guess.  Farther iwerates ave defmed as

(9-63)
where o relaxation tactor 1 jp e be necessany fo soveed up convereence,
)
Proutes 9-21 aned 9-22 show a comparison with test data of the computed
groml pressure distribution atong the line of the jet stegratien potnts (X = o) for

Vitious jet spacings ad a noz tle herght of d\. Reasonable good apgreement 1s
.
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achieved down to 2 spacing of two diameters. The assumed form of the jet
deflection zone pressure function seems to differ somewhat from the test data

but the maximum upwash pressures and widths seem to be in good agreement,

In addition, the predicted minimum pressures between the jet and upwash
zone are in good agreement, Figure 9-23 shows some extreme situations for a
close jet spacing of 2dn and nozzle heights up to IOdN. At approximately 8dy
the upwash momentum model predicts no upwash between the jets, As the nozzle
height i{s increased, the upwash width decreases significantly at this spacing. The

test data is in fair agreement with the predicted pressures,

In general, the exponent a of the upwash ground pressure functicn is

1
assumed to be

aug,\augFD for ‘pu <('r)u0

and = a for
aug ugFD “u > %uo

Further, the exponent o up:is assumed to be a function of the mintmum

pressure in the deflection zone for ¢ <« ¢ . To determine a
u uo ug,

an equivalent profile for the upwash pressure function 1s assumed to exist whose

for Pmin>0,

integral force per umt length is equal to the partial integral or nartial tarce of the

fully developed pressure function (upl'D = 1.5)

Let, P . = P .
min min
A ]
mix
— - nnlln Q Uul,‘D 4
1 Q , P Vo ’ _ 1 l
¢ ugl'D Umm( mm)' Jo (t-n ) dn
et . "l Ay 4
Qi i (0 ) - ’ (t _ 7’1 {_-,) dn'
ug -0
1 _ 1
‘ P 4y Quprn
where . P ) "
min mm

Then, _ -
h‘ +{l -1 Yi'ta ) - I 0 M )
min min ug uErl'ly, man (f’—lrl)
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Giveu any Pmm value along the apwash, equation 9-64 can be solved to find L

T
+

P

the exponent Qu . When Pmuin=¢ate = (")uo' or at the intersecetion of the impinge-
u

ment and upwash deflection zone, equation (2-64) reduces to an identity and, hence,

jeP

& = Q .
ug ugkFD

It can be seen beth in the test data and in the predicted pressures that

a3

R -:':‘{' e
g,

negligible interaction between the deflection zones occures ot spacings greater

than 6 dN. Significant interaction does not take piace until a spacing of 3dN for this

_’)7‘ "ot
o e

nozzle hetght as Is reflected by the minimum upwash pressure level.

Figures 9-24 and 9-25 show a sample of the entire ground isobar patiern
for a range of spacings and nozzle heights. TFigure 9-26 shows the kind of corelation

achieved for one case,

9.3.5 Upwash Decay Model, - Iigure 9-27 shows u schematic of the upwash sheet

T

model and the characteristic scaling parameters. The upwash sheet 1s assumed to

]
2y

be a reflection of the wall jet flow into the vertical plane of symmetry lymng between
the yets, The rodial streamline pattern of the wall layer 1s assumed to continue into
the upnwacsh sheet and to a first approstmatien wmperturbed by the turning region.
The wall jet tlow is assumed to enter the upwash deflection region with a churac-
teristie profile, half veloeity width and maximuam < -ocity or total pressure, The

charactenstic lenatl, seale in the upwash sheet 1s the half veleaity width of the

e w e T

incident wall yet tayer estimated at the wall location. The pressure recovery
region in the upy ash sheet is assumed to be approximately 3 times the half
veloceiy width of the incident wall jet profile. "The magnitude of the momentum 3
flux 11 the » esulting upwash streamline 1s assumed equal to that of the incident wall
jet,  Hence, the upwash sheet 1s treated i a sumular fashion as the wall jet with

a fen exceptions,

Due to the lngh turbulence levels typically measured in the upwash sheet
the flow s comsidercd to be fully turbulent and similar, The upwash veloeity profile
13 taken to be that of a tree <henr profite with no mternal momentum defect due to
the wall laver, The upwash sheet growth rate s asswmed to be constant without
any tmtial transition phase, Itas also ds-umed that the magn: tude ot the momentum
s distiibution 1n the vpwash sheet s given by the previously diseussed momentum
models,  An exnresseen anatorous to that dernved tor the wail et can now ve derived

for the upn ash sheet:
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(@ )+2g\ (R b (Z,0 )
i
fMu((‘pu”1 "fPu(“]: 2<W ur >< — r s ) Csu
N N
, 2 2
} Vmu) 1 AP wall (<Pu) 1 (9-65)
Wv,/ "2 ap oy (8§
Z )
s _“un ~ 1.5.4
where g = z Ru—-———b , and fPu (1=
Sou u
-

R = .,441for a = 1.5
u u

The velocity squared profile 1s assumed to be iden: cal 1n shape to the

static pressure profile and as a result only one sumilar’ty constant i{s required:

=L
b

1 o
u.4
C =f (1-7 ) dn - .31558 fora =1.5 wheren
0 u u u u u

Su
The procedurc for starting the upwash flow is similar to that of the wall jet

where an initial upwash half width (bu,k)) is determined from eq. 9~64 given an

imiscid starting maximum veloeity, A model for the upwash sheet growth must then

be provided based upon empirical observation,

“bu (9-66)
Z)y=b e Z.—b . .
b g ullo((‘pu) * i By T By 1 ) (eos @)
where
v Z
a ~ L300 and 4 = ———
b s cosy
u u
~ o4
ay, .00
u
The value of a =, 30 1s consistent with empirical observations that the

upwash flow decave al a rate approxumately three times that of a free jet.

An approvimate expression can be aerived for the upwash decay, Assume

that the region of mterest is beyvond the turning region of the upwash sheet such that

fpu =0, Then eq. 9-63 reduces to, X
r{e )7, b -
(¢ ) = / \\( ) = (K / uil ” nu\

Mu u \ b u Su K /\ V

9-33

TR ST et sy Erver
——T 2 cas e Ssanma e iR SN

JRTITTT S v v s e iy v pts o

L.

FTEN

LN R NPT W PPVIRS T



T i S ST LTI i € R £ ST, S
Hence, the maximum velocity squared is equal to
2
v fau {9y
mu = " (9_67)
A" 1.w * As buH
N/ z( - )(r )Rquu
N N
Now, if the approximation that
3,2
buH ~ ( o is introduccd
bu
cos @/
Noting that
75 5~
c o+l =X TS, +7) "
1w s fu ( 2 u)
X
. u
sing =
Yoo T
VX “+(S.+7Z)
u 2 u
5, +7
ces q)u = =
4 9
J;: - (b‘) ~ 7))
u 2 u
and
9
a +2(l-a )sin~ a >
[Mu ((,ou) A Q1 \u)sm @, for a, 0
Then, i )
r
2 2 bu
\Y [a +2{l=a)sin ¢ Jlcoso ]
mu u (u u - u (9-68)
V R T C oS +7 )
\\;\, Hmru Su/u(‘l u
or, cquivalently,
)]
R L2
(1Lal“) i’" -(1—.11).\u ]
» y ! 2 3
v\ (s_)+/.u) SNR RN 5,42 )7
N u Y Ay
. 1 ‘ ) RETITRY (9-69)
\N / T 2 e Ly as LrSh ‘ E TR T SRS T
AN *(D)f.’”):] - L
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Nondimensionalizing both of these expressions kv the value at
qpu =0 or Xu =0:

2
2 vmu\
v - o
mu = -—VL -[_1+i (1~2 )sivzm fcosp ) e bu)
v - 2 “L a uw u “u
mug \Y u
mu (9-70)
\%
N
@ =0
or u
2 2
Y 1+2(l~a )X
mu uu 1
/ = , 2 2 l+a
mug au[}\u +(82+Zu) } X 2 : bu
S u | 2
Z )2
(Sz+ u
where a, > G : (9-71)

The more general procedure was used to generate comnarisons with test data,
Figure 9-28 shows the upwash centerbne (Xu = 0) decay and half velocity boundary
growth characteristics in comparison with some test data, The model predicts higher
utial total pressures for the closer jet spacings along with a smaller turning region,
The decay curves tend to merge with increasing height above ground. The model half
velocity boundary growth starts off at a smaller value closer to the ground for closer

spacigs and then grows at the same rafe. )

Figure 9-29 shows the predicted lateral variation m the upwash pressures for
H/dn = 4,0, 8/dn = 6,0 for several heishts in the upwash sheet. The total pressure in
the upw ash sheet drops off more rapidly compared to the centerlinz value for greater
herghits due to the radial spreading of the upwash streamlmes, Figure 3-30 shows «.
comparison of the lateral totul pressure decay with some test data at h/dy = 3,
S5/dy = 4. Tigure 9-31 demonsirates the small influence that nozzle height above
ground has on the lateral charaoteristies of the upwash sheet mv a fined Zu blane.
Ligure 9-32 shows the laterel decay characteristies for a close jet spacing of

2dy Just prior to significant coalescence effects. At greater heyrhts above

9-30
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ground significant upwesh flow does not exist along (he centerline
jets. Figure 9-33 demcnstrates this effect where the upwash total

has to be nondimensionatized by the jet stagnation point pressure.

between the
Tressure now
Flgure 9-34

shows an even more extreme condition with sore test data plotted for comparison.

9.4 Model for the Preliction of Upwash Forces on Siender Bod_ic_:i

it is a well known fact that when an upwash flow field impacts on the underside
of an aircraft an upward lift force can be generat~d on the aircraft, This upwash Wit

force is sometimes negated at heights close to the ground by negative interference

forces (suckdown) causzed by the secondary induced flow field genevated by the

entrainment action of the primary jet and wall jet flows, It is the intent of this section

to develop a method {or the praediction of the upwvash lift on a slender fuselage wheve

the suckdown force has a minor effect in comparison to the upwash force.

9,4.1 Upper Limit of Upwash Forces irom a Momentum Capture Mcacl,

shows a <ketch of the flow model to be used for momentum capture.

Figure 9-36

The height above ground of the fuselage and nozzles axe assumed equal, It

will he assuwmad that the entire vertical momentum included in the ugwash snect by the

longth of the fuscelage can be converted irto a lift force. Accordingly, this lift force

car be computed as:

l‘u 1 9’7' 2
— = fa +2(1—-a }sin ¢ | cose du
21 T u u d u u
J 0
L .
1\ ) 2 3
*‘*‘ZTJ- T a st g (l—-nu)sm “)i\'

o\
] -1 {
where a - — Y tan —_—
U >, { \ 5, +h

9-36

(9-72)



In the ahove expression, the lift force nas been nondimensionalized by the thrust of the
two jets. Hence, the maximum lift force atrainable for an infinite length body with

a, =11s

[\N]
v—]lrr

-1
Jg T -

This expression, in the limit as £ —» « , ¢, —»—- tellsus that only 31, 8% of the

@,
thrust can be achieved as the optimum ideal liftforce 'rfeglectmg jetcoalescence effects. In
reality, for a finite length body, the lift force will be markedly less than this optimum
value, Eq, (9-72) is plotted versus nozzle height for several jet spacings in figure
9-37 for a typical Type A funjet V/STOL fuselage iength of 8 d,.. The jets are also
placed at the midpoint of the fuselage. The figure shows that t};e maximur uowash
force on this finife length body is abcut .25 ’I‘J‘ The upwash force also drop- off
rapidly for a closely spaced jet cornfiguratior due to the rapid coalescence of the jets.,

The momentum capture model neglects any finite width or [uselage shape effects.

This tipe of calculation is most representative of a fuselage {itted with
strahes which is capable of approaching the force as predicted by a momentum capture

model,

n.4.2 General Approach to the Draciction of Upwash Corce on Arbitrary Slender

Bodies, In general, the fandte width of a fuscioge will have a marked effect on the
amount of momentum transferred to the body as a Lift force, In addition, the shape
of the fuselage cross scction will determine the local pressure distribdion around
the body and thus also cffect the drag or upwash force. A general approach to a

prediction model for the upwash force on slender bodies is developed in this section,

9.4.2,1 Hiaximum Stagnation Pressure Distribution Along Centerline of Tuselage

Underbodv, Figure 9-38 shows a schel.aatic of the tuselage, the pertinent coordinate

svetems, and geometrical parameters, The centerpoint or centerline of the body is
located at an arbitrary height Z,, reiatne to the ground and the nozzles arc located
at a height h above the ground. The fusclage depth 1s given by the equation
Z., = (Nq,
B (\L)
he fusclage half width 1s also deflined as

Wp, TaEp

-

9-37
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The nozzles are placed at the midpoini of the body. The angle in the upvrash
sheet in:luded by the half length of the fusclage is then given by

-~

o

t '1\(' £y

¢, = tan

2 S +2 ~% )
2+ p B(Qz

The underside fuselage centerline coordinate relative to the upwash sheet at

Z = S + Z - ’4 .(

To determine the maximum pressure distribution on the underside of the
body, it 1s assumed that the local stagnation pressure on the bedy is representative
of the stagnation of the cross flow component of the upwash velocity, The cross tlow
upwash velocity is just the ncrmal component of the upwash reiative to the underside
of the body.

vV =

N vmu(‘puB, /,B)cos(gou HOp)

B B

dZ

whoeyre - ‘
O ={an 1 ————_B)
B dA\B 7 N

and X
| ¢ - l""l—l ( \“ )
uld b2 + Ap - /.B (.\B)
Henee AP v \__ ‘ .
usi3 :< mu cosd (o +0) (2-73)
AP / ) ’ B
rJ VN uB3

4,4.2,2 General Fovee Integral, I Pu (X)) L. defined to be the upwash {ovee ger wnt

loiyrth of the body , then the entire force on the budy con be defined as

S S : iN
] 2 I (.\;)(L\“

T u ok (3-71)



Converting this integral to the upwash coordinate system entails,

X

R
tane = T ; .
uB S+ AP- 2y (.\B)

o

R
Thus, S +z2 -2 )"
dX = 2 _D b 7 seczqz de
B (52+L;)-/JB—‘\BAB) uB uB
‘vhere
o dzn
B d,\B

Henee, the integral cq. (9-74) for the total force becomes,

“e (S, 2%, =7 )

S S (e .~ o
y L o Flegpteee ¢ pdhyy
P B BB (9-75)

Now, it is assuracd that the force on any cross section is proportional to the local

cross flow stagnativ pressure, or

v W (@ )

B, "ub3

D 7 =9 > . e o~ 1 T
luwuli\ Al uS("Du B) JU P())Ly (9-76)

where GP (y) is the pressure function representing the local flow around the cross
section,

Upon substitution of this expression into eq. (9-75) and using eq, (9-73) for
the stagnation pressure, v (9-70) becomes,

( S 42 =70
L - ( 2 Pu (9=77)
00 (s, -7 -7 =N 7
VoS, T T T AT
- W 7 -
K 2, ‘ RSN
\ IAERETT B! - .
> G, hrdv i de
} 2 P uld
GOy ¢

( ub3



If the integral aver the body width is identified as the drag, and a
scctional drag coefficiont CDp is introduced as,

y= WBz(“’uB)

rag 1 .
C. (g )= = J G (y)dy 8-78
D, Tul T W sz(cpuB) 0 ¢ ( )

P B, Yu

™

and eq. (8-77) s nondimensionalized by the thrust of the two jets, the {inal expression
for the total force becomes,
5 (ﬂ -, - 2
"o 1 ! Sy + 2p - %p)
=1y “("> 0 (S +Z. -7 -X.7.)
2P B BB

9 9
\_L“LL ) cos (<puB + OH)

X
w., ¢
B, bLP ( Vi

2 dv\ i (9-79)
Ccos (wu }

B
where the above lengths are nondimensional,

Por a cylindrical budy (i.e., constant wadth amd deph) whose undereide is located at

the nozzie height, or

P (8 1 ¥ v 2
wro e ( ( TR (9-80)
J

= AU do
21 r B, 'DP Vo / uld
I3

(’ -
9, 1. 2.3 Estimatinn of Lthe Drag For Bifferent Cross Sectionel Shapes. Figure 9-39

shows approximate drae models corresponding to a carcular and roctangular shaped
cross section body., The medeis for the drag for the upwash provlem are mavkedly
different than conventional acvadynamics, A cylibuder immersed i an infunte stream

will exhibit zcro drag if the tlow is attached and mviscid, The wiscous flow,

9-10
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on the other hand, will scparate at some point and a base pressure will result causing
a drag on the cylinder. I the upwash problem, the viscous flow will impact the body,
flow around i* and also separate at some point, The difference being that the pressures
aft of the separate point will be the result of secondary induced flow, Hence, resulting
in base pressures much closer to ambient as compared to the body immersed in an
already energized infinite stream. These considerations were the basis for the drag
models. This is atso the primary rcason for consideration of siender bodies because
these small secondary induced pressures acting over a large area will result in a
significant suckdown force. For the present time they are nieglected,

Figure 9-39 b shows the model for a flat boitom body. In this model, a
finite width upwash flow impinges on the underside of the fuselage, The model assumes
that the flow separates at the bottom corner of the fuselage and continues without
curvature away from the body., In reality, the flow would have a tendency to follow
the body after separation, The force can then be easily estimated as the nortion of the
force that would be exerted on an infinite flat pinte but taking into account the finite

width of the wnderbody.,
If the pressure recovery zone for the stagnating flow is estimated to be
approximafely,

y =a builwherea ~ 3.6
o o o

in terms of the half velocity width of the incudent upwiash stream.

a -}
Now, let GP m=1[(1-n1
FLAT
v v .
where n= 7T o= T and a ~ 1.5,
\ a
Y o ull

Substituting these evpressions into eq. (9-77) yields for the cross-sectional

drag function,

]’ o ul
Yo o-al i )
t t tu)u}l_ 0 ¢ I’l"(’i i
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The drag coefficient for the flat bottom fusclage is thus totally dependent
upon the relative size cf the incident upwash flow and body width, In the limit of
uy—> ® or ng —>O, the maximum drag coefficicnt i5 1. This can he interpreted
as in the limit the stagnation preseure acts over the entire width of the body

b

(analogous to a pitot tube). .On the other hand, the minunum drag cocfficent will be

obtained when g g = 1 and yiélds a value of ,3156, The drag cocfficient behavior
versus the purameter np is shown in figure 9-40.

For the cirular cross section, the potential ficw ~oluticn for the pressure

distrilntion around the cylinder immerscd in an infirite strcam is used,

The flow

is assumed to separate at some body angle es and the base pressures are taken
to be ambient, Thus, for the circular cylinder,

and

G_(®)=(1-41510"0 Ycos0
P c c C

¢

C = T = smG (
; S

4 2
-3.su19

)

(9-82)

(8-83)

It is assumed that the flow separates anywhere between 120° and 1607,

The drag coefficient as a function of separation angle is shown in figure 9-41, The

maximum value of the drag cocefficient for a circular cross section cecurs when the

flow scparates at GS = 150° and 1s C

ppC ~

. 333.

To see how well these models work, some corrclation with test data was

carried out for cyvlindrical bodies whose underbody was placerd at the noszle heipht,

Fie 9-42 shows the correlation achieved for two such bodies for cireular and

rectantuiar shanes and a eross sectional width ecqual toore diameter or half width of

one nozzle radws,

T'or the simple models usad, the correlation achened is quite

remarkable especialiy since the suckdownreffect was neyrlected. The test data drops
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off at a stightly higher ratec than that predicted probably because of the suckdown
effect, Thus, the mysterious sensitivity to body curvative observed in past

experiments can now be logically expluined.

Figurc 9~-43 shows some parametric curves generated for the flat
bottom cylindrical body as a function of body wldth, As expected, the predicted
force increases proportionately to the width, Unfortunateiy, this trend is an ideal
onc and at some body width the suckdown forces will predominate. Figure
9-44 further shows the predicted trend for a parabolic body of maximum cross
scction cqual to that of 2 cylindrical flat bottom body, As expected, the foice on the -
parabolic body is somewhat less than that on the eylindrical body,

These models could further be improved by includmg the suckdown cffect
and zlso extending the estimate of the drag coefficient to arbitrary cross sectional

shapes,

i
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10. CONC LUSTONS

In ground effect twin jet tests were comnducted to determine ths general
features of the resulting flow ficld and to ascertain whether such flows are amconable
to a mathematical model, Some of the v2neral features looked for were instabilitices,

PP I S s

basic flow structure as the jet spacir, was decreased or height increased (causing
jet merging), types of measurements, the defiection zene which results from the
collisfon of wali jets and the resulting upwash sheet, and the efi~ots of hodies placed
in the upwash sheet.

The isolated twin jet tests zovealed unstable upwash flow over a narrow
range of jet spacing in the vicinity of three jet diameters and jet heights around 1 1/2
to 3 diameters. Instabilities were observed 1n pressure measurements on the ground

plane 1n upwash pressures, and in force measiiements on bodies placed 1n this {low

ficld.

Regions of below ambient pressure were noted 1n many areas of the 1solated

wo et flow field. These inciuded both static pressure measurements made by tra-

versing probes across the upwash sheet and measuring surface pressures from the

&

stagnation line on the ground plane. ['he low pressures in the upwash sheet appear to
be a characieristte of the two jet ground impingement flow and were obtained for all
values of hewght and spacing that were tested (from 2-6 diameters). The lowest static

pressures cccur in the center of the upwash sheet and not at the edges.

Three types of bodies placed in the resulting two jet upwash sheets as well as a
1/30th scale mreraft model with strakes of various depth produced markedly different
jet imduced forces, Net Lift forces over 20°. of the jet thrust were measured due to the
upnwash sheet nrpinging on fuselage-type surfaces, Stiakes were beneficial on simulated

fuselage surfaces bat not an large flat plate surfaces,

A th cough investigation was made of the flow {icld that results when the
jcts are closely opaced and mergmn: of the outer boundaries oceurs prior {c umpinge-

ment on the ground prane. 1t was conclwded that the upwash sheet continues to he

fermed oven at close spacings sad that 1! wepavatle peaks appear 1n the free jet pressure

b g R R AR A A M P S e S T

profiles without a ground plane, soparate rmpingement and upwash formation will oceur

e

with a groand plane.
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A new flow model was developed for close jet spacings which accounts for i
non fully formed wall jets prior to the development of an upwash sheet, It includes a ET
jet impingement zone wall-jet transition region which adequately predicts the effects 3
of jet spacing and height above ground on the flow ficld pressures and upwash flow
field, Integration of the upwash sheet pressures were used to compare with the test
data on fountain lift. Geeod correlaiion was nbtained with simple twe~dimensional &
bodies of varying cross section. E
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Appendix A

Computer Program Description

Program
Name: GRUMJET?2
Purpose: VTOL Two - Jet Impingement Interaction Problem

The program is designed io estimate the flow characteristics associated
with two vertically impinging and equal strength incompressible jets. This pro-
gram is specifically oriented towards the closely spaced jet interaction problem

where the deflection regions interact until eventually jet coalescence occurs.

Aside from the basic flow characteristics, the program assumes the
symmetrical placement of a slender fuselage in the upwasih flow. The upwash

1ift force 1s then computed for a cylindrical fuselage of constant cross -sectional

shape. The body parameters, 1n terms of width and depth, do not vary longitu- -

dinally. The program estimates the force based on a rectangular and circular
cross section, Two planes of symmetry are assumed and all outpii apples to

one quadrant of the flow field (ie. equal jets and nozzles iocated nt the midpoint
of the fuselage). Jet entrainment effecis may be significant but are neglected

in this program. Hence, the force is only that due ‘o uﬁwush impingement. Seme
residual programming exists in the code for a parabolic body of revolution.

These cards huve been commented out but may be used if desired.

Input Description

Note: All input parameters are in terms of nozzle diameters.

Cuard No. Code Numes Format
1 HD, SD, ZPLD, DZPL, ZFINAL 5rig.s

Nuame Definition

HD Nozzle height above ground

SD Nozele spacing

L]
Note  The program will compute one or several positisns of the fusclage relative

to the ground for a fivea nozzle neight above ground.,
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ZPLD Initial fuselage height above ground

DZPL Increment in fuselage AZ above ground

ZFINAL Fina! Z coordinate of fuselage height relative to ground plane.

Card No, Code Names Format
2 XL2, WCON, ZCON 3F10.5

Names Definition '

XL2 Fuselage Length

WCON Fuselage Width

ZCON Fuselage Depth

"Note: ZCON determines position of fuselage underside relrtive to it: ZPLD
location. Bottom of fuselage will be located at ZPLD-ZCON at first com-
puted locetion. The upwash sheet properties are also computed 4t this

7 location.

Curd No. Code Names Format
3. IPBAR Il

Name Definition

IPBAR Intewer controlling the output of ground pressure

puottern. IPBAR = 0, no pressure pattern output

IPBAR = 1, pressure pattern output is desired

Note  Card No. 4 is not required 1f IPPRAR = 0,

Card No. Code Name Format
{ NU 12

Name Definition

NU Number of pressure values to be input for compute-

tion of ground i1sobar pattern NU < 25

-

Note o Card No. 3 s repeated NU times,
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Card No. Coce Name Format
5 PU F10.5

Name Definition

PU Nondimensional pressure for isobar pattern

0.0SPU<1.0
Figure A-1 shows a typical input sct,

Printed Output Description

L ]
Figure A-2 shows a tynical computer printout. Livst of the geometrical
output quantities are nond.mensionalized by the nr:zle radius. All velocities
and pressure arc 1mtially nondimensionalized by the nozzle exit velocity and

stagnation pressure. All pressures a1e relative to ambient conditions.

Note: RN and D refer to nozzle exit radius and diameter, VN refers to nozzle

ex:t velocity,

Input Parameters

The first set of output echoes the input parameters.

Qutput Titles Defiritions
H/D Nozzle height above ground
S/D Nozzle specing di-tance between jet centerlines
Z/D Initial fuselage height
DZ/D Increment in fuselage position
ZFINAL/D Final location of fuselage
L/D Body length
wW/D Body width
L8 /D Location of underside of body relative to specified fuse-

iege locution

Note  If ZB = 0, underside location is coincident with specified fusclage positicn.
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Jet Decay Region .

g_\itput Titles ] Definitions

DELG/D Jet ground cffect height z‘érlntive to ground plane
ZPC/RN Lengtih of potential core

ZFD/RN Length of potentinl core and transition regions
LIRN Jet axial locetion measured from nozzie exit
RJUH/RN Helf-velocily radius of jet measured from iet center-

line

RJ/RN Half width of jet

ALP Exponent of velocity profile

Ccv2 Momentum flux intcgal

V3 /VN Centerline velocity

RCORE/RN Potential core radius

Jet Detlection Pegion

Single jet inpingement characteristics are printed.

Q_leput Tnlei . Daefinitione N

RGH/RN Half velocity radius of jet at ground effect height
RG/RN Jet half width at greund effect height

RO/RN Deflection zone or pressure recovery radius

VG/VN Square root of ict ¢rround stagnation pressure
NPS/DPTS Jet ground stagnation pressure nondimensionalized by

nozzle stagnation pressure

AT PG Exponent of ground pressure distrinution
R/RGH Rachal location in deflection regron reinative to ground

stagnation point. Nondimenstonulized by ground effect

half veloaity radius of jet

nes/bDera Ground pressure nendimensiwnahzea by ground stug-
i 3 g

nagiicn pressure
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Output Tities

R/RN

DPs/brTd

Wali Jet Regrion

Definitions

Radinl locution in deflection regnon nondimensionaliced

by nozzle radius

Ground pressure nondimensionalized by nozate stupns-

tion pressure

Isoluied wall jet propertics are printed in tho set of cutput,

Quiput Titles

DELS/KN

VM/VG

ALPWO
BWOH/RN
BWO/RN

R/RN

VAL/VG

VM/VN

BWH RN

HW RN

OELBL/RN
b ld
NHEH

NPOWER

Definitions

Boundary laver thickness at stegnation pomnt

Invisaid maxaaum veloaty at jet half width (RGHD)
radiad location or sturt of transition to turbulent

wall jet

Exponent of velocity profife at start of wall jot
Pialf veiocrty tluckness at start of wall jot
Intial thickness of wall Iaver

Radial location o wall et measured {rom ground

stugrnation pomnt

Masunum velocrty in wall laver nonduensonalized by

square root of ground sturnatien pressure

Maximum velocity in wall layver referenced to nosale

ot veloasty

Halt yvelooity thickness of wall laver

Fhickness of wall laver

Boundary laver thickness

Mavimum stgrnstion pressuave i wall laver

Hatto of boundary Inyver to totnl vall Taver thickness

Fapenent of boundary Baver protly

11~
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Two Jet Impingement Interaction Cutput

Maximum Ground Pressures along Upwash Ground Stagnation Line

Qutpur Titles Definitions

XW/itN Coordinate along stagnation line measured from up-

Xw/s wash stagnation point

PMAX/PJ Stagnation line pressure nondimensionahzed by nozzle
stagnaticn pressure

PMAX /PMAXNO Stagnation line pressure nondimensionahzed by up-

wesh stagnation point pressure

Jpwash Momentum Function

Qutput Titles ) Definitions
RG/RN Radius of jet at ground effect height
ACON Constant in momentum function

X\OMZ Total vertical momentum in upwash sheet nondimeri-

PHIC

Note:

sionalized by the optimum value of WIJIZn.

Counlescence angle used in upwash momentum model
if PHIO = 0 jets are not coulesced

1f PHIC > 0 jets have begun ‘o coslesce

Depending on the value of PHIC (i.e. zero ,or-\non-zero) the constant RCON

apples to the appropriste upwash momentum model.
Nondimensional upwash deflection region width constant

There are two possible cutputs that can occur et this point. If the jets
are spaced far enough apart the comment:
JET AND LPWASH DEFLECTION REGIONS DO NOT
JHTHIRACT, CU ESTINATE IS CORRECT
in thas cuse the walbue o CU L5 vorrect and the jet impingement and up-
wash deflection roegons are independent. 'he perturbation parameters

are then defined os:
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EPS = 0.0

SIG = 1.0
PHIUO = 0.0
PHIO = 0.0

PMIN = 0.0 along upwash line

ALPUG = 1.50

If the nozzle spacing and height above ground are such that the deflec~

tion regions interact, the subroutine INTERG will be calied and

will be displayed.

Output Titles

Iteration cycle

LPS or EPI

SIGMA or SIG

CU or CUI

PHIUO
PHIO

¥2*CALL INTERG***
The following output will be printed.
Deinitions
Number of iterstions required to find solution using

Newton's mothod

Perturbation paramcter for jet impingement pressure

distribution

Perturbation paraneter for upwash defiection region

pressure distribution
Upwash width estimete prior to iterative sclution

Angles defimne the intersection of jet and upwash

deflection regions

Note  The following values apply along the line connecting the jet stagnation

points on the ground (i.e. x = 0).

DELPWO

PMIN

ALPUG

(CLUY x (SIGMA)

Pressure at upwash stugnation point nondimensionalized

LY nozzic stagnation pressure

Minimum pressure between jet and upv ash aeflection
regons nondimensionalized by nossle stagnatiwon

pressure

Exponent of upwash ground pressure distribution

function

Finul value of upwash thickness constant
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Note: If IPBRAR 3 0, the following output will occur.

Computation of Twe - Jet Ground Ischar Pattern

Output Titles , Defimtions
PBAR Input values of pressure, nondimensionahized by

nozzle stagnation pressures, will be echoed.,

Note: The following will Le repeated NU times,

Qutput Titles Definitions
IJET . ‘ Number of points on jet impingement region isobar
148, - Number of points on upwash deflection regon isobar

I LIET = 0 or iU = 6, the specificd value of PBAR was not found in ground

pressure distribution

Note: The following coordinates ave refercnced to the jet s~tagnation point un .

the ground.

NT180d X coordinate of jet isobar

VISOJd Y coordinate of jet isobar

\ROou X coordinate upwash region isobar
YisOu Y coordinate of upwash region i~obar

[he final set of output in this section is the upwash deflectien zone line. If the

deflection zones do not interact, ambient conditions exast wong this line,
P X coordinate of upwash hine
yuep Y coordimate of upwash line

Computation of Ulpwash low beld

Upwash Streamhine Properties

Mot Pwo streamlines are printed

Oulput Titles Nefintions

PHID Asmuthal angle of upvash streemline referencesd te
ot rround coordinate system

INV . VETLL pnvescnd turningg cepmon maxaaum eloaty
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DELPWJ

BWGH/RN
ZOU/RN
BUO/RN
BUONN/RN

Upwash Stresmline Dveay

Meaximum pressure on upwash stagnation line on the
ground where upwash streamline orginated

Half velocity width of incident wall jet streamline
Upwash turning region height above ground
Initial upwash width

Initial upwash half velocity width

Properties

Z/RN

- VMU/VN
BRUH/RN
BU/RN

DELPU/DELPJ

Upwash streamline coordinate (ZS)
Upwash meximum or centerline velocity
Half velocity width

Half-width

Upwash centerline or maximum total pressure nondi-

mensionalized by nozzle stagnation pressure

Upwash Properties Computed At Z Location of Underside of Body

If ZB = 0, the output win yield the upwash properties at Z = constant

plane nbove ground.
Outnut Titles
ZU/RN

RW/RN

PHIB

_X/RN

VAIU/VN

PUJ/PN

BLi

-

RN

Definitions
U~ ~ash coordinate measured from ground plane

Radial cocrdinate from jet ground stagnution point to

upwash stagnation line

Azimuthel location of upwash streamline referenced to

jet coordinate system

X coordinate in upwash sheet or X coordinate on

fuselage
Maximum or centeriine upwash veloaty

Maximum or centerhbne upwash total pressure nondt-

wmensionalized by nezzle stagnation pressure

Half-veloeity width of upwash



T

PU/PUO

PU/PJS

PBS/PN

Upwash Lift Force

Upwash total pressure nondimensionalized by total
pressure on streamine originating {rom upwash stag-
nation point (X =0, Y = 0)

Upwash total pressure nondimensionalized by jet

ground stagnation pressure

Stagnation pressure on underside of fuselage placed

in upwash sheet

Two values are printed:

FLLAT BOTTOM VEHICLE WITH SHARP CORNERS

BODY WITH CIRCULAR CROSS SECTION

Output Title

Lu/2ra

Defimtion

Upwash lift force nondimensionalized by the total

thrust of the two jets

Computer Program Listing

Figure A-3 shows a fortran listing of the computer program.
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4.00 4.00 2.00 -2.00 4.00
8.00 1.00 0.0

« 60
<3

o
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Figure A-1, Sample Input Data Set
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6.08169 0.78023 0.03786 0.07848
6.9°818 0.86602 0.025234 0.052/0
7.98461 0.99558 0.01603 0.03332
9..,2208 1.15912 0.00943 0.01751
10.989130 1.1°322 0 00506 0.01052
13.36074 1.67009 0.00710 0.00498
16.67598 2.10962 0 00095 0.00198
22.66445 2.61554 0.00029 0.000%¢

VERTICAL UFWNASH SHEFT MUMFMILN,

UF WASKH MOMENTUR FUNCTION: JET RADIUS, INTERACITON (HMSTANT,

AND COALESCEN(F AKGIE
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Proare V=20 Ceontinged

v 107 v 2XLRUOL 740
GRUOL /L0
GRUO0L1 230
GRUOL /40
GRIIOL 7,0
GRUD1 760
[STN o3 P args)
GRUOL1 780
LARUO17290
GHRUO L1800
OGRUOCLESB10
GRUOLIH.'O
GREIO 133O
GRUDIB40
GRUO14%,0
OU01 8340
GRUO1IHZ0O
[BINTIARIIT
LRLIG LY
GHUOLYO0O0
(YN e B i Nal
GLUOIY 0
GRUO TP IO
LRI04 40
[N LIVE RPN
[TIIS R3O V)
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TRy IR

STAGNATION FRESSUFE NONDIMENSIONALIZED EBY JET TOTAL FRESSURE GRUDLIYZ70
GRUIO01 700
RGUaRG GhU019920
DELfF S=yGax? GhU02000
WRITE (&6,81) NELFS GhU02010
33 FTORMAT (10Xy ‘STAUNATION PRISCUREs DPS/DM T2 9yF10.9) GHIIOLOTIO
CAalL GI'REFS(ROVGrALTF GoR»CVUDY GAUO0C30
LHITE (4.07) ALPG GRUOLI040
B2 FORMAY (I1GXs "ALFPG®=’F106.5) GRUO2O%0
NG5S0 GRUO2040
RNGH=NG-1 GRUOGZO?70
DR=60/(F NGHBRGH) . GhUIO2080
GLTVA=1,. (RHGM) LRUOI’ OO
FTA-0, GRU0 100
K=0C, GrUoC2110
WHhITE (&.83) GRUOD IO
B3 FOniatl (30%x¢ SINGLE JET GFOUND FRESSURES’ /7/2%Xe *R/RGH’ 16X e “DF S/DFYGRIO130
1L 8Ny "h/RN s /X0 "DFS/7DY T /) GHUO.’ 140
DO 3C0 V=1.H0 GRLOLS L0
I 1G3(L.~E TOHSSALF G e84 ORUCI1LO
VWY LT YGRDELES OROULL /O
IhM=r5f (it GKI50.2100
WRITE (¢184) ReLFTGi KRN, DT 3 GhHD2 190
64 FORMAT (20x+4(F10.5,5X)) GhUD. 200
LI X (TN GhUOZ 210
CETA=ET1AIDLTIA GRUGZ 20
300 ("ONT INUE GLUOZI2.50
G UO22240
INITIALIZF Hall JE1 TEGION GRUOG2LO
GHUO2TGO
AWl=. 09 GhuO2 70
AL D1, GRUCTZ 200
RO LE e, O9E2 GAUO. YO
wlfun 1.9 GhUO 300
(L7100 £ PN GR(3022310
CALL QITHWORDLLF O NFD s ALF Wl BeihATULOGUIW, CF W) ORUCI3T0
CALL SIMULEALT UG haTUG,CSFUG) GhAO2 130
CU-" LA LSY W/ CRATUSCSE UG GhUO02 340
ATY - 018 3 GHRUIO, %0
LOPASINE Sl N T GRULOZ 3460
DLLS 2L, aa 08 (DN ERASLY LHRUBL3/0
URITE (&eoh) GRUOI 340
26 FAMHKAY (/s /730Xy BRESS WAL L JET REGION CXRBE’ /) GHRUOZ 9O
Whill (set3x) LELS CRUOL4AD0
1o FORMAT (LXxe  STAGNATION fFOINT ROUNDARY LAYER THICANESSe BLELS/RN=’, GHLOLAEL0
14 10.7%) GhUO 4.0
NuU-14 L0430
KDL OQO-BELS /0 2.8 0EL G GHRIIOL 440
CALL GMATCHIRGH-VG AL G/ RDEL O, NO/ETAWGDBELS»ALT WOVK) GRUG4%,0D
(AL SIMECARTLELU N ol T WBoh o LV200 T GRULZAAQ
hOTWg h GRUOYAZC
FEING (1. ETAWOKSALE G884 GRUOTEHO
TN CLLHSULIAT I B3I ULECTl. FLTAG)YCH $FLTAG) LRGP 290
WO (1 b T, N GIUNT 500
ORI RTR BN A W TR OLRUD
il Mo LhWOsRTIEL D GEUD L0
XUNAM~ (1 §E 1AL GLGRUOZ, 30
URGE Uk Toat aMy GLUO A0
Whill (6.91) VHGL GRUO.
Y1 EORAAT (LXy VELUCTIEY AT START OF TURBULENT WALL JET, VAL VG- F1G.LORUGLAD
1 GRG0
WhITE (ot 0 aLF WO BENO . KR [AINFITANITS
BL YR AATD 1 0x-"5TART O WAl JET REGIONs ALEWH=’ o 10,0 K " HWOM/RH - GRUOQT 90
Lef 1O Lyl BWUI/RN. o 30 5 GRUODAGG
GRITGL A LG
MAXINU w0 1 TISTRIPUTION IN DIFLELTION REGLION GRS b, o

iloate V=2, Continued
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NWt T=50

XNUF T=NWFT 1
KREND-2 25D
DR=REND/XNWET
BUW3HO-AWIERD

DELBRR - (NHW3HO-UWHO)Y Z (RO-KRGH)>
DEL HR=(NF D -NO) / (KD- RGH)
DELAR= (AL T D-ALFUWO /7 (RO-AULH)

ALLCLET-.017%

ADEL BL

h=0.

WARITL (6,107)
FORHAT (/7 /74UX 0y
CRITE (6,97
f ORRAT

1 HW/RN »6%Xe " 1
DO 400 T=231rNW
I (K, LE.ROY

(ANELRIZ(RO-D.3

DELSI/Z(RU-RGH)

‘WAL JET FROFERVIFS //)

El BL/KWN
(31
TETA=11.-CF/7ROIE¥YALEGIRES

v OX o DELT 1T e 86Xy

It (R.OGT.ROY HETA=0.0

1 (h,tt JHOHY VAG-SORT (L. --FETAD

14 (R L LC.HROH) YAN=VUHGSVL

1 F ol JROHRY HELE 1B ES

b (R Lt JheH) UDLLTA=SKDELOS WO

IV (h,LE 6O N-149

It (hoLE.AROH)Y RIELEADELO

1F dR,LL DM BU-LIWO

TE (R JLELSRGH) HWH=RATWOSHUWE

15 (h,tt ROHY LJ 10 101

I} (hoLE G BN HWHOt LEL B (o KGHD
It LG L)) - ARIRKR

1] Ch, DR ALt W AMLPSOHIFLARECR-RGID
Iy Chval B osctd) DEUTA DL SHabib i ML 80a -RGH)
11 o) o) WL RL -ADRLBIE(R O,

1t (h (E RUO) R-NUISDELLNARX(R FOGH)Y

1 CE LGt Y B e

PR thoehGT ROY N e WAL U I

el (. CCHRTO P, ) 70, vkt /AL EW)
Wi Lt B (i BL ¢ chuei-LEL KL ) 7ALAM)
Lot LIMUCEDOE o N AL WoRAT SOV )

It (h,LE 4a.) Vit O

P Y (N ) S S B AL IS T I S ¢ A I R S ]

FE-VILMOMIRATRCL,
Pt g vlasesues?

FLTIw2, (RELWH)

ottt SORTCCE L T P2l 85CVD)Y)
Vi VRN

LI B NG T G AR EE YRR YR RRT Y W

bW BWHY, BT

VL TA Rty 6D '
[SINS I cera W Y e MGy UMNy B W IHIL 1AL Vo h I, 0

AN 1)

PUOIRMAT (1 ONe ¢ 10,9 0x) )

AN I

WAGH GROUND MANTRUM FARESLURT DICTRIMUTION
Wt W6, a -
FortaeMnNT PRI I PR X ¥'Y TWh JET INTPRACEIWL - LORtEM
e
WhETE (4. an0)
FORMAYT (oL x e MARIAUM GROUND 8 KL HURES AL ONC UF Wa Lk n'nb
[ S V1 . *
Witk (r 4,00
DEST R Tive MW AN o Xy i ¢ L /%e FHAKE D o "Ry FRAXZE Muer s
LTS SRS N
Lars Lo sl b
Frovre A=3, Contyned
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(/715X e "hRZRN" 16X s "UM/UG’ v&X 0 “UM/UN’ ¢ 6Xs "BWH/RN s &X o
NIDEL " v 6Xe "NFUWER /)

' » b

xs ,:,, e
A

bed .

GhUO &30
GHU0 640
GFUOI450
GrUOD6AO
GhUOL4670
GRUO2&BO
GRUQO4YO
GRUQD 760
GhRUO2I/10
GhUO 720
GRUO.2Z30
GhLO2740
GRUO27%50
GRUO.760
GRUYO2277C
GRUOT 7010
GhUuo27%0
GRIICZ8B0O0
GRUO 310
GhUO20.20
LRUJOTD RO
GRUO.BAO
HHJ028.0
Gh 02360
LRKUD 2870
CRUOHUG
GhU 690
GRUOSYO0
Gh1Q2% 10
Shin>2.20
GHhUO? 30
GRUD 29V A0
OLRUOIYLO
GRIBO Y60
OGhUOD2Y /0
[EL SV IV 23 1¢]
GRYODY 20
GRI0 3000
GhU0301¢
LRUIO3020
GHUIOTO L0
Gh Q3040
GhUOZ0".0
GHhU0 3060
ORIV 3020
LAV'O3006
Ghio SO0
(KO 3100
OGRUIOBT L0
LROD31LTO
GRUO 32 30
LRUO 140
Crutd 3,50
GRUOALAHO
LRUO3LZ0
HRUVO3 110
LAOET /O

aExsse’ /O BUIN SO0

RO 10
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DPHI=FHIMN/ 24, GRUO3.2%0
DO 450 IL=1:25 GRUO3300
XW=SDETAN(FHI) GKRUO3310
RW=SORT(XWEA2+SDEBD) GRUO3I320
AWS=XW/(2.,85D) GRUCT 330
CalL WALLY (RWeVHMN:DUM2s DUMI,IUNA s DELFW) GhUO3340
IF CIL.EQ.L) VELFPUHA=DELPW GPU03350
FHMAXG=DELF W-UMNI824+ (VHNRCOS(PIII) ) 2E2 GRUO3340
FHAXND=F HAXG/DELF®D GRUO3370
WhITE (6+455) X ldSeFPMAXLeFHAXND GRUDIZ80
455 FORMAT (104+4(F10.%02X3) GRUO3320
FHI=FHI+LPHI GRUO3400
450 CONTINUE GRUO3410
ACON=1.~-C(ARG/SD)IZ¥2 GRUO3420G
FH100=0.0 GFUO03430
IF (ACON.GE.O.) FHIO=0.0 " GhUO03440
IF (ACON.GE.O0.) GO T0 667 LGKUO3450
PHIO=ARLOSC(SD’RGI %8, 20) GRUO3460
FHIOD=FHI0OS180./F1 6GKUO3470
ACON=2./(¢(SINC.SEPI-FHIO)ES% ) GRUO3a80
XMOMZ=ACONEC(L . OtSIN(FHIUIB(SINFIIC)-2.0))/3., GRUOZ 490
GO 10 668 GRUO3L,00
S67 XMOMZ=AUON+D2.%(1,~ACOMN> /3, GRUO 3510
668 WHITE (6.5E3) GRUOIL2LO

053 FORMAT (/75X ‘UPUWAGH MUMENTUM FUNCTION! JET FTALIUS. INTERACTION GhUOS%30

L1CONSTANT, VERTICAL UMWASH SHEET MOMURTURM, AND COALESCENCE ANGLE /IGKUO3SA0

WKITE €(6+5%5%1) RGrACON.XHOMZ  FHIOD GRUOTISS0

551 FORMAT ‘“I5Xe "RG/AN= " vF 10,5+ Xs "ACUN="sF10.5¢ X "XMOHZ="eF10.5:2X s “GRUO 3560
IFHIGUDEGS)Y =7 5 10.57) . GRU035/0
CALL WALLJCSDBUAL UMD, DUMI UM TIEL F W) GRUO3SB0
CALL FOUMATI(CUDELFSs DL FWshDeSHr ALF Lo ALPUG? GRU0J3S70
(ALL STHW(RUDELFDoNF L ALF WF D hATW» JSUDW s CHW) GRUO 3600
CALL SIAULIALFUG RATUGCSFUG) GRUO 3610
CU=T . XAWSBLOGY W/ (hATLELSE UG) GRUO367C
UKITE (6+957) Cy GRUOS&30

S57 FORRAT (29X, ‘UFWASH WIDTH CONGTANT ESTIMATE » Cl=’+€10.9) G 'U03540
RUCAD (Sesbt) LFBAK GhJ0346%50

661 FORMAT C(11) GRUO3660
GRUGI6L/0

TEGST FOF INTERACTION OF DELFLECTINM KEGIONS LHRLO 3610
GRUO 3690

1 (CUSSUIRO.LE.SD) GO 10 220 , GhUO3 /700

* LRUOR 210

COMI UTATION OF DEFLECTION REGIGN INTEKACTIUN GRIID 3720
Ghi30 3730

CALL INTERGOXMOMZ DELF So G U RO ALFGrLF SoTH S I10) kU0 3740
LRIIOZ7%0

GO Ta 2038 GRUO 3760

222 EFPS=0.0

-

N
i

LRUO3770
GRUO 780

516=1.0

FHIUO=0. Ghdos /770
FRIO=0.0 Gh o 2300
WHRITE (6,78 LES.STHLeFHIUNFHIO GRUG3BIO

S8 FTORHMAT (L, /700Xs JET AND Lt WAGH DEH LECTIUN REGIONS DO NOT INTERACT . LFUIOIBDO
1 LU ELITIHATE 1S CORKLET /7 GRUN Y 30
1/7350Xy € . e 10 TalXse SI0G=T o 10.%,DXKe "FHIUDS c810.5.2Xe "FHIOD= «f 1OGRUO IBA0

1 ' : LALIO IR0
WRITE (ae'?) ALEUG LURHO 18450

27 FORMAT (30Xs FHMIN-O.C AL ONG 11 WASH LINE, ALFUGS  vFB.4,1%e " IN UYWLAUOAHB/O
1ASKH LEPLECTION RESIODON ) OHLO 121810

18 CIPEHARGNE.O) 1At GFLOT (AP GeUELFSoSI cFUEI CoCUSIGePHIUDFHIVGHUO YYO

1 . GHLOITDO0
ORUIGE 210

GRUO Y O

REEE S RN XERE R Ll VP36
o FORRGT (L /7 %0Xe 39854 CMBPUTHTILY OF Ut M 1w FIELD 38350LALOSY 10

v Luie =3, Continued
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- el

1x°/7) GRUOIZLO
WRITE (4,21 GFUOS?2450
112 FOLRMAT (//735%. ‘CONFUTATION OF UPWASH STREAMLINE PROFPERTIES /) GRUO3920
OFPItl=4,0., 811 /7100, GRUG3I9BO0
i1 =0, GRUC3290
134 FORMAT (/7/20Xe "FHINR='sFB.4¢" DEGS //) GRUONA000
DO 400 Tates GRUOG4CLIO
fFHIN=¢ti1%200./P1 GRUDQ0.0
URIIL (&y11Q) FPHID GChUC4CT3IO
ZENMSZILANL/COS(PHL) CRUC L2040
C=LDEVTAN(FHI » . GRUOAVSO
hWsGART(GDSLT4YERD) GrUtrcso
7 (HWeol L oehi}) BUWH=BWHO+DLLERHE/W-RGH) LRUO40 /0
1IF (RkW.GT1.4 0 LWH=AWISRW 1 UCAGRHRO
CALL MALLJ (KW oV IGNy HUHG e RWO e CIWG s DEL FWS) U040 Y0
JUR=1 L IL04s100
CALL UFRACSHIARO B W PHT o JEND, DUHG » BUG» VRGN DELPWS o LF WG ALPG e ELF S, Cril04i 10
TVUN LI FUJ RUMHL,JOUSe TURY SRU0A120D
(RTINS SR ORI GRUQ4130
LOO CLNTINLE GhUu04a L 40O
HUE 15,0 SRUG41500
ANUFT-RUFT-1 GRUGAL&C
ALl U-1.% GRUOVALY 7O
GRUCAK1U0
FIRCUL AR YL INDLR DRAG VUNC TIGN LHUOK 1YL
OGHRUL3I200
DRALEGING HIOEF DR . (A8, /3 ) C(SIN(FHISLE L 802)) GRJOALI O
W 700 1- £ 3 CRUG4TO
SUNE 0.0 GhiJ0 4 230
St £-0.0 GRUGAY 4
-0 GRLOA2LO
IR D S RS S A GRUO4T 4O
METTEL (4l a GRUDST70
1186 FORMAT (/7./7/730as 1IFWAS-L TROBPERTILS (O0MFUIED AT Z LOCATION OF UNDEGRUGSZOO
NIt Wy BHOoY L) GRUJA2Y0
UhITE (At ttsy 20t ANC GRUO43CO
110 L OUnMAAT (8% BOLY COrYEARTINE LOCATION AT 2/RN-° <8 10.%/7) GRUDQ 510
(100 ST S K R GhUN& 30
FAYERR IR LN L TR0 | . S RN LT e ThMAINY e X FHIT o 7Xe ' X RN v 77X URL/UN » GAUQAa T30
Touve FUAEN o5 TUHARH o X0 b U %Ry FUZFIS v @R '"FHSZEN /Y GRUOa340
W -0 GHUQ Y 350
D LGo 1 farntf Y GRIBOA8HO
Falot 1O LALOAZ TG
v (1L.EG.L) £ALT=Y O CRLEOA 320
IF (I EC NUE T, FACT- CRUDAIYO
ShOJEJULY (R B GRUOS4200
WIF-ATite X w7 CS0d FLARL ~Z2hy) GhUC4410
W Sl T AT Y GhitO4: 20
rld-CORT Y L8804 W s ) GRUOA470O
el WAL IR W e L WON e FRHL - BUG, CUTUWG» DELF WS) GRY044a40
Jd THUANRE ke OGnti044°.0C
) (I B DN I TS RIS GRUD 4460
Ot L L W (R vk IR ZEHUBWHG s PUGr VR UNs DELT WS . CHLWL s ALF G, LT SeGRUICAA ™D
IVURN e DI v 30 U UL 7T o TWh ) LhRUOCA U0
XL ICERE FYY FN T PG AN TR SR SN ULhUGSATO
IR AT DR MR SRS S S N EITE LGRUGSLOQ
1] CRLEN S W P P I | f TAWEK-1. GhRUOALLIO
PR O RN S 2 A S (O B I W ORUOSL
Te 1d te o %y s 3550, LRUDALIC
bl e T o8 s bilinigd ke CAUAL 1O
LRt G L e DN R GCTENF L AT (VIINEI D X (COSCEHIREI WD TR D) CGRLC QLY
TIE U = TUHE L T SRR ALTERU 1 S(VUNSS4T)I2CCIOSCE HIHETHE TR 287 G oAy,
e IV FAS LIRS T A LAUVCAL 20
[EEE T SV SN O B 25 TR TR N { Give w0
i G el L S R A I 2 O 2 T 1 3N W R R} GRUL=,YO
RS SERrEFRPY PR e el Tearasitui HH 04600
Pratee A=, Continucd
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ii (DCLFM.ENR.C.Y DELF KaDLLI UY
DELFUS-IN LF UL LELFYS
T HS<(VUNSLOS(FHIbBTHE T Y 8D
WRITE (6¢77) JUehUeF HID  XPoVUNDELFUS BUR DLLPH DELF USRS
77 FORRAT (IXe2(FL0.5.2%)e1"'3,%)
XBea)pbelnb
00 CONTINUL

FuAY DOTYOR LIFY FORCE

XLUTe (). /PIVRSUST
WRITE (5,778)

778 FORMAY (/730X 'FLAT RBGIIO0N VEHILLE WITH SHARFP CORNERS /)
WRITE (80,221 XxLUT

773 FCORMAT (39X, UFPWASH LIFT FORCE " eTXe ‘LUI/2T Ju’ 20,57/

UFWALE | IFT FORCE FOR CIGCULAR CRUSS SLCTION

PLUT@ (L. /7F T)SUMFL
WRITE (ce?273)
773 FGRMATY (. 730¥%, "BODY WITH CIRCULAR CHhOSS SECTION /)
WRITE (6+771) XLUT
ISLANE=7FLENE+ 2.8 N2FL
IT (CPLAKL.GY.Z.8ZFINAL)Y STOPR
200 CONTINUL
EWND

SUBROUTINL WALL J(R+UMHBWhoeRUW,CVUD s DLLF W)
KREAL ANDTLOsNGeRDE  F Do i Ra Nl L ©

TH1S COMPUTES THE WALL JE1 PRGFERTIES GIVEN A WALL RADIUS
T JMHON/VUALLY DELSeNOCRNGELOrAL FO AL RO ALPUF N RO hGH UG HEKE
MAXIMGN VELOCITY DISTRIKUTIUN Jh JEFLLCTION REGION

AW3=,C?
NEDe?
KNUELF D=t 79,
RUIHO*AWIERO
DELURH= (RW3HO-BWHL) /(RO -RGH)
ALPWFDay .9 [N
DELAR = (ALFWIM D-ALFWO) / (RO -ROH)
DELNE (NIt NO)Y /C(RD- RGHD
ADELRY >, 0173
ARCL L - ANELRTS(RO-2.)~DELS) 7 (FO-KRGH»
DADELR=(ADUELFL ~NDELG)Y 7 (RO-RGH)
IF (R.LL.KRO)Y FETA=(3,- (R, R EDALFGILES
IF (R.GT.RO) FETA+0.,0
IF (Rh.LL.KGH) VARG-SRRTC1.-FETA)
IF (R.LE.RGH) UMN-UMGLIVG
I¥ R.LELRGH)Y GO TO 402
1IF (R.LE.ARD)Y HUN-BRWHOFDILBRHS (R -RGH)
IF (R.GT.KR0O) Bui=AWIsF
IF {R.LE.RD) ALFU=ALFWBO+NELARSIR--GH)
IF (F.GT.R0)Y ALPWR=ALE WD -
eF (RLEWROS N= 1D OLLNRECR-RGH)
IF (R.G1.hD) NaNI'D
I+ (R.LC.RO) DFLBLeDEL SARELELAR IR -KGH)
IFr (R.GY +O) DrLYL ADULRYBS(R 2.)
ALAM2 (T . -SNHRI (2.1 37218501 . /ALFR)
Al L DELBL ZCDEL 81 ¢ CBUR-DFLPL ) Z7RLAR)
Coll SINWINDFLINIALFNe~ATCU2WLP)
Ch it .4, VILALH~1,D

GhtI03410
Lh1086 10
GhUO0AG S0
GRUCA4640
GRU0AL O
OGRUDALEO
ikU0ea /0
UhUAcHO
GhUO46YO
LRUOR 700
GRULe710
GRUOA /7.0
GRU047130
URUO4 740
GRUOA7%0
Gl uoa’a0
Chuvalty
GRUOA HO
G104 90
GRUOALI00
Ghtoayi o
HI04U 0
LAUD AL O
LHUOANAOD
OGRUO4QHGLO
OLRUSHEL LY

WAL OO0
WALQUO D
WAL 3OO 30
WALCO0040
WALVOO O
WAl 00060
waLooe TN
WAL OVONO
WALOOOYO
WAL COL100
HALOO13O0
Hal OO 20
Well. 0O 1 30
WAL 0040
WAL CC1L0
1AL 00160
WAL OO 70
wal cuauo
WAl 001 9C
WAL OO 00
wWAL0021C
W 0020
UL o230
WALL00T40
WAL Yo 90
WAL 00260
WAL OOT0O
HALOOT 0O
WAILOD v
WAL DG IS
WALOO 3.0
WALOOS. O
Wesl 0Ot 1)
WAL OD 540
Hat Q0ito
WhL QUIAHO
#aLonidse
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IF (R.GT.4,) VISHUMLE . /(R/G.)u8 .24 WAL OO 36O
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YARIOVIF F=YARTGCIF € GF L 0OALD
(V2 LM INLE Lhl Coavo
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DO 5920 i=1s+HU GPLO0O630O

WRITE (&¢66) PUCT) GPLO0A4O
&6 FORMAT (//7/74uUXr "PBAR=",F10.5) GFLO065CQ
IFLAGn»} GPLOO&LLO
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PHAXOD«DELFW GPLOO730
IF (FHAXG.LY.FUCI)») IFLAG-O GrLoozAao0
RW=SU/7COS (FrHIumd GFLO0O0O/50
CALL WALL 3} (RWs JMN DLIKD s DUMI . DUMA, NEL FH? . GFL 00760
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IF CARS(ERR(R).LT.L.E-5) GO TO S01 GF1 00880
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AW/t O HTUD GFL010.20
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1P CETAM GT.1.) FP1AG-0.0 GFLO1100
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FLTAG 1 TACETARCALE G) GFI.01§20
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YFLOTUCIU)=XU
YFLOTUCIUY=XFLOTUCTU)/XSC
YPLOTUCLWH =YPLOTUCIUS /ASC
Tu-1U¢1
306 PHIU=PHIUINFHIU
200 COCNTINUE
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'HI=sFHIO
DO 400 Ih=1«NUFTIS
FRAR J= 3¢ 1) /DELES
IF (FRakd,LT¥.1.) GO TO 600
EToidsct .-t BARJIES . 25)RBC L. Z7ALPG,
ROF=RO+EP3¥() . +COSCFHID)
XFLOTJI(LUL1)Y=hOF SETAJBCOGCFHI)
YEILOTUCIJC T)Y=ROFBETAJSSINIHI)
XFLOT )Y IE TR LOTICIJET)/XSC
YELOTOCTIOUEI»=YF LOTUCIJET )/ XSC
TUET=1.10T7+¢13
FHI=FHL{DPNI
600 CONTINUE
IF (Iftasc.en.0) G YO 513
IF (FU(LY . E.0.> GO TO 513
IFC(FUF L T FMIUOY CO 10 510
GO TO L1t
L3I0 XFLOVH I =51
YHEOVUCU = xFOF
XFLOTUC(IUW ~AFLOTUCTIU) 7/ XSC .
YCLOTUCIW =YL OTUCTIU) /XSC
G3 TO 30O
S1lU HEHIU=C(FUF-f HIUD) /XFTS
FHTOSEHTIUYD
B0 200 1U=1,NUFTSH
YU=CUTL$SIGIsGD/COSPHIUY
XU-SDBTANCEHTIUD
hW=4DCOS Ot
CAt L Wall JURHeUMNDURS » DURI DUMA LIEL T W)
FMAXaDL FW-UMNEIDH (VMHECOSIFRTIW Ya el
FORAR-TUAVTD) A1 MAX
ETAlI=(s, -FRALSIE, _S)%k8(1.7ALFUG)
XELOTHCIUY 20D - YUSE T AU
YELOQIUCIUY sxl
XELODTOUCT) = XFL AT /XG0
YFLOTUCIWY Y LOTUCIW)Y /XSC
tu-tud1
PHIUD-FuIUeDE HIY
700 (ONTYT INUL
18 tu-1IU 1
OV 1t 1<t Jei-
HARITE (ae11y 1IET 11U
i1 FORMAL (7719 OFT ITMFINGEMENT REGIUN. TJET
181 TION Wi GIUNe 1 "l 47 /)
TE (L HT,061.0.0R.2IL Gl 0Y WRLIE (&6e55)
ULT TORPFAT (L, /78%% s A15S00 s 6Xe YISQU +8Xe "XISOL
IniIN-1U
1S« -1 11}
I clu b 19T 1THAL=T1U
1P C1ULGTL. T IEED) TRIN-TUORT
0o 303 1ThH-1 . IHAX
TE M Lt L IHIND WRITE (60120 XFLOT ICIM) P YFLOTY
Tthe a0
12 ORMAT (30Y,29¢H 10,5, 0X 0
1 (M, GIT L IRINGARDLIMINLEQ.IUY WHITE (&60130)
1 FORMAT C8ON e (F 1O e X))
1F Gl GHLIMIR AND L IMINLEQ.TUETY WRIVTE (40164
1
S FORMAT (54,000 105 e 0%
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GPrLV1400
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GFt.014.0
GrLO1430
GFLO1440
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GFLO1A460
GFLO14/0
GFL.O14H0
GFLO14%0
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Grtotre.’o
GFLO1% %0
GFHLO1%4a0
GFLO1SL0
GFRLO1%60
Gi'Lots o
Gt LOLESHO
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OGFLOD1600O
GI'LO1410
GFLO16.°0
GFt 01630
GFI G1640
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Gt 014V0
GELOL 00
GFLO1 /10
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GELOL S 30
GELOY 730
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GFLOTYL0
G LOLY&O

803 COUNTINUE

c CALL LINE (XFLOTUSYHLOTUPIU Ll lelolnadd
[ CALL LINEL (XBLOCT U YILUTU» I JET o210 elelro1) 4 LO1Y 70
00 LONTINUE G LO1980O
DIV, 588 T/XETS GF1L01970
PHIU-O, GFri. 62000
DO 900 I 331 «NIN TS LFLODOLO
YU=CUIBRSIGISLU,LOSCEHIWL) Gi't 02020
XUeSHBBTAN. Y il GFLO204D
If (AUL.GY.XLMAX) GO TO 901 OrLO2040
XP1.013¢1 ) -5h YU GHLO20%0
YHLOTUCE 5)~2U GFLOT06O
XELOWUCT D -XPLOTUCT ) /NSC Gri.02020
YELOTUGT D -YPLOTUCED) /XS0 GFrLO2080
Fatit-r HIUTDFHIU GPLO2CY0
900 COMNTINUL GILOS100
vYOs 1U-11 1 GFLOZ2110
WhITL (4,007 GrLOD1 20
HOZ § DaBdAaT (, 7/159%s Ul WASH DEFLECTION TONE LINEes FHARS0 OUTSIDE INTLRALIFLONY U
1CYION REGION 77 GLLOL:40
Wi 1Tl (a&etlOH) GELO2INO
BOL + URMAT (895X "AUF ' s HBXs " (UF" /7)) GHLO2160
L g1l tH-1eiu GHLODL 70
WRITE (6,811 RFLOTUCTRM)) oYFLOTLICTMY GHLODLHO
Bt LONIINUE GELOIYO
Bt §FORMAT 30X (F20.5,2X)) LFLO2200
- CATL LINE (XhLUOTUsYELOTUsIUslelelobo.}) GELO2210
C tatt alihaw GFLo2220
" CALL HLOT (-99.¢ 99,0~ 3) N GEE O30
KEADY (Le20OL) FALSE ;41 00240
101 FOFMAT (1%l 10,50 LELOZON0
il TURN GHI_O2260
LND . GiLozr 70
GUBROUTINE JETIE (LTACeRJH ALECeh o LUDT) JETOCOLO
HIMENSTUN ALPCTO0) st hh (100 2t 100070
( ILTOCO3D
' YT RUUTINE LUMPUOTES ¥ME EXFONENY OF THE JEY 21 LOCIYTY 1heaF 5L JE TO0040
L IN THE POTENTIAL CURE KEGION ILTGO0%0
t N 1 1¢CO0060
AL o1y 1Ll JETOOC 20
I SR SRR e 2N It To00H0
B0 O1OC 1-1.99 JETCOGYO
(ALl SIMETALAALE LTI ekt UD) 100100
EPROTIY LU LRk 88 IFTO0110
I Al 0l e ALECIH1I-AL (1Y (LALE LI -ALELT- 1)) 7t RRCID - ERRCI~1DD DI EF TOOI D0
tEht ) #1001 30
ALV ALE (T JETOC140
T vAMGUERKR I 20T 1.8 =-%) GO 10 101 ILTO0150
100 L ONT I NUE JETOO1 40
R T 4t 100: 70
101 KL 1B N HT00180
t il 1. T00i90
HERODTI0E SIPE SAT e ALY s R, VY LIHGOO1 O
' S1R0000
¢ PRIt 0 T LB T PR I FUNLYTION D SIHO000 30
v hohat 1o th il 1o by CIMOE004A0
‘ SIRO0O0,0
hY) L CALT #20 Y40 (AT E LY 3 A L. DL s A SALE ) CIHRO0VA0
woo [ YR S S N N Y I S S | 3. ear b [ Y oBALL EY e C1AN00 20
(Y ¢t lAaLssrAl e EIAL 2S8040 Taal 80l . E LA 8A2 T 1ADOLHO
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RO,

RSETATH#(1 . ~ETAC) R (2., -SORT(2.)3/2.)8&C1./ALF) SIMO0090 .
RETURN S1M20100 g
END 51100110 ‘
41
SUBKOUT IME GPRES (FOsVGrALPG+RCV2) GF KOO0 10 T
DIKENSION ALF {100),ERK(100) 6F KO0OZ0 H
GFRO000 .4
THIS ROUTINE SOLVES GROUND FRESSURE INTEGRAL FOR GROUND FRESSURE GF ROO040
EXPONENT CPROI0%0
GFRO0040 3
ALP(1)=1.5 GF R000 ’0 t
B ALP(2)=5%, Gt RUO0O0 L
DO 100 1:1,99 GF ROOC9O
CALL SIM(O.0,ALF(13,R.CVU2) ‘ GF K00 100
ERRCI)=R0O-1./(VGESART(CV2)) GFRO00110
IF (1.GE.2) ALP(I4+1)3ALF (ID-(CALP (1) -ALP(I=-1))/(ERRCIY FRR(I-1)))8GFKO0120
1ERR(T) GF %001 30
ALPG=ALP(T) GF KOO140
IF (ABSCERRC(INII.LY.1.E-S) GO YO 10t GF ROO 150
100 CONTINUE Gt Rh00169
STOP GFRO0170
*101 RE TURN GFR0O0180
END GF K001v0 ‘
SUBROUTINE SIMUW(KTELeNeALPH ReCU2,CP) SIM00010
SIM00020
THIS ROUTINE CGMFUTES THE INTEGRAL OF THE VELOCITY SOUARED FROFILE SIH00030
AND STATI FRESSURE FROFILE FOR WALL JCT FUNUTIONS S1MC0040
CUZ=VELOCTTY SQUARED INTEGRAL 3THO004L0 ‘
CP=STALIC PRESSURE INTEGRAL . SI1M00040
K=RATIUQ OF BWH 10 BW 51M0007C
$14000H0
KEAL KDEL SN S1M000%0
XN=N ZIMO0LOV
XI1-2e-4./CALFWES D46 /(2. BALFWE1.)- 3. /(3. 8ALF WL, D+1./7(4,.8ALF WH1.51M00110
1) 5114400120
CUZ=¢XN/ (2, $XNIISRDEL+ (1, -KDBELYSXT1 SI1M001 30
CF-RDFL$C1, RDEL)EXIL GSIMOO140
F=((2,-SART(2.))/2. 1881 ./ALFW) TINOOIGO
R=KDEL 4 (1. -KDEL ) &F LIMO0160
RE TURN SIM001T0 3 3
END 51100170 i
SUBROUTINE STHUGC(ALFU.R,CV2U) SIM00010
S1M000.0
THIG ROUTING COMPUIES VELDOCITY SOUARED INTEGRAL FOR UFWASH ©1MOCU30 .
SIH000V40 -

CUTU=1. -4, /7(ALFUHL . 46.7 (2. 8ALPUIL ) -A, /3. 8ALFUHL .21 ./7C4.8ALFU$1LIN0CO0Y0
1.2 SIM00060

F-(SOKT(2.3-1.3/S0RT(_ ) 41100070 BN
KR=F&8C1./ALIU? 51HM0V0U0 '
RETURN L1MOGOYO A
£ND LINOU100 % !
SUBKOUTINL GMATCH (RGeUG,ALFG  RUEL +NoF TAWG s DEL S ALF W e i) GRADOLNTO
GrA000L0
THIS ROUTINE 15 USHD FOF INITIATING Walt JET i GLON GHAGOO 30
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100

101

COMFUTES THE INTlalL INUISCID EXPONENY FOR MWALL JEY FROFILE

GMAO00A0

GHMAGOOS50

REAL RDELSN GHA000460
DIMENSION ALF(100)+ERRCIDI) GHAOGOO70
ALP(1)=.1 GMHAOOOBO
RELAX=,9 GHAOCOZ0
AP(2)=1.Y S3MAOO100
DO 100 171,100 (K ToYelop @ R}
CALL SIHW(KRDEL -NrsALF (1) e R CVY2sCF) GMA00120
LETAG=(1. -ETAROSZALIPG)I S S GMAOD130
DER=(RGHVUGEE ) & (. xCVUD2 (1 . -FETAG)+CERFETAG) GMAOO140
BUO -1, -FETAGY/DEN GHAOO1%0
KWONH=R®RWO GMARO0160
UELLCM=HWOSKDE L GHMA0O170
ERRUID) =DRELSM DFLS GMAOL1IBO
It (ABS(CRS IV LT.3.E-5) GO 7O 10t GMAOO190
IF {1.0GE.2) ALF I+ =ALF(I)-((ALF () -ALF (I-1))/CERR(I>-ERR(I-1)))EGHACCZ00
HEERCI)ELEL A GMAOOD210
CONT : NUE GHAOGO2DO
LT OF GMAOO23D
ALFW=ALEF (I GMAOOT A0
KETURN GMAOO025O
LEND GHAQO0240
SUBROUTINE SIMUCALIUR.CU2HD SIMO00010
CU2US1, 4. 7LALTUIL . )46.7(2.3ALPUEL . V-4, /(3. 5ALFUH4L1 D §1. /(4. EALPUILS5IM0O0020
1.) SIMO0030
F=ouryo, 1.)/GQRT (2. SIMO00A0
ol se 1L /0t W) SIMO0050
NIRRT SIM00060
END S1HM000 "0
SUBRODTINE §F GUMAT(CUF L, DFL FS, DELTW,RO»SD+ALFPG AL FUG) FGUO0OO10
DIMENGION FRRCEO1),SI6C101) FGUODO0
f GUOOO30

THIS ROUTINE COMFUTES EXPUNENT OF UF WASH GROUND FRESSUWURE FLRUFILE FGUO004C
FGUOOOLO

SIGC1IY .10 FGUOQ060
G162y L0 FGU0O0070
ALFUF_. ~1.5 FoLuooouo
"0 100 1=1.,100 FGU200%0
FR-KDFLPS/7DELEWIRE(, 20 FGLIOO0100
Cl1AG=511(t, SIGeIY RO £GUOO0110
EYAU=STIGOTDY /CUF D Fouo0ot 20

roe

101

Fr-fHRe(L.-ETALBEAL L O

F2=1. YAUSSALT IR D

CERRC¢(IDd=F1-CD

IV (1.6Q.1) GG Yt 100

S HLIGEIY-S16¢, -3 */(LRR (I ERRJ1-1))
It (ARSERKCT Y 1 T, E SY GO TOQ 101

HSIOOLILY STIGOL) -CSERRCID
COHRY I NwUE

SO

NEATITIAIRTE § G4 3

tran L1600 Curn

14 3, LT 1 OY 2l @ Q

trla (T FWeROL,. ETAamMeeaLi s ixeg
CAcl s AT (FRINJDLLEWAALT U
KE TURN

tHn
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£GUO001 30
rGuoo140
FGUON150
FGUOO160
FGlLioot 720
FGUuoLIBO
f GUOCO0190
FLUODIOO0
FGUCO10
FGUQCOT O
FGLIOOD2C
F GUOG. a0
FLUOO TH0
U000 P60
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TH:S ROUTINE COMFPUTES YHE EXPONENY OF THE FRESSURE PROFILE fOR

SUBROUT INE PHUATCH (PMINsPMAXsALFPUG)
DIMENSION ERR(101),AL(101)

THE UPWASH DELFLECTION ZOME

100

101

ALPUFD=1.5

PR=FMIN/PHAX
ETAM=(1.-FRe¥.25)%%{1./ALPUFD)

CALL “IMUF(ALPUFDIETAM,CSPUFD)
AL(1)Y=1.5

AL (2)=3.0

NO ‘00 1=1,100

Catt SIMUF(AL (I)»1.0+,CSPU)
X1=CTAME(PB+(1.-FB)XCSFU)

X2=CSPUFD

ERR(11Y=K1-X2

IF (ABS(CRIC(INI.LY.1.E~-S) GD TO 101
1IF (1.EQ.1» GO TO 10O
S=(AL(I)-AL(T~1))/(ERR(IDI-ERR(I-1))
ALCI+1)=AL (I} -SXERRCI)

CONT INUE

Ryl

ALPUG=AL (I

RCTUANY

END
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PHAGCL 40
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