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Abstract 

Incompressible flow past a 1:48 s a l e  mode1 of the CF-18 fighter aircraft was 

studied in a water tunnel at the University of Ottawa. The tests were conducted 

at the reiatively low Reynolds number of 3150. based on the fke stream velody 

and the wing's mean aerodynamic chord Flow visuahzation records were 

obtained for flow around different stores. the Leading Edge Extension (LEXI 

vortex. and the forebody vortex, at various angles of attack. The flows were 

visualized using water-based dye. a non-Newtonian shear-thckening dye. and 

hydrogen bubbles. 

The stores were m d y  studied in the low angle of attack range berneen a = 

- 1" and a = 5". At these angles. their effect on the flow was I d .  Decreasing the 

spacing between stores caused the flow to slow down considerably because of the 

interaction of the separated fiow on the wing with the boundary layers of the 

individual stores. 



The LEX vortex became stronger as the angle of attack was increased and 

the location of its breakdown moved upstream. The breakdown Imtion showed 

good correlation with results of other mode1 and full-scale studies. The forebody 

vortex was weaker than the LEX vortex, and was consistently drawn towards 

the LEX u n d  the two vortipas began interacting The initial interaction location 

depended on the a u n a f t s  angle of attack. 

The variation of the LEX vortex bursting location with angle of attack is only 

weakly sensitive to Reynolds number and. therefore, the water tunnel tests can 

provide a good simulation of f u l l - d e  flow characteristics On the other hana 

flow characteristics near surfaces change substantially with incre3sing Reynolds 

number. so that the water tunnel results in such region3 must be viewed with 

reservation, when considering their relevame to the high Reynolds number flow 

amund the aircraft. .hother &ect that the present results cannot simulate. 

even approximately, is the &kt of compiessibiliity. 
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Chapter 1 

Introduction 

1.1 Background and Motivation 

At moderate to h g h  angles of attack. modem fighter aircraft fly under 

complex flow conhtions. created largely bv three-bensional flow separahon 

from their the aings. fuselage and conhol surfaces. Such conditions have a 

sigdicant effixt on the h a n h g  characteristics and the structural integrity of 

the aircraft. 

The F-18 (Figure 1) is a highlv maneuverable tighter aircraft. employed in 

the military service of many nations worldwide. In Canada. the airrraft is 

designated the CF-18. The excellent maneuverability of the aircrdt is due in 

part to its slender forebody. delta aing codguration. and twin tails. To 

generate additional lift at hgh angles of attack. the aimaft is equipped with ta-O 



very low aspect ratio. hiehly swept Wing Leading Edge Root Extensions (LE';). 

attached to the fuselage just ahead of the main aings. 

The sharp. hiehly swept. leaninp edge of the LEX generates a vortex. which 

flows downstream approximatelv p a r d e l  to the LES. separating From the 

Wcraft at hi& angles of attack. .A @-pical LEX vortex trajectory is shon-n in 

Figure 2. 

Large vortices are also generated bv flow over the fuselage forebody. which 

has an oblate. ehptical cross-section that tapers into an ogive nosecone of 

circular cross-section. In general. the flow splits at the nose and runs alone the 

.Linder u n d  it separates and forms two counter-rotating vortices (Rarnirez. 

1990). The forebody vortex location on one side of the aimafi is also shoam in 

Figure 2. 

Wlile these vortical flows protide the benefit of uicreased M. they ma. al50 

have an adverse effect on control and maneuverability. because of their 

interactions with each other and with the ahmaft. One example of this is 

b d e t i n e  of the vertical t d s .  The LEX vortex core stagnates. sudclenlv 

increasuig in diameter as it bursts. upstream of or between the vertical t d s .  

The resultuig chaotic flow impacts on the vertical t d s  cawine laree and 

sometirnes uncontrollable vibrations. 

NASA initiated the High .Alpha Technology Program R A T P ) .  which uced 

aind tunnel testing of =ale rnodels. CFD codes. as weil as full =ale flight testing 

of a hi& instrumented F- 18 (High Alpha Research Vehcle. or H-IR\? to study 

these vortex flows and their effects on the flow field surrounding the airrraft. Its 



main objective was to develop a grenter understanding of these phenornena that 

a-ould assist the prediction and control of the vortex flows on present and future 

aircraft designs (Fisher et al. 1990a). 

.-ZU of these studies. and manv others not related to the K4TP. have dealt 

a i t h  a clean F-18 wing (with no stores). and concentrated on the behaviour of 

the flow on the top side of the aircrah. where floa- separations occurs. 

In its combat d e .  the F-18 carries a multitude of stores and pylons on the 

underside of its wings and fuselage. such as fuel tanks. bombs. and missiles. of 

various shapes and sizes. The flow-fields generated bv the stores interact with 

each other. which mav result in very complex aem&mamic flow phenornena. 

Very few studies have been carried out on the flow beneath the wings. 

The first step towards understandmg the complex flows about the CF- 18 is to 

iden@ their structures and locations relative to the aircraft. Athough natural 

visualmition of the LEX and forebody vortical flows on full sa le  aircraft is 

sometimes possible when they flv on davs of appropriate temperature and 

humidity. controlled studies can only be performed in the laboratory (in a i n d  

tunnels or water tunnels). or on a higldy instrumented. and thus expensive. 

aircraft such as N.4SXs KARV. Pressure and force measurements can then be 

made in the areas of interest. and flow visualization c m  be performed. 

One of the major advantages of uksing a water tunnel over a a i n d  tunnel for 

=ale model studies is the convenience of flow visualization. In order to tisiialize 

the flow near the airc-raft rnodel in a aind tunnel. s m d  particles are injected 

into the air upstrearn of the model. however. thev tend to niffuse very quickly in 



hgh energy reaons. such as the vortices. In water tunnel studies. the lower 

velocity allows the iisualuation agents to follow the flow patterns accuratel- for 

a longer time and distance. X wide variety of methods exist for flou- 

visualization in water. These include dirt particles suspended in the water. 

hydrogen or other gas bubbles. and many types of dve. including water-based 

and non-Neatonian. fluorescent and non-fluorescent. permithng clearer 

iisualiza~on of flow patterns. which makes their interpretations much easier. 

The Merence in Reynolds number between the Ml s a l e  CF- 18 in ni& and 

a model of the aUcraft in a water tunnel is too large to permit even a rough 

estimation of dpamic smilarity using the model. There adl c e r t d y  be 

Merences between the laminar flows in the water tunnel and the correspondmg 

turbulent flows in fhght. espeaallv in the viscous flow regions close to the model. 

where the stores are located. In addition. compressibility effects experienced by 

the full s a l e  CF-18. operating at hgh  subsonic speeds. wdl be absent in an'; 

water tunnel studies. 

Despite these Merences. it sûll  seems worthwhde to conduct water t u ~ e l  

studies of low Reynolds number flows around the forebody. LEX and stores of 

the CF-18. In partidar. as few flow \%ualization studies have been perfomed 

on the stores. any information regardùig their effect on the flow would be useful. 

The development of computational codes deaimg with the CF-18 could also 

benefit fÎom such results. It is custornary to test the initial stages of 

development of h g h  Reoolds number CFD codes using low Reynolds number 

flows. because of the reduced requirements in terms of grid size. cornputmg time. 

and computer memory. 



1.2 Objectives 

The primary objective of the present study is to carry out a visualnation 

studv of the flow field around a model of the CF-18 fighter aircr;ift in a water 

tunnel facility. O f p a r t i d a r  interest is the flow around the LEX and fuselage of 

the model a t  moderate to h g h  angles of attack. and around the stores and pylons 

on the lower surface of the Wcraft at low angles of attack. 

S e c o n d q  objectives of ths study. and prerequisites to the prima- objective. 

are to document the flow characteristics of the unobstructed water tunnel. to 

develop and hp l emen t  the methods of flow visualization best suited for use in 

this fanlity. and to design accessories to the water tunnel capable of positioning 

and traversing hnth the model and the visualnation tools in a vîticfartory 

manner. 

1.3 Thesis Organization 

This thesis is hvided into &Y chapters for clarity of presentation. The first 

chapter contains an introduction to the flow phenornena of interest on the CF-18 

fighter airrraft. and spedes the objectives of this studv. Chapter 2 presents a 

review of the vast amount of relevant unclasdied literature on the CF-18. The 

experimental f a d t i e s .  accessories and techniques are describec! in Chap ter 3. 

dong  with an error estimation for each component. 



Flow qua& measurements and flow \isuahzahon photographs are 

presented in Chapter 4. The flow visualization results are discussed in Chapter 

S. and conclusions drawn from these results appear in Chapter 6. 

Five appendices follow these chapters. Appendm A compiles the technicd 

drawings created speafically for this studv. includmy. first and foremost. the 

rnodel positioning -stem. Appendk B compiles drawings and sketches relahng 

to the water tunnel in general. while schematics for the electronic circuits 

designed for ths studv are presented in .%pendut C. Appendut D lists some 

general procedures for mounting and ciismountmg the rnodel and flow 

visualization components. and Appendn E contains a record of the Tecplot data 

files used to generate the aircraft fiame. stores and the dye h e s  used in the 

an a l  ysis. 



Chapter 2 

Literature Review 

A s  a 6ghter aircraft sening a a-orldaide domain. the F-18 has k e n  stuctied 

in man- facilities in manv nations. Most stuciies overlap in their focus on the 

flows that have the greatest effects on the aircraft. -4s such. the LES and 

forebody vortices. because of their strong effects on the maneuverabili- and 

structural integrity of the vertical t d s .  have been especially .scnitinized. by 

meana of force and pressure measurements dong the length of the iinburst and 

hurst vortical regions. and by flow visualization of the vortex structures. The 

flow m u n d  the aircraft's stores has been studied with much l e s  intensity. and 

only a couple of limted-=ope floa- tisucllization studies are avdahle in the open 

literature. 



2.1 Leadmg Edge Extension (LEX) 

The leaning edqe extension is a high angle of attack lift augmentation deklce 

employed by the CF-18. .\ccording to Hebbar and Leedy (1992). stable vortical 

flow is induced above the main wings at high angles of attack bv the LEX. 

While the main wings would normallv stall at these angles. the lower pressures 

that are created on their upper surfaces by the LEX vortices increase W. and 

delay massive flow separation (stall) to even higher angles of attack. Thus this 

very highlv swept. very low aspect ratio wing has been credited with peatly 

increasing the aircraft's maximum lift coefficient. Due to the interaction of the 

vortical flow the LEX produces with the tad control surfaces. it has also been 

crectted with enhancing maneuverabihty ('Lee et al. 1990). These same vortices. 

however. are amenable to *burstingv. whch is the source of h&lv complex 

turbulent flow. and can lead to severe bdet ing of the vertical t d s .  

The LEX vortex rolls up dong the LEX leacting edge. folloaing a path 

roughly parallel to the leadmg edge along the fuselage (Fisher et al. 1990b). At a 

location along this path. whch is highly dependent on angle of attack. the vortex 

bursts (Figure 3). Photographs of the LES vortices &y. for example. Erickson. 

1991. Fisher et al. 1990b. and Del Frate et al. 1990) show that the. are very 

tightly wound. One of these photographs has been reproduced here in Fiqre  4- 

Del Frate et al (1990) d e - i b e  the bursting phenornenon as "a stagnation of the 

core flow with a sudden expansion in core diameter." which is distinctly visible 

in the photographs shoam in Figures 3 and 1. 



The change in LEX vortex bulisting location with angle of attack ha9 been 

studwd by many authors. For example, Wentz (1987) showed that the LEX 

vortex bursts just ahead of the vertical tails a t  an angle of attack of 25". Data 

h m  Del Frate et al (1990) and Fisher et al (1990b) show that bursting occurs 

farther upstream as the angle of attack is increased. Hebbar et al (1992) studd 

a dynamic model using a variable pitch system. which showed that with a pitch- 

down motion, bwting occurs closer to the LEX apex than in the static case. 

whde during a pitch-up motion. bursting anirs farther £mm the LEX apex. The 

effects became more pronouncecl as the pitch rate was increased. M a o  et al 

(1996) added to thLs by studying Srnultanmus model motions in pitch and yaw. 

Shah (1991) showed that significant changes in the LEX vortex stnicture and 

location could be produced by relatwely small changes in LEX span and choré 

It was postulated by GhdaFi et d (1993) that the prerrsure gradient formed 

by the vertical tails themselves may cause the vortex to becorne unstable and 

burst. with the chaotic flow that d t s  loadmg the vertical tails in an unsteady 

marner. Yet removing the allcraR's vertical ta*. as in experiments performed 

by Wentz (1987), had neghgible efFect on the flow field. and the vortices burst at 

the same location as with the tails attached. Howwer, after removal of the 

wings of the aircraft. the vortices were located farther inboard. and refhined 

h m  bursfing up to angles of attack of 30°, indicating that the adverse pressure 

gradient producd on the wing is dominant in the vortex bursting pmcess. ûil 

streak sudace flow visualization on the LEX and upper wing surface by Lee et al 

(1994), Lee and MaMeau-Mes (1996) and Brown et al (1990), show that indeed 

the LEX vortex is prominent on the wing's upper surface. 



Erickson (1982) stuhed the effect of aing sweep and angle of sideslip (yaw) 

on the vortex trajectory. and found that the vortex follows the aing sweep angle 

in a h e m  fashon. becornine p a r d e l  to it at high angles of attack. and that an 

aswrnetry of the vortex core with respect to the aircraft plane of symmetry can 

form even at srnall angles of sideslip. The asymmetry due to yaw causes the 

aindward vortex to bui-çt much closer to the LEX apex than it normally would. 

shoaing that bursting location is not onlv a function of angle of attack. but d s o  

of sideslip. It was further shoa-n that downward leadmg edge flap deflections 

tended to stabilize the LEI; vortices. whde downward deflections of the truluig 

edge flaps tended to destabùize it. 

Thornpson (1990) was unable to determine anv si@cant effect of flap 

settings on the LEX vortex. Neither did airbrake deployment position (see 

Figure 1) nor horizontal stabilizer deflection anples seem to have an- effect on 

vortex bursting location. The of engine d e t  flow rates. hoa-ever. 

drasticallv altered the structures and locations of the LEX vortices. It has been 

noted by Thompson (1990) that a reahstic flow field wiU only rcsult hy 

simulating floa* through the model's engine inlets. It was reported that the F- 18 

inlet velocity ratios (Li lu.. where Vr is the &et velocity and C7- is the nominal 

f+ee strearn velocity). for ~ ~ i c a l  air combat maneuvering periods at aneles of 

attack higher than 15'. were p a t e r  than 3.0 for more than half the period. nith 

a peak value of 5.5. These velocity ratios a-ere tested with the mode1 in that 

study. An increase in the engine d e t  ratio moved the LEX vortex burstinq 

location downstream. by as much as 20°'0 of the aircraft length at hi& values. 

The bursting location a-as draan closer to the aircraft. Martin and 'lliornpson 



(1991) obsemed complex floa-s for no engine inlet flow. and conventional 

patterns were seen u n d  Vr/U. = 8.1. when flow was & a m  f?om the upper to 

the lower surface and entered the engines. 

In addition to t d  buffet load alleviation. other goals of these LES vortex 

studies were to understand the flow in the vicinity of the LEX in order to 

increase controllability of the WcraR. Empirical testing of the aircraft led to the 

development of the LEX fence (Erickson. 1991). a smail trapezoidal fin that sits 

perpendicular to the LEX. just ahead of its junction with the main wing (see 

Figure 1). 

.hcorduig to studies performed by Enckson (1991). the LEX vortex 

breakdown appears to be more gradua1 with the fence in place. The fence dm 

reduces the turbulence level within the burst flow. whde only minimallv 

affecting the aircraft's aerodymmic and stabihty characteristics at suhsonic and 

transonic speeds. .4ccordmp to Shah (1991). the LEX fence separates the LEX 

vortex into two CO-rotating vortices. the interaction of whch tmds to move the 

vortex system outboard. awav h m  the t d s .  .As the energy of the vortex is 

spread over a larger region. the burst vortical flows whch do impact on the 

vertical t d s  have l e s  rotational kinetic energy than they do without the fence. 

Bean et al (1993) showed that Tangentid LeadmgEdge Bloaiiie (?ZEB) 

dong the LEX c m  reduce the e f f d v e  angle of attack of the vortex. relocating it 

inboard. and reducing its strength h m  the leadmg edge. 

CFD predictions of the flow m u n d  t h s  complex aircraft have generally been 

ctiffidt to produce. However. wMe computational models of the entire aircraft 



dl experi~nced dittinilties. rnodels of the aimraft body fomard of the aings 

have recently been able to accuratelv prenia LEX vortex paths and structures. 

Cummings et al (1992) have made such predictions. whch avec well ui th  in- 

fhght data. 

The slender ogive c y h d e r  shape of the CF-18's forebody causes ?wo counter- 

rotating vorhces to form. The forebodv vortices are similar to the LE?[ vortic~s in 

structure. but thev follow slightlv M e r e n t  paths. passing symrnetrically over 

the aircraft's canopy. with their stable cores rernaining very close to the surface 

of the aircraft (Fisher et al. 1990b). 

The F-18 High Alpha Research Vehcle (H...uEV) used bv N.4S.A in its Hieh 

Alpha Technology Propam (H.4W) has been Q o m  numerous rimes to prokide 

flow visualization records of the forebodv and LES vortices. Separation and 

reattachment lines caused bv the forebodv vortices are shown by surface Boa. 

visualization. using dves emitted bv small holes in the aircraft forebody. 

Photoqraphs of these lines c m  be found in reports by Fisher et al (1988). Fisher 

et al (1990a). Fisher et al (1990b). Fisher and Meyer (1988). Del Frate et al 

(1990) and Bjarke et al. 1992). One of these photographs has been reproduced in 

Figure 5.  Results fiom numerical simulations by Thomas et al (1989) are 

included in t h s  figure for cornparison purposes. Tt can be seen that the 

computational resd ts  correlate well a i t h  the data h m  the K . V .  The CFD 

results also correlate well with pressure measurements taken by the H.IRV 



instruments. indicating that these stuciies can help venfi- evohing numericd 

codes. 

It was detected in fiight tests that a s m d  vawing motion can produce a large 

correspondmg asynmetry between the vortex trajectories ai th  respect to the 

W c r a f t ' s  plane of symmetry. Yet. even in the absence of sideslip. it has been 

reported that the forebody vortices can becorne aspmetr ic .  Erickson (1991) 

reported aswmetric pressure distributions dong the forebodv at high angle of 

attack. indicating that one vortex had moved towards the forebodv surface. the 

other slightlv awav. Fisher et al (1990b) observed wing rock at an angle of 

attack of 45". attributable to alternating aswmetry  in the forebody vorcices. 

Sufficiently far frorn the nose. the trajectories of the forebodv and LE9 

vorcices are close enough that thev can influence each other. When the ta.0 

vortices interact. the forebody vortex is p d e d  beneath the LEX vortex. and is 

then rehected outboard (Del Frate et al. 1990. Fisher et al. 1990b). This 

inhcates that the forebody vortex is the weaker of the two. This agrees with 

data h m  Wentz (198'3. whch showed that the forebody vortex has lower 

circulation than the LEX vortex. 

At an angle of attack of 30'. the point of interaction of these NO vortices is 

just aft of the LEX-wing-leading-edge-flap junction (Del Frate et al. 1990. Fisher 

et al. 1990b). and it moves forward as the angle of attack is increased. If the 

LEX vortex is eliminated. bv removing the LEX altogether Wentz. 1987. the 

forebody vortices burst at angles of attack above 20". However. the burst 



forebodv vortices remain close to the fuselage centerline even nt high angles of 

attack. resulting in a weaker interaction with the t d s .  

Suarez and Malcolm (1994) studied methods of forebodv vortex control. They 

found that jet blowing in the nose regon dfected the directional stabiltty of the 

forebodv vortices. increasing or decreasing asymmetry. dependmg on where the 

blowing took place. A single rotatable tip strake produced earlv separation of 

the forebodv vortex thus giving better directional control. Even better control 

was achwed by using a pair of rotatable tip strakes. F indv .  a single vertical 

nose strake had a tendency to restore symmetry to the forebodv vortices at hqh 

angles of attack. 

2.3 Stores 

Stores mav be carried bv the CF-18 in order to complete manv types of 

missions. Coupled to the wings by pvlons. these attachments can take the form 

of various combinations of d e s .  bombs or fuel tanks. 

Early fighters used to carry their stores in a c m o  bay. Present da'; fighter 

aircraft. however. normally c a n y  extemal stores. Such stores are much more 

versade: they mav be e a d y  interchanged. require much s m d e r  carriage spaces 

(Ozcan et al. 1995). However. extemal stores create additional drag. and the 

flow-field in the iicini- of the stores is extremelv cornplex. 

Ozcan et al (19%) studied an extemal bomb carriage used by the Turkish .An 

Force. Larger forces were measured on the aircraft when mounted with rocket 

launchers than with bombs. Surface flow visualization on a non-a.Uisynmetric 



&age pmduced separation and mattachment lines. Streamlines were 

reconstnicted h m  those hes, showing vort id  patte- around the stores. 

CFD of the same b a g e  correctly produced the vdocity field. and was verdieci 

using the flow visualization results. Additionally. CFD analysis predicts other 

flow featrues. such as l a r g e - d e  vortices, attributed to invisCid separation h m  

the sharp edges. and small de-vortices.  attzibuted to cms-fiow separation of 

the boundary layer. 

Studies of forces caused by store3 have been performed by Marsden and 

Haines (1967). Stahara (1980), and Dollyhgh et a l  (1978), who measured the 

drag of ehptical stores on an F-16. Furthemore, Chen and Liu (1990) 

developed a computational method for predicting the flow around stores, the 

results of whch compared well with force data, and Monta (1980) found that 

addmg stores. such as Maverick d e s ,  MR-84 bombs and earnal  wing fuel 

tanks. to an F-16 resulted in changes in the airnaff pitching moment. 

Pressure measurements in a wind tunnel by Dowgwdlo et al (1996), using 

pressure sensitive paint on an F-15 a k d k  mode1 were performed for various 

stores, such as LANTIRN pods, AM-9 d e s  and conventional bombs. Low 

pressure regions were observed in the areas of blunt store shoulders, sensor 

poQ. the bulged landing gear door and the inboard store boat-tails. Regions of 

hi& pressure were observed amund the forebody. engine inlets. outboard store 

boat-ta&. and the store's nose. Most tests were performed with the central fuel 

tank mounted. Removal of this tank caused a d c a n t  change in the pressure 

field about the mid-stores. but little change in pressure around the outboard 

stores. 



-4ccording to Tijdeman et al (1959). wing-tip missiles can be treated as 

endplates. increasing d a t i o n  and loa& on the wing surface. -4ccorduig to 

H;ùnes (1980). clustering stores together can increase drag bv a factor of 1.75 to 

1.9 from the drag on individual stores. 

Pvlons are used to c m  stores for military aircraft. but Meren t  models of 

pylons are also used to c m  the engine nacelles of commercial aircraft. The 

pylons on a low ning transport mode1 was studied bv Xaik and Ingraldi (199:3). 

with no nacelles attached. Three pylon shapes were studied. an airfod design. a 

"kompression" design (with a maximum thckness at the wing's trailing edge:e) 

and a hybrid. with the d o i l  shape dong the outboard side and the compression 

shape dong the inboard side. With these shapes. and the pvlon trailuig edge 

extendmg aft of the wing trading edge. the pressure distributions obtained were 

ve. close to those obtained for a c1ea.n wing. ThLs Mplies a mail loss of Mt and 

minimum flow separation at the pylon-wing junction. 

Results h m  a CFD studv bv Ravkayoglu and Yalcmel (1996) suggest that 

the store wake would deflect upward near the store trailuip edge at positive 

angles of attack. and continue to rise downstream. At negative angles of attack. 

it is predicted that the a-ake would once again deflect slightly upwud at the 

store trading edge. but then it would follow a steep downward dope as it moves 

downstream. For positive angles of attack. the lateral size of the wake increases 

with increase in angle of attack. Additionally. the presence of the store 

generates its own vortical patterns. which interact with the wing-tip vortices. 



Several other CFD methods have been developed for determining the 

interaction of stores with each other. the pylons and the en tw  aircraft tAG.IRD. 

199.5). There seem to he as manv methods as there are studies. Most of these 

methods isolate the local flow around the store h m  the global flow around the 

aùnafi.  vet h k  these two systems together bv combining adjoining nodes or 

imbeddinp one into the other. Very few of these codes have been validated bu 

flow visualization data. The reader is directed to the AGARD Stores Conference 

Proceedmgs for further details (AG-ARD. 1995). 

2.4 Justfication of Water Tunnel Studies 

Traditional stuches of the vortical flow field around fighter aircraft have been 

performed in wind tunnel facilities (e.g.: Erickson et al. 1989) or in full srale 

fhghht tests (e.g.: Fisher et al. 1990b). Though tests of the F-18 have been 

performed in water tunnels (e-g.: Thompson. 1990). these facilities have typically 

been excluded h m  force and pressure measurement stuches because of their 

inability to simulate compressibility effects. and their restriction to low Re!molds 

numbers. This prevents dymamic similarity of mode1 studies and full-=ale 

investigations. and makes correlations between the tests and the full-=ale flom 

m c u 1 t .  

Some phenomena. however. mav be repreçented by water tunnel results. 

especidv when considering the qualitative nature of flow vimahzation. 

the LEX vortices origmate on the sharp leadhg edge of the LES. where 

flow separation m r s  regardless of whether the flow is laminar or turbulent. 



the generation of the LEX vortices d be accurately represented in the water 

tunnel. .Accordmg to Enckson (1982). water tunnel studies of these vortical 

flows are best suited to h g h  angle-of-attack configurations. when the vortex is 

much larger than the wing boundary layer thickness. and the vortes is located 

far &om the h g .  

Erickson (1982). Lowson and Mev  (1995). and Thompson (1990). among 

others. have shown that LEX vortex characteristics such as bursting location. 

are essentialtv independent of Reyolds nurnber at high angles of attack. LES 

vortex breakclown Imations are shown for the full-scale HARV. wind tunnel and 

water tunnel tests for h g h  angles of attack in the graphs pven by Del Frate et 

al (1990) and by Erickson (1980). reproduced here in Figure 6. Ramirez (1990) 

reported that no appreciable change in the vortex core location could be observed 

with a variation of the Reyn9ld.s number. Even force measurernents in the water 

tunnel at hi& angles of attack. as measured by Suarez and Malcolm (1994). 

showed good correlation with wind tunnel and fdl-scale flight data. indicating 

neax independence h m  Reynolds number. 

The effect of Reynolds number change on flow interactions due to the stores 

has not been studied. Phenomena that occur close to the surface of the mode1 

are known to be sensitive to Reynolds number variation (ERckson. 1982). Other 

events. however. can be expected to be comparable in low-speed water-tunnel 

and hgh-speed wind-tunnel studies. In kiew of the limited knowledge available 

on the flow beneath the F-18 aing cémying stores. an- information obtained in 

the low-Remolds number regime could still be useîul. for example. in the 

t-ahdation of emerging CFD codes. 



2.5 Flow Visuahzation 

Somally. the floa- around the model is imisible. because its optical 

pmperties are no different h m  those of the surroundmg fluid. Introducing 

pamcles into the flow. such as smoke. rnists. bubbles or dves. allows the 

visualization of the model's wake and other vortical patterns. 

Unfortunatelv. the injection of particles into the flow introduces some 

disturbance of the flow by the injection device. This necessitates a very s m d  

injection tube. to avoid the formation of a large wake. Merzlnrch (1987) reports 

that Pitot tubes and h'lpodennic needles are suitable for injecting dye into water. 

because of their very s m d  outer diameters. 

Dve is weLl suited to the visuahahon of low-speed water flows because it is 

neutrally buoyant. has gmd visibility and low dinusivity (Merzlnrch. 198'i). Dye 

injected into the flow traces out streaklines. whch flow downstream over the 

model. The dye adl be neutrallv buovant in water if it has a large water base. 

preferably taken &om the water tunnel itself. Good visibility can be acheved by 

usine: a dark dve on a lightcoloured. weU-lit background. -As the due flows 

downstream. however. it tends to diffuse. whch makes it more difficult to see. 

Apparently. addmg milk to the dve mixture can increase its stability in shear 

flows (Merzlarch. 198'7). 

There are alternatives to the standard water-based or alcohol-based dues. 

Hoyt and Sellin (1995. 1996) experimented with many Merent chernical 

combinations. such as aqueous polvethylene oxide (PEO) solutions. in an 

attempt to create a fluid aith the same optical properties as water. and as many 



of its phvsical properties as possible. but whch would hold together in hi& 

,chear flows. The result was a water-based non-Newtonian fluid whch became 

ttucker as shear increased. allowing it to follow mixing flows more visibly. 

A fluorescent dye offers excellent visibdity when duminated bv a laser at a 

wavelength to whch it is sensitive. Dves such as rhodamine and fluoresceine. 

whch emit light onlv at specific wavelengths. Merent  h m  that of the incident 

light. are used for this purpose. For optimal photographv of the flows. a film 

that is highlv sensitive at these wavelengths should be used @Ierzlnrch. 1987. 

Extensive release of dyes into a closed circuit facility may contaminate the 

water. thus necessitatinp occasional replacement of the water. 

A method for 14sualiPng the flow without contamination is by generating 

h y h g e n  bubbles. -4s the bubbles are produced bv the electrolysis of water. they 

are either absorbed back into the water. or rise to the surface and escape. farther 

downstream. 

.4pplying a dc voltage between two submerged electrodes ionizes the water in 

their vicinities. with oxygen ions being attracted to the anode. and hydro-n ions 

being attracted to the cathode (hilerzkmh. 1987). 

.As hvdmgen is released at double the volume of oxyen. h y b g e n  is the 

desired tracer. The cathod- is thus made into a very t b  aire stretched across 

the length of the section to be tisualized. Hvdrogen bubbles fom dong the t h  

w4re and are swept dowmstream bv the flow. Because of their small size. thev 

follow the flow aveu. with the only other force acting on them (other than low 

viscous drag) being buoyancy. Pulsing the voltage in the aire can produce 



tuneluies in the flow. Coverinp secbons of the %-ire. or creatme h k s  in i t  u111 

produce streakhes. A carbon rod can be used as the anode. and should be 

placed downstream to avoid disturbing the flow. 

A s  the wire cathode is tvpicallv on the order of 0.05 mm or srnalier. and the 

bubbles are of' comparable sizes. the duturbance to the flow field is minimal. 

2.6 Conclusion 

The flow about the F-18 has been stu&ed bv man? investigators in 

laboratories worldwide. A large number of studies have focused on the LES and 

forebodv vomces. sirnplv because thev have the strongest effect on the aircraft's 

perf'ormance. Thus a wealth of intorrnation e+its for the studv of the aircraft's 

upper surface. The flow near its lower surface. however. rernains relatively 

unexplored. Visualization of the flow past a mode1 of t h  aircrafe would be  

performed best with dyes or hvdrogen bubbles. as the flow in the areas of 

interest is expected to be 1;imina.r at the speech used in the water tunnel. 



Chapter 3 

Facilities and 
Experimental Procedures 

Flow visualization experiments were performed in the new water tunnel 

facility at the University of Ottawa using dyes and hydrogen bubbles on a k-18 

scale mode1 of the CF-18 aircraft. with a dean wing. or carrying various stores. 

whde immersed. A laser Doppler ve1Ocimeter was used to measure the flow 

velocity at various positions in the water tunnel. 

3.1 Water Tunnel Fachty 

The water tunnel at the University of Ottawa (Figure ;) is a dosedcircuit. 

reclrnilating facilig capable of holding up to 16 rd of water. It has a test section 

approximately 4 m long, with a cmss-section 0.50 m wide and 0.75 m hgh. It is 

enclosed on three sides by 9.5 mm thick g l a s  walls. whde the top surface is open 



to the air. but may be covered by removable Plexidas secaons. ;V1 instruments 

and models are placed in the test secbon fiom the top. 

The flow is produced by a Cascade 0.3 m 112'7 diameter axial flow pump. 

which is dnven bv a 5.6 kW (7.5 hp) GE motor. providing a maximum head of 

2.13 m (1 ft) at 126 rad/s (1200 rpm). X Siemens Relcon 62000 motor controLler 

aiiows the flow rate to be varied in order to eive test secbon velocities between 

0.05 d s  and 0.30 d s  respectivelv. at a water height of'O.70 m. 

Water is first pumped into a large settling chamber. where it passes throueh 

two perforated plates and one plastic screen of different solidities in order to 

even out the flow non-udonnitv. and to dampen a m  vortices or other large 

scale motions. The fiow is then accelerated through a the-sided contraction 

(the top surface remains free). which changes the passage area hom 1.3 m bv 2.4 

m to 0.5 m bv 0.75 m over a 1.5 m leneth. Mter passine through the test secbon. 

the water recoverv tank redirects the flow through a l m e  pipe below the tunnel 

back to the pump. A window is located at the back of the water recoven. tank for 

tiewing h m  the downstream end. 

The facilitv uses several detices to reduce flow disturbances in the test 

section. Besides the screen and two perforated plates. a vertical perforated 

cylinder in the setthg chamber allows the water comine h m  the pump to be 

dispersed dong its entire depth. The cyluider was n~apped  with another plastic 

screen of relatkelv hi& soliditv to pressurize the Buid in the cy-luider. and thus 

even out its exit veloQty. A plunger is located inside the perforated cyiinder. to 

absorb the vertical momentum fiom the innishinp water. The plunger was 



submereed to prevent air from entering the water through the turbulent miuine: 

that murs in t h  area. In the test section. boundary layer removal slots were 

mounted flush with the dass dong the walls and floor. at two downstrearn 

locations. Water is drawn fiom the boundarv laver at these locations bv a 124 W 

(116 hp) pump situated under the recovery tank. Once the flow enters the 

recovery tank. it is directed to the sides bv two vanes. where it is drained to the 

pipes below without disturbing the main flow area. Once again. vertical 

perforated cvlinders and pluncers permit a smooth and airless flow out of the 

tank. 

3.2 Water Tunnel Uthties 

3.2.1 Water Treatment and Suction 

The 123 W (116 hp) pump. mentioned above. serves as an independent 

suchon device for the tunnel. This is advantagrnus in that it can also sen-e as a 

uthty pump. whch can be used at any t h e .  whether the main pump is in 

operation or not. Water &om the tunnel is filtered and chlorinated in t h  way. 

and a suction tube is run by this pump to remove any deposits on the tunnel 

tloor. A diamam of this setup is shown in Fieure 8. M e n  rumine unattended. 

the s m d  pump is controiled by a b e r  that ailows it to draw a-ater for filterine 

and chlorinating. on a 12 h o u  schedule. normailv 6 hours on. foilowed by 6 

hours off. 

The same pump also produces the suction that was used to draw water from 

the aircraft mode1 e n m e  d e t s .  Because t h  pump does not use a controuer. as 



the main pump does. the valves that direct the flow to the filter. chlorinator and 

boundary layer dedces have to be adjusted und the desired flow rate is 

obtamed. 

3.2.2 Traversing Syetem 

Steel rads are mounted on the fiame of the water tunnel. alloaing carriages 

to move dong the length. aidth and depth of the test section. p r o d m g  access to 

eve- iocahon therein. Two cyhdrical rads mounted above the test section 

permit smooth manual positioning of a carriage dong its longitudinal (x-) axis 

(see Figure 9). A second carriage runs dong rads normal to the fïrst set. atop 

the x-axis carriage. kom one side of the test section to the other. alone its 

transverse (y) axis. Instruments were attached to a vertical vernier mounted to 

the .y-axis carriaee for this study to provide access to a partial tunnel depth. 

Between these carriages. each equipped with its own scale. readable to 0.5 mm. 

instruments can be placed at anv posibon inside the tunnel. 

There is provision to add a second traversinp svstem alone the lenmh of the 

tunnel on its side. and also a third one below the test section. 

3.2.3 Mode1 Positioning System 

The model positioninq system. based on an earlier desien by Za-art (1995a). 

protides precise rotation in the pitch and yaw axes (Figure 10). It was designed 

to keep the center of rotation of the model. namely the ninq leadme edee-LES 

junction. in the same place through changes in both axes. For this study. the 

center of rotation is located at haif the full water height. or 0.33 m fiom the 



bottom. Thus, the pitchcontmlling C-stnit is actually an arc that makes up part 

of the cmuderence of the circle centered on the model's enter of rotation. The 

C-&rut is mounted on a plate which can rotate the model in yaw relative to the 

fixed mounting brackets. The complete set of drawings for this system, 

including dimensions, is presented in Appendix A 

The model positionhg system is mounted above the tunnel, thus avoiding the 

need for complicated mounta inside the test section. Howwer. this leads to a 

conflict with the x-axis carriage and could present problems for experiments that 

requlle the cafiiage to be directly above the model. To m l v e  this. in the future, 

the entire system can be modified for mounting inside the tunnel, although a 

drop in the water lwel may then be necerrsary in order to maintain the model 

near the flow centeiplane. 

A pointer mounted on one of the C-strut supports indicatea the pitch location, 

SCTibed to half degree increments on the C-strut. t h u g h  its fidl range of 40 

degrees. The I 30' yaw position. 3cRbed to one degree increments, is indicated 

by a pointer on the mount base. 

Because of their reputation for a m a c y ,  p W c  hobby models have o h n  

been used for fiow visualmition, force and pressure measurements in small scale 

studies of the CF48 fighter aircraft. Thompson (1990) and Ramirez (1990). 

among others. have v e d e d  the accuracy of various hobby models. 

Two identical 1:48 d e  plastic hobby models by Revell (CF-18 Hornet D-Day 

version. model number 056294389) were used for this study, m&ed to d o w  



mounting onto the sting and for engine inlet flow. One was used for lower 

surface (store) flow studies. and the other was used for upper surface flow 

studies. The leading edge and trailing edge flaps were kept at OO. and the 

horizontal stabilizers were attached to the model at 0'. The LEX fence was used 

in all configurations. 

The sting was comprised of t h  pieces. namely a block of aluminum which 

connected two aluminum rods (Figure 11). One of these iods was attached to the 

C-strut of the model pitch mount, and was threaded so as to allow small 

corrections in the model position. The second rod was attached to a s t a d e s  

steel plate at the rear of the model. axial to the model. and was threaded for 

s m d  positioning comxtiom or changes in the roll angle. For added stability. 

the stainless steel plate was screwed into another stainless steel plate inside the 

model, through one of the engine outlets. 

The pitch of the allcraR is dehed as the angle between the line comecting 

the tip of its nosecone to the centdine of its engine nozzles and the horizontal 

direction. It has been vedied that the undisturw flow W o n  was 

horizontal. 

The pitch of the model was adjusted ofben during this study, so it was 

essential to determine the actual pitch angle. Scale marks were &d onto the 

C-stnit with an accuracy of S . I 0 .  using a amputer generated template. The 



pitch pointer wuld be positioned up ta 0.5' along the C-strut, so that the 0" pitch 

line would correspond to a scribed mark, as this line will vary h m  one rnount to 

another, depending on how the rnount is built. As this was done by eye. the 

estimated uncertainty in the positioning system pitch angle was I 0 . 2 O .  

The model sting was attached to the C-strut and the model with a set of nuts. 

huning the entire pitch assembly into a rigid body. Thus the sting did not 

contribute any emrs to the pitch angle. However. measuring the exact O0 pitch 

angle was found to be a difncut pmcess. and was only accurate t~ t î O .  

The yaw rotation feature of the positioning system was not used for this 

study. The 0" yaw angle was located by scribing a line, using a mùling machine. 

between the center of rotation and the pointer. p d e l  to the positionhg 

system's machined edge. The position of t h  mark is accurate to 0.007°. 

However. the pointer was positioned along the mark by eye, for which the 

estunated uncertainty is 10.lO. The scale marks were again scribed onto the 

mount using a cornputer generated template, with an a m c y  of I0.1". The 

positioning system was mounted to the tunnel using a dial guage, dowels and a 

level, to ensure that ita axes were parallel to the tunnel axes. The overall 

uncertainty of the yaw angle due to the positioning system was dMO. 

The model was aligned in yaw with the positioning system by eye, and was 

accurate to appmximately I0.5O, while at 0° pitch angle. This uncertainty 

inmaseci as angle of attack was increased, und,  at 40'. the uncertainty was 

about *1.5', due to the method used. 



3 - 3 3  Engme Flow 

To aüow simulation of' the flow throueh the aircraft's engines. the original 

model eneine uilets were cut open to their maximum size. Plastic tubine of 6 

mm (111") interior diameter was inserted into each engaine d e t  and attached to a 

Y connector. This aliowed the flow to eQt the model through a sinde e n d e  

outlet. as the second outlet was being used by the sting (Figure 12). The plastic 

tube then ran bom the model engine outiet to the 121 W (li6 hp) pump for 

suction kee Section 3.2.1). 

;In engiue inlet ratio of uni. was used for thLs studv making the flow speed 

through the engines the same as the tunnel speed. Thus both the tunnel aater 

speed and the engine d e t  speed were 0.070 mls. as measured in Section 41.2. 

Ramirez (1990) gave the singie engine d e t  area of a Ml scale F- 18 at h e h  

aneles of attack to be 0.391 m2 (6 10 in2). Scaled to the model size. this gives an 

e n p e  inlet area of': 

.&suming that the area does not change s i e c a n t l y  tkom hieh to low andes 

of attack. the desired volume fiow rate can be calculated simplv by rnultiplyine 

the model en@e d e t  area bv the e n d e  d e t  velocity and doubhe  the resdt 

(for two engines): 

The volume flow meter avdable on the water tunnel was scaied in gaiions per 

minute (mm). so it is useful to convert th result into 0.380 gpm. 



The exact d e t  flow velocity used was 0.4 gpm. resulting an inlet velocity 

ratio of VI/ CIc = 1.05 for all configurations in thia study. 

3.3.4 Store ConGguations 

The CF-18 aunaR is capable of canying stores at nine stations underneath 

its wings and fuselage. These are labeled 1 through 9. beguuiuig at the port 

wing-tip (Figure 13). On each wing, stores can be carried on the wing-tip and at 

two locations diredy under the wing (an outboard and an inboard store). 

Adchtional stores can be carried on the fuselage beside the engmes and one store 

can be carried dong the aimafi centerhe. 

Nine different types of stores (incluchng pylons) were tested whde mounted 

on the avcraR mode1 in eleven difKerent configurations. 

The pylons used in thts study (Table 1) were scaled mode13 of the SW-63/A 

Wing w o n  and the SW-62/A Centerline Pylon. The wing pylon alone was 

capable of carryuig only one store; however. when a BRU-33/A Vertical Ejector 

Rack (VER) was attached to the pylon. two stores could be carried at one station. 

The stores used in this study (Table 1) were scaled models of the 330 US 

Gallon Extemal Fuel Tank (330 USG EFT), the Aim 7 Fuselage Miûsiles and 

Aim 9 Wmg-tip Missiles, the MK82 and Mm3 bombs and the GBU-12 bomb. 

The first configuration studied was the clean wing, that is, completely without 

stores, to be used as a reference configuration. The &en configurations. 

including the clean wing, are shown in Figure 14, and are summarized in Table 

2. 



Note that photographs were only taken of stores placed at stations 5 through 

9. because the camera was best suited for photopaphy on that side of the 

aircraft. In view of results shoaing Little mutual effect of stores on the same 

wing (see Chapter 5).  it is unlikelv that stores on one alng would measurably 

affect the flow around stores on the other wing. 

3.4 Visuahation and Measurement Instrumentation 

Manu different dyes were tested for use in t h  study. Just a few grains of 

the powdered dyes Methyl Violet. Congo Red or Fluorescein Sodium Salt in a 1.5 

x 10.:' volume of water produced a solution concentrated enough to be \sible 

in the smali ilow visualnation streak. Congo Red did not stay mked and %-as 

therefore not used in this study. Methyl Violet produced a deep purple dye 

stream that could be seen best with the dwct lighting of a normal 

phosphorescent light bulb. Fluorescein Sodium Salt was best seen when 

duminated by the laser. .AU of these dyes were neutrally buoyant in the water 

tunnel. 

A non-Newtonian fluid was produced accordmg to the recipe pro~ided by 

Hoyt and Sellui (1995. 1996). This fluid is reported to have propertles 

comparable to those of water except for its shear-thickening property. whereby 

the fluid becomes more viscous and has less ditfusion when exposed to h g h  

shear. It was thought that thLs fluid could be usefd in highiy chaotic areas 



around the model. The formulation for each of the chemicals used in t h  fiuid is 

pven below. 

To create a 20'0 solution of9 C 16TASal. .5 mL of cetyltrimethyl-ammonium 

bromide was dissolved into about 400 mL of distdied water. resultmg in a cloudy 

solution. Five mL of sodium sakcylate was added to this solution. The thal500 

mL solution was acheved by slowly adcimg more dishlled water. 

Ln a second container. a '/:O6 PEO solution was created bv adding 1.25 mL 

polyethylene oxide to 200 mL distdied water. Distdied water was added u n d  a 

250 mL soluhon was achieved. The PEO dissolved overnight. without s t m m g .  

These ta.0 solutions were then combined in the following ratio: 1 part PEO to 

2 parts C 16T.Uai to 4 parts disbiled water. 

The dyes Methyl Violet. Congo Red and Fluorescein Sodium salt were tested 

for colouring t h  mixture. Once again. however. Congo Red did not remain 

mived ai th the solution. Both Methvl Violet and Fluorescein Sodium Salt 

performed very weU. colouring the non-Xewtonian filament ço that it could be 

easily followed through the flow field. 

It was found that the non-Newtonian fluid dissolved quickiv in a large. 

unmoving body of water. Thus there was no concern that the fluid might 

contaminate the water tunnel. even after a substantial amount had been used. 

Contamination by the large amount of due being poured into the tunnel also 

seerned to be neghgible. as the large volume of water in the tunnel was not 

noticeably coloured throughout the entire period of this study. It is hkely that 

the same pmcess used to chlorinate the water also bleached the due. 



3.4.2 Dye Injection System 

The dye was stored in two 1 litre cylindrical cauisters. which were 

pressurized using the 550 kPa air supply available in the laboratory. For ease of 

access and rem, the canisters were located underneath the tunnel. attached to 

the steel kame. The dye was forced through plastic tubes up the side of the 

tunnel. thmugh the free water surface. and injected into the flow through ta.0 

injection tubes. of 0.39 mm inner diameter. at the desired location. 

.As the regulator on the high pressure air supply could not show small 

pressure variations. the pressure was adjusted in small increments und the dye 

leaving the injection tube produced a thin streak. .AU the adjustments were 

made by eye. A streak that expanded when introduced into the flow was 

considered to be faster than the water in the tunnel, whde a streak b a t  thinned 

out was considered too slow. The photographs taken aher the dye injection had 

been calibrateci in t h  way show that this pmess is faiiiy repeatable. as all dye 

streaks had appmximately the same size. It may be estimated that the dye was 

injected into the flow at a speed within 110% of the flow speed. 

The dye traces out streaklines in the water tunnel. namely h e s  which are 

the locus of dl the points in the water that have passed through the injection 

tube locations. In the case of steady flow. streaklines are identical to 

streamhes. which are tangentid to the water velocity at every point m e .  

19'72)- 

In order to ensure proper positioning of the dye streak. a s t d e s s  steel tube 

was used as a rigid mount for the injection tube (Figure 15). The s t a d e s  steel 



tube also contained the plastic tubmg carp-ing the dye. and was bent mto an L- 

shape to avoid hturbing the flow about the model. The tubing system was 

placed upstream and to the side of the model. The 6.4 mm diameter base of the 

injection tube was mounted to the tip of the L with a set screw. -4s the injection 

tube base tapered dou-n to the 0.71 mm outside diameter of the injection tube 

exit. only the smallest tube ever neared the \%inity of the model that was being 

stuhed. 

Horizontal mobon for one injectzon tube. in both streamwise and transverse 

directions. aas prolided bv the x- and y-ad carriages. whde vertical mohon was 

pro\lded by the vertical traverse (see Section 3.2.2) mounted to the carriages by 

a 1 m long angle aluminum m. The second injection tube was mounted on a 

t w o - a .  (vertical and transverse) positioning system. located just upstream of 

the model positioning -tem. Figure 16 shows the relative positions of these 

systems above the tunnel. 

Positioning of the dye tubes was very accurate and repeatable. The location 

of the injection tube mounted to the two-axis positioning system was controlled 

by two cranks. each with a dial p a g e  readable to 0.01 mm. -4s the camiages 

aere only b d t  with scales readable to 0.5 mm. dial mages. readable to 0.01 

mm. were used to locate the position of the other injection tube. Because the 

injection tubes were attached to the positioning systerns by set xrews. 

reahgnment after the set screws were loosened introduced higher inaccuracies. 

For t h  reason. the set screws were kept hght throughout a aven store 

configuration. 



A solenoid valve could be used to control the flow of dye into the aater 

tunnel. -In electrical suitch permitted manual openhg and closing of the valve. 

so a continuous streak of dye could be injected. h sa-itch and b e r  combina~on 

also allowed the dye streak to be turned off automaticdy. p r o d m g  s m d  

streaks and prevenMg due waste between camera setups. -4 Lnk to the camera 

ailowed an exposure to be taken once sdlicient dye had emerged into the flow. 

The pulsing feature did not work as expected. as once the valve was closed. the 

pressure that had b d t  up in the h e  took a long time to be relieved. Thus the 

dye streak would not end abruptiy when the valve was dosed. The circuit 

diagram for this system is avdable in .Appen&. C. 

3.4.3 Hycûogen Bubbles 

The hydrogen bubble aire setup (Figure 17) included a power source. to 

proklde electrolysis of the water. an electronic pulsing circuit. based on the 

design by Budwig and Peattie (1989). and the wire itself. The circuit diagram is 

shown in -Qpen&x C. Voltage to the wire could be pulsed either bu a tri--r 

saitch. to produce a single Lute of bubbles. or h m  the square wave output of a 

functzon generator. The latter method was used almost exclusively. producîng 

short b e l m e s  of hydrogen bubbles at a fkequency set bu the generator. 

normally 7 Hz. This made the lines easy to follow as they were swept 

dounstream. 

.A continuous sheet of' bub bies foms a visible three duneasional sheet in the 

tiow. however. the dishnct pulsed h e s  were found to be more usefùl. as the? 

could be dumùiated in hi& contrast to the background. These tunelines were 



then followed as they taist and tum in response to various flow patterns. such 

as the LES and forebody vortices. or obstmction by the stores. 

A 0.U) m long. verticaiiy mounted. hydrogen bubble wire was used to obtain 

large-scale flow visuaination. required to determine the generai flow quaiîty of 

the tunnel. This wire was mounted berneen two Bat plashc supports. attached 

to a thin plastic rod. whch was placed inside a s t a d e s  steel tube for added 

stiffriess (Figure 18). The bubble wire was mounted in such a way that it was in 

contact with a stainiess steel screw. Voltage was then applied to the system 

through a wire leading fiom the pulsing circuit to this scxew. ;V1 electricaiiy 

conducting surfaces other than the bubble aire were coated aith &con sealer. 

for safe. purposes. and so that thev would not produce stray bubbles. 

A shorter hydrogen bubble nire was used to visualize s p d c  areas around 

the model. and was created variable in length. h m  10 to 100 mm (see Figure 

19). The 0.04 mm diameter wire was supported by two conductmg pins. pressed 

into thin plastic plates for easy removal if the wire broke or otherwise needed to 

be replaced. One pin was soldered to an electncai mire. whch led to the pulslng 

circuit. The plastic plates insulated the mount h m  the Live wire. The position 

of each plate was locked in place with set mews dong a s t d e s s  steel T. thus 

L*Eing the length of the aire. .As was the case for the due injection system. an L- 

shaped stainless steel tube was used to support the h y h g e n  bubble aire. in the 

same manner. h plug was mounted snug in the end of this tube. alloaing the 

wire system to be mounted in either the horizontal or vertical direction. and was 

held in place aith a pin. As with the other h y d q e n  bubble system. aU 



electricdy conductmg surfaces. other than the wire itself. were coated uith 

silicon sealer. 

As the bubble ~ * e  was mounted on the same svstem as the due injecaon 

tubes. using an identical mount. it was subject to the same positioning 

uncertamty. 

Hydrogen bubbles tend to rise in water. because of their much lorer density. 

However. it is assumed that the Renolds number based on their rise velocity is 

small compared to 1. so that their motion can be determined h m  Stokes' Law: 

where the tvater kmematic vkwosity i+ v. = 1.0 x 10" m'ls the gravitational 

acceleration (g) is 9.81 m/s2 and the partide density for hydrogen bubbles. pl. is 

neglipble compared to the density of water. fi. Studies surnmarized by 

Merzkuch (198'7 have shoan that. in general. the size of the bubbles. d, .  is of' 

the order of the wire diameter. Thus a wire diameter of 0.04 mm pves a Ne  

velocity (Stokes velmity) of V. = 0.87 mmls. giving a Reynolds number of 0.035. 

just@ng the use of Stokes' theory. .-\ssuming that no extra vertical momentum 

is added by the flow speed of 70 mds. t h  velocity dictates that the bubbles 

would rise by 1.1 mm across the entire 330 mm length of the model. and by 

much less over the length of a typical store. Therefore. under the present 

conditions. hydrogen bubbles do indeed mark the fiow accurately. 

A common annoyance after several minutes of producing hydrogen bubbles 

was the b d d u p  of contaminants on the wire. causing fewer bubbles to emerge. 



or even completely b lochg  sections of the wue. This was resolved either bu 

removing the wire from the tunnel and re-immersing it. or by setting the 

bequency to a hgh  pulsing rate (on the order of 1 to 10 kHz) for a few seconds. 

then resettmg it. The latter technique produced so man. bubbles that anv 

contaminants were swept off the wire. 

3.1.1 Laser 

Standard Laser Doppler Velocimetry (LDV was performed to determine the 

speed of the water in which the CF-18 mode1 was stuched. Velocity 

measurements in the water tunnel were necessary for several reasons. First. 

whde good flow quahty could be seen by watchmg the smooth dye streak or a 

sheet of hydrogen bubbles deformed only by buoyancy (such tests were also 

performed). it was necessq  to ensure a relatively constant velocity in the areas 

of study. . - o .  the fkee stream fiuid velocity must be knon-n to compute the 

Keynolds number (see Sechon 4.2). and to estimate the engine d e t  speed (see 

Section 3.3.3). whch are functions of fiee stream speed. 

;In ûptdcon 5 W argon ion laser supplied a cyan beam komposed of green 

and blue light. at wavelengths of -188.0 nm and 514.5 nm. respecbvely) through 

a fiber optic cable to the Dantec LDV equipment (Figure 20). More inf'ormafion 

concerning the laser can be found in the Optikon laser manual. and ~nformation 

on the LDV equipment and software cm be found in the Dantec manuals (1992). 

The laser head codd be fitted with one of three lenses. with focal lengths of 

160 mm. 300 mm and 600 mm. respectivel-. The 600 mm lens was selected in 

order to gain access to the tunnel's entire cross-section aithout chanmg 



attachments. Cnfomuiately. t h s  meant that the control volume was rather 

large (sec below). thus introducing the possibility of a velocity variation withm 

the control volume itçelf. especially close to the walls. 

-4s only average values were needed. and high precision in determining 

velocity profiles was not necessary. the laser head was attached to the tunnel's 

travershg system (see Section 3.2.2) using only a crude mount. made of square 

steel tubing and angle iron welded together in an L shape (see Figure 20). The 

laser head could be mounted on any of twenty-one evenly spaced holes on the 

vertically-mounted angle imn. gving the desired vertical location. Cross-stream 

and transverse motions were made using the tunnels travershg system. 

however. only a milluneter xale was used for determining the camage positions. 

Uncertainty in the control volume location was caused by the use of clearance 

holes in the mount. whch aliowed slight variations in the head's vertical 

position. and caused difnculty in ensuring that the head was aligned 

perpendicular to the glas. If touched. the mount took several seconds to become 

stLll. 

The focal length of the 600 mm lens is equai to its nominal value when 

operatmg in air. However. the lens was used at various distances bom the 

tunnel wd. thus it was partly in air. and partlv in water. Ignoring any 

distortions caused by the # a s  wd. and given the index of refiaction of a-ater as 

1.33. the actual focal length of the lens (fi. and therefore the location of the 

center of the control volume. couid be calcuiated by: 



where d was the &tance tkom the laser head to the g l a s  wall of the tunnel. 

The position of the carriage codd be read to withm 0.5 mm. Hoa-ever. due to 

complications in convertmg the scale reading into the distance fiom the laser 

head to the giass. d could only be calculated to an uncertainty of * 2 mm. Thus it 

was estimated that the control volume location in both the vertical and 

horizontal planes was accurate to i 2 mm. 

The laser was operated at 700 mW. git-ing adequate power for the beam to 

shme through the large volume of water. However. particle seedmg was 

necessq  in order for the laser Doppler software to calculate the tunnel speed. 

About 1 mL of silicon carbide (1.5 pm diameter) was mived into about 10 L of 

water. whtch was then added to the tunnel a t  the rear. The particles were thus 

mixed into the flow by the pump irnpeller. 

The Laser Doppler setup was controlled by the Dantec software cailed 

FlowWare (version 2.2). The settmgs in the Control and Acquire section were 

codïgured using suggestions by Zwart ( 1995b3 

In the Setup section. the foiiowing settings were modified fiom the defaults. 

Electronics 

1 Dimension 1 2D I 
t 
1 1 Burst Detector Mode f Tngger on Ci/est. inhibit 1 

If the Burst Detector Mode is set to 800 Hz or to 1.25 kHz. the system udl 

sample the flow at that rate. regardles of the presence of particles in the control 



volume. Thus it is Uely  that very few particles d fit the criteria for a valid 

sample. CVhen set to 'Tngger on Li lied. inhibit". the system w d i  only take 

samples when particles p a s  through the control volume. and a much hgher 

vahdation rate can be acheved. 

1 Gaiissian Beam Diameter (MI) 1 1.3 1 1.3 1 

L 
Wavelength (nm) 1 .188.0 

r 

1 Beam Collimater Exp. 11  11 ! 

C', 

514.5 

Beam Expander Exp. i 1.0 / 1.0 i 

The propam uses the above data to calculate the h n g e  spaMe. a h c h  is 

14.5 p n  for 26 fimges in the fi dvection. and 15.3 .pm for 26 b g e s  in the G 

26.87 
, 

600 1 

I 

direction. The measurement volume is also calculated by the program. and is 

Beam Separation (mm) 

accessed by pressing Control-V at this point in the setup: 

26.87 

Lens Focal Length (mm) 1 600 



I 

G a i n  i Hlgh I Hlgh . 
I I ; Frequency Shift (MHz) 1 40 1 -10 

The above settings permit a velocity range of -0.87 to 0.87 mis. 

Unf9minately. the 600 mm lens d o w s  only an 8 mmfs resolution ahen 

determining the measured velocity. 

In the Acquire section. the foiloaing setûngs were modified fkom the software 

defaults. 

Validation 

1 VaLdate 1 1 Both [L and LI] 1 

Error DLsplay was used to check the signal and velocity. High Yoltage was 

adjusted as necessary (fiom 1200 to 2000 t7 to keep the photomultiplier current 

around 50 +-i as recommended in the Dantec rnanuals. This keeps a consistent 

amount of reflected light reachmg the photomultipliers. avoiding bias because of' 

light loss in a large volume of water. 

LDV measurements were made to determine the range of tunnel speedç. and 

to provide a velocity map to determine floa- qualit?. For these purposes. 

measurements were made at 15 different pump speeds. all at the test section 

centerhe near the test section entrance. One measurement was taken at each 

pump speed. except at study operating speed of 9 Hz. ahich was measured 6 

Mies. Thus the potential for spurious datapoints was hgh. Measurements to 

be used for flow qua& were also taken. at th.rty-five points at each of tao  cross- 
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Cutoff 
1 

-3 dB 
1 



secbonal locations in the test secbon. one at the entrance. and one ât the modei 

loca~on downstream. Each point was sampled only once. 

3.4.5 Iilumination and Photography 

iiiumination was produced using a Buhl Optical projector aith a 150 W bulb. 

which provided very uniform Light across the entue beam. and a custom-made 

100 W spothght. 

-4 flat mirror reflected light h m  the horizontal projector verticaiiy to another 

flat mirror immersed in the water downstream of the mode1 (Figure 2 1). Both of 

these mirrors could be adjusted to duminate the area of the mode1 being 

stuched. but. corning fiom the downstream location. tended to cast shadows 

toward the front of the model. The spotlight was used to ffluminate the areas in 

shadow. wherever possible. Soma&. the spothght was placed so that it shone 

through the side wail of the tunnel. either upstream or downstream of the model. 

Occasiondy. the spothght was placed on top of the tunnel so that it could shme 

dnectly on the bottom of the modei. but there was generdy no m m  for this 

positioning (sec the crowded workspace in Figure 16). and most areas of interest 

could normaily be Uuminated fkom the side. 

When used as the flow visusualization tool. the purple dye could be seen best 

when the background model was duminated. Figure 21 diusmates a typical 

mirror setup at low angle of attack. For hgher angles of attack. only the mirror 

location ande had to be adjusted. 



The hydrogen bubbles were much more ddEcult to photograph. as the 

bubbles were lit nith an angle of 135' between the light source and the camera 

for best visibikty. and the background model was kept as dark as possible to 

increase contrast. Combined with the short exposures required to track a h e  of 

bubbles without streakmg. most stdi photographs were very dark. The mirror 

location shoam in Figure 21  was moddied slightly in order to be better suited to 

viea-ing the hydrogen bubbles at low angles of attack. As the angle of attack nas 

adjusted. the muTor had to be lowered or raised in the tunnel. and its angle had 

to be adjusted accordingly. to keep as little of the mode1 lit as possible. This nas 

a ddlicult and tedious task. and was best performed with the assistance of 

another person. 

A Nikon FE2 35 mm camera was used for taking stdl pictues of the model. 

The camera had a variable shutter speed and f-stop. and could be fitted with 

various interchangeable lenses. Loblaws Photoshop 100 speed film was used for 

ail exposures of the stores. and for due visualization exposures of the LES and 

forebody vortices. It produced good quahty photos. comparable to those taken 

during test nuis with Fuji -2S-4 NO film. and was not as expensive to process. 

The .GA 400 was chosen as the minimum film speed. after tests with W.4 100 

and 200 speed films produced very dark pictures. Kodak Royal Gold ;\S.\ 1000 

film was used to take gmd photographs of the LEX vortices at hgh  speed. as 

visualized by the shear-thckening dye. however. the hydrogen bubbles nere 

very dark. Kodak W a x  P3200 black and white film was used to successtiillv 

capture Mages of the LES vortices using hydrogeen bubbles. 



Photographs a-ere taken kom below the tunnel and f?om the side. M e n  

bleuing from the side. the camera was mounted on a tripod so that the entire 

wing of the model was visible. when a Tamron 90 mm lens was used. The h n t  

of the lens was placed at about 380 mm h m  the tunnel w d .  at the uing level. 

When viewing the d g ' s  lower surface fkom below the tunnel (the v;ingSs lower 

surface faced upwards. because the model was mounted upside-dou-n. see 

Section 3.2.3). a mirror was mounted upstream of the model. directly above the 

camera. barely fully immersed so as to drsturb the flow about the model as Little 

as possible (see Figure 21). The mirror was ahgned so that  the camera could 

capture the entire aing in one kame. The lower fuselage was photographed in 

the same wav. The T a m n  90 mm lens was coupled with a Vivitar 2x macro 

focushg teleconverter and Vi'citar automatic extension tubes (12 mm and :36 

mm). bringmg the total focal length to 228 mm. to gnTe the proper magdicacion. 

.A Sikon DR-3 right angle Mewing a t t achen t  a-as used for ease of focushg 

when the camera was tdted upward. The camera lem was placed in contact 

with the bottom wall of the tunnel. Photographs of the top surface of the model 

(i.e. the LEX and forebody). were taken by placing the camera dvectly below the 

area of interest. using either the Tamron 90 mm lens alone. or a .52 mm Sikon 

iens. 

In order to avoid disturbing the camera on its tripod. the ngger was pressed 

using the "START' bunon on a custom-made circuit. shoan in r\ppen&x C. 

whch incorporates a solenoid switch that depressed the carnerak remote cable. 

Video Mages of the flow were captured usine a GE 8 mm Camcorder wlth an 

8x telephoto zoom lens. The camcorder recorded images h m  the side and below 



the tunnel when folloaing the dye h e s .  Hydmgen bubbles flowing over the 

stores were best seen h m  above the tunnel. whde those bubbles entrained in 

the forebody and LEI( vortices aere best seen fiom the side or below the tunnel. 

3.5 Tecplot Flow Visuahzation Software 

Tecplot is a software package that d o w s  computer generation of XY plots. 

and 3D surfaces. among other features. Cornplex 3D surfaces must be generated 

by prokldmg Cartesian coordmates for the points on the surface. and can thus be 

tedious to create. However. once the surfaces are created. they can be rotated in 

any direction. shaded to show lighting effects. or rnagxufïed to show small areas. 

Other data. such as velocity vectors or contours. can be added to the plots. 

The water tunnel speed was plotted in contours using this program. as afl 

be dixussed in Section 41.2. The velocity contours were flooded with different 

shades of grey. to show the trend in the velocity. 

The aine surface used in the analpis of the stores in Section 5 -2 was created 

fiom measurements of the mode1 surface. point-bu-point. aith a vernier cahper. 

-4s the forebody and tad sections were not required for these plots. and the 

measuring process was tedious. ody the section of the aings was created. 

Although exact shape of the aings was not M y  represented. it aas deemed to 

be sufficient as a reference for locating the dye streaks. 

The coordmates of points dong the thirty one dye streaks photographed in 

this study over the clean wing were rneasured directly h m  the photographs. 



and they were scaled to the model size using a reference easily visible in the 

photopph. and accuratelv measurable on the model. 

The contours of the winp pylon. EFT. \-ER. and MK-82 bomb were also 

mapped using a vernier caliper. In the case of the stores with aui-synmetric 

cross-sec~ons. one quarter of the model was created. and mirror images created 

the remainder of the cornputer surface. Each of these models was created 

separately. so it was necessary to import them into the same file that created the 

a i n g  surface. and move them using position transformations to the appropriate 

locahon. 

The dye h e s  photographed in Configuration 6a (see Table 2) were measured 

in the photograph and çcaled to the model size. after whch they were plotted 

alongside these surfaces. 

The input files for the wing and store surfaces. as well as the dve h e s .  have 

been included in i3ppend.w E. 



Chapter 4 

Experimental Results 

This chapter presents velocity measurements taken in the water tunnel. and 

introduces the flow +uaktation results. whch a d  be discussed in the folloaing 

chapter. 

4.1 Water Tunnel Flow Characteristics 

4.1.1 Water Speed Cérsus Pump Rotational Speed 

Velocity measurements in the water tunnel were taken with a Laser Doppler 

Velocimetry (LDW -tem. The centerline velocity. 0.42 m tiom the test secaon 

entrance. was measured at pump rotationai speeds v@g from 5 Hz to 40 Hz. 

accordmg to the setting of the motor controller. The water height in the test 

section was kept constant at 0.70 m t hughou t  these tests. Figure 22 shows 

how the centerline water speed varied under these conditions. This plot codd be 



used as a rough =de for determinùlg the water speed £rom the motor controller 

indication. 

The water velocity variation is a slightiy n o n - h e a r  h c t i o n  of the pump 

speed. The plot shows that. a t  the maximum a a t e r  height. a a t e r  speeds from 

0.05 d s  to 0.30 d s  are w i t h  the range of th faality: higher velocities in the 

test section could be safely acheved with a lower water height. if necess-. 

Lookmg a t  a pump rotational speed of 9 Hz. which was used throughout the 

study. it can be seen that the resulting tunnel cen t e rhe  speed was very 

repeatable. even after raising and lowering the pump speed several times. 

The LDV output a t  zero water velocity (O Hz) aras measured in order to 

d e t e d e  possible o h t s  of the LDV measurements. but none was found. 

Because the motor can not operate a t  speeds below 5 Hz. no measurements a-ere 

taken in the range of O to 5 Hz. Furthemore.  although the pump can be 

operated up to 60 Hz. it was not nui a t  speeds higher than U) Hz. because of 

noise in the pump enclosure. possibly due to vibration or cavitation. 

4.1.2 Flow Qiiahty at a Nominal Tunnel Speed 

The flow speed in the water tunnel was chosen for flexibility in 

photographing the flow visualization media immersed in flows around the upper 

and lower surfaces of the CF-18 model. .After studying the beha~lour  of the dye 

and hydrogen bubbles at several pump speeds. a value of 9 Hz on the motor 

controller was chosen. 



Figue 23 shows contours of the streamaise velocity component. measured at 

two cross-sections. and normakzed by the nominal centerline velocity. L? = 0.0'70 

mis: the latter was determined bv averagmg aii measured values w t h  the 
LI- cores of the two cross-sections. whch corresponded to , aO/o of the t u ~ e l  area. 

Thus the nominal centerhe veiocity is actudy slightly lower than the peak 

centerline velocîty . 

.AU three axes were normalized bv the width of the tunnel. b = 5-30 mm. but 

measurements in the vertical direction were restricted up to about 90°0 of the 

water's height because of practical limitations. Most flow visualization was done 

in the range of -0.25 < z/b c 0.0.6 < u / b  < 0.8. and 0.66 c x /b  c 0.81. 

The flow speed was relatively close to the nominal centerline velocity in the 

cores of both sections. It dropped below the 95i0/o LT,- level in the waU reeons. 

whch extended bv less than z/b = 0.1 h m  the waiis. and r / b  = 0.1 fiom the 

floor of the tunnel. except in the corner regons. where the effects extended 

f'arther h m  the wak. In the case of the x /b  = O plane. near the test section 

entrance. the tunnel velocity *-as quite d o m  (aithin i 2 O 0 )  throughout the 

core. Farther downstream. at x / b  = 0.75. wail eff'ects extended f'arther. however. 

the speed variation in the entire core of t h  plane &d not exceed 5 - Y O o .  whch is 

comparable to the uncertainty of these measurements. Therefore. the tunnel 

flow can be considered to be adequately uniform for the present study. 

At both mesuring stations. the flow was sloa-er above - / b  = 1.0 than in the 

core region. and varied irreguiariy near the top of the measured region. This is 

attributable to the m d y  stagnant. often rearculating flow observed on the fiee 



surface (made ~lsible by small amounts of floating dust and oil). whch was 

caused bv the Pleloglas covers iocated farther downstream. 

Figure 21 shows velocity contours for the vertical component of the velocity. 

normalized by the nominal centerline velocity. at the same cross-sections as the 

results shown in Figure 23. The vemcal velocity rnagmtude at these locations 

was less than 5% K. whch is comparable to the uncertainty of the present 

measurements. 

Plates 1 and 2 show typical flow patterns in the unobstnicted tunnel. using 

water-based-dye and hydrogen-bubble visuakzation. respectivelv. The distortion 

of the dye streakline (Plate 1) is neglgible. The hydrogen bubble timehes 

(Plate 2) present very httle distortion. m d y  attributable to buoyancy m d  non- 

uniform bubble production due to irreguiar adherence of dirt to the wire. 

4.1.3 Flow Distortion Due to Mirrors 

The model of the CF-18 is shown at its fixed location in the test section in 

Plate 3a. There was concem that by submerg~ng a mirror at a dose doanstream 

location. the flow around the model might be affected. To test this. a due streak 

was injected into the flow under steady conditions in the unobstructed tunnel 

(see Plate 3b). at the same water height and speed as in the test conditions. A 

&or was then submerged at the normal mirror location in the test secaon. The 

dye streak was deflected slightly downwards. but the effkt could not be seen 

upstream of the model sting location (Plate 3c). The camera was kept at a fked 

position n-hile ail three photopphs in Plate 3 were taken. 



1.1.1 Flow Distortion Due to Mode1 Blockage 

&%.de the actual aircraft usudy fies in what can be considered an &te 

medium. the water tunnel wails enclose the scale model. and may afi'ect the 

flow-field in its \-icinity (Rae and Pope. 1984. 

W'hile studying circular cyhders in a wind tunnel at various Reynolàs 

numbers. .Mo& and El-Sherbiny ( 197 1) determined that cyluiders uith blockage 

ratios kylinder area to tunnel mss-sectional area) of l e s  than 10% had only 

very small variations in their flow-fields. L ' e  the CF-18 model Ls more 

complex than the cylinders. these results can provide a guide to the overd effect 

of nuinel blockage on the model's flow-field. The CF-18 model blocks about 0.9O0 

of the water tunnel's cross-sectionai area at a = 5". to a ma.dum of 5" at a = 

39". 

According to Erickson ( 199 1). Merences in tunnel properties during various 

studies. such as tunnel size and shape. sting size and area blockage by the 

model. had a neghgible effect on the LEX bursting locations. In the absence of 

water tunnel wali correction factors. the wall correction factors for lift and 

streamhe curvature presented by Rae and Pope (1984) for aind tunnels were 

calculated. and found to be very s m d .  

4.2 Calculation of the Flow Eeynolds number 

The R e ~ o l d s  number for flows over three-bensional aings is usually 

d e h e d  as 



where Cic is the mean centerline velocity. C is the mean aerodynamic chord of 

the CF-18's wing, caldated by dividing the area of a single wing pladorm by 

the span of the wing, and v is the kinematic vi4cosity of the fluid For the 

present model and flow conditions. U. = 0.070 mis, ;= 0.074 m. and v =  1.5 x 106 

mzls for water at 20' C. Therefore. the Reynolds number was 3450. 

4.3 Flow Visualization About the Stores 

Flow visualization about the stores of the CF-18 model was made mainly 

with the water-based methyl violet dye. Mort was made to place the injection 

tubes at locations that ensured dye streaks pafallel to the undistuM flow. 

A complete list of all photographs that are available for this study is 

presented in Table 3. Each photograph is identifiecl by two numbers. separated 

by a dash. The kst number corresponds to the film mll and second number to 

the fiame on that film. The table also indudes information on the stoie 

configuration (see Table 2 and Figure 14). the model angle of attack. the camera 

view (side or bottom), and the expcwure characteiistica (f-stop and shucter 

speed). For all photographs taken h m  the side, the 90 mm lem was used. whde 

ail bottom views used a combination of l e m  and extemion rings with a total 

focal length of 228 mm (see Section 3.4.4). The last column in the table contains 

a graphitai depiction of the approximate location of the dye injection tube(s). 

h m  the h n t  view of the model, 



Film mils numbered 1 to 7 were used for the development of the 

photographe process, espeaally when photographing the hydmgen bubbles. 

Because most of these photographs captured the same features. using different f- 

stops or shutter speeds. many were undereqosed, or out of focus. and they were 

not included in the table. 

All dye streaks taken with the clean wing in 61m roUs 8 to 10 were combined 

onto a computer generated &ce representation of the wing, custom-made 

using the Tecplot software package (see Section 3.5, and Appendix E), for better 

viewing and cornpaiisons. The dean wing pmnles are shown in Figures 25 to 

27. 

The angle of attack for Plates 4 t b u g h  11 is a = 5". Note the shadows of the 

dye lines are often visible against the stores or the wing's lower surface. 

pmjected by the light source h m  below the tunnel. 

In the bottom view of the a i i f f a f t ,  a strenlrl;ne can be observed in close 

p r o e t y  to an AIM 9 wing-tip misde plate 4). h m  the side. it can be seen 

that the streaLline follows the wing-tip vortex trajectory h m  the wing bottom 

surface to the top d c e  (Plate 5). 

The wing pylon at the outboard station (station 8) is seen to disrupt the flow 

of two streaklines only slightly, in the bottom view of the wing provided by Plate 

6. The side view is not presented because the streakline did not visibly deviate 

h m  the wing contour h m  that viewing angle. Addition of the VER to that 

pylon created a bluff body disturbance to the flow (Plate 7). 



The flow past the extemal fuel tank (EFT) at the inboard station (station 7) 

followed the profile of the tank. as show in Plates 8 (bottom viea*) and 9 (side 

view). The streakhes amund a single MK 82 bomb rnounted on the \;ER/ py-lon 

assembly at station 8 are shown in a bottom view in Plate 10. wMe Plate 11 

diçplays the region of influence of the single bomb h m  the d e .  

.An assembly of an EFT/ pylon pair and a two-MK 32 MW pylon system 

were added to the computer generated surface of the wing using Tecplot in 

Figures 28 to 30. in order to better visualize the streakhes flowiog past this 

configuration. 

High angles of attack caused cross-flow and separation around the stores. as 

evidenced by flow amund the two iMK 83 bomba shown at a = 25" in Plate 12. . 
Plate 13 dsplays streaklliea between an EFT. at station 7. and a GBG- 12 

bomb. at station 8. at a = 5". Finally. the cross-flow and separation observed at 

hi& angles of attack is shown amund two GBU-12 bomba at a = 20° in Plate 11. 

4.4 Vortex Flow Visualization 

Table 4 List. the photograpb available covering the top surface of the model. 

namely the LEX and forebody vomces. The table lists photograph number (as 

dehed for Table 3), angle of attack. whether the camera was positioned to give a 

top or side view of the model. the lem used and the e.posure characteristics (as 

desmibed for Table 3). The column "Method" describes whch of the three 

methods was used in visualullig the flow feature: water-based dye C'water dyen). 

shear-thckening dye ("shear dye")r hydrogen bubbles ("bubbles") m e  column 



"Featuren dexribes which vortex can be seen in the photograph. AU vortex 

visualnation was performed with clean wings (Configuration 1). 

Water-based dye was used to visualize the LEX voitex at various angles of 

attack. two of which are shown in Plates 15 (a = 5") and 16 (a = 203. The LEX 

vortex can also be seen using the hydrogen bubble method in Plate 17 (a = 25"). 

A cornparison of flow visualization using the water-based dye and that using 

the shear-thickeaing dye can be made by cornparhg Plates 18 and 19, 

respdvely, both of whxh were photographecl at a = 35O. Note the shadow of 

the dye line projected onto the LEX by the light source h m  below. The top view 

of the LEX vortex at a = 3 5 O .  as visualized by the shear-thickening dye. is 

displayed in Plate 20, which shows the cornplex structure of the burst vortex. 

A pair of forebody vortices can be seen in Plate 21 (a = 25'). visualized using 

the water-based dye. They were located much closer to the mode1 centerline 

than the LEX vortices were. One of these vorcices can be seen interacting with 

the LEX vortex in Plate 22. at the same angle of attack. 

Findy. one of the best photographs using hydrogen bubble visualization. 

showing the LEX vortex core at a = 20°, is presented in Plate 23. 



Chapter 5 

Discussion of the Flow 
Visualization Results 

This chapter presents a discussion of the flow patterns about the various CF- 

18 mode1 configurations and their applicabihty to the actual aircraft. Thiç is 

foilowed by a brief discussion on the usefiilness of the flow vkusualization 

techniques to the understandmg of the flow phenornena in this studv. 

5.1 Flow Visualization About the Stores 

Flow about the CF-18 stores was visualized usine; the water-based rnethyl 

violet dye and hydrogen bubbles. The hydrogen bubble images were ody  

captured on kldeo. 



5.1.1 Clean Wing (Configuration 1) 

The clean wing configuration (without stores or pylom) was visuahzed to 

provide a reference to which the other store configurations could be compared. 

Dye streaks h m  the photographs were ducretized and drawn together with the 

computer-generated aVcraft surface usbg Tecplot (Fqpns 25 to 27). 

Dye i n j d  close to the d a c e  of the Miig followed the contour of the wing 

at a = OO. The streaklines were on vertical planes parallel to the wing's chor& 

except in the region close to the fuselage, where these lines mwed towards the 

wing-tips and away h m  the body of the aunaft. Outboard of the wing-tip. the 

streakhes were drawn into the wing-tip vortex. 

Stceaklines originating at vertical positions 0.15 C and 0.30 C (where is the 

mean chord length. equal to 0.074 m for the model, and 3.5 m for the actual 

aùnaR) h m  the lower wing d a c e  at a = 0° were essentially paralle1 to the 

free-stream flow m o n .  except when doser than 0.10; to the fuselage. This 

indicates that, at a = 0°, the duence  of the wing on the flow is r e s t r i d  to a 

region within the distances 0.10 C outboard of the fuselage and 0.15 C h m  the 

wing lower 91vface. 

Close to the lower surface of the fuselage. al1 streakhes remained parallel to 

the h s t m a m  flow direction. Along the fuselage centerline. streakhes 

indicated that no cross-flow h m  one side of the d to the other was 

present. 



5.1.2 Missiles (Configurations 2 and 4) 

The additzon of the AIM 9 wing-tip d e  (con@uration 2) had little effect 

on the flow amund the wings lower surface inboard of the wing-tip at a = 5'. 

Streaklines located just inboard of the missile's axia coI1SiStently remaineci 

p d e l  to that m. 

However. streaklines initially on the vertical plane containing the missile's 

axis were drawn amund the wing-tip, towards the wing's upper sudace, 

appmxixnately midway along the missile's length. When located outboard of the 

wing-tip d e ,  but stiu within the influence of the wing-tip vortex, the 

streaklines were typically b w n  iato the vortex at a downstream position near 

that of the missile's tail fins (Plates 4 and 5). 

Streaklines in the vicinity of the AIM 7 fuselage misdes (configuration 4) 

remained pardel to the Gee-stream flow direction at a = SO. No noticeable 

deviation from the clean wing profile was observed for streaklines locateà 

inboard, outboard, or along the missile's axis. 

5.1.3 Pylon and Vertical Ejector Rack (VER) 
(Configurations 3 and 5a) 

The wing pylon (configuration 3) presented very little disturbance to the flow 

near the wing's lower d a c e  (Plate 6). Streaklines located outboard of the 

pylon were deflected towards the dg- t ip s .  with the deflection being the largest 

when the streakline s t d  near the edge of the pylon farthest h m  the wing. 

N o  studies were performed of the centerline pylon in the absence of stores. 



The pylon's shape was such that an- store mounted to it had a srnaii 

incidence angle (about 1' to 5") away f?om the wuig. The local flow near a store 

correlated xith the angle of attack of the parb'cular store. rather than the o v e r d  

angle of attack of the aircraft. For example. when the VER was mounted to the 

pylon (configuration sa). a large flow separation regton formed when the aircraft 

was at c< = 0". whde. when the aircraft aas at an angle of attack of 3'. orientmg 

the VER ne& parallel to the flow (Plate 7). the separation regon was much 

smder .  

5.1.4 Esternal Fuel Tanks (EFT) (Cod5guatione 3 and 4) 

Flow around an EFT mounted to the aing pylon at station 7 (configuration 3) 

followed closeiy the contour of the tank (Plate 8). .At the t d  end of the tank. the 

relatively s m d  distance between two adjacent streakhes indicated that th& 

streamhned store had a narroa wake. -As the- moved £rom the wingk leadmg 

edge towards its tr&g edge. the streaklines were defiected aaay from the ~ u i g  

(Plate 9). indicating the formation of a separated flow region near the store. 

The EFI' mounted dong the fuselage centerhe (configuration 1) displayed 

similar flow features to those described above. 

At 20' angle of attack. separated cross-floa moved outboard around the uiug- 

mounted EFT. creating a swirling flow around the stores. 



5.1.5 MK-82 Bombs on VER (Configurations 5b and 6a) 

Flow around a single MK-82 bomb mounted to the VER and pylon at station 

8 (configuration 5b) followed the bomb's contour und about midway almg its 

length (Plate 10). Do~~19trea.m d that location, strealdines on either side of the 

bomb remained relatively pardel  to each other, instead of following the bomb's 

contour. This indicates that the wake of the tai l-bed bomb waa relatively 

wider than the wake of the more streamlined EFT. As they moved dowmtream, 

the streaklines were ddected away h m  the wing. much as they did in the case 

of the EFT, thus inferring some flow separation towards the tail of the bomb. 

The dect  of the MK-82 on the flow-field around the lower wing was quite 

local. A strealdine located just 0.6 maximum bomb diameters h m  the MH-82 

centerbe. in a direchon away h m  the wing, was deflected by the bomb's 

shoulder. but remained parallel to the fkee Stream flow direction downstream of 

the shoulder (Plate 11) instead of following its contour. The makline 

trajectories did not change sigmhnt ly  when the angle of am& was changed 

h m  O" to 5'. 

AU dye streaks photographed mund two MK-82 bombs mounted to the VER 

(consgUration 6a) were repmduced digitally onto a single plot. and were 

chsplayed together with the wing and store SULfacea using Tecplot. 

Because the two bombs were spaced closely together, th& wakes merged to 

form a single wake. as evidenced by streaklines on either side of the pair mgure 

28). Because of their inclination to the wing, the axes of the bombs were roughly 

parallel (within 1") to the k e  stream flow direction while the aiicraft was at an 



angle of attack of 5". and they were inclmeci by approximately -6' to the flow 

while the aircraft was at a = - 1". Thus the wake of the bombs was smder  at a = 

5" than at a = - 1'. From the side view, it could be seen that there was less flow 

separation fimm the wing at a = 5' than at a = - 1". 

The close spacuig of the two bombs allowed their boundary layers to interact. 

creating a region of slow moving fluid between them. especially at a = -1'. ahen 

the bombs were at approximately - 6 O  incidence to the flow. Dye injected into the 

flow in these regions followed unsteady trajectories. whch o d a t e d  irregularly 

and dowly between paths pardel to the bombs' axes and paths that were 

deflected around the slow flow region (Figure 29). ils the streakhes saitched 

h m  the former trajectory ta the latter, dye became caught in the wake. and took 

as long as 30 seconds to diffuse. At 20" angle of attack. the streaklines passed 

berneen the txo bombs without showing any sign of a slow-flow region. 

Stresilrlines located between the bomb rack and the EFI' showed linle or no 

interaction between the effects of the stores at Merent stations. Streaklines 

starting midway between the two stations were parallel ta the wings chord. 

while those starhg closer to the EFT followed the contour of the tank. and those 

injected doser to the bomb generally remauied parallel to the wing's chord 

(Figure 30). 

5.1.6 MK-83 Bombs on VER (Configurations 6b and 5)  

The flow amund a single MK-83 bomb rnounted to the VER (configuration 

6b) was comparable to the flow amund a single MK-82 rnounted to the VER. 



The bombk region of d u e n c e  was larger in in d u ~ t i o n s .  but t h s  can be 

attnbuted to its larger size. 

The effect of mounting a second hK-83 to the VER (configuration 7) was 

s d a r  to the e k t  of addmg a second l a i -82  to configuration .5b. The single 

wake generated by the two bombs was srnaller for an angle of attack of 5' than 

for u = -le. The streaklines located between the two bombs oscdlated in the 

same rnanner as with the two >K-82 bombs. Furthemore. streaklmes located 

between the bomb rack and the EFT indxated Little or no interaction between 

effects generated by either store. 

At 13' angle of attack. a s t r eakhe  located 1.5 bomb diameters hom the auiç 

of one bomb. in a direction away fron; the uing. remained paralle1 to the bomb's 

a i s .  whde a streakluie in the same plane. but located at an even level with the 

bomb's shoulder. was caught in the separated cross-flow that suirled around the 

bombs. .At a = 25" (Plate 12). streaklines located at both above positions were 

a e c t e d  by the cross-flow. 

3.1.7 EFT and GBU- 12 Bomb (Configuration Sa) 

The GBC-12 bomb. mounted at station 8. affected the flow aroiind the wing's 

lower surface very little. at both - 1: and angle of attack. The bomb's t d  h s  

caused the streaklines to be deflected slightly away from the bomb. but this 

effect persisted only over a short distance. as these stseakluies were deflected 

back towards the bomb's axis immediately downstream of its tad h s .  



Due injected into the flow between the GBL-12 (station 8) and the EFT 

(station 3 at a = 5". remained undeflected when injected in the area of the bomb. 

Streakhes origmatmg close to the EFT followed the contour of the tank (Plate 

13). Lke those observed in configurations 3. Sb. 6a. 6b and 7 .  

5.1.8 Two GBU- 12 Bombs (Configuration Sb) 

At tow angles of attack. the effects of two GBU-12 bombs. mounted to the 

inboard and outboard pylons (stations 7 and 8). were restricted to the biciruty of 

each bomb. The only noticeable effect was a slight deflection of the streakLnes 

near the tad fins of either bomb. 

-As the flow diçturbances caused by either bomt, were d a r  and did not 

interact with each other. one may describe the two flows separatelu. S t r e h e s  

pasing between the inboard GBU-12 and the fiiselage. both close to the wing 

and at the level of the .Al31 7 missile. closely matched those obsemed in that 

same region for the clean wing. 

At 20' angle of attack. cross-flow towards the wing tips separated at the 

bornbs and created vortices Plate 14). s d a r  to those observed for other stores 

at high a. 

5.2 Upper Surface Vortex Flow Visuahzation 

Flow on the upper half of the CF-18 mode1 was dorninated by the LES and 

forebody vorûces. The LES vortices were visualized using water-based and 

shear-thckening dyes. as well as hydrogen bubbles. The forebody vortices and 



the forebody1 LEX vortex interactions wexe visualized only with the water-based 

dye. Images of the vortices were captured with sfiU photography and video. 

The LEX vortices were generated at the apex of the LEX and were. in 

general, swept downstream parallel to the a k m f t ' s  centerline und they burst. 

At 5" angle of attack (Plate 15). the vortices were swept past the aù.craft's tails 

into its wake without losing their stnicture. Incredg the angle of attack by a 

s m d  amount strengthened the adverse pressure gradient on the wing enough to 

initiate bursting. The bursting location was outboard of the tails at a = IO0, and 

remaineci in the vicinity of the tails u n d  amund a = 20' (Plate 16), where it was 

located just upstream of the tail leading edges. As the angle of attack was 

inmased, the adverse piessure gradient on the wing also inaeased, and the 

LEX vortex burst farther upstieam, near the wing leaduig edge flap (25'. Plate 

17). until it burst beside the cockpit at a = 3 5 O  (Plates 18, 19 and 20) and a = 39". 

These results show excellent agreement with the bursting locations found by 

Thompson (1990) and others, as shown by Figure 6. This figure has been 

repmduced as Figure 31, with points added that represent the results of this 

study. It can be seen that the relative locations of vortex bustulg essentially 

coincide with those in the other studies in the angle of attack range above a = 

20". Howwer, there is a disuepancy between the low- and high-Reynolds 

number r e d t s  at low angles of attack. This may be exphed  by the location of 

the LEX vortices at low angles of attack, immersed in the viscous fiow region 



close to the LEX at low-Reynolds number. where they would be l e s  a f f k t ~ d  at 

higher Reynolds numbers. 

At angles of attack greater than about 20". the vortices were located dong an 

axis ioclined away h m  the a k r &  Surface. At angles of attack below 20". the 

vortices lay close to the s d c e  of the LEX, and their stabhty and other 

characteristics were pmbably affected by the viscous fluid in that region. 

A simple 2D analysis shows that the downstream distance txaveled by a 

point on a dye streak as it revolves amund the vortex is inversely proportional to 

the strength of the vortex. Thus the wavelength of the dye streak. measuted as 

the distance between points one revolution downstream of each other, should 

decrease as the vortex strength inmases. ThLs analysis is appmxhate because 

it is based on 2D aerodynamics. Howwer. it can be seen that the wavelength of 

the dye streak decreased as the angle of attack was increased h m  a = 5" (Plate 

15) to a = 10° (Plate 16). As these two pairs of vortices were located at 

appmximately the same distance h m  the LEX. speeds nearby should be 

comparabIe, so one may conclude that the vortex would be stmnger at a = IO0. 

The wavelength. and thus the vortex strength, continued to decrease as the 

angle of attack was increasd 

At the highest angles of attack studied (a = 35" and a = 3g0), the LEX vortices 

were skghtly asymmetric. This muld be due to sideslip, induced by a slight 

misahgmnent of the mode1 at high angles of attack (see Section 3.3.2). This 

wodd be consistent with the asymmetry observed by Erickson (1982) at very 

small sideslip angles. An exphnation for this may be the asymmetry of the 



forebody vortices at s m d  sideslip angles. which may, through strong 

interactions, cause the LEX vortices to becorne asymnietric as well. 

Thompson (1990) observed that dye injected near the lower surface of the 

LEX close to its apex, had a tendency to flow upstream until it reached the apex, 

at which point it would be drawn to the upper Surface and enter the LEX vortex. 

This phenornenon was observecl a t  all angles of attack in the present shidy. 

5.2.2 Forebody Vortices and Their Interaction 
With the LEX Vortices 

Photographs of the forebody vortex were taken at 1 5 O .  25O (Plate 2 1) and 35". 

The fombody frortices had very long wavelengths compared to most of the LEX 

vortices observed, indicating that they were weaker than the LEX vortices. The 

forebody vortex wound its way above and to the side of the cockpit. down the 

middle of the fuselage. und it intemcted with the LEX vortex. where it became 

so dutur&d that it could not be distinguished h m  the burst LEX vortex a short 

distance downstream of the initial interaction location. After observing the 

vortîces for a long t h e ,  it was determined that they were symmetric most of the 

time. with occasional asymmetry observed for short periods of 10 to 15 seconds at 

a time. 

At a = 15". the forebody vortex was pulled beneath the LEX vortex amund 

the middord of the wing. The interaction location moved upstream at a = 25' 

(Plate 22) and a = 35". 



The forebody vortex was deflected away h m  the fuselage towads the LEX 

over a shorter downstream distance as the angle of aattack was inmased, 

indicating a stronger interaction between the ORO vortices. This is likely due to 

the increasing strength of the LEX vortex at higher angles of attack. 

5.3 Applicability of the Present Results to Flows 
Around the Actual Amraft 

Although the Reynolds number used in this study is several orders of 

magnitude lower than those experienced in fight by the actual CF-18. 

visualization studies amund the stores and vortiœs may st i l l  provide some 

usefiil information. 

In the model study, a l l  flows were lamina-. whiie the same regions mund 

the actual aircrafk in flight would be turbulent. Because of the large difference 

in Reynolds number, the viscous regiona in the model study, when 4 e d  by the 

model dimensions. are expected to be thkker than those around the actual 

akraft. 

A mu& estimate of Reynolds number dects can be based on the growth 

ecpations for constant-pressure laminar and turbulent boundary layers over a 

fiat plate. which are, respectively , 

Turbulent 
S 0.382 
- = -  

x ~ e l  ' 



where 61% is the boundary layer thidmess normalized by the distance along the 

wing chord h m  the leading edge (Fox and McDonald, 1992). For the present 

study, in which the flow was laminar. with a Reynolds number at the wing 

traihg edge of 3450, 61% = 0.093. The Reynolds number at the wing trailing 

edge in fiiight is appmximately 106 (Del Frate et al, 1990). giving 61% = 0.0 15. 

With a boundary layer thkkness, at the wing trading edge, of 9.3% of the wing 

chord length for the water tunnel study as compared to 1.504 of the wing chord 

length for the a . 6  in fight, some conditi011~. such as the slow-flow region 

between the two MK-82 bombs or the two MK-83 bombs, may not anii on the 

actual aircraft- 

The stores are immersed in the separated flow region a m d  lower wing of 

the model. as evidenced by the streakhes in Plates 9 and 13. which were 

ddected away h m  the wing as they flowed downstream. However. a9 can be 

seen in Plate 11. in which one sheakline was barely affected even by the bomb, 

the stores are near the edge of the separated flow region. As the turbulent 

boundary layer m u n d  the actual aircraft in flight would delay flow separation 

along the wing, the stores may not be immeised in this viscous flow region at all. 

At higher angles of attack. where the separated region on the wings lower 

surface was smaller than at lower angles of attack, the fact that the stores seem 

to have a s m d  effect on the flow-field at the slow tunnel speeds suggests that at 

the M e r  in-fhght speeds, they may have an wen smaller ef€ect. 

In the case of the closely-spaced pair of bombs m o u H  on the VER 

(configurations 6a or 7), the boundary layers mer the bombs and the VER were 

thick enough to interact with each other, cau.cing the low speed zones between 



the stores. The spacïng of the bombs (4% of a mean chord length apart) may 

then not be appropriate for flows in t h  range of Reynolds number. However. 

the boundary layers on the actual aircraft in fiight may be thui enough so that 

they do not interact. and the rearculation zone seen between the MK-82s in 

Figure 30. and between the MK-839 at low angles ofattack, may be avoided 

The LEX and forebody vortices appear to correlate well with higher Reynolds 

number studies in terms of their trajectories, bursting, and interaction lucations 

at angles of attack higher than 10". The structures of the vortices, especially at 

lower angles of attack, however, may be different, due to structural differences 

between lamiDar and turbulent vortices. At very low angles of attack, the 

vortices sheared into the shape of a nbbon (see Plate 15), which is strictly a 

laminar flow phenornenon (Faler and Leibonch, 1977). and should not occur an 

the actual aiicraff in fiight, where these v0rtic.e~ are turbulent. 

5.4 Cornparison of Flow Visualization Me thods 

The water-based methyl violet dye was the method of choice when v i s u h g  

the fiow about the stores under the CF48 model. It was qui& and easy to mix, 

requued water only h m  the tunnel. and was easy to see. The flow of this dye 

out of the injection tube was also very simple to control. However, when the flow 

became more complicated, the dye streak became unstable, and was impossible 

to follow accuately. While visualiPng the LEX vortices, for example, the streak 

would often spread out to form a thin ribbon, which became extxemely difECU1t ID 

See. 



The shear-thxkening, non-Newtonian methyl violet dye held to the vortical 

patterns of the LEX and forebody vortices much better at most angles of attack. 

as can be seen by comparing Plate 18 (water based dye) with Plates 19 and 20 

(shear thickening dye). It was easier to see the structure of the vortex, because 

the dye streak remained a streak wen at a distance far downstream. It was 

e a d y  entrained in the vortex are. or could be injeaed on an outer radius of the 

vortex to show how the vortex grew. Addtionally, the burst structure could be 

seen using this dye. which avoided the diffusion that the water-based dye 

experienced in this m a -  

Working with the shear thickening dye. however, was more ddicult than 

with the water-based dye. Creating the component mixtures took h o m  of 

waiting for the chernicals to dissolve. If. at any point, the mixture was shaken 

(creating a hi& shear in the fluid), bubbles would form in the resulting viscous 

fluid, whch would also take hours to ciear. A higher pressure was n-ary to 

push the dye h u g h  the injection tube. often creating hi& enough shear to clog 

the small tube. Attempts to dear the tube by inmsing the pressure were not 

successfiil. and they e t  have made the situation worse. The solution was to 

lower the pressure, then raise it slowly again &r a 30 to 60 second wait. 

The hydmgen bubbles were successful in showing the three dimensional 

structure of the LEX vortex. as part of the bubble line was caught in the vortex 

core (Plate 23), and other parîs of the line were caught at various radi h m  the 

core, showing variou9 swirling trajectories within the vortex. Tahng advantage 

of the timehes p d u c e d  by pulsing the voltage acmss the wire. it is possible to 

determine relative speeds within the vortex. Qualitatively, it can be seen that 



the vortex core moved fastest, actually combining the bubbles h m  sequential 

tirnelines. and that the outlying radius moved more slowly in the downstream 

direction. The flow completely outside the vortex was used as a reference 

velccity, as the bubble wire was d ~ e d y  large to p d u c e  bubbles far enough 

£rom the model to be outside its area diduence. 

The hydmgen bubbles were difncut to see and to record photographically 

with a fixed camera position. that is. with the camera lem perpendidar to the 

glass walls of the tunnel, which providecl the lowest level of distortion due to 

refkaction. A very hi& speed 6kn was requmd to capture the fast-moving 

timeknes, and a dark background was best suited for viewing them. It was thus 

d S d t  to obtain lighting conditions that lit the bubbles w d .  The best lighting 

wa9 achieved when the light passed tangentdly to the model's upper surface. 

In that case, the bubbles were lit. but most of the model was kept dark. 



Chapter 6 

Conclusions and Recommendations 
for Future Studies 

The objectives of this study were to carry out visualization studies of the fiow 

field around the stores. LES and forebody of a CF-18 fighter aircraft mode1 in 

the water tunnel. and to determine the suitabdi- of the water tunnel facility 

and the vkualization methods towards studies of t h  type. Towards that 

objective. the following conclusions can be drawn. 

1. The tests were conducted at the relatively low Reynolds number of 3150. 

based on the fkee stream velocity and the aingk mean aerodynamic chord. 

Higher Reymolds numbers couid be achieved in the facllity by increasing 

the £ree stream velocity. but oniy by a factor of 3 at most. and at the 

expense of clarity of visusualization images. 



2. Most stores had a l d  &ect on the flow-field around the CF-18 modd in 

the low angle of anack range. h m  -1' to 5'. At a = 5'. when the stores 

were roughly parallel to the flow direction. separation would probably be 

delayed at the much higher Reynolds number flows mund the actual 

aircraft. At a = 20". vortical flows, arising from the interaction of the 

stores with separated cross-flow h m  the f'uselage toward the wing-tips, 

could be seen, 

3. The spacing of the stores has an dect  on the flow aroud them. The flow 

between stores at two stations (Plak 13), which were appmximately 0.2; 

apart at their closest points. behaved as if the stores were isolated 

However, when the two MK-82s were placed side-by-side on the VER. 

appmximately 0.04; apart at their closest, the flow between them became 

very slow. ThLs effect will probably be less pronounced, if not entmly 

absent, on the achial aircraft, due to the t h e r  boundary layera 

pmduced at the higher Reynolds number. 

4. The LEX vortex bursfing location moved h m  a location near the tail h s  

at a= 20". doser to the nose of the aircrafk as the angle of attack was 

increased. in conformity with the well-documenteci behaviour in other 

water- and wind-tunnel stuches, and in iiight. 



5. The LEX vortices increased in strength as the angle of attack was 

i n c r e d  as indicated by the decreasing wavelength of the dye streaks 

caught in the vortices. 

6. The forebody vortices were much weaker than the LEX vortices at all 

angles of attack above a= 10'. They followed paths close to the aircraft 

centerhe und they began interacting with the LEX vortices. The 

beginning of this interaction region moved upstream. toward the nose of 

the a d ,  as the angle of anack was incread. 

7. The forebody vortices were symmehic about the airnaR centerline most of 

the time. Occasionally, the vortices became asymmetric. but only for 

periods of 10 to 15 seconds at a time. a h r  which they became symmehic 

once again. 

8. The water-based methyl violet dye produced a highly visible streak that 

followed most flows, which for the model stuches were Iaminar, without 

diffusrng. Howwer, it difhsed quickly in the hgh shear regions of the 

burst LEX vortices. The violet colour was easily photographed against the 

model when visualiPng flows around the stores. and in the LEX and 

forebody vortices. 

9. The shear-thickening rnethyl violet dye was the method best suited to 

visualizing the hi& shear regions of the burst LEX vortices. However. 



there were problerns associateci with injecting the dye into the flow. It is 

recommended that a larger injection tube be used when perfonning 

experiments with this dye. 

10. The hydrogen bubble flow visualization rnethod was suCCeSSfiLt in showing 

a cross section of the vortices. but the locatioxu of LEX vortex bursting 

and LEX/ forebody vortex interaction were di&dt to deterrnine because 

of the chaotic behaviour of the bubbles in that area. 

11. It is recommended that the clean wing configuration be studied in more 

detail. at various angles of a-, in order to d e t e m e  the extent of flow 

separabon h m  the lower &ce. A detailed study of one store or a small 

number of stores mounted to the wing's lower surface at various angles of 

attack should also be performed. with the s p d c  objective of determining 

the &ect of the interaction between separated flow regions originating at 

the stores and at the wing. Hydrogen bubbles might be best suitecl to this 

purpose, as the entire wing could be photographed at once. 
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Table 1: Characteristic shapes of the stores used on the CF-18. 
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Table 2: Summary of store codigurations presented in Figure 14. The 
numbers in this table indicate the store stations, also defined in this figure. 
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Table 3: Frames corresponding to visualization of the flow about the 
stores. 
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Table 3: Frames comsponding to visualization of the flow about the 
stores. 
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Table 3: Frames correspondhg to visualization of the flow about the 
stores. 
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Table 3: Frames correspondmg to visualization of the flow about the 
stores. 

Photo Corifig. a View Lens -sute T u k  
No. (mm) Characteristics Location 

11-06 2 5" bottom 228 f 2.5, 1/30 s . L ' O  
, . 

1 1 -22 

1 1-23 

1 1-24 

11-25 

124A 

12-02 

9 n 

Q O@* 

(2 O.. 

8 a 

:O: 0 :O? 

:O: 0 :O:* 

- - - -  

f 2.5, 1/30 s 

f 2.5, 1/30 s 

f 2.5, 1/30 s 

f 2.5, 1/30 s 

f 2.5, 1/15 s 

f 2.5, 111 5 s 

3 

3 

3 

3 

4 

4 

- - 

5" 

5" 

5" 

50 

50 

5" 

-- 

side 

side 

side 

side 

bottom 

bottom 

- 

228 

228 

228 

228 

228 

228 



Table 3: Frames corresponding ta visualization of the flow about the 
stores. 

Photo Config. a View Lens Gcposure Tube 
No. (mm) _. Charaderistics Location 

12-04 4 50 bottom 228 f2.5,1/15s :O: 0 O:o: 



Table 3: Frames correspondmg to visualization of the flow about the 
stores. 

12-25 side 

Gposure 
Charaderistics 

f 2.5, 1/15 s 

Tube 
Location 

:O: 0 0  10: 

f 2.5, 1130 s 
:O: .Oo :O: 

f 2.5, 1/30 s 
:O: S>° :O: 

f 2.5, 1/30 s Q .c+ 



Table 3: Frames corresponding to visualization of the flow about the 
stQres. 

Photo 1 Config. 1 a 1 Vew 1 Lens 1 -sure 1 Tube 
No. 1 

- 1 (mm) 1 Characteristics 1 Location 
1 1 I 1 1 1 



Table 3: Frames correspondmg to visualization of the flow about the 
stores. 

Tube 
C haraderistics Location 



Table 3: Frames comsponding to visualization of the flow about the 
stores. 

-sure 
Charaderisûcs 

f5.6.1nOs 

Lens 
(mm) 
90 

Tube 
Location 

0 J( 

Photo 
No. 

1512 
t 

0 )iI 
I 

0 )i~ 

. O  Jr 
0 'f 
0 
O ~ O W  
0 3% 

a O 

0 x x 
0 xtx 
0 W'x 
0 )I( )I( 

0 90 

0 & 
0 & 
0 SI: Wa 

0 )I( 

0 ee )I( 

0 o. W x 
0 x x  

Cunfig. 

6b 

a ' View 

15-13 

1514 

15-15 

15-16 

9û 

90 

90 

9û 

6b 

6b 

6b 

6b 

5" 

-1 * 

-1' 

-1' 

5" 

f5.6.1BOs 

f5.6,1/3ûs 

f5.6,1/30s 

f5.6.1130~ 

1517 

1518 

1519 

1 5-20 

1521 

1523 

1 524 

1525 

1641 

1W2 
1 

i 1ê03 
1 

1645 

1ê06 
L 

1 W 7  
1 

side 

side 

side 

side 

side 

6b 

6b 

7 

7 

7 

7 

7 

7 

7 

7 

7 

7 

7 

7 

7 

-1" 

-1" 

5" 

5" 

5' 

5" 

5" 

5" 

5" 

5" 

5" 

-1" 

-1" 

-1" 

-1" 

f5.6.1130~ 

f5.6.1130~ 

f5.6,%3ôs 

f 5.6. 1/30 s 

f5.6.lBûs 

f5.6. 1Bôs 

f5.6. l B û s  

f 2.5.1130 s 

f2.5.lrJOs 

f2.5.1IX)s 

f 2.5.1130 s 

f2.5.1/30~ 

f2.5. 1130s 

f5.6.1130~ 

f5.6.1130~ 

side 

side 

side 

side 

side 

side 

side 

bott~m 

boum 

bottom 

bottom 

bottom 

bottom 

side 

side 
L 

90 

90 

90 

90 

9û 

90 

90 

228 

228 

228 

228 

228 

228 

9û 

90 
1 



Table 3: Frames corresponding to visualization of the fiow about the 
stores. 

Eqmsure Tube 
Characteristics Location 

f 5.6, li3û s 0 & 
f 5.6. 1130 s 0 )I(tx 
f5.6. lBOs 0: )<x 
f 5.6.1130 s 0 & 



Table 3: Frames corresponding to visuahtion of the flow about the 

Tube 
Location 

0 0 )O( 

O M 
O ~ O M  
0 '& 
0 OHi 

0 30 
0 3. 
0 
O 
0 O- r 
0: 
0 o, #( 

000 M 
0 '& 
0 OH0 

0 .M. 
0 
0.0 # 
O o a M  

t 
0 

stores. 

Photo 
No. 

17-06 

17-07 

17-08 

17-09 

17-10 

17-1 1 

17-12 

17-13 

17-14 

17-15 

a 

5" 

5" 

5" 

5" 

5" 

5" 

-1' 

-Io 

-1" 

-1" 

Canfig. 

8a 

8â 

8a 

8a 

8a 

8a 

8a 

8a 

& 

& 

View 

bottom 

side 

side 

side 

side 

side 

side 

side 

17-16 

17-17 

17-18 

17-19 

17-20 

17-21 

17-22 

17-23 

17-24 

17-25 

f5.6,W3Os 

f 2.5.1130s 

f2.5.1130~ 

f 2.5. 7130s 

]f2.5,1ISOs 

Lens 
(mm) 

228 

90 

90 

90 

9ô 

90 

90 

9û 

side 

bottom 

bottom 

bottom 

bottom 

8a 

ExPosure 
Charaderistics 

f2.5. IBOS 

f 5.6, lm s 

f5.6.1130~ 

f 5.6, 1130 s 

f5.6.1BOs 

f 5.6, 1B0 s 

f 5.6, 1B0 s 

f 5.6. 1130 s 

90 

228 

228 

228 

228 

-1" 

f 5.6. 1i3û s 

f5.6, V3ûs 

bottom 

bottom 

bottom 

side 

side 

side 

side 

90 

90 

8a 1 

228 f 2.5, 1/30 s 
L 

8a -1" 

228 f 2.5. 1BCI s 

8a 

& 

& 

& 

-1" 

1 

-1" 

15" 

228 

90 

f2.5.1130~ 

f5.6.1130~ 

9ô /f5.6,1IMs 

& 

& 

8a 

i 
15" 

15" 

15" 
1 



Table 3: Frames correspondmg to visualization of the flow about the 
stores. 

Photo 
No. 

1842 

1843 

1 M 4  

48-05 

1846 

18-07 

18.08 

1849 

1&10 

1&11 

1&12 

1W3 

1&14 

18-15 

1&16 

18-17 

1&18 

1 1 9  

1 M O  

18.21 
1 

Lens 
(mm) 

228 

228 

228 

228 

228 

228 

228 

90 

90 

9û 

90 

90 

90 

9û 

90 

90 

228 

228 

228 

228 

Config. 

8b 

8b 

8b 

8b 

8b 

8b 

8b 

8b 

8b 

8b 

8b 

8b 

8b 

8b 

8b 

8b 

8b 

8b 

8b 

8b 

-sure 
Charaderistics 

f2.5.1130 s 

f2.5.1130~ 

f 2.5. 1130 s 

f2.5.1/30s 

f 2.5. 1130 s 

f2.5,llJOs 

f2.5.1BOs 

f5.6.1130~ 

f5.6.1B0s 

f 5.6. li3û s 

f5.6.1130~ 

f5.6.1130~ 

f5.6.1BOs 

f 5.6. 1/30 s 

f5.6.1130~ 

f 5.6. 1B0 s 

f 2.5. 1AO s 

a 

5" 

5' 

5" 

5" 

5" 

5" 

5" 

5" 

5" 

5" 

5" 

5" 

5" 

5" 

-1" 

-1" 

-1" 

-1" 

75" 

15" 

Tube 
Location 

2(( k' 
1 

& 
& 

' # . o r  

& # 
M 

.OH # 
o r M  )Q 

*'M 
% )I( 

# . a # (  

Y( 

)I[ 

# 
H.0 )DI 

# )(( 

)(( 

VÏew 

bottorn 

bottom 

bottom 

botbm 

bottom 

bottom 

bottom 

side 

side 

side 

side 

side 

side 

side 

side 

side 

bottom 

bottom 

bottom 

bottom 

f2.5,1130~ 

f2.5. 1130 s 

f2.5.1130~ 

) D ( o o #  

)(I oe # 



Table 3: Frames correspondhg to visualization of the flow about the 
stores. 

Tube 
Location 

a Photo 
No. 

Exposure 
Charaderistics 

View Config. Lens 
(mm) 



Table 4: Frames correspondmg to flow visualization of the upper surface vortices. 
- - - 

Photor a View Lens Ëxposure Method Feature 
No. (mm) Charaderistics 

19-01 25" top 52 f 1.4, 1QSO s water dye LEX vortex 
1942 25" top 90 f4, 11125s waterdye LLEXvortex 
1W3 25" side 52 f4, 11125s waterdye LEXvwtex 
19U4 25" side 90 f4, 1BOs waterdye LU(vortex 
1S05 30" side 52 f 4, VI25 s waterdye LEXvoRex 
19-06 35" sde 52 f 4, 11125 s water dye E X  vortex 
1W7 35" side 90 f4, 160s waterdye EXvortex 
1 W û  39" side 52 f4, 1P90s waterdye LEXvortex 
1W9.  20" side 52 f 4, 1M25 s water dye LEX vortex 
1S10 15" side 52 f 4, 11125 s water dye LE< vortex 
19-11 10" side 52 f 4, 11125 s water dye LU( vortex 
1S12 5" side 52 f4, l / f25s waterdye-Exvortex 
AS13 5" top 52 f 4, 1/125 s water dye E X  vortex 
1914, 10" 1 top 52 f 4, 11125 s water dye LU< vortex 
19-15 15" ' top 52 f 4, 11125 s water dye lEX vortex 
AS16 20" top 52 f4. 11125s waterdye LEXvortex 
1S17 30" top 52 f 4, 11125 s water ûye LEX vortex 
W18 30" top I 90 f 4, 11725 s water dye . LEX vortex 
19-19 35" top 52 f 4, 1/125 s waterdye LEX vortex 
1920 35" top 90 f 4, 11125 s water dye _ -  LEX vortex 
1S21 39" top 52 f4, 1M25s waterdye _tU(voRex 

- 

19-22 39" top 52 4 1 M 2 5 s  waterdye LEXMctex 
1S23 39" top 90 f4, 1/125s waterdye LEXMHtex 
19-24 25" 90 f4, lfA25s waterdye LEXvortex 
19-25 25" top 90 f4, 11125s waterdye LEXvortex 
2 0 1  .. 25" 52 f 4, VI25 s water dye .. Forebody vortices 
2 0 2  25" tw 90 f4. 1/125s waterdve Forebodvvwbjces 

2MO 35" side 90 f 4 .  111 25 s v Ü k  dye ~orebodyILEX interaction 
2@11 35" , t ~ o  52 f 4. 11125 s water âve ForebodvLEX interaction 
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Figures 



Figure 1: Top and side views of the CF- 18 showing its  major mponents.  



Lwlorebody 
Interaction r Forebody 

vortex core 

- - --- - - -- -- - - 

Figure 2: Sketch of the F-18 illustrating the LEX and forebody vortex 
locations (Del Frate et al, 1990). 

I 

Figure 3 LEX vortex bursting in water tunnel tests (Erickson. 
1982). 



Figure 4: LES vortex burstmg in fhght tests (Cummings. 1992). 



Figure 5: Surface flow visualization of the F-18 forebody. KRV (top. Del 
Frate et al. 1990) and computational (bottom. Thomas et al. 1989). 



Research Re, Model scale, Fluid Medium 
Faality Percent 

FiiiM 8 t o 1 3 x 1 0 ~  Air 
0 DTRC 1 . 7 5 ~ 1 0 ~  6 Air 

' 
0 BART 1 . 6 0 ~ 1 0 ~  3 Air , 

A L S W  3 . 6 0 ~ 1 0 ~  12 Air 
D NF 126x10' 3 Water 

a I 

deg 30 

Figure 6: F-18 LEX vortex mre breakdown locations at various angles of attack 
@el Frate et al. 1990). 

107 



Figure 7: University of Ottawa recirculating water tunnel; dimensions in 
cm (Kislich-Lemyre. 199'7). 



J 
Figure 8: Secondary flou- systems used for water filtration. chlorination and 

suction. 



Figure 9: The x- and y-axis carriages. 



Figure 10: Mode1 positioning system. Note that the C-stmt. sting and model are 
not shown in the top view. Detaded drawings are avdable  in Appendm -4. 



THIS END A T T A C h E S  - 7 
I L  T V E  C-ST2UT 

STCUNLESS STEEL 
F E I E N I N G  PLATES 

Figure 12: Positioning of the engine flow tubes and the sting as attached inside 
the model. 



I 1 
Figure 13: Numbered stations for store placement on the 

Configuration 2 

. . L- * 
crlM 9 AIM 9 

l WlNG PYLONS WlNG PYLLX5 l 
Figure 14: Store Configurations. 



WlNG PYLONS CENTERUNE WlNG PYLONS 
VER PYLON VER 

Figure 14 (continued): Store Configurations. 



Configuration 6a \ y 

WlNG PYLONS CENTERUNE WNG PMONS 
VER PYLON VER 

WNG P n o N s  C E ~ R U N E  WNG PYLONS 
VER PYLON VER 

WM3 PYLONS CENTERUNE W G  PMONS 
VER R L O N  VER 

- - - - - -- 

Figure 14 (continued): Store Configurations. 



!.'Jlt.JG FfiiGNS CEkmRLINE VJiNG FfLOtJS 
PYLON 'ER 

- -  

Figure 14 (concluded): Store Configurations 



Figure 16: Positions of carriages. mode1 positioning system. and dye 
tubes above the water tunnel. 





EL€ C T R I C A L  VIRE 

M O V A B L E  S U B E L E  
wiRE SUPPORT. 
FASTENED BY 
S E T  SCREW 

1 

I 
YOIJNT PIC 1 '  
STR?JT JIT+ I E u ~ ~ c E  VIRE 
SuPPE3T TUBE 1 l /  

Figure 18: Long hydmgen bubble wire. 

I 
Figure 19: Short hydmgen bubble wire (See Appendix A for more 

detailed drawings). 









Figure 23: Strearnwise velocq contours. Note thaî & = O represents the test section entrance The 
wire Frame on the db = O 70 plane represents the location of the mode1 in the water tunnel. 



Figure 21: Vertical velocity contours. Note that ?c/b = O represents the test section entrance 
The wire frarne on the db = 0.70 plane represents the location of the mode1 in the water 
tunnel. 



TAfL 

ENGINE INLETS 
FLOW DIRECTION 

Figure 25: Side view of the fuselage section of the a i m R  at the wing, displaying streaîdines 
over the clean wing profik, at a = 5 O .  Note that the grwn and red lines move around the 
w ing-ti p. 



Figure 26: Ciean wing streaidines from below aie wing, at a = 5'. Note that the green and 
red lines move around the wing-tip. 



Figure 27: Clean wing stiealdines located 0.1 c from the lowersurface, at a = 5 O. 



Figure 28: Bottom view of streaklines around two MK-82 bombs mounted at station 8, at 
a = 5". 



Figure 29: Streaîdines located betwem two the MK-82 bombs mounted at station 8 at a = 5'. 
Note that the cross-hatckd area repmsents a region of mcirarlating flow. 



Figure 30: Streaklines between the MK-82s at station 8 and die EFT at station 7.  The geen lines pass 
diredy over each bmb. The cyan and red streaks pass between them. 



a s  
deg 30 

pz Studv 

Model scale, 
Percent 

8 t o 1 3 x 1 0 ~  
1-75 x 106 

attack (Del Frate et al. 1990), including results h m  the present studf 



Plates 



Plate 1: A flow quality iest in the unobstructed water tunnel usin; 
a dye streakline. 

p-- -- --- - 

Plate 2: X flow quahty test in the 
unobstructed water tunnel using 
hydrogen bubble tirnelines. 



Plate 3: Effect of the mirror on the domastream flow: (a) location of the mode1 in 
the tunnel. (b) dye streaklme in the unobstructed tunnel. and (c) dye 
strealdhe ~ l t h  the mirror in the tunnel. 

134 



Plate 1: Bottom view of ~~I 9 wing-tip missile at u = 5'. 



Plate 6: Bottom \lea. of the pylon at station 8 at a = 5' .  
- A - -  - -  

- - - - - - - - 

Plate 7 :  Side xiew of the \ER at station 8 at  u = 5 ' .  

2 36 



Plate S: Bottom ~ l e w  of the ElT at station 7 at a = 5' 

Plate 9: Side viex of the EFT at station 7 at u = .3' 

1 3  7 



Plate 10: B o t t o n  vielv of a single 3K-82 on the VER at station 8 at c = -3'. 



Plate 12: 



Plate 1:3: Streakline trajectories between a GRY-12 at station S and an EFT at - - 
station 7 at u = .Y. 

Plate 1 4 :  Bottom xie-hv of tx-O GBL*- li' bombs at u. = 20' 

1 JO 



Plate 15: Top ~ l e l v  of the LES vortex at c c =  5 , .  usin; the i v a t e r - b a d  dye. 



Plate 15: Si& \iey.\- of the TXS vortex at rl = :35 

142 



Plate 19: dide view of the LES vones  at u = 35 . using the shear-~hickeiiing <&Y. 

Plate 20: Top ~ i ~ w  of the LES vortex ai a = :3.5 ' .  wing  the shear-thckenuig d y .  
143 



Plate J I :  Top view of the left and nght forebody vor t i c~s  at = 2 . 5 .  using the 
water-based due. 

Plate 22: Top view of the forebody' LES vortes interaction nt o = 5. wing the 
xater-based dye. 

14 1 



Plate 23: Top \<en. of the LES \-ortes nt  = 2 .  using hycirog~ri bubhles. shouiiig 
the vortex cure. 



Appendix A 

Yaw & Pitch Positioning System 

Page 

A3 

A4 

A5 

A6 

Parts 

1-7,2 1-22 

1 

2 

3.4 

5,6J 

8 

9 

10 

11-14 

Description 

Assembly drawing of main structure. 

Structure top plate. 

Rotating bottom plate. 

Support angle Aluminum sections. 

Rotating shaft, nut and washer. 

C-strut. 

Back C-strut support. 

Front C-strut support. 

Dnve wheel and crank. 



Assembly of drive wheel and crank. 

Small rollers with notes. 

S t h g  support: Interior block and exterior attachent 

plate. 

Dye container support. 

Block for holding dyd bubble supports. 

C-stru t pointer. 

Dye injection tube and support. 

Bubble wire and support. 

Bubble nVe support rotatable plug and strut .  

Plastic wire holder. 









- - 
II: 

































Appendix B 

Water Tunnel Sketches 







CURES SHOW APPROXIMAELY THE CHARACTERISTICS W E N  PuMPINC CLEAR 
NON-AERATED W A E R  NO W A R A N E E  IS MAO€ EXCEPT fM WE RArEO POINT 



PLOT SCILC INDUC TlON MO TOR OUTLINE 

-ut? .J?S 10 
1 8 >.a# LG.  



9/13/95 
DATA W S M I T T A L  

CrJSTOMER: CASCADE PUMP CO MARKS: S.0.X 14738 

10107 S NORWALK BLVD 

SANTA FE SPRINGS CA 90670 

* * * * * * * * * * * * * *+** * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * *  
CUSTOMER ORDER NO. 37970 G.E. REQN. NO. 694-04455 

G.E. ORDER NO. 950908044 
.PR= APPROVALm 

.+*+**********~**********************tt*********************************** 

ITEM NO. 1 MODEL NO. NEW MODEL 
TYPE K FRAME 254T 
HP 7.5 RPM - FL 1170 
P 1 4 S E  3 VOLTS 575 
HZ 60 SERVICE FACTOR 1.15 
TIME RATXNG CONT AMB -MAX 40 DEG C 
INSUL CLASS F NEMA DESIGN 

H 
B 

CODE AMPS - FL 8 . 4  
NEMA NOM EFF 86.5 MAX KVAR 4.2 
BEARING-DE 63092C3 BEARING-ODE 63092C3 
OüTLINE 4002B5825NAP001 DESIGN 2SPD3200BA 
ENCLOSURE IS DRIPPROOF 
*****t+******+*************************C********************************** 

ADDITIONAL MOTOR DATA: 

LOADO 125 11s 100 
EFF 

75 
85.6 

50 
86.3 

25 
86.5 

P.F. 
87.6 

80.7 
86.5 80.1 

79.7 77.5 71.1 59.0 
AMPS 10.1 

37.9 
9.4 8.4 6.8 5.5 4.6 

4 MDT'S & O / L r S  TO CHARGEE, ATTN: BOB BROWN 

- -' SAME TO BARRY RITTER, 4 - 6 
TERRI STEWART = ME NOT ro SOUE. ARE LWED SUEUECT TO R ~ R N  umnt OEWD, AND WE EXPRESS C O N D ~ O N  

W- N O T E  USm INLWY WA Y DETR-AL m m~ GENERLlL ELEc7WC COMPLl N Y  





Electronic Circuit Drawings 

The following figures are presented in Appendut C: 

C l  The hydmgen bubble vcltage p h g  circuit. as described in Section 

3.4.2 (Budwig and Peattie. 1989). 

C2 The orcuit for the camera timer power supply, used in conjunmon 

with the camera timer circuit presented in Figure C4. 

C3 The camera timer aicuit. designed and built by the e1ectron.i~~ 

laboratory at the University of Ottawa. 

C4 The solencid valve control box chmit. designed and b d t  by the 

electmnics laboratory at the University of Ottawa. intended for use with the dve 

injection tubes, as described in Section 3.4.1. 



Figure Cl: The hydrogen bubble voltage pulsing circuit 
(Budwig and Peattie, 1989). 

7- l 1 ' 3  voc5V : 
Int#nol. UA310 T5.3 -~-!= 8 Vdc 

5.1 v , 

r Çcip9ly 
2 ' 115 vac 1 

0 . 1 ~ F  

Figure C2: Power supply circuit for the camera timer circuit (see Figure Cs). 







Appendix D 

Mounting and Dismounting 
Procedures 

For ease of assembly and minimum risk of damaging components or injury 

trying to avoid ttus damage. the systems should be set up in the following order: 

model. dye system or hydrogen bubble wire. lighting, camera. Inevitably. 

position corrections will be required. It is suggested that positioning should be 

as close as possible to the desired location before the next system setup is begun. 

and onlv minor adjustments be made once a i l  systems have been set up. 

Mounting 

1. Submerge the model. allowing as many air bubbles as possible to escape. 

2. Remove one nut and washer. insert the sting into the C-stmt hole. replace 

the washer and nut. 



3. Tighten the nut at the same tune as  assuring zero roli angle. This was 

done by eye by checlang the pmae of the model against the base of the 

positioning svstem. whch has two holes precisely located dong the 

centerluie for purposes of assembhg the mount. 

4. Turn the 124 W (116 hp) pump off. and open the flow valve. ensuring the 

engine flow tube is above the watetline. 

5. Assure valve and engine flow tubes (one h m  the model. one h m  the 

pump) are full of water, and attach them underwater. 

6. Turn the 124 W (116 hp) pump on. 

7. Close the large valve under the drainage tank. and the 4 bo?indary layer 

valves closest to the lab wall for model engrne fiow. This wdl give a flow 

rate of approximately 0.4 gpm on the flow meter. 

Dismounting 

1. Tum the 124 W (116 hp) pump off. and open all the valves. 

2. Close flow valve, detach flow tubes; do not aiiow valve flow tube to fail to 

the gmund s p i h g  water: wrap it around the camage or the tunnel 

kame. out of the way. 

3. Loosen and remove the nut and washer on the sting. and remove sting 

h m  the C-strut hole. Then replace nut and washer on the sMg. 

4. Hold the model sting down. nose up above the tunnel to drain the water. 



D.2 Dye System 

Mounting 

Mount the s t d e s s  steel Ltube in the set screws to the verûcai traverse, 

with the flexible tubing just above the water surface. 

Mount the injection tube into the L tube. ensuring a l l  of it is below the 

water. 

Purge the injection tube of air by attaching the syringe (modified so that 

the needle has been removed and replaced with some flexible tubing) to 

the injection tube base and withdrawing the plunger unûl it fUs with 

water. Note that filling the syringe Mth water and then trying to push 

the air out of the injection tube does not work well. 

C o ~ e c t  the flePble tube h m  dye canister to the fleible tube protaudmg 

h m  the s t d e s s  steel C tube above the tunnel. 

Fill the dye canister with dye. ensuring ail exit valves are closed. 

Open the high pressure supply valve. then the low pressure regulator 

valve to about 30 kPa. 

Open the dye canister valve slightly. and connect the fielable tube (which 

has now been purged of air) to the injection tube. This requires prahce: 

as the dye Canister valve is located beneath the tunnel. and the injection 

tube is inside the tunnel. a lot of dye can be lost into the tunnel before the 

flexible tube is attached to the injection tube. 



8. Position the injection tube at the desired location and reduce the pressure 

to get the desired dye flow rate. Note: Pressure m u t  b t  be lowered at 

the low pressure reguiator valve. then in the h e  by pressing the air 

release button on the dye canister. 

1. Close the hi& pressure valve, and press the air release button on the dye 

canister untii a l l  the pressure is released 

2. Raw the s t d e s s  steel Ltube u n d  the top of the injection tube is out of 

the water. 

3. Remove the flexible tubing h m  the injection tube. allowing it to drain 

into the dye canister. It may be necessary to release the pressure a second 

t h e  for this to happen. 

4. Remove the injection tube h m  the stainless steel Ltube. Purge it of the 

remaining dye by blowing air into it with the same syringe as above. 

5. Discomect the flexible tubing coming fimm the dye canister h m  the 

flexible tubing in the s ta idess  steel Ltube and remove the Ltube h m  

the system. ensuring any residual dye is not spiiled onto the tunnel or 

floor. 



D. 3 Hydrogen Bubble Wire 

1. Mount the wire and hame into the s t a d e s  steel Ltube faMg sideways 

(th minimizes the chance of wire breakage duing mounting). 

2. Mount the s t d e s s  steel Ltube to the vertical traverse using the set 

screws. 

3. &rang2 the aire and its fiame in the orientation and location desired. 

1. Plug the bubble wire into negative slot on the connector above the tunnel. 

5. Drop the carbon rod (anode) into the water downstxeam of the model. 

6. Plug the connector into the pulsing circuit (the wims are colour coded). 

7 .  Plug in all components. turn the signal generator on (7 Hz was best for 

this study). 

8. Ensure the voltage generator is set to minimum voltage, turn it on. wait 5 

to 10 seconds for the startup peak to pass, theo set it to about 100 volts. 

Bubbles should be seen emanating h m  the wire. 

Dismounting 

1. hun all  power off and unplug the system. Unplug the connecter box h m  

pulsing circuit and the bubble wire h m  connector box. 

2. Remove the carbon anode h m  the water. 

3. Rutate the bubble wire sideways to avoid breakage during dismounting. 



4. Remove the bubble wire system h m  the water. 

Note: ThLs pmcedure is described for the small hydrogen bubble wire. The 

large bubble wire and fiame is mounted in the same way. but the wire can only 

be oriented in the vehcal plane. so steps 1 and 3 in the mounting procedure. as 

well as step 3 in the dismountùig pmcedure may be disregarded. 



Appendix E 

Tecplot Data Files 



E S  Wing 
Surfaces 



1 
1 
1 
l 
1 
1 
1 
1 
1 
1 

9.73SOE-001 3.5 1WE-001 7.3990E-001 
Y.6YWtU01 3.U130E-001 7.3WOLi-001 
2.8570E-00 1 3.3970E-001 3.8680EM) 1 
2.3650E-001 3.1T'OEM)I 9.S680E-001 
3.8250E00 1 3 .067OW 1 9.868OEOo 1 
4.1 l l O W 1  3.1250t-001 Y.8680tc001 
5.1450LOû1 3.1 l90iXOI 9.8680Wû1 
6235fiE-O 1 3.1460E401 9.S680E4ûI 
7.3320EM) 1 3.25 lOE-00 1 9.8480E-001 
7.7Y70E-001 3.3120LUOl Y.8680M1 
3.59 10E-00 1 3.3860E4019.8680iXOI 
9.4400E-00 1 3.S65OE-M 1 9.868OE-00 1 
f.845OE-001 3.2130E.001 I.I68OE4+Oû 
3.113WE-UVl 3.033UE-001 1.1680E-000 
4.5480E4û 1 2.90aOW 1 1. Ib80E+OOû 
4.7640E40 1 2.97ME-001 l.168OE-OM 
5.77SOE-001 2.9520E001 1.1680E1000 
6 . S Y W W I  2 . Y 5 0 1  1.16WE-000 
7 . 4 5 0 0 W l  2.9780E-001 l.lti8OEc000 
7.9600E-001 3.0430E-001 l.ldSOE-000 
9.3510E001 3.28OûEM)I 1.1680E-000 
Y.3220EW1 3.444üEc001 1.16YOt-000 
J.olOoE4û I 3.09201;001 1.33 1OE-000 
4.7400E-001 f.9130EJXtI 1.3210E-000 
5.26 10E-001 2.9280E401 1.32 lOE-000 
5.432OE001 t.WlOE-001 l . 3 2 l O E W  
0.2% 10E4û1 2.8690E401 1.32 lOEc000 
(5.8230Eal t.3050E-0r)l 1.3210Ed00 
7.6130EM)I 2.962OE-001 1.321OE400 
t.O73OE-001 3.W10t-001 1.3210E4W.l 
9.2530E-001 3.H30EM)I 13210L1)Oo 
9.248OE-001 3 2700E401 1.3210Ed(X, 
5.1670E-00 1 3.0670E-00 1 1.4290Ec000 
3.2030E401 2.Y060E001 1 .SZWii-OUO 
3.346Uts001 2 . W E - W I  1.42YW-000 
S.8780LOûl 2.8550E40 1 I.4290E-000 
6.3nOE-ûû1 2.842OE-Cn)l 1 42OE-rWK) 
7.037OE-00 1 2.8030EMi1 1 . W O E - M û  
7.7480E-W 1 2 . 8 6 7 0 ~  1 1.4360E-000 
1.9920E-00 1 2.90 10E4û 1 1.4360E-000 
9 l97OE-00 1 ?.M80E-00 1 1.4360E600 
9.14IOEM)l 3.07JOE001 1.4360E-000 

ZOSE T="biirror of L$pcr d a œ '  
1=8, J= 16. k=l .F=WlXl '  
u-l~=(SI>tik SLhtiLk S1~tiLl.i ) 
u . m t - 0 0 0  s .mvE-001 0.0000t-000 
7.89ûûE403 5.76ëûE4ûl O . ~ L - O ( j o  
1 4340EM)l 5 SlfOE-001 O 0000E-000 
2.9300E-001 S.nSOE4ûl 0.0000E-000 
4.56tOEUU1 5.68S0WW) 1 U . W E 4 W . l  
6.4MûE-Oû 1 5.5970E-M 1 0.0000E-(i00 
7.0630E401 5.??1OE4ûl 0.0000E-(i00 

7.52WE-001 S 4Y2UtM1 0.0000t-000 
0.0000E-000 5.8000E-00 1 -5.7700E402 
7 S300E-002 5.6910E-001-5 ? lOOE-002 
1.4540E-00 1 5.7440E-W 1 4.2000EM)Z 
2.Y3WE-001 5.7020E4VI -5.SZWE-002 
4.5080E-00 1 5.02 10E-00 I -5.88GOE402 
6 4040EM) 1 5.73 10EaOI -4 91ûOE-002 
7.063OEa 1 5.489OE-W 1 -3.9 100E402 
7.5200E-001 3.48-WEUOI -3.9 1WE-002 
O.MOOE-0o0 5.52 IOL-WI -9.9000E-002 
7 OlXW)E402 ? .J?OOE- 1 - 1 .O 1 7oE-O 1 
1.4540EM)I 5.3920E-001 -1.05 IOE-001 
2.Y3WEU01 3.3a70E-001 Y.6WOE402 
4 . 5 ~ % O E 4  1 5.3600E.00 1 -8.7l00E402 
6 4040E-00 1 5.3600E-00 1 -7 8800E-002 
7 .063OW 1 5.36WE-001 -7.3600E42 
7.52WE401 5.3600t;AX)l 4.57WE-002 
0.0000E-oOo 4 . 9 7 a m  1 -1.2040E-00 1 
?.PWMEM)t 4.9760EM)l -1.228OE-00 1 
1.4540E001 4.9760E001 -1.18WEM)I 
Z.Y300t;001 3.0700t;cOol -1.0830MW1 
4.5680EM) I 4 . 8 5 0 0 m  1 - ! .O&OIXO 1 
6.5040E4ûl S.ZIZIOEM)I - 9 . 7 0 0 0 E a  
7.0630EM)I 5.2180E41 -9.3100EMn 
7 . S 2 W W I  5.2l8Ot.AK)I 4.SWK)E-002 
0.0000E-000 4.5330E-001 -1.3880E401 
7 FMOE402 4.533OE-00 1 - I.388OEM)l 
1.4SdOEM)l 4.533OE-W 1 -1.35dOE-00 1 
2 . Y 3 0 1  4 . 7 0 E U 0 1  -1.22WtUJ1 
4 . 5 6 8 0 W l  4 . 7 4 9 0 W I  - 1 . 2 2 1 0 W l  
6.4040E-00 1 4 .9430Ea 1 -1.0660E-00 1 
7.063OE-M 1 4.9490EMll -1 .OOfOEM) 1 
7.S2WL-001 4.Y4WEUOI -Y.7600t;-002 
0.0000E-000 4.4 I2OEaO I -1 8970Ea0 1 
7.P300E-002 4.4 If  OEM) 1 - 1 86WE-00 1 
1.4980E.001 4.412OEM)l -1.8920E-001 
3.0«)0t.;U01 4.5030t;U01 -1.VYWEU01 
4.07 1 0 W  1 4.5900IXO 1 -I.98lOEM) 1 
6.5 I6OE-001 9.8050EM)l -1.97OOE-001 
7.063OE001 4.8160EM)I -1.9210E.001 
7.~2~~0014.n7utr001-2.mt-001 
o.om~-000 c z c i 2 0 ~ a  1 - 2 . 7 3 2 0 ~ 0  1 
9.3600ErS0'14.2820EM)l -2.71 SOEml 
1.6620E001 4.3060U)Ol -2.7410E001 
3.232OEAMI 4 J Y W W 1  -2.72IUE-001 
4.7780E.001 4 .5780~1-? .816OEM)l  
6.6370EM) 1 4.6940E-00 1 3.871OE4lûI 
7.1010E~14.7110EM)1-2.%9I)oEM)1 
9.46WEW14.7370E001 - 2 . W E U 0 1  
0.0000E-000 4.2020E40 1 -2.732GE-00 1 
9 3600Ernit 4.282OEM11 -2.71 3OE-00 1 
1 d620E.00 1 4.3060EMll -2.74 10E401 
3.2520EUO 1 4.3YWEUO 1 -2.72 IOEU0 1 
4.nfOE-001 4.430E-001 -2.8!60E-001 
b.6370E-00 1 4.5950E-00 1 -2.87lOEa 1 

I O I O E ~ I  4 m o ~ m  - m o o ~ m  
1.0000E-000 4.0400EMi 1 -7.S9OOE-00 1 
0.0000E-000 4.1710E-001 -3.1230E-001 
9.3aOOE402 4.2u4OE-OO 1 -3.1 140L-00 1 
1 6620EM)I J . tO50E401-3 . Ia rOE~I  
3.2520Eml 4.297OEm1 -3.2140E.001 
4.778OEM) 1 4.3060EM)l -3.308OE.00 1 
6.637UE-001 4.30WEW l -3.30YOEUO 1 
7.1010E-001 4.2'770tUOl -3.32YOEU01 
1.0000E-000 4.040E-001 -3.2140EU 1 
0.0000E-000 3.7940LM) 1 -3.6950E40 i 
8.9700EMT, 3.31 30EM)l -3.693OE-00 1 
2.0240Em 1 4.OZSOE-M 1 -3.695OEMI 1 
3.2330EM) 1 4.0660E-00 1 -3.6YSOE001 
4 . 7 9 5 0 m l  4.0580E-NI -3.7700E-001 
6.?7!OE4Il 4 084OEJ3II -3.7700E4Ml 



Stores 
rrrZE - 'CF-1 8" 
V A R u B l E s  - "2' 
"X' 
'Y' 
ZO'iE T-'Pjlaih' 
1-1 U. J- 14. Km l.k=Wl!W 

LTL'=(SLYCiU SLYCilL Sl3iCiLk ) 
-1.W14EUVY 2.26WE.UO1 6.1050E401 
5.548lWO2 2.26WE-üül 6.1050t;-001 
9.243 1 E-002 2 . 2 6 W W  1 6.1 050ti-W 1 
2.101YW1 2.26WE4ül 6.1050EU01 
3.23U4t;901 2.26WE-001 6.1050LUUl 
4.8967EUJ1 2.26WE-üü 1 6.10JOE4Iü1 
6.2654E-00 1 2.26Wt-00 1 6.1050E-001 
6 . 6 7 7 3 W I  2.26WE-OU 1 6.1 USUt-00 I 
7.557lt4üI 2.26WE-U01 6.105Ut4Ul 
7.6744EUOl 2 . M W W  1 6.1050E1)OI 
-1.W14tEOOY 2.26WEUOl 6.1050E-001 





















3.4400EWl 1.3820tWl 9.53 10t-001 
3.8200E4û 1 1.3~5OEini 1 3.54 10E- i 
1.1300E401 1.33SOE-001 9 5370EnOI 
4.45OOEM) 1 l.323OE00 1 9.566OEXl 1 
4.75WtU01 1.2Y70tUOl Y.5820E-001 
4.3100E40 1 1 . k j5OEa  l 3.385OE-(jO 1 
5 1700E-00 1 1 4630E-M) 1 9 3VOE-OC) 1 
5.3700EM) 1 1.4680E-00 1 9.3840EM) 1 
5.37WL001 1.21 lOt-001 Y.6701tU01 
5.02OOE401 1.18OIE-001 9.0519Ei)Ol 
5 6200E-00 1 1 1CnX)E-rX) 1 9 7000E-M 1 
2.0000EM)Z 1. lOOOE-00 1 9.7000E4û 1 
2.5 130EU03 1 . 2 4 7 0 1  Y.3530t-OUI 
5.1 100iXû2 1.2770E40 1 3.5230E46 1 
8.2300EMl1 1.293OE60 1 9 9070E-00 1 
1.0600EM)l 1.3 14ûE-001 9.4860EM)I 
1.33WtUOl 1.3220k001 Y 4780t-001 
1.6900E-001 1.326ûE901 9.47ME-M 1 
?.0100E4û1 1.3370EM)I 9 MJOE-OO 1 
2.3300UK)l 1.337OEM) 1 9.4630EM) 1 
2.64Wt001 1.3370E-001 9.4630tUO 1 
3.0500E40 1 1.3340E-00 1 9.kiciOE-W 1 
3.4400EM)l 1.332OE401 9.36POE-M 1 
3.8200E-00 1 1.3 t 80EMll 9. J82OEaO 1 
4 . l W t U 0 1  1.2YûüE001 Y.504UL001 
J.4500E-00 1 1 .2&l0W 1 9 5 16OE-00 1 
4.7500E-00 1 1.262 OEM) 1 9 3380EM) 1 
4.9 1ûûUK) 1 I.44ûûE-00 1 9.3600E40 1 
5.17WE4W1 1.4310t;-WI Y.3620k00l 
5.3 7OOLOOI 1.SJ20E-M 1 9.3580E-00 1 
5.37fKlE-001 1. tR12E4Mll 9 6lME4û1 
5.6200E4ûi l.166OEM) 1 9.634ûEaO 1 
5.62WEU01 1.1000t401 9.7000t;-001 
2.0000LOû2 1 . 1 0 0 0 ~ i  9 7000E4ûI 
2.5 130EW2 1.2070E-00 1 9.3220E-00 1 
5.1 100E4û2 1.2290EM) 1 9.4860EM) 1 
8.23WE-002 1.2400tW 1 Y.4670t-00 1 









Clean Wing 
Lines 
l7TI.E "CF-18" 
t'.UU.aLES = -2" 
3- 
T 
ZOhE T ='Lac 1 " 
I=Il. J=I. K=lI=PO[.T 
DT=(SiSGLE SISGLE SISGLE ) 
1.0853E1000 2.72OtE-00 1 8.S608E-M 1 
1 .OOOOE-000 2.679fE00 1 8.S7OSE-W 1 
9.1474E-00 1 2.6383E001 8.5803EM) 1 
8.2948E00 l 2.5973E001 8.S9OfE00 1 
7.4421E-1 2.5973EM)l 8.5999EM)l 
6.589SEoO 1 2.5973E-001 8.6û67E00 1 
5.ï369E001 2.6383E-001 8.6171EM)l 
4.8843G00 1 2.6587E-00 1 8.6276E-00 1 
4.03 17E-001 2.679tE-00 1 8.6361E-001 
3.1791E-Wl 2.7202E-001 8 . 6 4 8 4 m 1  
t.3264E-00 1 2.753OE-Oû 1 8.6588E-00 1 
ZO?E T="tiie 2" 
1-10. h l .  K=l.F=POI';T 
DT=(SII;GLE SEGLE SiXGLE ) 
1.0853E400 2.67SlE4019.1137E-001 
l.OOOOE-000 2.6581E-001 9.1MIE-001 
9.1474E-00 1 2.6 180EM) 1 9.2 145E00 1 
8.29- 1 2.622OE00 1 9.2648WO 1 
7.442 lE00  1 2.Sf79E-ûû 1 9.182SEOO 1 
6.589SE001 2.6180E401 9.491-1 
5.7369E-00 1 2.642 1EM) 1 9.3947E-00 1 
4.8843E-001 2.6581E-0019.4317EM)I 
4.03 17EM) 1 2.678lE-M 1 9.4712EMi 1 
3.5201E-001 2.6781E-ûOl 9.%UlEM)I 

ZONE T=%e 3" 
I=11. J=1. K=I.F=POiST 
DT=(SiSGLE SiSGLE SiSGLE ) 
1.0853Ec000 2.7601M01 3.7000E-001 
l.OûûûE-000 2.7602E001 3.7ûûûWû1 
9.1474E001 2.7763E-001 3.7000E001 
8.2948EM)l 2.8404U)c) 1 3.7000E001 
7.442 1 W 1  2.92ME-MI 1 3.7000E001 
6.589SEM)l 2.9607E001 3.7000E-001 
5.7369~13.0108E0013.7OoOM01 
4.8843EANl 3.0%09E-Oûl 3.7000M01 
4.0317E001 3.1611MOl 3.7000E001 
3.1791E001 3.2413E001 3.7000E401 
2.3264E-00 1 3.3054E-00 f 3.7000E-00 1 
20% T=*Line 4' 
1-1 1. r=i .  a = i s = m r s r  
DT=(SISGLE SiXGLE Sc';GLE ) 
1.0853E-000 2.8478S-001 5.0459MO! 
1 .ûûOûE-000 2.8478E-001 5.0644EM) 1 
9.1474E00 1 2.8077EXû 1 5.0829E00 1 
8.2948Ea 1 2.8OTIEMI 1 S. 10 14Em 1 
7.4421HM1 2.8478EM)l 5.1200E-001 
6.589SE4ûl 2.8879E001 5.1340E001 
S. n 6 9 E 0 0  1 2.9 12OEM) 1 S. 1 4%- 1 
4.8843EM) 1 2.928ûEM) 1 S. 163 1 E-OO 1 
4.031fEM)l 2.99uE001 5.1833M01 
3.1791E401 3.0483E401 5.2121E-001 
2.3264E00 1 3.1285E001 5.2389E00 1 

ZOhE T="ime 5" 
I=l  t. h l ,  K=I.F=POhT 
DTqSISGLE SiSGiE SD'GLE ) 
1.0853E-000 2.945 1E-001 6.6587E-001 
1 OOOOE-000 2.929 1 E-00 1 6.6387EM) 1 
9 1474E.001 2.9050E-001 6.6587E.00 1 
8 2948E-M)l 1.8649EM) 1 6.6587EM)l 
7.442 1 E-00 1 2.8649E-00 1 6.6587EM)l 
6.5895E40 1 2.8649E001 6.6587EM)l 
5.7369E-001 2.8649E-001 6.4891E-001 
4 8843E-00 1 2.9050E40 1 6 5459E-001 
J.0317E-00 1 2.9JSlE-M 1 6.6032EM) 1 
3.1791EOOI 2.98SZE-M 1 6.7926E-M 1 
f.3264E-001 3.0Im44 1 6.7532E-001 
ZOhE T ='hc 6' 
1-1 1. J = l .  K=l.F=PobT 
DTqSI3Gi.E SiSGLE SCIiGLE ) 
1.0853Ec000 2.7884E-001 5.9784E-001 
1.0000Ei)o 2.7M4E00 1 6.1082500 1 
9.1474E-001 2.7323EM)l 6.2380E.001 
8 . 2 9 8 M 0  1 2.6i22E-00 1 6.3678E40 t 
7.442 1E-001 2.6922EM)l 6.7583E-001 
6.5895EM)I 2.7323GOû1 6.8212E001 
S.7369E-00 1 2.7564E-M 1 6.a706E40 1 
4.8843UW)l 2.7724E001 6 . 7 4 5 9 W l  
4.03 17EM)12.8l25EM)I 7.0527EM)l 
3.17911001 2.8526E001 7.1263E001 
t.32ME-00 1 2.8927E.00 1 7. I966EM)l 
ZOSE T="imc 7 
111 1. h l .  K-II-POCZT 
DTqSiSGLE SiSGLE SiSGLE ) 
1.0853Ec000 2.6497EM)l 6.9238E-001 
1.0000Ec000 2.4096E-W 1 7.024SE00 1 
9.1474E001 2.5695E-001 7 I252E4ûl 
8.2948100 1 2.S69SEoO 1 7.22S9MW) 1 
7.442 1 M0 1 2.569SE.00 1 7.3267EM) 1 
6.589SE-00 1 2.6336iXOI 6.88%M)0 1 
5.7369E-00 1 2 .66SïEa 1 7.7460E-M 1 
4.8843M01 2.7138E-001 7.7879E001 
4.03 17E-00 1 2.7699Em 1 7.8780E40 1 
3.1791E001 2.8100Er001 7.9458E401 
2 -3264EM) 1 2.8902E.00 1 8.1380EM) 1 
20% T = ' k  8" 
I= IO. J= 1. K= l.F=POf';T 
DT=(SiSGLE SiSGLE SIXGLE ) 
1.0853E-000 2.6068E-001 9.1018E401 
1 .ûûûOE-000 2.54- 1 9.2653E00 1 
9.1474E-00 1 2.5266Em 1 9.4288EM) 1 
8.2948E-Oû 1 2.4865WO 1 9 . 5 9 2 3 W  1 
7.d42lEM)l2.4865EMil 1.01 56E-000 
6.5895E4ûl 2.486SWOl 1.0200E-000 
5.7369EM) 1 2.486SE-001 1 .Oû3OE-OW 
4.8843UW)l 2.5246EOol 1.0167E-000 
4.03 17E-00 1 2.5426E.00 1 1.0303E1000 
3.2643E00 1 2.5907M0 1 1.0702E-000 
ZO?E T="Lnic 9" 
I=i 1. J=l. K=l.F=PObT 
DT=(STSGLE SiSGLE SiSGLE ) 
t .O853E-Oûû 2.375 1EOO 1 1.2087E-000 
1.0000E-000 2.27WEM) 1 1.2 l52E-000 
9.1474E-001 2.1987E001 1.2217E-000 
8.2948E-00 1 2.1346E00 1 1 .2282S+ûO 
7.4421M01 2.1346E001 1.2323E-000 
6.589SE-001 2.1346E-001 1 ZWE-OOO 
5.ï369Ec001 2.1346JXO1 1.2574E400 
4.8843Ea 1 Z. l346Ea 1 l.2625E-OOO 
4.03 17E-001 2.1586E-031 1.M54E-000 
3.1791E401 2.1185EM)I 1.268ZE-000 
2.9233E4ûl 2.1 18SEoO1 1.2691E-000 

ZOSZ T='Lint 10" 
1=13. J=l,  K= l.F=PObT 

DT=(SISGLE S E G E  SISGLE ) 
1 .O8S3€-ûûO 2.i909E-00 1 1 3972E-000 
I.OOOOE-000 2.830SE-001 1.4134E-000 
9.1474E-001 2.7103E401 1 4333E-000 
8.2948Em 1 2.S499EM) 1 1 4488E-000 
7 542 1 E-00 1 2. J29TE-00 1 1 5059E-000 
6.SS95E-001 2.3O94Em 1 1 4979E-000 
5.7369E-001 2.1891E-001 1.5067E-000 
4.8843E-00 1 2.1089E4û 1 1 5 187E 1000 
4.03 1 7E-00 1 2.0388E-00 1 1.53 16E -000 
3 1791E4ûI 19646E-001 1 5319E-000 
Z.3ME-W 1 1.88UEMi 1 1. S398E -000 
1 4738EM) I 1 8844E-00 1 1.54772 -000 
6 2lI9E-002 1 884E401 I 5556E-000 
ZOSE T ='Lm 1 1 ' 
1*12. J= 1. K= l.F=POCiT 
DTqSWGE SïSGLE SISGLE ) 
1.0853E-000 1.7179E-001 3 7000E-001 
1 .OûûûE-000 1.7981 EM) 1 3 7000E00 1 
9.1474E-001 1.8382E-001 3.7000E-001 
8.2948E001 1.9424E-001 3.7000E-00 1 
7.4421E001 1.9985E-001 3.7000E-001 
6.5895MOl 2.1 188E-001 3.7000E-001 
5.7369E-00 1 2.1589E-00 1 3 7000EM) 1 
4.8843E001 2.2391E001 3.7000E00 1 
4.0317E-001 2.2952E-001 3 7000E-001 
3.1791E001 2.3433W1 3 7000E-001 
2.3264E-00 1 2.3593E-00 1 3.7000E-001 
l.8149EoOl 2.3593E401 3 7000E-ûû 1 
LOFE T4..me 12" 
1-12, J=l. K=I.F=POiSi 
DTYSiSGLE SINÇiE SiSGLE ) 
1 .O8S3E+OO 2. I32X-ûOl 4. I9OZE-M 1 
1 0000E-000 2.0924EJM 1 4.2968E-M 1 
9.1474E-001 2 . 0 6 8 3 m l  4.4034E-00 1 
8.2948E-W 1 2.0683E-00 1 4.5 100E-00 1 



3.1791G001 1.7661E001 8.0394E-001 
2.3264E00 1 1.766 l m 1  8.0394M0 1 
2.1 559E-00 1 1.766 1E-001 8.0394E-00 1 
20% T=' tac  1s- 
1.112. Jal. K= I P P O I 3 T  
DT=(SiSGLE SiSGLE SEGLE ) 
1.0853E-000 1.7579E-001 6.5064E001 
1.0000E-000 l.ti937EM) 1 6.6726EM) 1 
9.1474EM) 1 1.71 7 8 E a  1 6.8388E-00 1 
8.2948E401 1.7178E-001 7.0050EM)l 
7.4421EL001 1.6777E-001 7.2198E-001 
6.5895E401 1.6617E-001 7.3753-1 
5.7369Ea 1 1.66 17E-00 1 7.4675E-00 1 
4 . 8 8 4 3 m l  1.66 1fE-00 1 7.63 l 8 W  1 
4.03 17E-001 1.6617E001 7 . 8 9 9 W I  
3.179 1E-00 1 1.66 17E00 1 8.0437U)(3 1 
2.3264EM) 1 1.66 17EM) 1 8.1909EM) 1 
2.1559EM) I 1.66 17EM)l 8.2 l82E00 1 

ZONE T-"Ime 16' 
I=lO. J= 1. K= i.F=POiSï 
DT=(SKGLE SISGLE SKGtE ) 
1.0853E-000 1.71 58MO1 9.0881E001 
1.0000E-000 1.6597E-W 1 9.123tEcoo 1 
9.1474EM) 1 1 hO36E-001 9. IS83EM1l 
8.2948E-OO 1 1.5394E-00 1 9. l93SE00 1 
7.442 1 M0 1 1.5234EA)O 1 9.2222E-001 
6.5895E-00 1 1.4993E40 1 9.2588E-001 
5.7369E-001 1.4753E-W! Q 2741E401 
4.8843EM) 1 1 4592E-001 9.3 189E00 1 
4.03 17E001 1.443ZE-001 9.3609EO01 
3.4348- 1 l.U3ZE&ll 9.3904EOo 1 

ZOSE T='Latc 17" 
1-10. J-1. K=I.F=POiST 
DT=(SiSGLE SiSGLE S W G E  ) 
1 . O 8 H E a  1 .%MM01 9.4753E-W 1 
1.0000E-000 1.54MEc001 9.5415EM)l 
9.1474EAM1 l.4874E40 1 9.6076E-00 1 
8.2948E-001 1 .JZ33EM) 1 9.638EM) 1 
7.4421E-001 1.4û73EM)19.7360E.001 
6.5895M01 1.3832E401 9.803OEM)l 
5 .7369W1 1.3591E-001 9.9132MOl 
4.8843E-001 1.3591E001 9.9710E-001 
4.03 17E00 1 l.359lE00l 1.0037E-000 
3.2643EO0 1 1.343 1EM) 1 1.0078E-000 

ZOhE T - " h c  1 8' 
1-1 1. Jnl. K=l.F=POI';T 
M=(SmGE SEGLE SISGLE ) 
1 .O853E+Wl 1-27 48E-00 1 1.2042EI000 
1 . 0 û û O E ~  1.194E001 13106E-000 
9.1474E-001 1.1 144E-001 12170E-000 
8.2948E00 1 1 ,0743Wl  1.2234Ei)o 
7.442 IEM) 1 1 .O 102E00 1 1 -2ZS9E-000 
6.S895E-W 1 9.94165002 1.2487E-000 
5.7369E-00 1 9.5407EMn 1.2526E-000 
4.8843E-0019.1398M02 1.2441E-000 
4.03 17E00 1 8.7389E002 1 .ZSZgE+OW 
3.179 1 E-OO 1 8.3380E402 1.2554E-000 
3.0085Em I 8.3380E-002 1.2570E-000 

ZOSE T = ' h c  19" 
I=l3. J-1. K-1.F-PObT 
DT=(STSGLE SIZI'GLE SEGLE. ) 
I.0853E-000 4.21 l m 1  1.2356E-000 
1.0000E-000 4.13 1 SEM)] 1.2f39E-000 
9.1474E-00 1 4.01 12E-001 1.3853E-000 
8.2948E-001 3.891 0EMi 1 1.4064E-000 
7.U21EM)l 3.7466E401 1.427SE-000 
6.589SE-00 1 3.6û23E401 1.4813E-000 
5.7369E-001 3.4580E-001 I.4919E-000 
4.8843E001 3.3137E-001 1.5024E-000 
4.0317E-ûOl 3.1694E4û1 1.5129E-000 
3.1791E401 3,04916401 1.5136E-000 

2.3M4UW3 1 2.9288E-00 1 1 .S303E+W 
1.4738E-001 2.8487EOO 1 1.5449E-000 
5.3593E-002 2.8086E-00 1 1 .56 1 1E-000 

ZOhE T ="I k c  20' 
1-11, P l .  ii=l.F=PObT 
DT+ISGLE SDGLE SiSGLE ) 
1.0853E-000 1.92OûE-Oû 1 6.6587E-00 1 
1 .OOOOE-Oûû 1.904ûEM)l6.6587E-00 1 
9.1474EM) 1 1.904ûE-00 1 6.658EM) 1 
8.2948840 1 1.9040E-00 1 6 .658730 1 
7.4421UW)I 1.9û4ûGûûl 6.6587i3oI 
6.5895- 1 1.9200E-00 1 6.6587E-00 1 
5.7369E-00 1 1.944 1 E.00 1 6.6581EM) 1 
4.8843E-M l 1 .%SI Mo 1 6.6587E-W 1 
4.0317E001 1.9441EM)l 6.6587E41 
3.1791E401 1.984ZE-00 1 6.6587€-001 
2.2412EM)l 1.9842EM) 1 6.6587E-001 

ZOhE T = ' k  2 1 ' 
1-12, h l .  K-1.F-PObT 
DT3SINGL.E SiXGLE S M L E  ) 
1.0853E40û 1.2368E.401 3.7000E-001 
I.ûûûûE-000 1.2368o-0013.7000Ec001 
9.1474E-00 1 1.2348Ed0 1 3.7OOOE00 1 
8.2948E-00 I 1.2529E-00 1 3.7000E-00 1 
7.4421E-001 1.2769E001 3.7000E001 
6.5895E001 1.3010MOi 3.7ûOûE001 
5.7369M01 1.3170EM)l 3.7000EM)I 
4.8843EM)l 1.333IE-001 3.7000E-001 
4.0317E401 1.3571EM)l 3.7000EM)l 
3.1791MW)l 1.3571E001 3.7ûûûM01 
2.3264UW)I 1.3571E401 3.7000E401 
1.9ûûlEM31 1.3571E;M)I 3.7000E-001 

ZOSE T='Liric 22' 
I= 1 2. J= 1. K= 1 .F=POhT 
DTqSCsGLE SiSGLE SiSGLE ) 
1.0853E-000 1.1058EM)l 3.7-1 
1.0000E-000 l.IOS8E00l 3.8698E401 
9.1474E401 1.1058E-001 3.9498E-001 
8.2948- 1 l . lO58Ea 1 4.0299E-001 
7.U21E-Ml 1.1058E001 4.1099E001 
6.589SE-ûûl l.lOS8E00 1 5.1900U.lû 1 
5.7369-1 l.14S9EM)l 4.2700EM11 
4.8843U)Ol 1.1459M01 4.3501E-001 
4.0317U)OI 1.1459E001 4.4301E4Wl 
3.1791E-001 1.1459E.001 4.4370E-001 
2.3264E.001 l.lZ19E-001 4.55lXFAJûl 
1.8149EM)l 1.1219E001 4.5586EM)l 

ZOhE Tl' l i i t  23' 
1-12.J-1. K=L.F=POiST 
DT=(SII;GLE SiSGiE SISGLE ) 
1 .O853E+ûû 1.0417E001 5.7537Eml 
1 .OûûOE-000 1 .Oû%EM) 1 S.SZ24EM) 1 
9.1474EMil9.8555E002 5.8911EMi1 
8.2948EJM 1 9.61 5OEMn 5.9599E-00 1 
7.4421 E-00 1 9 4546E-002 6.0286E-00 1 
6.5895EM) 1 9.4546M02 6.0973MO 1 
5.7369WJOl9.2943E002 6.1661E-001 
4.8843E-00 1 9.0538E-002 6.2OMEM) 1 
4.03 1- 1 9.0538M02 6.28 I4EM) 1 
3.179 1E-00 1 8.81 3ZEM)Z 6.39ZtEM)l 
2.3ZME-M l 8.6529E002 6.J497EM) 1 
1.4n8E-001 8.6529E-002 6.65aIEm 1 

Z O S  T="Laic 24" 
I=l2. J=l. K=l.F=POBT 
M=(SiSGLE SISGLE S B G U  ) 
1 .O853E+Oû 9 2424E-002 5.86 17EM)l 
I.OOOOE-000 8.84 1 SE402 5.9665E40 1 
9.1474E-001 8.841SE-002 6.0713E401 
8.3948LûOI 8.68 1 lE-002 6.176OE001 
7.4421E.001 8.Uû6E.002 6.2808E001 
6.5895E-001 8.44ME002 6.3856E-001 

5.7369- 1 8.446E432 6.4903E-ûO 1 
4.8843E00 1 8.4406E-002 6 .6076W 1 
4.03 1-1 8.5406E-002 6.6 l24E-W 1 
3.1791E001 8.4406E-002 6.7422E-001 
2.3M4E001 8.4406E002 7 005 1 EM) 1 
1.3033MW)l 8.S406E-002 7 0868E40 1 

ZONE T="Liie 23" 
M. ~ = i . ~ = m ~ . - r  

DT=(SCI;GLE SiSGLE SiSGLE ) 
1.0853E-000 8.8397E-002 7 7758E-00 1 
I.0000E-000 8.0379E-002 7 801 2E-00 1 
9.1474E00 1 7.6330E-002 7 8266E-W 1 
8.2948EM) 1 7 236 1 E-002 7 XSZOEa 1 
7 . 4 2  1 E001 7.0758Ec002 7 874EM) 1 
6.589SEM)I 6.835-2 7.9027E-001 
5.7369EM) 1 6.4344E-002 7 928 1 EM) 1 
4.8843E-W 1 6 2740E-2 7 9367Ea  1 
4.03 17E-0016.0335E-ûO2 7 961 8E-00 1 
3.1791EOOI 5.7929U)(n 79932E-ûOl 
2.3264E-W 1 5.6326Er002 8.0256E-00 1 
2.0706E001 5 .6326W2 8.03TTEMI 1 
ZONE T = h c  26" 
1=12. J=1. ~ = I . F ~ P O i h T  
DT=(SiSGLE SiSGLE SEGLE ) 
1.0853E-000 5.4147E002 7 5216E-001 
1 .OOOOE-000 5.4147U)Ot 7.6011E001 
9.1474EM) 1 5.4 1 U E a 2  7.6808E-M 1 

1.0853E-000 7.302 1 W 2  8.0659EM) 1 
1 .OûûûE-000 6.90 12E-002 8.1895E-ûO 1 
9 .1474W 1 6.5003E-002 8.3 132Em 1 
8.2948E-W 1 6.0994E-002 8.43698-00 1 
7.442 1 E-00 1 5.6985E-002 8.5606EM) 1 
6.S89SEM) 1 5.5381E-002 8.6842EJM 1 
5.1369E-Oû 1 5.0571E-002 8.8Of9EMI I 
4.8843E-001 5.6985E-002 8.8488E-001 
4.03 17M01 4 .7364Em 9.2914EMll 
3.l791Er001 4.4959E002 9 . 3 J t l W l  
2.3264E-W 1 4.4959E-ûO2 9.4 lO3E-00 1 
l.8149E-M 1 4.4959E-002 9 6 17 4E-M 1 
20% T-'Lkc 28" 
I= 1% J=1. A=I.F=PObT 

DT3SiSGi.E SiSGLE SISGLE ) 
1.0853E-000 6.2309EMiZ 7.3247E40 1 
1.0000E-000 5.8300E002 7.5636EM) 1 
9. I47JEM)l 5,329 IE-002 7.8045Em 1 
8.2948EM) 1 4.7877E-002 8.OSSJE-03 I 
7 . 4423Wl  4.4670E002 8.2&I3E00 1 
6.5895€401 3.9859EW2 8.5241E40 1 
5.7369EM)l 3.8255E002 8.7640E00 1 
4.8843E.00 1 3.4247E402 9.m8EM) 1 
4.03 I7EM)I 3.0238E402 9.6387EW 1 
3.1791E.001 2.8634E-002 9.779SE-00 1 
2.3264E4012.5804E4iO2 9.9036E-00 i 
1.72%E0012.3823E#2 1 .Oû99€-000 

ZOhE T - " h c  29" 
I=ll .  J=l. K=lJ-=PobT 
DTlfSISGLE SIXGLE SïSGLE ) 
I.0853E-000 -5.0329EM)3 1.12TJE-000 
1.0000E-000 -9.0418E-003 1.139 1E-000 



9.1474EM)I -1.3051E002 l.lM8E1000 
8.2948M0 l -1.9465EM)Z 1.1625E-000 
7 .42  1 W 1  -2.2672E402 l.174Z.E- 
6.5895E-001 - 2 . X W 2  1.1859EiKXJ 
S .7369EM) 1 -2.9086E-002 I.1976E-000 
4.8843EM)l -3.0690W2 l.18OSE-000 
4.03 17E001 -3.0690EM)Z 1.2088Ec000 
3.1791E-001 -3.M90E-002 1.2355E-000 
2.9233E-00 1 -3.0690E-002 1.2394E-000 

Z O S  T='Lme 30' 
I= 13. J= 1. K= I.F=POihT 
DT=(SEGLE SIXGLE: SEGLE ) 
1.0853EI)O -5.3864E002 1.3264EI000 
1.0000E-000 4.1882EMn 1.3418E-000 
9.147JEM) 1 4.5891 E-002 l.3573E-000 
8.2948E.00 1 4.9900E-002 1.3727E-000 
7.442 1 EM) 1 -7.3908E002 l.388ZEd00 
6.5895EM) 1 -7.791 7EM)Z 1.4036E-000 
5 Tt69E00 1 -8. I926E002 1.4 19 1 E-000 
4.8843E-OO 1 -8.433s-2 1.3845E-000 
4.03 f7E00 1 -8.5935EOO2 1.471 7E400 
3.1791EXOl -8.9944E002 1.4843E900 
2.326jE-00 1 -9.3953EM)Z l.4SOtE+Wl 
I.4738E.001 -9.5556EMn 1.5093E-000 
6.2 1 19E002 -9.7962E-002 1 .S248E-O00 
ZOSE T = ' b e  3 1' 
I= 13, J= i .  );= l.F=POCcT 

DT=(SISGE SISGLE SISGLE ) 
1.0853Ed00 -5.3321UiO2 1.3166E-000 
l.OOûûEc000 4 .1339W2 1.332 1Ec000 
9.1474E-001 4.5348E4û2 1.3475E-000 
8.2948E-001 4.9357E-002 1.3630E-000 
7 443 1 E-003 -7.3366G002 1.3784E-000 
63895EM)l -7.7374UW12 1.41 4 3 E a  
5 7369E-001-8.1383E002 1.4269E-000 
4.8833E00 1 -8.3789E-002 1.4022E-000 
4.03 lfEOO1 -8.5392E002 1.421 lE-000 
3.1791E-001 -8.9401E402 1.4745E-000 
2.3264Ea1 -9.34lOE002 1.4871E400 
1.4738E-001 -9 5014EM)2 1.5087E-000 
6.21 19E-002 -9.7419E002 I.5192E900 

Stores Lines 



2.6896MO 1 2.6 1 5 4 W 2  7.377 1 EOO 1 
1.9570E-001 4.0806E402 7.4131MOI 
1.2244E-00 1 6.13 19-2 7.4358E-001 
4.9179E-002 7 7436E002 7.4358E-001 
-2.408 l m 2  9.2088E002 7.4027E001 
-9.734iE-002 1.0674EM)l 7.336SE-001 - 1.7060E-001 1.3 139EM) 1 7 2704E-00 1 
2 0 s  T ="tint 1" 
i=l2. J=l. K=lS=POI';T 
DT=(SCNGLE SiXGLE S m G U  ) 
6.3526- 1 4.1758E-003 8.07ûûE00 1 
5.6200EOo 1 1.2%7E402 8.0298E00 1 
4.8874E-00 1 2.0293E-2 7.9904E-00 1 
4.1548EM) I 4.0806M02 7.9538E4û 1 
3.472tE001 5.9121E-002 7.9293EM)l 
2.68%E-00 1 8.1099E-002 7.9241 E-00 1 
1.9570EJM 1 1.0674E-00 1 8.03 1 5E-001 
1.2244E00 1 1.22û6E-001 8.1363E-00 1 
4.9179E-4302 1.36û4E4ûI 8.2136E-ûOl 
-2.40815002 1.433EAMl 8.2136E-001 
-9.7341E002 1.SO70E-001 8.2136EOol 
-1.7060E001 1.5802E001 8.2136EOol 
Z O X  T = b e  2" 
1112. J=l. R=I.F=PO[.r;T 
M-SiSGLE S f S G E  Sf.s;Gi.& ) 
6.3526EOol 8.476-2 1.0305E-000 
5.6200E00 1 9.2088E002 1.0356E-000 
4.8874E-001 9.9414E-002 1.0398E-000 
4.1 548E-00 1 1.0674E001 1.0466E-000 
3.422-1 1.1407MOl l.MOOEc000 
2.6896E001 1.2139E-001 1.03536-000 
1.9570EM)l 1.3238E-001 1.0247E-000 
1 2244E-001 l.43VEM)l 1.0196Ec000 
4.9179EMi3 1.4703MOI 1.01 55E-000 
-2.4081E-002 l.507OE00 1 1.014SE-000 
-9.7341E402 1.5070E401 1.0136E-000 
-1.7060EM)t 1.5802E-001 1 Ot27E-000 
ZOSE T = " h  3" 
1-12, J-1. K=II=POI3T 
DT=(SiSGLE SCNGLE SCNGLE ) 
6.3526E-00 1 -5.2%7E-002 9.4975EM) 1 
5.6200E-ûOf 4.S641E002 9.5572E401 
4.8874E4001 -3.83 15EM)2 9.6095E-Wl 
4.1 548E-00 1 -2.6593E002 9.6388- 1 
3.4222E-W 1 -1.9167Er002 9.6684E-001 
2.6- 1 -1.0476M02 9.6986E-001 
l.957OEM)I 4. I758E003 9.7 l36EM)l 
1.2244E-ûû1 1.8828E-ûû2 9.7136EM)l 
4.9179E-002 3.494SEM)2 9.6545E-00 1 
-2.4081E402 5.9121E002 9.6024EM)l 
-9.7341 E002 7.3mE-002 9.6024EM) 1 
-1 -7060E-00 1 8.4762Em2 9.6024EM) 1 

ZOSE T=%e 4- 
1-12, J=I. l i=I.F=PobT 

DTYSISGLE S M L E  S M L E  ) 
6.3526E001 5.1282L004 8.3802E001 
5.6200EMII 4.1758E003 8.3802E-W 1 
4.8874E-001 4.1758Em3 8.4218E-001 
4.1548E40 1 4.1758M03 8.4763E-001 
3.422tEOOl 7 .8388W3 8.4913Ec001 
2.0896E-00 1 I.1502iXO2 8.49 13o-00 1 
1 9570E-001 1.8828-2 8.4913E-001 
1.22ME-001 2.9817E002 8.491 3E-QûI 
4.9179E402 3.7143E-002 8.4913E-001 
-2.408 1 EM32 6 .2784W2 8.49 1 3 W  1 
-9.734 IE-002 7.7436EM)Z 8.49 13E-001 
-1.7060E401 8.4762E402 8.4913E-001 
ZOSE T="Lire 5" 
I=IX J=I. li=l.F=POCI;T 
DT-(SEGLE SiSGLE SiSGLE ) 
6.3526E-Id 8 1 3 3 3 0 3  9.0469E-001 

5.62MMO 1 6.8 1 3 m 3  9.0469E001 
4.8874E-00 1 -3.1502E-003 9 . 0 4 6 9 W  1 
4.1 548E-001 5.1282E-0019.0469E-001 
3.4222E401 1.7363E-002 9.0469EM) 1 
2.6896Ea14.8 13-2 9.0629E001 
1.957OWl 8.8425E.002 9.1348E- 1 
1.2244EM)l l.lOSOE-001 9.1580EaOl 
4.9 l79E-002 1.287Z-001 9.1580E-00 1 
-2.4081E4M2 1.4331E001 9.1580MOl 
-9.7341EMn 1.5802E001 9.1580-1 
-1.2664-1 1.6168EM)l 9.1580E-001 

ZOSE T;'Lac 6' 
I=12. J=1. K--II-POihT 
DT-ISiSGLE SEGLE SiSGLE ) 
6.3526E-Wl -5.8095E002 9.04WEM>l 
5.6200E4014.8571E-002 9.0469E00 1 
4.8874EM)I -3.9780E-002 9.0469E90 1 
4.1 548EoOl -Z.rnIEM)Z 9.0469EM)l 
3 . 4 Z Z m  1 - :.7800EaZ 9.0569- 1 
2.6896EM)l -1.6850E43 9.0469E4ûl 
1.9570W.Wl 1.7363E302 9.0895E-ûû 1 
1.2244E-MJ 1 3 .4945W2 9.1594E00 1 
4.91 79E-002 5 .5458Em 9.158ûE-001 
-2 .4081W2 7.01 10EM)2 9.1580MOl 
-9.7341E-002 8.476-2 9.1580M01 
-1.7060MO1 9.5751E002 9.1SSOEoo1 
ZOX T-"imc 7" 
r=12. J=l. K = l E = P o I s r  
DTf(SiSGLE S M L E  SISGLE ) 
6.3526E-00 1 -5.5897302 9 . 0 5 0 M 1  
5.62OOE-001 4.8571E-ûû2 9.0469E001 
4.8874E-001 -3.9780EMn 9.0469E-001 
4.1548E-00 1 -2.8791EMn 9.0469E-001 
3.4222EOol -1.7802M02 9.0469E-001 
2.6896E-M 1 -3.1 SOtE003 9.0469E-Wl 
1.9570E-001 1.1502E402 9.0860E4ûl 
1.2244&40 1 2.6 154E002 9.1 522E40 1 
4 9 1 7 9 W 2  4.813-2 9.1580E-ûO1 
-2.408 1E-002 6 . 2 7 8 4 m 2  9.1580- 1 
-9.734 lE-002 7.3773E402 9.1580E-00 1 
-1.7060E-00 1 8.4762E402 9.1580E-00 1 

ZOhE T = " h e  8" 
1=12. J-1, K=IE=POhT 
DT-SISGLE SLVGLE SISGLE ) 
6.3526E-001 -3.24S4E-002 9.0469E-00 1 
5.6ZOOU)O 1 -2.5 lZ8MOZ 9.0469E4W 1 
4.8874E00 1 - 1.4 l39E.002 9.0469EM) 1 
4.1 S48E-W 1 4.1758E403 9.0469E-00 1 
3.4222E-001 2.76 t9EM)3 9.0469EM)l 
2.6-1 6.2fslE00f 9.0767M01 
1 -957OE-OOl l.0674EM) 1 9.1 H38E001 
I.224UEM3 1 l .2871Ea 1 9.1580E-00 1 
4.9179EMn 1.4703E001 9.158OEM)l 
-2.408 1E002 1.5802E-001 9.1580E-001 
-9.7341E002 1.6535E001 9.1580E301 
-1.7060E001 l.7267E001 9.158OEM)l 

ZOhZ T - " h c  9" 
I=12. J=l. K=lE=PObT 
DT=(SISGLE SCNGLE SENGLE ) 
7.8 178E-00 1 7.7436E-ûû2 9.0330E001 
7.45 t SE-00 i 8.1099G002 9.0608E-00 1 
7 ,085ZE-00 l 9.2088E002 9.0469E-001 
6.71 WE00 1 9.2088E002 9.0469E-00 1 
6.3526E-00 1 9.2088Ea2 9.0469E00 l 
6.059aE-00 1 8.8325EM)2 9.0469W1 
5.8031E-Oûl9.57SlE-002 9.0469E-001 
S.9130EM)l 1.1040EM)l 9.0469E4û1 
6.0596E-M 1 1.1107EM) 1 9.û469EM)l 
6 . 3 ~ t 6 ~ 0 0 ;  t . i m E o 0 1  9 . 0 1 6 9 ~ 0 1  
7.OSSZE-00 1 1.1040EM)l 9.0469E-001 
7 8178E-00 1 1 1407Er001 9.0330E-001 

Z O S  T="Lrie 10" 
I=l4. J = l .  K=l.F=PObT 
DT =(SiSGLE SISGLE SEGLE: ) 
7.81 78EM) 1 -2.146EM)t 7 9358E-001 
7.0852E-001 -1.7802E-002 7.9358UIOl 
6.3526E-00 1 -1.0476E-002 7.95 17E001 
5.62OOE-00 1 -3.1 502E-003 7.98 l 6 E a  1 
1.8874E-001 4.1758E-003 7.9913E-ûûl 
4.1548MO 1 1.2%7E-û02 7.99 13E-001 
3.422- 1 2.61 54EOOZ 7.99 13E-00 1 
2.68%E-001 3.7143-2 7.9913E-001 
1.9570M01 4.8132E-002 7.9913E-001 
1.2254E-00 1 6.4249E-002 8.0026EM) 1 
4.9179E-002 7.7436E-002 8.032 1- 1 
-2.408IE.002 9.2088-2 8.0303E-00 1 
-9.7341M02 1.0674- 1 7.9973E-001 
-1.706OE-001 1.2 139E40 I 7.9668E-00 1 

ZOXE T-"Liic 1 1 * 
1-14. h l .  K=l.F=POCIT 

M=(SINGLE SiXGIE SISGLE ) 
7.8178-1 4.7106E.002 6.T391E-001 
7.085-1 -3.9780-2 6.8573E-001 
6.352- 1 -3.3919E-002 6.974SE-001 
5 6200EoOI -2.5 l 2 8 W 2  7.0895UX)l 
4.88?4M0 1 -1.6337Em2 7. I 8 3 3 M  1 
4.1548MO 1 -3.150-3 7.246 1 EM) 1 
3.4222E-00 1 1.15026002 f .3 1 1 0 W  1 
2.6896E40 1 2.6 1 54E-002 7.377 1 E-00 1 
1 9570E001 4.0806E-002 7.4131E001 
1.2244E-ûûl 6.13 l 9 M  7.4358E-001 
4.9 179E-002 7.7436EM)Z 7. 4358E-00 1 
-2.408 1 E-002 9.2088E-002 7 4027E-00 1 
-9.734IEM)Z 1.0674E001 7.3365E-001 
-1.7060E-001 1.2139E001 7.2704EM)I 
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