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Thifl InTeatlgatloc. yes conducted to proride detail art axpari- 

data on tha oacillations free convection boundary layers. 

The object vaus to provide a basic step in furthering the understand¬ 

ing of the cooplax phenomenon of boundary layer trenaitien. 

The experimental sttxiy vas conducted in conjunction with the 

Fluid Dynamics Branch of the Aeronautical Research Laboratory, Wright 

Air Development Center. I am very grateful to îtr. &*ich Soehngan and 

Lt. Jack P. Holman for their invaluable aid and supervision of this 

project. 

I also wish to express ay appreciation to Major Harry R. Bulmer, 

my faculty advisor, and the uiembers of the faculty of the ïfechanical 

Engineering Departr^nt 01 the Air Force Institute of Technology, focr 

the aid I received in conducting this study. 

Harold E. Gartrell 
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LLrt & SwÉhola 

Symbol - Unit# 

0rx Qnuibof Nionbrtr based on x 

t, Ambient air temperature °F 

ty WkU (or plat») t«np«rat\ire °F 

T Abfloluta temperature °B 

f Definsd ■ftatural* frequency of Boundary Layer opa 

u Natural flow ralocity iiVaec 

X Distance fron leading edge of plate in. 

y Distance fron surface of plate in. 

/3 Thsrnal Sxpanaion coefficient 1/°R 

g Boundary Layer Thicknees in. 

Ô Sr- *0 ^ 

Y' ffin—atic Viscosity ft?/sec 

\ Vfcve Length in. 

u) Frequency cpa 

a Ware Amplitude in. 

c Ifave Speed in./sec 
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hbatr*¿% 

Th« purpo«« of thJj study vas to cou dur. 
C 6+ l*.tTe£ 

í\¿ •rt«nsiT«, doflnltit« 

study^of foro#d o^cillstion« of th« fr«« correction boundary layar. 

Various disturtancoa war© intrcdnccd at different positions in th« 

laadnar boundary layar of a twtical flat plate, heated to appruadnatoly 

JiO^F abor» ash loot teuerst ur«. The resulting vare aotion vas studied 

froa Initial formation to the oncat of turbulanca. 

Ware length, amplitude, speed and frequency vara found to rary 

with distance from the plate surface, as vail as with the distance 

fron the plate'a leading edge. No apparent relation existed «song 

the various parameters which could be applied to the general flow 

conditions. No correlation between actual wave frequency apd disturbance 

pulse frequency was found to exist. / v 

(ÆD'/WbfJO 
Empirical relations developed in a previous study füe<rH for a 

> A 
dafined "natural* boundary layer frequency end wave length with a Qraehof- 

Prandtl feaber product were found to be applicable only to the ocnditione 

under which they were developed. Thednsfore, it ves ooocludWi that at 

the present time there is no known relation or empirical equation which 

will predict the nature of osciTlmfciowi of générai boundary layer flow. 

\ 
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ON THE OSCILLATIONS OF FREE CONVECTION 

BOUNDARY LAYERS 

1. Introduction 

f 

f 

Boundary layer tranaition fro* laminar to turbulent fleer has 

poetd trweny challenging problems. Although a considerable amount 

of contributing information has been obtained from numerous investi¬ 

gations , many questions concerning the detailed process of transition 

remain unanswered. There exists a wide gap in the correlation of 

theoretical and experimental analyses. 

Turtulsnoe in the boundary layer has a pronounced affect on «is 

drag and heat transfer of a body in fluid motion, Wi&h the advent 

of supersonic flight, the mechanisms of flow which control the sta¬ 

bility of the boundary layer have become Increasingly important. 

Although free convective flow differs considerably from forced con¬ 

vection» there is a need for basic information concerning the general 

phenoawna of boundary layer instability. A definitive study of free 

convection boundary layer oscillations will contribute to a more 

The purpoe«. of this investigation was to conduct a definitive 

experimental study of forced oscillations of the free convection 

boundary layei on a vertical flat plate. In view of the complexity 

f 
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of th«or«tleal «nalysoa, vhich poqxdr« many al*pllfyÍJ^ astuaptloni 

•nd ofton the uee of|hi¿h speed coeputere, it is essential to soy 

hopee of succeesîul corrélation of these analytical results with 

experieental data «ist the basic floe par ame tens be ccetplstely defined 

and understood. 

The objective of this study has been to thoroughly analyse and 

define^ by oue errat ion and me asuresient t the wave propagation produced 

by artificial disturbances in the natural boundary layer. Basic 

par ana tars were chosen to yield infomation over a wide range of flow 

conditions. Disturbance characteristics were defined and analysed 

With the intent that future studies night benefit fron a standardised 

outlay of data as a poeslble means of closing the existing gap between' 

theory and experiment. Each parameter wes treated individually to 

completely determine its variations, in an attempt to learn the 

detailed mechanieme of the boundary layer oscillations. Reeulte of 

the individual studies were compared and contrasted in attempts to 

correlate observâtlona. Finally, comparisons were madu with reeulte 

reported in other studies (Refs,1 £ 3) and conclusions drawn which 

depict the action of the boundary layer in transition. 

2 
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II. Background 

Since Loren» end Reynold« begin the Inreetigation of fluid flow 

in the l80O'e, free convection etudiee heve not received the «pheeie 

that forced convection etudiee have received, k great deal of effort 

hae been and ia being spent on experimental investigations of forced 

flow. Almost every reference on boundary layer flow contains a history 

of the major developments marking the progress in forced flow studies. 

A resW of these events i» not included in this report as it would 

add very little to the understanding of this investigation. 

piapp (Ret4) attempted a theoretical analysis by adapting two- 

dimensional, small-oscillation theory to the stability of a free con¬ 

vection boundary layer on a semi-infini ta flat plate. Such an anal; 

proved extremely lengthy and complicated. His analytical predictions 

concerning the instability in natural flew were found to agree 

qualitatively but not quantitatively with experimental observât lone. 

Experimental investigations of free convection flow have been 

by Eckert and Soahngen (Ref. 3) and Birch (Ref. 1). Bekert and 

Soehngen conducted a study of ths stability of laminar flow in free 

convection. Birch attempted to define a naturel frequency for the free 

convection boundary layer by introducing artificial disturbances and 

studying the resulting wave motion. 

In the study by Eckert end Soehngen it wee detarwined that the 

instability region, e.g., the region where small oscillations did not 

3 
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Using interference photo graphs, the/ observed that the vavs lengths 

produced by natural disturbances were 3.1 times the boundary layer 

thickness. The wave velocity was deterwined to be 0.73 timec* the 

uuodJMB flow velocity in the boundary layer at the point of observation. 

This ccaqcared favorably with the theoretical boundary layer velocity 

at the inflection point of the velocity profile, which wea 0.683 «tau. 

From these observations they concludedt 

This agreement permita the conclusion that in fres¬ 
co nvect ion as In forced convection, the flow bee caaes 
unstable against small oscillations of cartain wave 
length as soon as the boundary layer reaches a certain 
thickness and where the outside disturbance level is 
small enough. • .3 

Eckert and Soehngen also concluded that the boundaury layer 

obviously filtered out fluctuations of critical frequencies and 

meplifled these until turbulence waves were produced. Birch attempted 

to define the critical frequanoy of the bounder/ layer by introducing 

controlled disturbances using an electrically pulsed thin wire 

positioned in the boundary layer. He concluded that the boundary 

layer responded to certain frequencies which he termed the "natural" 

frequency of the boundary layer, as specified by the relation 

ef • 1.65(0¾ xPr)0,09 

He also defined the disturb«nee wave Length at the natural frequency by the 

relation. 

a* - la.^Qr^xPr)*091 

k 



-J- 

QA5-59-11 

Th* present ataáy v«s initiât«! to obtain a »ore dafinitiv* 

. «aly^iâ than could bo obtain«! with the United data available in the 

previous inv*« tira tiene. It was desired to coejpletelj define the flow 

param»tere by observations and aeaaureasnts of many wave variation*, 

in an attempt to discover general characteristics of the boundary layer 

in transition. 
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III. BacpTlBtntal Approach 

Thia invaatigation of the frea-convectloo boundary layer waa 

accoepllshed through ▼'jiual ob s errat ion and recording by aotiot 

picture. To &c comp lieh thia, the boundary layer on a heated vertical 

flat plate was viewed through a Mach-Zehndar interferometer arrange¬ 

ment in conjunction with a 35a« motion picture camera. The inter¬ 

ferometer offered definite advantages in that,for the measurements, 

no recording obstruction had to be introduced into the flow to cause 

additional turbulence or unusual flow variation during test runa. 

Wave formation appeared directly in the fringe linea viewed in the 

interferometer. 

Teat Parameters 

Since general conclusions can result only from extensive and 

exhaustive studies of as many conditions as possible, the test 

parameters were carefully selected. However, it was not considered 

feasible or necessary to vary all parameters in thia study. To narro» 

the scope of the investigation, it was decided to conduct the experl- 

wire was maintained at a constant x position approximately six inches 

from the leading edge of the plate. The voltage supplied to the wire 

was maintained constant at 2ii volts. 

Variable parame tere during the investigation were designated to 

produce disturbance waves over as wide a range of influence as possible, 

6 
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Th« dl«túrbanos pula« fr«qu«ncy w&a variad fres* 0.5 opa to 3.0 opa« 

Pula« duration vas sat for fixed values of 0.1 and 0.5 seconds. This 

caused the tiae-avarag* disturbance energy to vary with the frequency. 

The position of the puls« vir« was varied through three positions in 

the boundary layer, starting next to the wall. The second position 

was at one-half the boundary layer thickness end the third position 

was at the outer fringe of the boundary layer. 

The flew was photographed at four positions, starting at the 

pulse wire. Successive poeitions were used to record the flow at 

6, 12, and 18 inches above the pulse vire. In this Manner, the wave 

propagation wee observed and recorded fro* the initial formation of 

the wave to the region where turbulence was observed. 
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IV D—criptloc of Appf *tuB 

the equip*»at used to conduct this study vas generally the saae 

•s uced by Birch (Ref. 1) in a free convection study in 1957. Modifi¬ 

cation» were made to alio* the pulse wire to be varied through the 

boundary layer thickness and to accommodate the use of a motion picture 

camera to record the flow phenomena. 

Test Section 

The teet section for this experii.entai study was an encloeed air 

tunnel extending from Just about the floor to within a few feet of the 

ceiling (Pig. 1). It was located in a closed rex» and all air circulating 

units were turned off during test runs to reduce random dis turbare es in 

the boundary layer. In addition, the openings between the viewing window« 

of the teet section and the interferometer were enclosed with heavy 

cloth air shields. A wooden air wall was placed on the floor around 

the teet section to prevent the circulation of air currente on the floor 

due to movement in the room during test runs. 

Test Mcdtl 

The test model was a vertical flat plate cone true ted of kl electrically 

heated platee (Pig. 2). Each plate contained a heating eleaent con trolled 

by An individual rheoetat. Each contained a thermocouple installed to 

eeree the plate surface temperature. Pigure 1 shews the wiring to the 

thermocouples and Im ¿ter elements in the beck of the plate. 

8 
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lhe individual plat« vare nidûa-platad copper bare 10 inchea long 

by 3/lí inch vide. The entire unit measured 10 Inchee by 35i inch« and 

could be moved up and down on a guide rail by an electric motor and 

pulley arrangement. Thus the plate could be moved so that any dealred 

section could be viewed through the interferometer. The die tance froa 

the leading edge of the píete was indicated by needles placed. 1 inch 

apart at the edge cf the plate with letter# designating every other one. 

Themocouplee 

Copper-conatantan thermocouples were installed in each Individual 

plate to sense the temperature at the surface. The thermocouples were 

threaded through hollow boita which were screwed into hole# in the back 

of the plate. The thermocouple junction was positioned just beneath 

the plate surface. Indicated temperatures wsre recorded by a Brown 

strip-chart electronic recorder. An automatic stepping switch was 

instailed to record individual plate temperatures at the rate of one 

every 5 seconda. This allowed the Brown recorder sufficient time to 

stabilize during each reeding. 

C jntrol Panel 

The control panel (Pig. 3) housed all the controls and circuits 

required to control ana rwcora tne temperature of the individual platea. 

The electrical power input was maintained constant and the individual 

rheostats were varied until an even plate temperature was record»! by 

the Brow recorder. Solano# operated telephone step switch« provided 

cormections with the thermocoup 1« and the Brown recorder. They also 

9 
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completed the circvdte to the llghte ehoen on the front of the control 

panel. These limits fjjdicated Which plate thermocouple eae being eeneed 

by the recorder. 

The recorder vae calibrated by using a hollow, oil-filled copper 

heat source. The heat source waa electrically wired and the temperature 

controlled by rarylng the power input. A precieion thermometer was 

inserted into the oil bath with a thermocouple of the flame type and 

approximately the same length vire as those used in the test plate. 

The thermocouple wires were connected to the Brown recorder and readings 

taken at fire precise temperatures of the oil bath. In this method, 

a straight line calibratioh curve was obtained for use in recording 

plate and ambient temperatures used during teat runs. 

Pulsing Unit 

The disturbance wire unit, shown in Figure 2 aa it appeared in 

front of the vertical plate, consisted of a hinged mounting which allowed 

the pulse wire to be moved in and out of the boundary layer by an 

electric motor. The horizontal mount on which the motor was attached 

was positioned in the teat section by clamps installed on a single bar 

located on each side of the test plate. A needle was soldered on each 

side of the hinged vertical mount through a bolted spring arrangement 

designed to maintain tension in the wires during pulsing. Molybdenum 

wire, .001 inch in diameter, was stretched between 'che two needles. 

A Dumont cathode-ray oscillograph was used to measure the time 

duration and the magnitude of each pulse. The oscilloscope was adjusted 

10 
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so that one v«r+ leal bar on the acareen represented 0.1 volt. With tho 

oscillograph connected across a 0325 ohm resistance and the voltage 

maintained a constant 24 volts, tho trace on the screen represented the 

current flow to the wire impressed by each square wave pulre. A 

Polaroid camera, type 2620, mounted on the oscilloscope was used to 

record the screen trace for each pulse variation. Motion picture 

recording was accomplished with an Arriflex 35mm camera using Kodak 

Photoflure green sensitive film. 

Figure 4 shows the complete wiring diagram for the pulsing unit. 

Interferometer 

Tho basic interferometer was cooposod of eight-inch optical plates 

installed in a mirror-splitter arrangement in conjunction with a compen¬ 

sator unit. A high intensity light from a mercury vapor lamp vas filtered 

through a green filter designed for 54&1 angstrom wave length. The 

interferometer was suspended from the ceiling by an arrangement of 

springs and pulleys (Fig. 5)- The springs were used to dampen the 

system and the pulleys were used to lavel the interferometer. 

11 
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V. Teat Procedure 

Method 

The pov«r to the plate heating el*mt wee turned on approximately 

2h hours prior to the initial teat run. It had been previously estab¬ 

lished that a minimi» of 12 hours vas necessary for the plate to become 

uniformly heated. 

The average plate temperature stabilised at 119°F* with no iriividual 

plate varying from this temperature by more than one degree. This 

accuracy was considered essential to avoid any irregularities vhich 

might result from a non-uniform temperature distribution. 

Since the pulse vire vas to be positioned 6 inches above the 

leading edge of the plate and at various positions in the boundary layer, 

the thickness of the boundary layer was computed at the 6-inch poeltion 

to obtain the theoretical value as shovn in Appendix C. The computed 

thickness was 0.60 inches. The undisturbed flow was then viewed in the 

interferometer and the pulse wire positioned just inside the outer fringe. 

Measurement showed that the wire was 0.6 inches from the plate. This 

_— -.- — ..--j ,4..-4 — — *■ u— *■ — *■ —tn.1 Ta a+.wiv mffmntM nf vajnrtncr 

the position of d» disturbances in the boundary layer thickness, the 

pulse wire was also positioned at 0*3 inches and 0.06 inches from the 

plate. The pulse frequency was varied from 0.5 cps to 3.0 ops at both 0.5 

and 0.1 second pulse duration while the pulse wire vas placed at each of 

the three positions. 

■z 
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The plate vea lifted until the pulse vire vea centered in the teat 

section viewing window. The initial formation of all cheturhancee wee 

recorded ct thie position for all three positions of the pulse wire in 

the boundary layer. The plate was eucceeaively moved to view the sections 

at 6, 12, and 18 inches above the pulse wire. Approximately five-second 

recordings were made of each event with a motion picture camera 

operating at a shutter speed of 2h frames per second. 
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Rtl jotioo of Dat« 

Approximately $>C0 faat of 35a«» film ««re used to record the 

boundary layer motion during the toot rune. Although no prob le* vu 

encountered in obtaining n picture of a complete «ave, ta in the case 

of still camera photographs, the problem of determining uhich waves 

were representative and «hich were unique proved to be of major con¬ 

cern. It «as decided that at least three different waves of each 

avant recorded should be measured and an average obtained. This pro¬ 

cedure proved to be extremely time consuming considering the large 

number of pictures which «ere recorded. Also, each wave was considered 

to be composed of Individual waves (across the boundary layer thickness) 

defined by the fringe line contours. Therefore, each picture contained 

approximately six waves which were to be measured. It «as dec.idea to 

measure one complete «ave and then check the measurements against one or 

two other «aves to determine if the values were representative. If 

there was a «ide variation, an average value was then used in place of 

the original measurement. 

Consideration was given to talcing measurements directly fro* photo¬ 

graphs enlarged from the movie negatives. The quantity of pictures 

necessary made this procedure impractical. It vas found that by viewing 

the film on the screen of a 35mm film recordak, the picture could be 

enlarged sever«? tinea and measurements scaled directly from the screen 

image. 

Accurate measurements of the wave parameters were very difficult to 
I 

determine. A considerable amount of time was spent trying to define an 

accurate and correct procedure for obtaining measurements. 

Ik 
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Marts Iwigth was netaurec over a complete wave from minimum point 

to minimum point whenever possible. When such points existed the wave 

length was fairly easily defined. Heme ver, the leading eide of a large 

amplitude wave generally sloped very gradually toward the wall (Pig. 6, C-2). 

Figure 6, D-2 shows that for small amplitude waves this was true for 

both sides of the wave. In this case, the wave length was measured frem 

the point of aero amplitude where the wave fringe was observed to be 

parallel to the plate surface. Using this definition of the limits of 

the wave, the amplitude was then measured from the wave peak normal to 

a line connecting the two minimum points. 

Wave speed was determined by measuring the distance a wave peak 

traveled up the plate during a soecified tir . The elapsed time was 

calculated using camera shutter speed and the number of frames required 

to record the wave displacement. 

An oscilloscope trace of the input to the pulse wire was recorded 

by a Polaroid camera. One bar on the ordinate represented 0.1 voltage 

drop across a 0.25 ohm resistor. Using the c snputed current flew and 

the known voltage input of the battery, the energy input in BTU's was 

directly calculated (Table 1). 
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VI. Reoultj and PlacuBBlc« 

Generated WiTea 

The limita láiich defined oar ccamprised the dia turbino a mrm in 

the boundary layer appeared to be largely a matter of conjecture or 

opinion of the investigator. Figure 6 shows that waves generated 

in the boundary layer did not ordinarily conform to a sine wave con¬ 

figuration. Although ffome small anplitude waves appeared smooth and 

generally symmetric abdut the wave poak, the larger amplitude waves 

varied greatly from this pattern. The majority had a pronounced 

rolling tendency which produced a long and a short f ide of the wave. 

This phenomenon eas mentioned in Reference 3, hut no explanation was 

given as to what the lim ts o' the wave were defined to be. 

The limits of the wav’» as defined in this study were outlined on 

page 15. The high energy (oj largo amplitude) waves were of particular 

concern since the long side of the wave often sloped very gradually 

in toward the wall and it was extremely difficult to detect exactly 

where the wave should end. Some considération was given to defining 

the wave as twice the trailing half-wave, which usually could be easily 

measured from a minimum point to the wave pea*. However, this was not 

considered representative since it would lead to very short waves compared 

to tho small amplitude waves which were relatively symmetric about the 

peak axxi generally did not have a definite minimus point on either aide of 

the wave peak. 

16 
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It wa impossible to consider a wa from m«d»» to m^ixm point 

since this required at least two pulsed eaves to be combined form 

a continuous wave pattern. This occurred only at specific frequencies, 

ehich mere defined by Birch (Ref. 1) as "natural” boundary layer 

frequencies. This will be discussed in sane detail later. However, it 

is sufficient to point out here that the original nave generated by the 

disturbance pulae. such as shown in Figure 6, D-l, wee the one of intei 

in this study and the iwiuced, or trailing, waves were not considered of 

primary concern. 

Difficulties in defining wave limits were also encountered * the 

wave patterns approached the transition region, ,Small harmonios appeared 

throughout the weve and made it difficult to determine the exact extent 

of the original wave formation. The harmonics in the wave increased 

in number and magnitude until turbulence (as defined by erratic flow 

patterns) occurred. In the transition and turbulence regions, it was 

Impossible to define wave limits with any accuracy (Fig. 6, A4»). Neither 

wee it possible to obtain any correlation between measurements of 

cRosen in the seme event. 

Vavt Length 

As mentioned previously, each boundary layer wave was considered 

to be composed of individual waves as defined by the fringe lines. The 

wave parameters at each position along the plate varied through the 

brmaiary layer. Baeh fringe line represented the various wave parameters 

17 
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*t som particular distança from the surfacs of the plate. By obsarvinf 

the behavior of each of these fringe lines, a more definitive study could 

be nade $f the exact nature of the nave than by atudying the behavior 

of the outer fringe« which represented only the wave phenomena at tha 

outer edge of the boundary Layer. In this way, a detailed observation 

was aads of the wave propagation mechanisms throughout the boundary 

layer. The variations of wave length with distance from the plate are 

shown in Figures 7 thru 13, which indicate that in most cases the wave 

length did vary through the boundary layer and an average would have 

to be used to define the overall wave movement. 

General observation of wavr action revealed that the large energy 

wares appeared somewhat shorter than small energy waves. By large and 

smell energy waves, it is inf «red that large amplitude implies large 

energy. This will be explained further in another section. However, no 

definite relation between wave length and disturbance energy Input seeamd 

to exist. 

Figure 7 shows that «hiring the initial stages of wave growth the 

wave length profile through the boundary layer was similar to the 

velocity profile shown in Figure Hi, The average maxim iso point was at 

y/£ " 0,536 compared to the maxlmun boundary layer velocity point at 

y/g - 1/3. Comparison of Figures 7 and 8 indicate that variation of the 

pulse position in the boundary layer effected the profile of the wave 

length, but did'hot effect the range of magnitudes of wave lengths. 
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H«d»w vav« l»nfth occurred at apprexl>»ately x - 11-13 lua. (Fig.15). 

At thla poeition the war. lanflfc waa 6*67« ft* a di.turt.anco fr^u^y of 

1.5 ope. Wwe length through ti» boundary layar la thi. region appeared 

to be approximately conetant. 

Increasing the energy input of tha disturbance pulse generally 

produced a shortening of the waves (Pig. 9). Maximian wave length elth 

frequency variation occurred at 3.0 cps at pulse origin, but at UÎ? cpe 

for all other poaitiona. 

Ware Amplitude 

The variations of wave anplitude through the boundary layer at 

the pulse origin had a profile (Figs. 16 and 17) similar to the wave 

length and velocity profila, previously mentioned. The point of maximun 

amplitude occurred at V* - .396. As in the ¿ase of the wave length, 

the profile changed as the vave propagated rp the plate. However, the 

amplitude did not tend to become constant through the boundary layer, 

but increased rapidly from the inner edge to the outer edge of the 

boundary layer wave. The amplitude of the outer edge waves varied frcm 

2 to U time, the values of the inner waves near the plate. 

Wave anplitude did not vary in any constant pattern with variation 

of disturbance frequency. However, a marked mcrease in «pHiude 

occurred with the increase in energy input of the pulse (Pig. 18), It 

was coocluoed from this that tbs amplitude of the wave was an indication 

of tha relative energy of tí» wave. Therefore, the wave amplitude should 

have increased in all cases until the wave was completely developed and 
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then begun a gradual decline aa the wave energy was spent in propagat ion 

up the plate. Although thin phenomenon did occur as expected, the 

exact opposite also occurred when only the position of the pulse in 

the boundary layer we# changad (Pig. 15). It appeared that the boundary 

layer initially damped the wave. However, as the wave moved further 

up the plate, the boundary layer began amplifying or developing the 

wave energy. This indicated that the position of the pulse origin can 

have a definite effect on tne wave development and consequent formation 

of turbulence regions. 

Wave Speed 

As previously mentioned in this paper, one of the disadvantages of 

a study made with an interferometer is the inability to follow particle 

motion. However, this was not of major concern in this study since 

the wave motion was of primary Importance. Consequently, wave speed 

was defined by the time displacement of the maximum point of amplitude 

of the wave being considered and does not represent particle velocities 

in the boundary layer. 

Profiles of the wav® velocity through the boundary layer showed 

a marked rest, mb lance with the boundary layer velocity profile during 

initial development of the waves (Figs. 23 & 2h). The average maximum 

wave speed occurred at y/ç ■ .35U, which correlated with the theoretical 

point of maximum boundary layer velocity at y/g * 1/3. 

The variation of the wave speed with distance from the leading 

edge of the plate is shown in Figure IS at a constant relative pocition: 

y/f ■ 
20 
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Pula« position in the boundary layer appeared to have very little 

effect on the wave velocity profiles. However, a definite variation 

in saxlmum velocity of the wave was noted in Figure IS. When the pulae 

was positioned at £ /2, the wave speed peaked at approximately 10 in/aec 

at X ■ 13.5 inches from the leading edge of the plate. When the pulae 

wire was moved near the wall where the viscosity effect* were greatest, 

the resulting wave velocities were considerably reduced and showed 

only a slight increase with x position up the plate. Another ejqplana- 

tion for this occurrence was that a loss of disturbance energy to 

tí» flow may have occurred when the wire was pulsed near the wall* 

Since the wife was already near the plate temperature due to its prooc- 

ioity, the energy input of the pulse would be expected to raise the 

temperature of the wire above that of the plate and force a certain 

amount of heat to be absorbed by the plate. 

The data obtained for the pulse at the outer edge of the boundary 

layer was too incomplete for conclusive evaluation. However, as shown 

in Figure 8, a general wave velocity increase was noted from the outer 

edge of the boundary layer in toward the wall. 

An interesting result was obtained when the disturbance energy 

4n*rr»ji4: waoa i nr-v*Aaasa^ T+. «f*JB r* j *-*>H ♦.Ka-f 4 Ha 4 jr Ta 

would remain the same, but would be shifted to yield greater velocities 

through the boundary layer. However, a definite change in orofile 

occurred when the energy input was increased at a pulse frequency of 

1.5 ope (Fig. 25). This was a vivid example of the rolling tendency 
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of th« vmTM which vu »ntionwd oarlior. The inner wevee of e high 

energy dieturbahce moved «head of the center idiile the outer wavee 

fell behind end produced a backward rolling motion. 

An interne velocity profile occurred at 1.5 cpe diéturbance 

frequency, with the pulse wire next to the wall (Fig. 28). This 

phenomenon points out the unio*je nature of the boundary layer in 

transition, which eeens to defy general rules md conclusion». 

Boundary layer Frequency 

The wave frequency of the boundary layer wee defined as the ratio 

of wave speed to wave length. Since both the wave speed and wave 

length were measured, the frequency vas calculated directly from the 

data obtained. 

It was observed that the disturbance wave frequency near the 

pulse origin Was approximately ii to 6 times the pulse frequency (Fig. 29). 

The frequency decreased rapidly with distance fro» the wall. As the 

wraves propagated up the plats, the frequency stabilised at approximately 

1.1* times the disturbance frequency and remained generally constant 

through the boundary layer. 

Summary of Observations and Comparison with Work of uthsrs 

The results of this investigation proved that boundary layer 

parameters vary with both x and y distance on a vertical flat plate. 

This precluded the use of wave data based entirely on x position unless 

average values were obtained. Failure to define baaic par«*tens and 
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insure standard notation and common language in studies of the boundary 

layer has undoubtedly played an important role in further complicating 

boundary layer phenomena. 

Error introduced by measurement techniques or uncertainties as 

to what accurately comprased n wave in the boundary layer was found 

to be from 15 to 25¾. Furthermore, the problem of detecting which 

waves were representative of the flow was very difficult as the turbulence 

region was approached. In the region of beginning transition, wave 

harmonics became more frequent and further complicated wave definition. 

As transition to apparently complete turbulence occurred, the harmonica 

appeared to completely reduce the wave propagation to a continuously 

erratic movement of email waves of varied configurations. 

It was concluded in Ref. 3 that the natural instability region 

began at Gr*" h x 10®. This figure correlated well with the general 

instability region observed in the präsent study using a disturbance 

frequency of 1.5 cpe. Figure 6; D-3,i» and A-3,l4 show that complete 

8 
laminar flow existed at Grx- 2.28 x 10 for the lower energy dis¬ 

turbance waves and that generally erratic motion was observed at 

0rx- 5.55 x 10®. However, transition of the higher energy disturbances 

did begin in the outer waves of the boundary layer at Grx* 2.28 x 10® 

(Fig. 6, C-3) and this was also observed when the disturbance frequency 

was varied from 1.5 cps. When the position of t.rte pulse wire was 

changed to the outer edge of the boundary layer, turbulence of the 

outer waves occurred at very low Graahof Numbers, although the inner 
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wares ««re generally undisturbed. This indicated that natural dis- 

tu zb anees originating in the outer edge oí the boundary layer could 

cause the passage of tuxbulence waves observed on occasion in the 

otherwise laminar boundary layer. 

The boundary layer wave frequency as defined by Birch (Ref. 1), 

was the frequency of the dlstuzbance pulse. It has been shown in the 

present study that the actual, or calculated,, boundary layer frequency 

varied as much ae 600% from the frequency of the disturbance pulse. 

Motion picture photographe of the pulsed disturban cea developing in 

the boundary laye re showed that at a specific frequency and energy Input, 

the waves formed In the proper time sequence to augment the developaient 

of succeeding waves. Thus a continuous wave pattern was formed as the 

waves propagated up the plate. This pattern was obtained at a specific 

position In the boundary layer and a specific energy input to the 

pulsed disturbance. A more correct tenthnology for this particular 

phenomenon would have been natural wdisturbar»e" frequerxy for specified 

flow and pulse input conditions. At lower dlstuzbance frequencies 

the pulsed wave moved out of the range of influence before another 

wave was pulsed. At higher frequencies, the pulsed wave had not 

progressed sufficiently in its envelopment before another wavs was 

formed and interferunca occurred. Thus the process is baaically one 

of timing and cannot be correlated with actual boundary layer frequency. 

The relations developed by Birch (e* * 1.65 {Grx z Pr)Q*Q6 and 

e* » 18.2 (Grx x Pr)*^^ did not correlate with data obtained in this 

investigation. Both wave frequency and wave Length have been shown 
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to ▼wry through th® boundary layer during this inTuetigntioo. The 

•quations d*velop«d by Birch d«fin« only arm ▼alus at any x position. 

Substitution of actual boundary lay»r fraousncy in th« first equation 

in place of th« frsqwxsy (f) used by Birch shomd that th«ss t«rw 

are not interc hangeabls• 

Considsrable tiae and »ffort was spent in an attaint to find a 

correlation for actual boundary layar frequency with ware speed and 

amplitude which would apply to the general boundary layer flow. 

Variations of frequency with a non-diaansional aaplitude ratio were 

also investigated. However, no correlation was found which could be 

considered a general relation. 

# 
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VII. CopplmioM and B<çr>—ndatlom 

Conclu« lot» 

Thl« inr»0tig*tion «howi th&t the parme^«rs of boundary 

layer ooclllation rary with dlatance through the boundary layar m wall 

M with poaition along the flow. Aocurat# ware no vouant cannot ba 

dafimd, in general, by the analytic of a single wave contour at the 

outer edge of the boundary layer. 

Boundary layer wave frequency must be defined ee a function of 

wave »peed and wave langt!) «nd cannot, in general, be correlated with 

disturba!»o pulse frequency. Empirical relation developed by Birch 

(Ref. 1) apply only to the »pec if led test conditions of that study. 

Mo general relation exists at the preaen., n which will accurately 

predict the influence of variations of flow uonditiowi and distuibancas 

in the boundary layer. The extension of any correlation of oscillations 

in free convection boundary layéis to general boundary layer flowe will 

be difficult indeed. However, the collection of syetenetlc end definitive 

experimental data, such aa presented in this study, should materially 

aid in the general undaretandinte of boundary layer oscillation. 

Heoggenrtafrloni 

Before additional experimentation is attempted using the techniques 

and procedures of this investigation, a detailed mathematical analysis 

should be mule of the instability problem in free convection flow. 
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Fig. 2 Test Fl&te and Poise Wire Uhit 
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Fig. 7 Mare Lougth tb. Disttnoe fro* Vkll 
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RUN 4 
w. CYCLES / SEC 

O 10 0.1 PO. WALL 
A L5 01 *D WALL 
Q 2 0 0.1 PO. WALL 
f 3lO 01 RO. WILL 

X 3.0 05 PQ WALL 

i » 75 IN. 

_ _ 1_ 

i 

_J 
0.1 0.2 0.3 04 Û5 0.4 07 

y , INCHES 

Fig. 8 tfcve length tb. Diatano« fro» WAII 
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Fig. U Free Coorection Boundary Layer Velocity Profile 
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Fig. 21 Wave Amplitude vs. Distance fror. Wall 
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Fig, 26 Wave Spe.xl vs. Distance from WbII 
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Fig* 27 Mit« Speed ra. Distance from ia»n 
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Fig, 28 Wave Speed vs. Distance fron Wall 
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Table 1 
Data Sheet 

Pulse Pulse Pulse 
Frequency Timer Length 
SES_Setting_3,35.1-. 

0.5 0.1 0.0222 

1.0 0.1 0.0634 
1.0 0.5 0.2890 

,.5 0.5 0.2780 
1.5 0.1 0.0778 

2.0 0.1 0.0682 
2.0 0.5 0.2510 

3.0 0.5 0.1781 
3.0 0.1 0.0667 

% 

Run 
No. 

Wave 
Position 
*_ 

0rx 
X 107 

to 

3 

4 

5 

6 

7 

8 

6 

6 

6 

6 
12 

12 

12 
18 

1.34 

1.34 

1.34 

1.34 
6.5 

6.5 

6.5 
22.8 

76 

79 

75 

75 
75 

75 

79 
79 

4 
18 

24 
22.8 79 
55.5 79 

Energy per 
Pulse 

0.20 

0.76 
2.63 

2.53 
0.71 

0.62 
2.28 

1.62 
0.61 

tv 

fL. 

119 

121 

118 

118 
1-8 

118 

120 
120 

120 
120 
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Sample Calculatlono 

Graahof MuHber 

ß 1 

9 - (t,, - t0) - ii° °? 

i - 11.5 In - .96 ft 

18 X 10’5 ft^/cec (Ref 2: 50l) 

Pulae Energy Input 

Trace on aereen of oacilloecope givea actual pulae duration 

and voltage drop: 

(a) at 1.0 epe, 0.1 P.D.j actual pulae duration is shown to be 
,083ii sec.; Voltage drop - 0 ¿1 volt 

(b) I - E - 0.01 ■ .Olj ampe 

(c) Energy - E I T (where E la constant volts teed during teat) 
» 2ij (.Oii) (.0834) ■ .081 watt-aec. 

■ .081 X .948 X 10*3 - .76 X lO^xu 

Boundary Layer Thlckn—a 

(Ref 2:314) 

£.- 3.93 Pr"* (0.952 ♦ Pr)Í (Qrx)- ^ 
X 

at X - 6 in 

6 - 6 (3.93) (.705)^(.952 + .705)^ (1.34 x 107)*^ - .595 in 
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