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CHAPTER 1 

INTRODUCTION 

In the flows past solid bodies, a very frequently encountered 

phenomenon is the transition of the boundary layer from laminar to 

turbulent flow. The presence of pressure gradients, the surface 

roughness and the free-stream turbulence are just a few of the factors 
I 

that influence transition. The lower skin friction and heat transfer 

of laminar boundary layers compared with that of turbulent ones, and 

the resulting practical application to drag reduction of vehicles and 

airplanes is a great motivation for further study of the problem of 

transition. 

A simple model for the study of the transition is a flat plate in 

a uniform flow with no pressure gradient. The fundamental idea, that 

small disturbances present in a laminar boundary layer may eventually 

lead to transition, was first proposed by Tollmien (1929) & 
Schlichting (1933). However, the first credible experimental investi-

gation came with the work of Schubauer & Skramstad (1947). They veri-

fied aspects of the theory of Tollmien & Schlichting by introducing 

sinusoidal velocity fluctuations into the boundary layer by using the 

vibrating-ribbon technique and observing the subsequent growth of the 

disturbances. This work represents the first experimental verifica-

tion of neutral stability points for the case of the flat plate with 

and without pressure gradient. 

1 
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Another fundamental contribution in the investigation of the na-

ture of the transition was done by Klebanoff & Tidstrom (1959). They 

were the first to observe that well controlled two-dimensional initial 

disturbances quickly transform into three-dimensional configurations. 

This work was followed by Klebanoff et al. (1962), Kovasznay et al. 

(1962), Hama & Nutant (1963) and others. The primary purpose of these 

efforts was the understanding of the mechanism that causes the trans-

formation into 3-D configurations, as well as the justification of a 

theoretical model that would explain the phenomenon. An interesting 

result of the measurements was that 3-D configurations develop when 

the amplitude of the disturbances approaches 1% of the value of the 

free-stream velocity. 

The theory of Tollmien (1929) & Schlichting (1933) and experimen-

tal verification by Schubauer & Skramstad (1947), Ross et al. (1970), 

Kachanov et al. (1975), & Strazisar et al. (1975) have established 

that growth or decay of disturbances depends not only on spatial loca-

tion i.e., the Reynolds number, but also on frequency. At a given 

Reynolds number there is a discrete frequency band of disturbances 

which are amplified while all others are damped. Figs. 1.1 and 1.2 

show a typical profile of a disturbance and the spatial growth of its 

maximum. Likewise, for a given frequency, there is a region from R1 

to Rrr which has amplified waves while outside this region the waves 

decay. This is the behavior predicted by the neutral stability curve 

shown in Fig. 1.3. Figure 1.3 gives the neutral stability curves, 

found by parallel and nonparallel linear theory (e.g. Saric & Nayfeh, 
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1977). The difference between the two theories is that in the paral-

lel theory the growth of the boundary-layer thickness is not taken in-

to account and the boundary-layer flow is considered as parallel. A 

simple example of a theoretical calculation, using the prallel theory, 

is given in chapter three. 

The experimental and theoretical studies on boundary-layer sta-

bility and transition have been in constant growth during the 1 ast fe\" 

years. Modern, low-turbulence wind tunnels, as well as digital compu-

ters have made additional contributions to the knowledge about the 

phenomena. Although the modern electronic equipment make the acquisi-

tion of experimental data more precise and quick, some of the classic 

techniques are still in use. The introduction of the velocity fluctu-

ations by the vibrating-ribbon technique is still in use and it seems 

that it provides greater advantages compared to other methods, like 

introduction of sound disturbances or local periodic injection of 

fluid in the boundary layer. The technique consists of a ribbon 

placed transverse to the mean flow at a fixed distance from the plate. 

An alternating current is passed through the ribbon and magnets placed 

on the back of the plate create a constant magnetic field within which 

the ribbon is located. Due to the Lorentz force, a force acts on the 

ribbon and vibrates it at the frequency of the AC current. 

The technique is useful for introducing controlled 2-0 distur-

bances into the boundary layer. In order to create 3-0 disturbances, 

the vibrating ribbon may be placed on the flat plate at an angle dif-

ferent than 90 degrees with the mean flow. This setup will produce an 
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organized 3-0 pattern. Moreover, by reversing the polarity of some of 

the magnets, it is possible to vibrate the ribbon in higher modes than 

the fundamental. However, these methods have problems and the sim-

plest method is one in which strips of tape are placed under the vi-

brating ribbon as first done by Klebanoff & Tidstrom (1959). 

An interesting feature of the vibrating-ribbon technique is the 

ability of introducing fluctuations of the mean flow at more than a 

single frequency. Having an easy way to introduce waves of two or 

more frequencies at the same time, wave interactions can be studied 

and non-linear theories can be tested (Saric & Reynolds, 1980). 

The purpose of the present work is to demonstrate the abilities 

of the vibrating ribbon to produce many types of disturbances, like 

higher frequency ones, random or step-function form, if it is combined 

with modern electronic equipment and data-acquisition systems. It 

started as an attempt to develop a method to create a 3-D disturbance 

pattern which would replace the old technique that uses strips of tape 

under the vibrating ribbon. The work continued with the development 

of a quick method of locating the neutral stability curve by using 

random excitation on the ribbon. Also, some interesting phenomena are 

observed by exciting the vibrating ribbon with a DC current having a 

form of a step function. 

In chapter 2 of the present work, there is a brief description of 

the experimental facilities. Chapter 3 contains a description of the 

theory of Tollmien-Schlichting waves as well as an attempt to model 

the vibrating ribbon by a spring-mass-dashpot system. In chapter 4 
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are the results of the random excitation of the vibrating ribbon and 

in chapter 5 the step excitation results are presented. Some con-

cluding remarks are given in chapter 6. 



CHAPTER 2 

EXPERIMENTAL FACILITIES AND APPARATUS 

2.1 The Wind Tunnel Facilities 

The experiments are performed in the VPI & SU Stability Wind Tun-

nel. The layout of the facility is shown in Fig. 2.1. Recent studies 

(Reynolds 1979) indicate that the tunnel is able to provide very good 

flow quality. The free-stream turbulence level is found to be in the 

range of .023 - .04% of the free-stream velocity. Bradshaw (1965) 

shows that the optimum damping screens must have an open-area ratio 

greater than 0.57 in order to be able to effectively reduce free-

stream turbulendce. The damping screens in the VPI & SU tunnel have 

an open-area ration of 0.60 and are quite effective in reducing the 

turbulence level and permit accurate transition experiments. 

The facility is a closed loop with an air-exchange tower which is 

open to the atmosphere. The tunnel circuit has no heat exchanger for 

temperature control, however, temperature stability is maintained by 

partial air replacement via the air-exchange tower. 

The test section is 7.3 m long with a constant square cross-sec-

tion of 1.83 m. The test section is enclosed in an air-tight control 

room. Thus, having the control room at the same static pressure as 

the test section, the problem of air leakage of the test-section flow 

is minimized. 

The flow is driven by a 4.3 m diameter propeller that has eight 

constant-pitch blades. The fan is able to provide stable free-stream 

6 
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velocities in the test section in the range of 4.6 m/s to 67 m/s. 

Measurements of the free-stream turbulence are shown in the table 2.1 

and are due to Reynolds (1979). 

2.2 The Model 

The wind-tunnel model is a 1.83 x 3.7 m flat plate with a leading 

edge. The model is a panel that consists of a 19 mm paper honeycomb 

core covered by two, 1 mm thick aluminum sheets. One of the outer 

surfaces of the plate is polished flat. The leading edge of the flat 

plate is designed to minimize the pressure rise in the stagnation re-

gion and to be insensitive to leading-edge separation at slight angles 

of attack. The leading edge shown in Fig. 2.2 has the form of semi-

elliptical cylinder with a ratio of major to minor axes of 67:1. 

In order to produce the zero-pressure-gradient condition under 

the influence of the growing wall boundary layers, the plate is placed 

at a small angle of attack with respect to the free-stream direction. 

Ninety-three pressure ports are used to check the pressure gradient on 

the surface of the plate. The distribution of the pressure ports is 

shown in Fig. 2.3. A trailing-edge flap permits the adjustment of the 

overall circulation and the location of the attachment line. 

2.3 Vibrating Ribbion 

The introduction of the disturbances is done by the traditional 

vibrating-ribbon technique. The material of the ribbon is a phosphor-

bronze alloy which is 0.025 mm thick and has a width of 2.5 mm. 
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The magnetic field is produced by thirty-two electromagnets 

placed under the vibrating ribbon on the back face of the plate (Fig. 

2.4). The vibrating ribbon is insulated from the plate and the free 

vibrating length was 0.3 mm and this length is centered at midspan of 

the plate. The response of the vibrating ribbon due to various cur-

rent inputs is measured by using an inductance probe mounted inside 

the plate and under the mid-point of the free-vibration length (Appen-

dix 1). 

2.4 Traversing Mechanism and Test-Section Configuration 

The boundary-layer measurements are performed using hot-wire an-

emometers. A two-dimensional traversing mechanism is used to position 

the hot-wire probe at the desired location. The traversing mechanism 

is moved in the x-di rect ion by gliding on two stee 1 rods pl aced in the 

interior of the wind tunnel while driven by a stepping motor (Fig. 

2.5). The probe is placed on a specially designed sting which is 

moved in they-direction by a stepping motor and a lead screw. The 

stepping motors are controlled from the control room through the tra-

verse controller. The traverse controller is intervaced with the HP 

COMPUTER to provide an automatic placement of the hot-wire probe at a 

fixed location and permits the acquisition of velocity profiles using 

softi.-1are programming. The programmable motion of the hot-wire probe 

is limited to they-direction, while the x-position is determined man-

ually. Appendix 1 gives a list of all of the electronic equipment 

that was used. 



CHAPTER 3 

THEORETICAL ANALYSIS 

3.1 Neutral Stability Curve 

The general dimensionless form of the Navier-Stokes equation is 

" • v* = 0 (3.1.1) 
~ 

oy* 
+ l_ v2 v* -+ v* • 'IX* = =Vp* ot ~ Re ~ (3.1.2) 

where v: is the dimensionless velocity vector, p* is the dimensionless 

pressure and Re is the Reynolds number. Considering the class of sta-

tionary basic states we can assume that each flow quantity is the sum 

of a mean-flow term~([), p(r) and a fluctuating term ~·(r,t), 

p'(r,t) or: 
~ 

y*(r,t) = y(r) + y'(r,t), p*(r,t) = P(£) + p'(r,t) (3.1.3) 

Introducing the expressions (3.1.3) into (3.1.1) and (3.1.2), assuming 

the mean-flow quantities to be solutions of the Navier-Stokes equa-

tions and separating the time-independent terms from the time-depen-

dent terms the equations for the stationary and fluctuating quantities 

are given as: 

Stationary: v • v = 0 (3.1.4) 
~ 

v • "v + < v 1 • vv 1 > + vp - 1 v2v = O (3 1 5) v "Re" ~ • • 
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Fluctuating: v • ~· = O 

av' - + v' • "Vv + v • 'Vy i + Y.' • Vv' - < Y.' • VY.' > + at ,.., ,.., ,.., ·- ·- ·- ·-
+ Vp' - ~e V2:t.' = o 

t~here the symbol < > denotes a time average. For infinitesimal dis-

turbances, products of the fluctuating quantities can be neglected; 

i.e. the terms v' • Vv' can be neglected in comparison to the linear 

terms. 

A further simplification of the equation can be done by assuming 

parallel flow. This is true for the class of one-dimensional flows 

where: 

U = U(y), W = W(y), V = 0 (3.1.6) 

In this case the convective acceleration terms vanish in the basic-

state equations and the equations for the disturbances take the form 

(3.1.7) 

au' uau' W~+ v' ~=~+Lv2u• at + ax- + a z a y ax Re (3.1.8) 

av• + u av' + w av' = _ a p + 1 v2v. rr- rx- dZ dy Ke (3.1.9) 

aw' + u aw' + w aw' + vi aw = _ ap + 1 v2w• 
at O""X Ty dy dz "Re (3.1.10) 
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Since the above stability equations are linear and since the coeffi-

cients are functions of y only we assume disturbances of the form 

q'(x,y,z,t) = q(y) exp [i(k x + k z -wt)] x z (3.1.11) 

where q' is a typical disturbance quantity, kx and kz are the dimen-

sionless wavenumbers in the x and z direction respectively and w is 

the dimensionless frequency. Disturbances can be classified into: 

disturbances with (i) temporal amplification, (ii) spatial amplifica-

tion and (iii) both temporal and spatial amplification. 

The spatial amplification class corresponds more closely to the 

boundary-layer situation. In this case w is assumed to be real while 

kx and k2 complex. The real parts of kx and k2 represents the physi-

cal wavenumbers of the disturbances while their imaginary parts repre-

sent the decay or amplification rates in the x and z directions. 

Expressing each disturbance quantity in the sinusoidal form and 

substituting the result into the disturbance equations, we obtain the 

equations: 

i k + i k w + Ov = 0 x z (3.1.12) 

i(k U +kW - w)u + (DU)v = k p + 1 (02 - k2)u 
x z x "Re (3.1.13) 

i ( k U + k W - w ) v = - Op + 1 ( 02 - k 2) v x z Ke (3.1.14) 

i(k U +kW - w)w + (DW)v x z k p + _!__ ( 02 - k 2 ) w' z Re (3.1.15) 
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d where the operator D is defined as D = ay and k = k~ + k~ • To com-

plete the problem formulation, the boundary conditions have to be 

specified. The usual no-slip and no penetration conditions can be ex-

pressed as: 

u(O) = v(O) = w(O) = O (3.1.16) 

Far away from the body the disturbances have to decay, or 

u(=) = v(=) = w(~) = O (3.1.17) 

The system of equations (3.1.12) - (3.1.17) form an eigenvalue system 

of equations. For given values of dimensionless frequency w (real) 

and Re the equations can be solved and the kx and k2 can be deter-

mined. Two of these equations can also be combined into a single 

equation known as the Orr-Somerfeld equation. 

The stability results usually are presented in the form of a 

curve as shown in Fig. 3.1. This curve presents graphically the state 

of each disturbance of given kz as a function of frequency and Re. 

For a given frequency the points outside of the curve are the points 

were the disturbances decay, as they move toward greater Re numbers 

while the points inside the curve represent the points where the dis-

turbances grow. The points on the curve are the points of neutral 

stability. In Figure 3.1 the stability curve for the special case of 

the Blasius boundary-layer flow is presented. The abscissa is scaled 
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for the quantity R = (Re )1/2 while the ordinate represents the non-x 
dimensional frequency corresponding to this k2 = o. 

2rr fv F =--v2 

The solid line represents the locus of neutral stability points 

for the case of parallel theory, while the dotted-line is the locus of 

neutral stability points for the nonparallel theory (Saric & Nayfeh 

1977). Within the curves the flow is unstable while it is stable out-

side of the curves. For the case of 2-D flow equations 3.1.12, 3.1.13 

and 3.1.14 can be combined in the Orr-Sommerfeld equations. By intro-

ducing 
u' = Clij; = ~'(y) ei(kx - wt) 

dy 

v• __ aijl ., () i(kx-wt) 
dx=-lK~y e 

into the three separate differential equations, the Orr-Sommerfeld 

equation is derived. It is stated as: 

(02 - k2H - ik Re[U - w/k)(D2 - k2 )4> - (D2U)<P] = O (3.1.18) 

The boundary conditions remain 

y = 0 U I : V 1 : 0 ' <P : 0 , <PI : 0 

y + co u1 + 0 
(3.1.19) 

v' + 0 , q, + 0 



14 

The stability problem is thus reduced to an eigenvalue problem stated 

by Eqn. (3.1.18) with the boundary conditions (3.1.19). For specified 

mean flow U(y), Reynolds number Re and frequency w, the solution of 

(3.1.18) furnishes the eigenfunction ~(y) and the complex eigenvalue: 

For each pair of values (w,Re) kr represents the phase velocity 

of the prescribed disturbance, whereas the sign of ki determines 

whether the wave is amplified (ki > 0), as it happens in the region 

between the neutral stability curve, or damped (ki < 0) as it is out-

side of it. The limiting case ki = 0 corresponds to neutral distur-

bances. 

3.2 Step-function force on the vibrating ribbon. Asymptotic behavior 

of the introduced disturbance. 

The behaviour of small-amplitude disturbances in a given parallel 

mean flow is governed by the previous described set of equations, 

which are linearized with respect to the disturbance amplitude. A 

disturbance can be forced either by a modification to the equation by 

the addition of some body-force terms, or by a change in the boundary 

conditions so that they are no longer homogeneous. If the second way 

is adopted the boundary conditions to simulate the excitation of the 

mean flow by a vibrating ribbon can be written: 



at the wall: y = O u = o~(O; x,t)/ay = o 
v = a~(O; x,t)/ax = Q(x,t) 

where Q(x,t) is some specified forcing function. Far from the wall 

the perturbation must decay: 

u = aw(y1 ; x,t)/ay + o and v = - a~(y1 ; x,t)/ax + o, y1 + ~ 

A form of Q(x,t) which will simulate ribbon vibrating near the surface 

is: 

Q ( x 't) = 8 ( x) cos w 1 t ( t > 0) 

It is of interest to find the asymptotic solution for large t and thus 

x. 

The perturbation stream function of the disturbance can be de-

fined as: 
+"" +"" 

'¥(y; x,t) = c1 J c2 J 1>(y; k,w) exp [i(kx - wt)]dkdw 
_co _oo 

(3.2.1) 

where q, is the transform of the perturbation stream function. If it 

is assumed that q, is continuous and has continuous derivatives along 

cl and c2 (c1 and c2 are the paths of integration), 3.1.8 can be sub-

stituted into the linearized equations of motion for parallel mean 

flows to yield the Orr-Sommerfeld equation given in 3.1.18. So far it 

is assumed that k and w are complex. In terms of ~the boundary con-

ditions are: 
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if> (y 1 ; k ,W) + 0 Q I (y 1 ; k ,W) + 0 Y 1 + 0 

if> I ( 0 ; k ,W ) = 0 a t Y : Q 

The remaining boundary value of ¢(0; k,w) is obtained by inverting 

3.2.1 from 3.2.1: 

3'1'{0; x,t) = 
ax 

+co +a> 
-i c1 f c2 f k<P(O; k,w) exp[i(kx - wt)]dkdw 

_ao _co 

It can be shown (Gaster, 1965) that the integral is analytic over the 

entire k complex plane and in the upper half of w complex plane. Thus 

the Fourier inversion formula can be applied to obtain: 

-ia <P{O; k,w) 1 =-
+a> +a> 
f f ox cosw1t exp[-i(kx - 2t)]dxdt 
_co _co 

cf? ( 0; k ,w) w (3.2.2) - -------

provided that Im(w) is greater than zero so that the integral conver-

ges as t + co • 

Using equations 3.2.1 and 3.2.2 an expression for v(y; x,t) can 

be obtained: 

v(y; x,t) 
+co 

=_i_c f 
4'1f2 1 

w if> (y ·, k ,w) ___ ....,...~-,-,---~ exp[ i ( kx - wt)] dkdw 
w2 _ w2 ~(0; k,w) 

1 
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Gaster (1965) found that the asymptotic solution of the above integral 

has the form: 

v (y; x 't) 

It has to be noted that the mode will have a wavenumber identical to 

that of the free eigen~ode which has the same frequency on the ribbon. 

A two dimensional step input may be represented by a boundary 

perturbation of the form: 

aijl - rx = o(x) o(t) 

It has to be mentioned that even if the vibrating-ribbon force input 

has a step-function form the boundary perturbation is still ths·same 

as before since the disturbance is caused by a sudden displacement and 

it is not influenced by the final location of the vibrating ribbon. 

The delta function may be written in the form of an integral 

o(t) 
1 +a> - - I 

1T 
cos (wt) H ( t ) dw 

and the asymptotic form of the stream function can be obtained as an 

i ntegra 1 : 
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If w* is the value of w where the exponential term becomes stationary 

or where: 
dk (w*) _ 1 = 0 --aw-- x 

then Gaster (1968) has given an asymptotic value of the above inte-

gral. 

v = Re{exp{i[k(w*)x -w*t]} + H.O.T.} 
d2 k (w*) /dw 

This represents a traveling system of wave which is amplified in space 

and time. Along rays in the (x,t)-plane w* is constant and the system 

appears as a simple traveling wave with wave-number kr(w*), frequency 

w* and amplification rate 

-[ k . ( !.ll * ) x - w ~t ] 
l l 

The amplification rate may be written in terms of temporal growth as 

or spatial growth 

aw 
- [ki (w*) akr (w*) - wi] 

r 

ak 
- [ k. (w*) - w* _r (w*-)] 

i i awr 

The previous analysis explains the creation of traveling wave-

packets from impulse surface disturbances. It is an interesting fact 

that not only impulse but also step-function form disturbances can 

create wave packets. Physically this can be explained by considering 
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only the motion of the vibrating ribbon causing disturbances and not 

its final position in the flmv. 

3.3 Vibrating-Ribbon Model 

The vibrating ribbon is modeled by a spring-dashpot-mass system 

as shown in Figure 3.3.1. 

For such a linear system the output spectral density S (w) for a y 
single-degree-of-freedom oscillation, when it is excited by a forcing 

function x(t) whose spectral density is S (w) is: x 

(3.3.1) 

where H(w) is the complex frequency-response function. The equation 

of motion for the system is: 

• my + cy + Ey = x ( t ) (3.3.2) 

To find H(w), put x(t) = eiwt and y(t) = H(w)eiwt in the equation of 

motion (3.3.2) to obtain 

(-mw2 + ciw + E) H(w) = 1 (3.3.3) 

and 

H(w) = 1 
-mw 2 + i ew + E 

(3.3.4) 
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3.4.1 Random-Input Forcing Function 

In the case of a random forcing function the input spectral den-

sity Sx(w) = s0 and hence the output spectral density is: 

(3.3.5) 

A typical picture of this output spectral density is given in Figure 

3.3.2. The peak value occurs for small damping when: 

and its height is: 

w .. ~ = w ym n 

S (w ) = Y n 

(3.3.6) 

(3.3.7) 

By knowing the spectrum of the response of the ribbon to a random in-

put, the modulus of elasticity E is calculated from the frequency 

which corresponds to the peak value and the damping parameter c is 

calculated from the magnitude of the peak value S (w). It is under-
Y n 

stood for the case of the vibrating ribbon that E is a function of the 

tension applied on the ribbon. 

A very simple algorithm is developed to calculate for given wn' 

S0 , m, Sy(wn) the physical parameters of the model. Also a comparison 

between the output spectral density Sy(w) and the real output of the 

vibrating ribbon is obtained. 

A difficulty of this simulation arises in the calculation of S0 

which depends upon the density of the magnetic field--a rather diffi-
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cult quantity to be measured. Thus, the value of S (w) was employed y 
for an arbitrary value of w. 

Thus, from (3.3.6) the calculation of E can be done and using 

(3.3.5) for a given value of wand (3.3.7) for w the value of c can n 
be found. in Fig. 3.3.2 and 3.3.3 the results of the model and the 

ribbon are presented. 

3.4.2 Step Input Forcing Function 

The equation of motion of the system is: 

• my + cy + Ey = x ( t ) 

where x(t) is the force acting on the system and it has the form: 

.• 0 for t < 0 
x(t) = 

x for t ;;.: O 
0 

The frequency response function H(w) relating the output y(t) to the 

input acceleration x(t), from vibration analysis is: 

1 H(w) = ------
( E _ 1Tlll2)2 + c2w2 

It is also known from vibration analysis that the relation between in-

put and output spectral densities are 

Y(w) = H(w) x(w) 
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where Y(w) is the output and x(w) is the input spectral density found 

from the Fourier transform of input and output signal of the time do-

main: 
x 

x (w) - 0 - 2rrw 
and thus 

1 Xo Y(w) = ------. 
(E - m.u2)2 + c2w2 2rrw 

(3.3.8) 

For the evaluation of x0 , one point of the experimentally found spec-

trum is compared. A simple computer program has been developed for 

the calculation of S (w), IY(w)j, H(w). The experimental spectrum and y 
that of the model are given in Figs. 3.3.4 and 3.3.5. 

The reason for developing the vibrating-ribbon model is that the 

type of the disturbance introduced by the ribbon can be found and 

easily verified. This is another advantage of the vibrating-ribbon 

method of excitation compared to other types of excitation like the 

introduction of acoustic pulses. 

From the final form of the equations for the random excitation 

and the step-function excitation four unknowns for each case have to 

be determined. The m, E, c, S0 for the case of random excitation and 

m, E, c, xo for the step-function excitation. In the developed algo-

rithm the values of m/c, E/c, S0 /c and x0 /c are to be determined and 

in general this can be done by employing three points of the experi-

mentally found spectra. However, if one of the tuning frequencies is 

employed then only two other points are necessary. For this case the 

tuning frequency, the amplitude at the tuning frequency and the ampli-
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tude at another frequency are employed for the determination of the 

parameters. 

In the comparison of experimental with the theoretical data, the 

employed points coalesce but the other points do not agree perfectly. 

But qualitatively the comparison can be used to give the type of exci-

tation with great confidence. 



CHAPTER 4 

RANDOM EXCITATION OF THE VIBRATING RIBBON 

4.1 Basic Idea 

The random oscillation of the ribbon introduces a random two-

dimensional disturbance in the mean flow. According to Fourier analy-

sis, this random disturbance may be considered as the superposition of 

an infinite number of sinusoidal disturbances, of the form mentioned 

in the analysis of section 3.1. 

If the amplitude of the random disturbance is kept low, then non-

linear interactions among the waves of different frequency (Kachanov 

et al., 1980; Saric & Reynolds, 1980) is avoided and the amplitude of 

the disturbance of a particular frequency is considered as an indepen-

dent sinusoidal wave. This grows or decays as the Reynolds number in-

creases, according to its frequency, regardless of what happens to the 

other waves. In this way the spatial behavior of waves of many fre-

quencies can be examined at the same time and many neutral stability 

points can be obtained with one x-direction "sweep" of the plate. 

4.2 Experimental Procedure 

The purpose of this experiment is to find neutral stability 

points for the case of the Blasius boundary layer. 

The random signal is provided by the HP5420 SPECTRUM ANALYSER. 

The random signal is amplified by a po.wer amplifier and the output 

voltage of the amplifier is applied to the vibrating ribbon. A con-

2!'.l. 
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stant DC current is passed through the 32 magnets on the back of the 

plate and thus the vibrating ribbon is kept in a constant magnetic 

field. According to the Lorentz law, the superposition of a random 

current traverse to a constant magnetic field produces a random for-

cing function on the ribbon. 

The proximitor probe, (described in Section A.16 of Appendix 1) 

placed under the ribbon at midspan of the free vibrating length, mea-

sures the instantaneous ribbon amplitude which in turn is analysed to 

determine the ribbon response to the random forcing function. This is 

described in section 3.3.1. The proximitor output is connected to the 

TEKTRONIX OSCILLOSCOPE to the HP SPECTRUM ANALYZER. The output of the 

ribbon excitation is taken in the "time-domain" or in the "frequency-

domain11 modes of the spectrum analyser. Figure 3.3.3 shows the vibra-

ting ribbon response to random excitation. From that spectrum it is 

obvious that for the frequencies from O Hz to 150 Hz, the response 

amplitude is almost flat. For the applied tension on the ribbon of 

approximately 30 Nts the frequency of the maximum amplitude is found 

to be around 180 Hz. 

Measurements of the mean flow and the fluctuations of the mean 

flow are taken by the DISA HOT-WIRE ANEMOMETER. The hot-wire probe is 

mounted on the traverse mechanism and it is able to move in the x-

direction and in they-direction. The signal from the hot-wire ane-

mometer after linearization is fed into the TEKTRONIX OSCILLOSCOPE and 

into the HP SPECTRUM ANALYZER. As in the case of the ribbon response, 

it is possible to have the behavior of the disturbances of the mean 
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flow, at any location, in the time domain and in the frequency domain 

at the same time. Fig. 4.1 shows the Data Acquisition instrumenta-

tion. The signal of the probe after the linearizer is amplified and 

it is driven to the HP SPECTRUM ANALYZER which is interfaced with the 

HP COMPUTER. 

Spectra of the fluctuations in the mean flow are taken every 10 

cm downstream of the location of the vibrating ribbon. At every x-

location, spectra are taken at four y-directions which correspond to 

four values of the mean flow. Fig. 4.2 shows the four y-positions 

where measurementns are taken with respect to the mean flow and the 

corresponding value of single-frequency disturbances in the region of 

Tollmien-Schlichting wave development. 

The spectra of the random fluctuation of the mean fl ow, at every 

location, are stored on a magnetic tape. Interfacing the HP SPECTRUM 

ANALYSER with the HP COMPUTER makes possible the use of software pro-

gramming to have the disturbance behavior at any x-location for any 

desired frequency. This is done for every constant y-location of the 

hot-wire. Thus, from these spectra the growth or the decay of a dis-

turbance of a particular frequency with respect to the Reynolds number 
I 

is examined. A typical curve of the amplitude growth with Reynolds 

number is seen in Fig. 1.2. 

According to the basic idea the position of the maximum of those 

constant-frequency amplitude curves will correspond to points of the 

second branch of the stability curve (RII) while the minimum corre-

sponds to branch I. The complete effort is easily done by programming 
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the HP COMPUTER. In Appendix 3 and 4 are given the modes of the HP 

SPECTRUM ANALYZER for the random excitation and for the step input 

force function respectively. 

Some of the data are given in Tables 4.1 for U = 16 m/s, 4.2 for 
m 

the case of U = 15 m/s and 4.3 for the case of U = 10 m/s. In the m m 

tables .1 and 4.2 for a certain frequency the R = (Re)l/2 for the neu-

tral points found by the experiment are compared with those given by 

the non-parallel theory. In table 4.3 for a given R the comparison is 

done between the dimensionless frequencies F. Some of the data points 

are given on the stability curve in Fig. 4.4. Figure 4.3 shows the 

way in which Neutral-Stability points are found. First the distance 

from the wall is selected, i.e. 0.4 of U • Then the frequency of a 
~ 

disturbance whose amplitude is to be determined is selected i.e. 80 

Hz. Then the HP SPECTRUM ANALYZER interfaced with the HP COMPUTER is 

ordered to select from the magnetic tape the spectra for the selected 

velocity, and distance from the wall and for each one of them, which 

corresponds to a certain distance from the leading edge, to find the 

amplitude of the disturbance of the selected frequency. Having the 

amplitude as a function of distance from leading edge maximum or mini-

mum may be found, which correspond to neutral-stability points. Using 

software programming the process can be repeated automatically for any 

number of frequencies, distance from the wall or free-stream veloci-

ties. 
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4.3 Comparison 

In Tables 4.1, 4.2, 4.3 as \-Jell as in Fig. 4.1, the comparison 

between the experimentally found neutral stability points and those 

found by the non-parallel theory is given. In general there is a good 

agreement between the stability points of the second branch but not so 

good agreement with the first branch. 

Many factors may influence this deviation such as the existence 

of small pressure gradient or local distortion of the disturbance pro-

file due to nonparallel effects (Saric & Nayfeh, 1977). However, the 

comparison of the results found by this method to those in Fig. 1.3, 

found by classical methods leads to the conclusion that the present 

method has great advantages in the measurement of neutral stability 

points because of its speed. Moreover, the current method of examin-

ing waves of all frequencies at the same time can be extended to dif-

ferent types of linear stability experiments since it can provide data 

on all the frequencies at the same time. Also, it can be a good rea-

son for further research in the field of electronics for further im-

provement of current data-acquisition systems. 



CHAPTER 5 

STEP-FUNCTION INPUT ON THE VIBRATING RIBBON 

5.1 Basic Idea 

It is well known from vibration analysis that the response of 

every linear system to any input can be determined precisely if the 

response of the system to the step-function input is known. 

The development of Tollmien-Schlichting waves in the boundary 

layer on a flat plate can be considered as the response of a system to 

an excitation of sinusoidal fonn which is introduced with the vibra-

ting ribbon. That system will be called "laminar boundary-layer sys-

tern." 

It would be very interesting to apply the methods of vibration 

analysis to examine the behavior of such a system. Such an analysis 

must be able to predict the response of the system to any type of ex-

,citation. In order to achieve this, the behavior of the system for 

two types of excitation, the random input and the step-function input, 

is examined. The response of the system for the case of random exci-

tation is discussed in the previous chapter. In the present chapter 

the response of the system to step-function input on the vibrating 

ribbon is examined. Although desirable, the response to the impulse 

input is not examined because of the difficulties encountered in the 

production of a signal close to the mathematical definition of impulse 

function. It has to be mentioned here that although the motion of the 

vibrating ribbon is of the form of step function, what perturbates the 

29 



boundary layer is the motion of it and not its final position. Its 

motion is of the impulse form. 

The vibrating ribbon response to the step-function is shown in 

Figure 3.3.5. The comparison of that response and the response of the 

mathematical model is given in chapter 3. 

5.2 Experimental Procedure 

The introduction of the step-function force on the vibrating rib-

bon is accomplished by the circuit schematically drawn in Fig. 5.1. 

Two DC power supplies are used. One is used to provide a constant DC 

current on the magnets and thus create the constant magnetic field. 

The other DC power supply is connected in line with a switch and the 

vibrating ribbon. By closing the circuit through the switch, a DC 

current passes through the vibrating ribbon and consequently an in-

stant constant force is applied on it. The circuit current is ob-

served on the TEKTRONIC OSCILLOSCOPE and it is very close to step-

function form. Thus, the force applied on the vibrating ribbon, 

according to Lorentz-law must be also of step-function form. 

The response of the vibrating ribbon is taken by using the prox-

imitor probe placed under the vibrating ribbon at the midspan of its 

free length. A sketch of the oscilloscope picture is on Fig. 5.2. 

The output of the proximitor probe is connected to the TEKTRONIX 

OSCILLOSCOPE and to the HP SPECTRUM ANALYSER. The response of the vi-

brating-ribbon is given in Fig. 3.3.5. In order to preserve that pic-

ture on the oscilloscope, the memory screen is used while the response 
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of the ribbon triggers the oscilloscope. The response in the time do-

main, using the HP SPECTRUM ANALYSER is obtained through the following 

steps: 

The output of the proximitor probe is connected to the input 

channels and the trigger channels of the oscilloscope and the spectrum 

analyser. At the time the vibrating ribbon circuit is closed, the 

response of the ribbon is obtained by the proximitor probe and it is 

transformed to a voltage output proportional to the oscillation of the 

ribbon. The signal generated by the proximitor probe triggers the 

oscilloscope and the spectrum analyser and the signal is displayed on 

the screen of the oscilloscope. At the same time it is transformed in 

the frequency domain in the spectrum analyser. The memory screen of 

the oscilloscope keeps the signal for a certain time, while it is pos-

sible to apply more than once, the step function on the ribbon and 

then average the response in the frequency domain. 

The response of the laminar boundary-layer system to step-func-

tion excitation is obtained by using a hot-wire probe placed in the 

boundary layer at various locations downstream of the location of the 

ribbon. The signal of the hot-wire probe triggers the oscilloscope 

and the spectrum analyser and thus the shape of the boundary-layer 

system response is obtained in the time domain through the memory 

screen of the oscilloscope and in the frequency domain on the screen 

of the spectrum analyser. The spectrum analyser mode programming used 

to obtain the system response is described in Appendix 4. 
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5.3 Creation of the wave packet 

As it is mentioned before the boundary layer sees an impulse-

function disturbance, due to the motion of the vibrating ribbon. The 

memory screen of the oscilloscope indicates the creation of wavepack-

ets when the signal of the hot-wire anemometer is depicted on it. The 

shape of the wavepacket is schematically shown in Fig. 5.3. 

As the hot-wire probe is moved downstream, the amplitude of the 

wavepacket grows and on the oscilloscope at certain distances down-

stream the wavepacket form is destroyed by the appearance of spikes as 

shown in Fig. 5.4. Eventually the wavepacket form is destroyed and 

distorted forms appear on the oscilloscope. 

The spectra of the wavepackets have the form of Figs. 5.4.1, 

5.4.10, and 5.4.18 as long as the wavepacket shape remains intact and 

the wave is growing in amplitude. One observes a broadband of fre-

quencies around 50 Hz. At certain locations downstream (which is 200 

cm for U = 9.0 m/s, 150 cm for u = 9.1 m/s and 140 cm for u = 10.5 
m m m 

m/s) an interesting phenomenon is observed. A broadband of frequen-

cies at around 20 Hz starts growing in amplitude and in a short dis-

tance of 10 cm its amplitude reaches the amplitude of the broadband of 

50 Hz. While the amplitude of 50 Hz remains constant, the amplitude 

of the broadband at 20 Hz still grows and shortly downstream it is 

twice the amplitude of the broadband at 50 Hz. This behavior is shown 

in a sequence of spectra in Figs. 5.4.1 - 5.4.9 for U = 8.0 m/s, in 
m 

Figs. 5.4.10 - 5.4.10 - 5.4.17 for U = 9.0 m/s and in Figs. 5.4.18 -m 



5.4.25 for U = 10.5 m/s. The position of the starting point of 

growth of the 20 Hz spike is given in the stability curve in Fig. 5.5. 

The most significant experimental work on the behavior of wave-

packets in laminar boundary layers is due to Gaster & Grant (1975). 

Gaster's work examined the behavior of three-dimensional wavepackets. 

The packet was artificially generated by a short duration acoustic 

pulse, which was injected into the boundary-layer flow through a small 

hole in the pl ate. A typical power spectrum of the wavepacket pro-

duced that way is shown in Fig. 5.7. In Figs. 5.8 and 5.9 the devel-

opment of the wavepackets is shown. The envelope of the signal is 

distorted as it moves downstream. Gaster observed and measured the 

growth of low-frequency modes (Fig. 5.10). He considered non-linear 

wave interactions as the cause for that growth (Gaster, 1975). He 

also developed a linear model for the analytical study of the 3-0 

wavepacket behavior. 

The present work deals with two-dimensional wavepackets. For an 

examination of the phenomena, the results are interpreted with respect 

to the neutral stability curve. The first observation is that the 

waves which amplify do not amplify as it is expected from the neutral 

stability curve. The low frequencies do not grow after they pass the 

neutral stability point of branch I as the wavepacket moves to higher 

Reynolds number. They retain their low amplitudes up to the point of 

the breakdown where, within a distance which corresponds to value of R 

= I "Re of 10, they reach the level of the high-frequency modes and 

shortly down stream the wavepacket transform into turbulence. 
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On the oscilloscope, when the growth of the low-frequency broad-

band is observed sudden spikes appear that destroy the wavepacket en-

velope. Such a wave form with spikes is presented in Fig. 5.4. Con-

trary to the low-frequency broadband, the broadband of the higher-

frequency waves develops according to the neutral stability curve as 

if the waves of various frequencies are independent. By examining the 

growth of waves of particular frequency, they develop a local maximum 

that corresponds to neutral stability point of the branch II of the 

neutral-stability curve. For the case of U = 9.0 m/s and 10.5 m/s, 

the observed neutral stability points that are verified are shown in 

Fig. 5.5. The position where the growth of low-frequency broadband is 

started is also indicated on the same figure. 

After reviewing the observations of the wavepacket behavior, one 

can describe the following characteristics. Although the vibrating 

ribbon strongly excites the low-frequency modes, only a certain broad-

band of frequencies are excited. The theoretical analysis of chapter 

3.2 may explain that behavior. After the formation of the wavepacket, 

it can be seen from the spectra that it is composed of a band of fre-

quencies around 50 Hz which behaves as independently considered modes, 

and a part of low frequencies, around 25 Hz, which although initially 

excited by the vibrating ribbon does not grow, as indicated by the 

neutral stability curve, but it exhibits an explosive behavior far 

downstream. 

Comparing the behavior of random excitation of the vibrating rib-

bon with the present step-function excitation, the following possible 
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conclusions may be made. THe fact that in the case of the random ex-

citation, the individual modes grow or decay according to the neutral 

stability curve while in the case of step-function excitation only a 

certain band exhibits such a behavior, leads to the conclusion that 

the wavepacket structure prohibits the development of modes other than 

those developed to form the wavepacket. 

If this is the case, the wavepacket acts as a structure that ab-

sorbs energy from the freestream for its growth but prevents the 

growth of any other mode. In such a case, the sudden growth of low-

frequency modes while the wavepacket form remains intact can be con-

sidered as the final stage of the wavepacket structure and the begin-

ning of its destruction by being transformed into abnormal form. The 

mechanism that leads to the development of low-frequency band may be a 

nonlinear wave interaction. 



CHAPTER 6 

CONCLUDING REMARKS 

In practice, the disturbances present in the laminar boundary 

layer are not sinusoidal but either random or in the form of discrete 

steps as in the case of an insect stuck on the surface of a wing. 

Thus, the importance of the results presented in the previous two 

chapters is significant since they represent the response of boundary-

-layer system to random and impulsive inputs. 

From the results of the random excitation response, it is obvious 

that it can be considered as the response to infinite number of sinu-

soidal waves of different frequency, each considered separately. 

The results of the step-function force input to the vibrating 

ribbon are more interesting since they represent the behavior of a 

wavepacket created by an impulsive input to the boundary-layer system. 

From the data, it is deduced that the wavepacket grows as an ensemble 

with no preference to any particular frequency, that is it maintains 

its structure through the period of growth. The fact that the low-

frequency disturbances present in a wavepacket do not grow, although 

they are in the amplified region of the neutral stability curve, shows 

that waveforms which consist of frequencies of specific amplitude 

ratio are much more stable than if the ~ves of different frequencies 

were independent. The breakdown to turbulence happens because of the 

sudden growth of waves of frequencies much lower than the lower limit 

36 
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of the wavepacket broadband and the process of transition is not grad-

ual as in the case of sinusoidal waves but rather explosive. 

The previous results introduce some new aspects in the general 

problem of transition whose closer examination may lead to new consid-

eration of the problem. 
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TABLE 2.1 FREE STREAM TURBULENCE LEVELS 

m/s % 

lF iul/tJco 
9 .018 

12 .018 

15 .022 

20 .028 

30 .045 
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Table 4.1. Neutral stability points found by random 
excitation of the vibrating ribbon and 
comparison with theoretical values of 
non-parallel theory for U = 16 m/s co 

Conditions: U = 16 m/s co 

Vibrating ribbon tension •• 
Current on the magnets • • • 
RMS voltage on the ribbon •• 
Distance of Vibrating ribbon 

..•..•. T = 6.5 lb 
• • • • • • • I = 2.5 A 
. . . . . . . v = 12 v 
from plate •• t = 0.165 mm 

y-position of H.W.: u/U = 0.95 co 
F x 106 

16.2 

20.3 

46.6 

44.5 

42.5 

y-pos iti on 

F x 106 

46.5 

48.6 

50.6 

Experiment 

1282 

1160 

1243 

1282 

1330 

R 

Theory 

1171 

1017 

1287 

1303 

1384 

of H.W.: u/Uco = 0 .4 

R 

Experiment Theory 

1282 1286 

1243 1248 

1203 1219 

Branch I 

Branch II 

Branch II 
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Table 4.1. (Continued) 

y-position of H.W.: u/U00 = 0.3 

F x 106 

20.25 

22.2 

46.5 

50.6 

y-position 

F x 106 

16.2 

55.0 

50.0 

47.5 

42.5 

of 

R =/"Ke 

Experiment Theory 

1243 1017 

1282 970 

1243 1286 

1203 1219 

H. W.: u/U = 0.15 
00 

R = l"Ke 

Experiment Theory 

1243 1191 

1160 1139 

1203 1219 

1243 1260 

1282 1350 

Branch I 

Branch II 

Branch I 

Branch II 
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Table 4.2 Neutral-Stability points found by random 
excitation of the vibrating ribbon and comparison 
with theoretical values of nonparallel theory 
for U = 15 m/s cc 

Conditions: Ucc = 15 m/s 

v = 1.735 x 10-5 m2 /s 

Voltage on the Vibrating ribbon •• V = 8.5 Volts (RMS) 
Current on the magnets. • • • • • • I = 3 .5 A 
Position of the V.R ••••••• RVR = 1018 

y-location of the H.W.: u/U = 0.95 cc 

F x 106 R = /Re 

Experiment Theory 

19.5 1281 1050 

21.8 1212 1010 
Branch I 

24.2 1176 920 

26.6 1139 900 

44.0 1313 1321 

46.2 1281 1274 

49.0 1248 1221 
Branch II 

53.3 1212 1153 

55.6 1139 1139 

60.8 1058 1069 
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Table 4.2 (continued) 

y-location of the H.W.: u/U00 = 0 .4 

F x 106 R 

Experiment Theory 

19.3 1212 1050 

21. 7 1139 1000 
Branch I 

24.1 1100 910.4 

26.7 1058 910.4 

43.7 1281 1320 

47.0 1248 1250 

52.0 1139 1160 
Branch II 

55.0 1176 1121 

59.0 1100 1070 

64.0 1058 1010 
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Table 4.2 (Continued) 

y-location of the H.W.: u/U00 = 0 .3 

F x 106 R = IRe 

Experiment Theory 

19.4 1176 1060 

21.7 1139 993 
Branch I 

24.1 1100 920 

26.8 1058 900 

47.0 1212 1259 

53.0 1139 1153 

58.2 1212 1076 Branch II 

60.5 1100 1052 

64.0 1058 1006 

y-location of the H.W.: u/U00 = 0.15 

19.3 1248 1030 

21.8 1139 991 Branch I 

24.3 1058 920 

46.0 1248 1278 

49.S 1212 1202 
Branch II 

59.3 1100 1061 

64.5 1058 1004 
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Table 4.3 Neutral-Stability points found by random 
excitation of the vibrating ribbon and 
comparison with theoretical values of 
non-parallel theory for U = 10 m/s co 
Conditions: Uco = 10 m/s 

v = 1.699 m2 /s 

Position of the V.R. 
RvR = 840 

y-location of the H.W.: u/U = 0.95 co 

F x 106 

R =/Te Experiment Theory 

1040 67.0 66 

1009 72.4 64.2 Branch II 

946 78.0 68.9 

y-location of the H.W.: u/U = 0.4 co 

978 62.1 66 

946 67.6 68 Branch II 

914 72.8 73 

y-location of the H.W.: u/U = 0.3 co 

1009 62.0 64.2 

978 67.3 66 Branch II 

946 72.8 68.9 

y-location of the H.W.: u/U = 0.15 
co 

1009 62.0 64.2 

978 67.3 66.0 
Branch II 

946 72.8 68.9 

914 78.0 73.0 
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Figure 1.2 Schematic of amplitude growth and neutral 
stability point determination. 
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Figure 2.2 Leading edge-flat plate junction. All dimensions in millimeters. 
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Test-section lay-out for experiments on the flat plate model using the 2-0 traversing 
mechanism. The items noted are (l) Elliptical leading edge; (2) Electro-magnets for 
the vibrating ribbon; (3) Pressure port tubing bundles; (4) Support channel and guide 
rod for x-traverse; (5) Hot-wire probe extension tube; (6) Proximity probe; (7) Hot-wire 
probe sting; (8) 2-D traversing mechanism; (9) Trailing-edge flap; (10) Pitot tube. 
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Figure 3.3.1. Vibrating-ribbon model. 
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Figure 5. 1 Circuit for the introduction of step-function input force 
to the vibrating ribbon. 
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Figure 5.4.1 Boundary-layer system response to step-function 
excitation U00 = 9.0 m/sec. 
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Figure 5.4.2. 

HZ x = 190 cm 

Boundary-layer system response to step-function 
excitation U00 = 9.0 m/sec. 
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Figure 5.4.3 Boundary-layer system response to step-function 
excitation U00 = 9.0 m/sec. 
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Figure 5.4.4 Boundary-layer system response to step-function 
excitation U00 = 9.0 m/sec. 
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Figure 5.4.5 Boundary-layer system response to step-function 
excitation U00 = 9.0 m/sec. 
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Figure 5.4.6 Boundary-layer system response to step-function 
excitation U00 = 9.0 m/sec. 
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Figure 5.4.7 Boundary-layer system response to step-function 
excitation U00 = 9.0 m/sec. 
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Figure 5.4.8 Boundary-layer system response to step-function 
excitation U00 = 9.0 m/sec. 
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Figure 5.4.9 Boundary-layer system response to step-function 
excitation Uoo = 9.0 m/sec. 
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Figure 5.4.10 Boundary-layer system response to step-function 
input U00 = 9.1 m/sec. 
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Figure 5.4.12 Boundary-layer system response to step-function 
input U00 = 9.1 m/sec. 

ex:> 
0 



A SPEC 1 

148.00 
m 

MAG 

LJ. LJ 

R#s tjJ #As 30 EXPAND 

-r--·· 

LJ. LJ HZ x :::: 160 cm 200. 09 

Figure 5.4.13 Boundary-layer system response to step-function 
input U00 :::: 9.1 m/sec. 
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Figure 5.4.14 Boundary-layer system response to step-function 
input U00 = 9.1 m/sec. 
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Figure 5.4.15 Boundary-layer system response to step-function 
input U00 = 9.1 m/sec. 
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Figure 5.4.17 Boundary-layer system response to step-function 
input U00 = 9.1 m/sec. 
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Figure 5.4.18 Boundary-layer system response to step 
input-excitation U00 = 10.5 m/s. 
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Figure 5.4.19 Boundary-layer system response to step 
input-excitation U00 = 10.5 m/s. 
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Figure 5.4.20 Boundary-layer system response to step 
input-excitation U00 = 10.5 m/s. 
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Figure 5.4.21 Boundary-layer system response to step 
input-excitation U00 = 10.5 m/s. 
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Figure 5.4.22 Boundary-layer system response to step 
input-excitation U00 = 10.5 m/s. 
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Figure 5.4.23 Boundary-layer system response to step 
input-excitation U00 = 10.5 m/s. 
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Figure 5.4.24 Boundary-layer system response to step input-
exitation U00 = 10.5 m/s 
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Figure 5.4.25 Boundary-layer system response to step input-
excitation U00 = 10.5 m/s. 
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Figure 5.6 Boundary-layer system response without step-
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APPENDIX l. ELECTRONIC EQUIPMENT 

A.1. OISA ANEMOMETRY. Six independent anemometry channels are available. 

Each channel consists of: 

A.1.1. DISA 55DOL Constant Temperature Anemometer (CTA). The 

anemometer is operated with a bridge ratio of 1:20, using 

A. 1.2. 

A. 1. 3. 

a probe cable length of Sm. For high resolution measurement 

of low-level signals, the hot wires and cables are 

balanced at a gain of 11 and operated at a gain of 7. The 

hot wires are calibrated through the data acquisition system. 

DISA 55010 Linearizer. All anemometer outputs are processed 

through this unit to obtain a voltage signal which is 

linearly proportional to the velocity being measured. The 

unit is calibrated through the data acquisition system. 

DISA 55035 RMS Voltmeter. A true r.m.s. and squared 

r.m.s. is obtained in the range -60 dB to 50 dB over one 

volt. The integrator time constant is variable in the 

range 0.3 to 100 seconds. 

A.2. DISA HOT-WIRE PROBES 

A.2.1. DISA 55POS Boundary-Layer Probe. The sensor consists of 

a 5 µn diameter Platinum-plated tungsten wire with an 

overall length of 3 mm and a sensitive wire length of 

1.25 rrnn (LID= 250). Sensor-support prong isolation is 

provided by a copper and go1d plating at the wire ends 

to a diameter of approximately 30 µm. 

lJO 



A.2.2. 

A.2.3. 
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DISA 55P71 Parallel-Array Turbulence Probe. This is a 

two wire probe with parallel sensors separated by 0.4 

mm. The probe sensors measure free-stream turbulence at 

essentially the same point and thus allow elimination of 

electronic noise from the two independent channels. 

DISA 55P02 Slant-Wire Probe. This is used in conjunction 

with another probe to measure the w1 fluctuations. 

A.3. HP 3052 AUTOMATIC DATA ACQUISITION SYSTEM. This system provides 

high speed, 40 channel, data sampling capabilities. In addition, 

data processing capabilities are provided by the calculator with 

output via magnetic tape, paper tape, or digital plotting. All hot-

wire calibrations, mean-flow measurements, proximitor calibrations, 

free-stream turbulence levels, and boundary-layer disturbance 

measurements are interfaced into the data-acquisition system. The 

signals from the constant-temperature hot-wire anemometers are 

conditioned using the usual assortment of linearizers, oscillators, 

tracking filters, phase meters, r.m.s. meters, and log converters 

described below. The traverse mechanism and the spectrum analyzer 

are also operated with this unit in either a programmed fashion 

or in response to the hot-wire signal. The system consists of: 

A.3.1. HP 3455A High Accuracy/High Resolution DVM. 

A.3.2. 

A.3.3. 

A.3.4. 

HP 3495A Input Multiplexer. 

HP 9825A High Performance Calculator and ROMS. 

HP 9872A Four-Pen Digital Plotter. 
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A.4. BRUEL & KJAER 4133 CONDENSOR MICROPHONES. Four of these units exist 

at VPI & SU. They have the following specifications: sensitivity 

12.5 mv/Pa, Frequency range 3.9 Hz-40 KHz, Diameter 12.7 mm. Each 

are equipped with model 2619 preamplifier and Model 2801 power supply. 

A.5. RION UC-29 CONOENSOR MICROPHONES. Ten of these units exist at 

VPI & SU and ten additional units will be added during the contract: 

They have the following specifications: sensitivity 4.5 mv/Pa, 

Frequency range SHz to 90 KHz, Diameter 6.3 mm. Each is equipped 

with a preamplifier and ganged power supply. 

A.6. HP 5420A DIGITAL SIGNAL ANALYZER. This is a two channel digital 

FFT spectrum analyzer which provides time and frequency domain 

ana1ysis of analog signals in the range of DC to 26 kHz. Analog 

data is. input through the HP 54410A Analog/Digital Converter and 

anti-aliasing is provided by a HP 54470 Digital Filter. Unfiltered 

hot-wire signals are analyzed in conjunction with the data acquisition 

system. Both steady and triggered modes are possible. 

A.7. HP 3960 INSTRUMENTATION TAPE RECORDER. This unit is a portable, 

4 channe1, 3-speed tape recorder which uses 6.35 mm magnetic tape. 

The recorder cou1d be operated in either FM ~Dde or direct record 

mode. It is used in FM mode which provides a DC to 5 kHz frequency 

bandwidth. 

A.8. HONEYWELL MODEL 56008 TAPE RECORDER. Two of these units provide 

24 channels of either direct- or FM-mode continuous records. These 

units, when used with the VPI & SU MlNC Computer system, gives a 

back-up to the real-time data analysis. 
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A.9. SPECTRAL DYNAMICS SD121 TRACKING FILTER. This unit is a phase-
locked servo, narrow-band pass filter which is tuned to a reference 

signal input. It is used with a bandwidth of l Hz, while bandwidths 

of 2, 10, 50, 100, 200 Hz are also available (three channels are 

available). 

A.10. SPECTRAL DYNAMICS SD131 PHASE METER. Relative phase between any 

two measured signals is monitored with this unit. Typical usage 

is the measurement of the phase between the vibrating ribbon signal 

and the ana~ometer signals. 

A.11. TRAVERSE CONTROLLSR. Pulses to all three traversing mechanism 

stepping motors are provided by a Superior Electric ST103 Translator. 

This unit is supplemented by a controller/counter which provides 

convenient selection of motor stepping modes available through the 

ST103. These include half step/full step, low speed/high speed, 

and continuous run/single step options. Motor steps are also 

counted by the Traverse Controller and are output in a binary led 

display ~s v1el1 as front panel mounted DVM and corresponding analog 

voltage output. This unit is also operated by the data acquisition 

system. 

A.12. TEKTRONIX MODEL 5113 OSCILLOSCOPE. This is an 8-channel scope with 

2-channel storage capabilities. 

A. 13. 

A. 14. · 

HP 5300A/5302A FREQUENCY COUNTER. This counter provides frequency 

measurements with a resolution of 0.1 Hz for a ten second sample 

period. 

BRUEL & KJAER 2427 AUTORANGING DIGITAL VOLTMETER. This voltmeter 

provides a true r.m.s., average, or peak reading for input signals 

in the range 0.5 Hz to 500 kHz. 
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A.15. SETRA-SYSTEMS MODEL 239E DIFFERENTIAL PRESSURE TRANSDUCER. 

This is a ! 0.01 psid transducer which provides a linear DC output 

of! 2.5 volts. It is used for the static pressure measurements 

on the plate surface. 

A.16. BENTLY-NEVADA SERIES 190 PROXIMITOR PROBE/SERIES 3000 SIGNAL CON-
DITIONER. This is an inductance type probe which has a linear 

measuring range of O - 1.1 mm with a nominal output of 0.0 to - 14 

vdc. The frequency response is DC to 10 Hz, + 1%. Two of these 

transducers are used to monitor sting vibration and ribbon vibration. 

A.17. SCANIVALVE MODEL D. This solenoid operated mechanism provides for 

serial sampling of 48 pressure inputs. The selected pressure input 

is then available for pressure transducer measurement. Two of 

these units are used for 96 pressure ports. 

A.18. MISCELLANEOUS. The usual collection of rnultimeters, strip-chart 

recorders, Kronhite: low-pass, high-pass, and band-pass filters, 

differential amplifiers, signal generators, power supplies, and 

(x,y,y') analog plotters are available. 
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WAHIV 
DIMENSION X(402),Y(402),Y1(402),Y2(402) 
P=3.111159 
X0=8. 17 
SY0=75.0E-03 
SYN1=5.2911E-Ol 
SYtl2-=100. 97£-03 
OMEGN1=188. 
OMEGN2=172.27 
00 1 I'-' 1, 1100 
X( I )-=HOAT( I) 
Y( I )=SYO/( ( 1. -X( I )*1t2/ ( OMEGN1**2) )*1t2-t· 

$(SYO/SYN1)*(X( l)/OMEGN1)**2) 
Yl ( I ) = (XO/ ( 2. * P*X( I ) ) )/ ( ( 1. -X( I ) **2/ ( OMEGN2**2)) **2+ 

$XO*X( 1)**2/(SYN2*2.*P*OMEGN2*1t3)) 
IF( l.Lf.5) Yl( l)=0.250 

WIU TE( 6, 11) X( I), Y( I), Yl (I) 
FORMAT(5X,3f15.5) 
CONTINUE 
f1=3.0 
F2= 1. 0 
G1=12.0 
G2=F2 
f1=21.0 
E2=F2 
CALL PLOTS(0,0,50) 
CALL PLOT(f1,F2,-3) 
CALL SCAl.E(X,8.,400, 1) 
CALL SCALE(Y,6.,400,1) 
CALL SCALE(Yl,6.,400,1) 
CALL SCALE(Y2,6.,400,1) 
CALL AXI S(O. ,0., 1311fREQUENCY(llZ), -13,8., 0. ,X( 1101) ,X( 1102)) 
CALL AXIS( 0. ,0., 911MAGN ITUOE, +9 ,6., 90., Y( 401), Y(l102)) 
CALL LINE(X,Y,400,1,0,1) 
CALL PLOT(Gl,0.0,-3) 
CALL AXIS( 0. ,0., 1311fREQUENCY( llZ), -13,8. ,0. ,X(l101 ),X(l102)) 
CALL AXIS( 0., 0., 911MAGN I TUOE, +9,6. ,90., Yl ( 1101), Yl ( 402)) 
CALL LINE(X,Yl,400,1,0,1) 
CALL PLOT(El,0.0,-3) 
CALL AXIS(O. ,0., 1311FHEQUENCY(UZ),-13,8. ,0. ,X(401 ),X(l102)) 
CALL AXIS( 0., 0., 911MAGN I TUOE, -t·9, 6., 90., Y2( 401), Y2( 1102)) 
CALL LINE(X,Y2,400,1,0,1) 
CALL PLOT(21.,4.,999) 
STOP 
ENO 

APPENDIX 2 

Vibrating-Ribbon Model Program 



I ...... 
0 
()) 

SETUP STATE 

MEASUREMENT : HI-RES AUTO SPECTRUM 

AVERAGE : 20 , STABLE 

SIGNAL : SINUSOIDAL 

TRIGGER : FREE RUN , CHNL 1 

CENT FREQ : 0.0 HZ 

BANDWIDTH : 200.000 HZ 

TI ME LENGTH : 2.56000 s 
dF : 390.625 mHZ dT s 1.25000 mS 

ADC CHNL RANGE AC/DC 

* 1 5 V AC 
2 10 V DC 

DELAY 

0.0 s 
0.0 s 

APPENDIX 3 

CAL <Cl/C2) 

1. 00000 
1.00000 

SETUP STATE OF THE H-P SPECTRUM ANALYSER FOR RANDOM EXCITATION 
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SETUP STATE 

MEASUREMENT : TRANSFER FUNCTION 

AVERAGE : 30 , EXPONENTIAL DECAY 

SIGNAL : TRANSIENT 

TRIGGER : EXTERNAL AC , CHNL 1 

CENT FREQ : 0.0 HZ 

BANDWIDTH : 200.1?!00 HZ 

TI ME LENGTH : 1. 28000 s 
dF : 781. 250 mHZ dT : 1. 2~301?!0 rnS 

AOC CHNL RANGE AC/DC 

* 1 5 V AC 
2 10 V DC 

DELAY 

0. 0 s 
0.0 s 

APPENDIX 4 

CAL <Cl/C2) 

1.00000 
1. 00000 

SETUP STATE OF THE SPECTRUM ANALYSER FOR STEP-FUNCTION FORM OF 
EXCITATION 
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EXCITATION OF WAVE PACKETS AND RANDOM 

DISTURBANCES IN A BOUNDARY LAYER 

by 

CHRISTOPHER E. COSTIS 

(ABSTRAGT) 

A study on the behaviour of wave-packets and random disturbances, 

introduced by the vibrating-ribbon technique in a Blasius boundary 

layer, is presented. The experiments were conducted in the VPI & SU 

low turbulence wind tunnel. The flat plate model was constructed from 

an aluminum-paper honeycomb laminate and an aluminum leading edge with 

an elliptical profle. 

A theoretical model was developed to verify the random and step-

function-form motion of the vibrating ribbon. In the case of random-

disturbance introduction it was found that the random disturbances be-

have like infinite number, single-frequency waves and measurements of 

their growth made possible to verify regions of the neutral-stability 

curve. 

In the case of wave-packet creation it was found that the wave-

packets behave like a structure that consists of waves of certain fre-

quencies that grow or decay not necessarily according to the stability 

curve but in that way as to maintain the wave-packet structure. 

Their growth as they move downstream and their quick destruction 

into turbulence was compared to previously published data. 
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