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Experimental investigation of the stability of supersonic boundary 
layer on a flat insulated plate 

V. A. LEBIGA, A. A. MASLOV and V. G. PRIDANOV (NOVOSffiiRSK) 

THE GROWTH of the "natural" fluctuations in zero pressure gradient, laminar boundary layer 
at a Mach number 2.0 using the hot-wire anemometry technique is investigated. lt has been 
found that the disturbances of all frequencies increase with the distance from the leading edge 
of the plate and their maximum value at the position x which is inversely proportional to the 
frequency, and then decrease slowly. Such a behaviour of disturbances is in qualitative agree­
ment with the theoretical conclusions on the interaction of the supersonic boundary layer with 
the external sound waves which are generated by the turbulent boundary layer a,t the walls 
of the wind tunnel test section. The variation of the fluctuations downstream the maximum 
follows the linear theory of hydrodynariric stability. The influence of the leadmg edge thickness 
and the unit Reynolds number on the growth of the fluctuations are also investigated. On the 
basis of the experimental neutral stability curves and the measured power spectra of the ex­
ternal fluctuations, the explanation of the intluence of the unit Reynolds number on the loca­
tion of the boundary layer transition is advanced. 

Badany jest wzrost "naturalnych" fluctuacji przy zerowym ciSnieniu gradientowo-laminarnej 
warstwy przy8ciennej dla liczby Macha 2, za pom~ anemometru cieplno-oporowego. Za­
obserwowano, i:e dla wszystkich cz~o8ci zaburzenia rosrut z odlegJoScill od przedniej kra~dZi 
plyty, osiuaj'l maksymalrut wartosc dla wsp~nej x odwrotnie proporcjonalnej do c~to8ci, 
a nast~pnie wolno zanikaj'l. Takie zachowanie si~ zaburzen jest w jakoSciowej zgodzie z rozwa­
zaniami teoretycznymi dotyCZ'lcymi wzajemnego wplywu naddiwi~kowej warstwy przySciennej 
z zewn~trznymi falami dfwi~kowymi, wytworzonymi przez turbulentrut warst~ przy8cienn(l 
w 8cianach badanej ~ tunelu aerodynamicznego. Zmiana fluktuacji od maksymalnej wielkoSci 
w d6l linii prCldu opisana jest za pom~ liniowej teorii stabilno8ci hydrodynamicznej. Badany 
jest r6wniez wplyw grubo8ci prowad.z'lcego brzegu plyty oraz jednostkowej Iiczby Reynoldsa 
na wzrost fluktuacji. Na podstawie do8wiadczalnie wyznaczonych krzywych neutralnej stabil­
noSci oraz zmierzonych widmach zewn~trznych fluktuacji dokonana jest pr6ba wytlumaczenia 
wplywu jednostkowej liczby Reynoldsa na poloi:enie warstwy przy8ciennej. 

MccneA}'eTCH pocr ,ecTeCTaemn.a'' cp~ npu HYJieBoM rpa~eme AaBJieHHR B JiaMJf­
:aapHoM norpamttmoM cnoe, ~JIR tnrcna Maxa 2, nplf noMOIIUI repMo-pe3HCTifBHoro aueMo­
MeTpa. Ha6mo~anoe~>, tiTo MR acex tmCTOT BOOMyme~mn pa€'fYT c pacCTo.RHHeM oT nepe~ero 
KPaH IIJJaCTHHDI, ~ocnmuoT MaKCllMaJibHoro 3HattemlR MR Koop.znmaThi x uponop~o:u,am,Hoii 
qaCTOTe, a aaTeM MewxeHHo HC'le3810T. TaKoe no:ae.o;eHHe Bo3MymeHHii HaXO.o;HTCB: B Katte­
CTBeHHoM COrJiaelfH C TeopeTI{tlecrotMif pa~eHWIMif, KacaiOIIUIMHCH B3aHMO~diCTBHR 
caepX3BYJ<oBOro norpamNHoro CJIOH c BHeiiiJmMH 3BYJ<OBbiMil BOJIHaMJr, o6paaoBaHHbiMH 
TYP6yneHTHbiM CJioeM Ha CTeHKax pa6oqeii tmCTif 83po~ecKOH 'lpy6LI. HaMeHemle 
$JIYKTYamul OT MaKCllMaJibHOii BemAHHbi Bmt3 no noTOKY OIIIfcaHO nplf IIOMOIIUf .TIHHeHHoit 
Teopwr m~o~ecKoii yCToitlmaocrn. MccneA}'eTCB: TO>Ke amrmme TOJIIIUQibi nepe.o;Heii 
KpoMKH nnacTHHbi H e~oro llHcna PeiiHom.~ca Ha pOCT cpn~. Ha OCHoBe 3Kcne­
pUMeHTam.Ho onpe~enemn.IX Jq>UBbiX HeiiTpam.Hoii ycToittmBOCTH If H3Mepemn.:a BHem­
HHX ypoBHeii <f>n~ npoae~eHa noiibiTKa o6'hHCHelmJI BJIIfRlmB: eAifHHtDIOro liHCJJa 
PeiiHom..o;ca Ha nono>Kelme nepexo~a norpaHiftlHoro cnoH. 

1. Introduction 

THERE are not many experimental works in which the development of fluctuation in the 
supersonic boundary layer was studied. The investigations carried out by LAill"ER and 
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VREBALOVICH [l], DEMETRIADES [2], KENDALL [3, 4] are worth noting. However, recently 
several effects have been predicted theoretically and experimental verification is required. 
The theory predicts the existence of more then one instability mode and the interaction 
of the laminar supersonic boundary layer with the external sound waves [3, 5]. 

Moreover, the study of the initial growth of the disturbances can help to understand 
the influence of the different factors (leading edge thickness, unit Reynolds number, 
surface cooling etc.) on the transition of the laminar boundary layer to the turbulent 
one. An increase of both the model leading edge thickness and the unit Reynolds number 
leads to the increase of the Reynolds number of transition [6]. A change of the stability 
characteristics in the laminar boundary layer can be considered as a reason for this in­
crease. 

In the present investigation an experimental study is carried out on the development 
of "natural" small fluctuations in the laminar boundary layer at a Mach number being 
equal to 2.0 for. a flat insulated plate with a various leading edge thickness in a wide range 
of the wind tunnel operation. 

2. Equipment and methods 

The experiments were performed in the supersonic wind tunnel of the Institute of 
Theoretical and Applied Mechanics of the Siberian Branch of the USSR Academy of 
SCiences. The test section dimensions are 20 cm width, 20 cm height and 60 cm length. 
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ExPERIMENTAL INVESTIGATION OF THE STABILITY OF SUPERSONIC BOUNDARY LAYER 399 

All measurements were carried out on a flat steel plate 22 cm long which was placed in 
the centre of the test section under a zero angle of attack. The plate had different leading 
edge thicknesses: a sharp leading edge (b ~ 0.02 mm), b = 0.2 mm, b = 0.4 mm. Such 
a bluntness has the strongest effect on the location of the boundary layer transition. 
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FIG. 3. 1-b = 0, 2-b = 0.2 mm, 3-b = 0.4 mm. 
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The directcurrent hot-wire anemometer was used to measure the flow fluctua­
tions. The length of the hot-wire was approxi-mately 1.5 mm, the diameter was about 
0.006 mm. The probe can move streamwise and normally to the plate. The total r.ms 
fluctuation of the voltage on the probe (e) and rms fluctuations for the fixed frequency 
(e1) was measured by using the "Briiel and Kjaer" analyzer of the type 2010. 

The technique of measurements was similar to the one developed by LAUFER and 
VREBALOVICH [1]. The probe was moved in the downstream direction and at the last 
position it was moved normally to the plate. The total rms fluctuations as a function of a 
normal coordinate were measured and the maximum of this function was determined. Then 
the probe was moved towards the leading edge of the plate at the position of maximum 
fluctuations, the so-called "critical layer", and the distribution of the rms fluactuation 
at the fixed frequency f was measured. The meaning of these fluctuations as a function 
of the Reynolds number - the amplication curve was determined. Its maximum and 
minimum correspond to a point of the neutral stability curve F = F(Re) for the non­
dimensional frequency 

(2.1) 

u
00 

is a mean velocity in a free stream. 
In order to express the hot-wire output voltages in terms of the flow quantities, the 

method suggested by KovASZNAY [7] was applied. 

3. Results for different leading edge thicknesses 

In the first series of experiments the unit Reynolds number Re1 was fixed at the value 
of about 3 · 106 m -l and the leading edge thickness was varied. The typical amplification 
curves, cp(x) = (e1) obtained for a plate with a sharp leading edge are presented in Fig. 1 
(x- distance from the leading edge). At the low frequencies (f less than 5 kHz) there 
was no extremum of the signal for all the measured interval. In the case when the fre­
quencies of fluctuations were increased, the minimum (xm1o) and the maximum (XmaJ of 
this function appeared. The additional maximum of this amplification curve was observed 
for the low Reynolds number at a point with a coordinate x* (x* < Xm10). This phenom­
enon will be discussed later. Now we consider the results that are in agreement with 
the statements of the linear stability theory (x > x*). 

At very high frequencies Xmtn and Xmax drew togethet and the extrema disappeared. 
For example, when f was equal to 60 kHz, the non-dimensional frequency was equal 
to about 2.4 · 10-4 ; there were no distinguished extrema. It means that this frequency 
parameter was out of the neutral stability curve. In this case the useful signal can be 
compared with the hot-wire anemometer "noise", hence the accuracy of the measurements 
was relatively low. 

The points of the neutral stability curve obtained in the present study (open symbols) 
under the condition of M = 2 and a sharp plate leading edge and the results by Laufer 
and Vrebalovich (dark symbols) at M= 2.2 and for similar other conditions [1] are 
plotted in Fig. 2. The line a corresponds to the Xmax and the line b- Xmta. Brawn's calcula-
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tions (line c) for M= 2.2 are also plotted there [8]. Brawn's theoretical results were 
obtained on the basis of numerical integration of a complete linearized set of Navier­
Stokes equations for the fluctuations propagating under 55° to the direction of the main 
flow. 

The comparison of these results allows to conclude that unstable waves such as Toll­
mien-Schlichting waves are determined by means of extrema at the points Xmln and Xmax. 

These waves were observed in the Laufer and Vrebalovich's experiments and their charac­
teristics were calculated in Brawn's paper. 

Figure 3 presents the results of comparison of the normalized amplification curves 
for the fixed frequency f = 30 kHz obtained for a flat plate with a different leading 
edge thickness, c])(x) = fP(x)ffP(X0 ), x0 = 10 mm. The increase of the leading edge thick­
ness leads to the displacement of the extrema Xm 1n and Xmu CJf the amplification curves. 
The location of the additional maximum x* and the peculiarities of the progress of fluctua­
tions near this maximum were independent of the leading edge thickness. 

FIG. 4. 

Figure 4 presents the neutral stability curves obtained from the measurements carried 
out on a flat plate with a different leading edge thickness (I, 2, 3) and the location of the 
additional maximum of the amplification curve (.f). The equation of this curve has the 
form 

Re*· F0
•
5 = 2.0, Re* = Re1 • x* 

that is, the coordinate of the additional maximum is inversely proportional to the frequency. 
These results allow to draw the following conclusion: the disturbances of all frequencies 

increase when the probe moves from the leading edge of the plate x = 0 and reach their 
maximum value at a point whose coordinate is inversely proportional to the frequency. 
Then, these disturbances slowly decrease. The change of a mean boundary-layer charac­
teristics such as the distribution of the velocity and temperature due to the-increase of the 

http://rcin.org.pl



402 V. A. LEBIGA. A. A. MASLOV and V. G. PRIDANOV 

leading edge thickness does not influence the location of this maximum. Such a behaviour 
of disturbances is in qualitative agreement with theoretical calculations by M. L. MACK 

(5] on the interaction of the supersonic boundary layer with the external sound waves 
which are generated by the turbulent boundary layer on the wall of the wind tunnel test 
section. 

The behaviour of the fluctuations in the downstream region from the additional 
maximllll\ follows the linear theory of hydrodynamic stability. The increase of the leading 
edge thickness leads to the reduction of the range of unstable frequencies and the in­
stability region and to the increase of the critical Reynolds number of the stability loss. 
The sensitivity to the change of the boundary layer characteristic is a specific feature of 
the To1lmien-Schlichting waves. The behaviour of the stability characteristics in this 
region is in satisfactory agreement with the increase of the transition Reynolds number 
due to the increase of the leading edge thickness. 

4. Results for dift'erent unit Reynolds numbers 

The next series of experiments were performed using a flat plate with a sharp leading 
edge and the unit Reynolds number varied in a wide range. 

Figure 2 presents the results of the measurements of the neutral stability curves (lines 
a and b) and the location of the additional maximum (line d) for a unit Reynolds number 
smaller than 12 · 106 m- 1

• There is no difference ~tween the results obtained for diverse 
unit Reynolds numbers. However, the increase of the unit Reynolds number leads to the 
decrease of the range of non-dimensional frequencies which was available in the measure­
ments. For example, at Re1 = 3 · 106 m- 1 the measurements were performed for F = 
= 2 · 10-4, but at Re1 = 12 · 106 m- 1 the measurements were performed only for F = 
= o.s · to- 4

• 

o Re1=5.7-106m-1
: Re= 810 

• 11.8·106 m-1
; 770 

o 16,3·106m-1 
; 782 

• 19.6·106 m-1
; 765 

.6 2B.7·106m-1
; 758 

0 0.4 0.8 

F'Io. 5. 
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At very low frequencies the region of the initial growth of the disturbances was com· 
bined with the neutral stability curve and the increasing fluctuations were observed within 
the whole measured interval. 

Figure 5 presents the results ofmeasurements up to Re1 ~ 30 · 106 m- 1
• Here we have 

the spectrum of the fluctuations in the "critical layer" for the Re ~ 770 and for the dif· 
ferent Re1 values. This spectrum is norm.alized on the outer spectrum of the fluctuations, 
tP0 (F) = rp(F)frp«)(F). This result shows how much the fixed frequency fluctuations are 
increased when reaching Re ~ 770. There is no difference between the results obtained 
for different Re1 • 

Relf.1a-6, < p> 103 

::k1:1= :·j 
10 30 so Re1·10 , m-

FIG. 6. 

10-3 1--------+---

r, Hz 

F1o. 7.J-Re1 = 6.3 ·106m- 1,2-Re1 = 15·106 m- 1,3-Re1 = 19·106 m- 1,4-Re1 = 30·106 m-•, 
5-Re1 = 40·106 m-•, 6-Re1 ~ 48·106 m-•. 
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The next conclusion can be drawn. At the fixed Mach number M and the total tem­
perature T0 the regime of the wind tunnel operation has no influence on the evolution 
of the small fluctuations in the supersonic laminar boundary layer. However, the regime 
of wind tunnel operation influences the locations of the laminar boundary layer transi­
tion to the turbulent one. 

The Reynolds number of transition Re* increases with the increase of the Re1 • These 
were attempts to connect this effect with the decrease of the total pressure fluctuations 
(p) in the test section of the wind tunnel. Figure 6 presents the transition (J) and the 
measurements of total pressure fluctuations (2) which were performed in our wind tunnel 
at M = 2.0. The pressure fluctuations increase when increasing Re 1 • Therefore! the 
measurements of the energy spectrum of the fluctuations were carried out. 

Figure 7 presents a spectrum for different Re1 in dimensional form; it differs only for 
low frequencies. Figure 8 presents this spectrum in a non-dimensional form. The stability 

£(F) 

F1o.8. 1- Re1 = 6.3 ·l06 m- 1
, 2- Re1 = 15 ·106 m- 1,3 -Re1 = 19 ·106 m- 1,4- Re1 = 30 ·to~-·. 

5 - Re 1 = 40 · 106 m- 1, 6- Re 1 = 48 · 106 m- 1
, 7- Re1 = 70 · 106 m- 1, 8- Re1 = 89 · 106 m- 1• 

measurements of the present study and the theoretical calculations [5] show that fluctua­
tions with F > Io-s can be caused only by the transition of the laminar boundary hyer 
to the turbulent one. The low-frequency fluctuations have small amplification coefficents 
and cannot be a reason of transition; this holds true only in the case when the fluctuat:ottS 
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are small. Figure 8 shows that for F > to- s. the initial level of the fluctuations decreases 
with the increase of Re1 • 

Thus we can advance the next explanation of the influence of the unit Reynolds number 
Re 1 on the location of the transition. If the M and T0 parameters are fixed, the spectrum 
of fluctuations formed in the test section of the wind tunnel depends on the size, geometry 
and construction of the tube, but not much on the regime of the wind tunnel operation 
for frequencies which stimulate the transition of the laminar boundary layer to the tur­
bulent one ... The hydrodynamic nature of the fluctuation development in the boundary 
layer depends on the non-dimensional frequency (2.1), that is, it is inversely proportional 
to Re 1 • 

This fact leads to a decrease in the initial level of the fluctuation intensity for fre­
quencies which stimulate the transition of the laminar boundary layer; moreover, -the 
transition Reynolds number is also increased. 
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