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Abstract-An investigation is made to assess the capability of a finite-difference boundary-layer 
procedute to predict the mean profile development across a transition from laminar to turbulent flow 
in the low hypersonic Mach number regime. The boundary-layer procedure uses an integral form of the 
turbulence kinetic energy equation to govern the development of the Reynolds apparent shear stress. 
The present investigation shows the ability of this procedure to predict Stanton number, velocity profiles, 
and density profiles through the transition region and, in addition, to predict the effect of wall cooling 
and Mach number upon transition Reynolds number. The investigation also examines the contribution 
of the pressure dilatation term to the energy balance and suggests that transition can be initiated from 
the direct absorption of acoustic energy even if only a small amount (1 per cent) of the incident acoustic 

energy is absorbed. 

NOMENCLATURE 

structural coefficient of turbulence; 
specific heat; 

sublayer damping factor ; 
low Reynolds number correction factor; 
thermal conductivity; 
dissipation length; 

mixing length; 
Mach number; 
Mach number relative to free stream; 
Prandtl number; 
turbulent Prandtl number; 

pressure; 
heat flux; 
turbulence kinetic energy; 

Reynolds number based upon streamwise 
distance; 

turbulence Reynolds number; 
Stanton number; 

static temperature; 
total temperature; 
streamwise velocity; 
transverse velocity; 
cross flow velocity’; 
transverse coordinate; 
dimensionless transverse coordinate. 

Greek symbols 

Y, ratio of specific heat; 

4 boundary-layer thickness; 
6 
6.Y 

sublayer thickness; 
, reference length; 

a, turbulence dissipation; 

*This work was sponsored by NASA Langley Research 
Center under Contract No. NASl-10865. 

TSupervisor, Theoretical Gas Dynamics Group. 
IChief, Gas Dynamics Section. 

tla dimensionless transverse coordinate, y/6+ ; 

H viscosity; 

v, kinematic viscosity; 

vt, kinematic eddy viscosity; 

P? density; 
shear stress; 

;lr92.&> integral functions. 

Subscripts 

e, edge condition; 

a, free stream condition. 

INTRODUCTION 

TRANSITIONAL boundary layers play an important role 
in the successful design and operation of hypersonic 
re-entry vehicles. During transition both the wall shear 
and wall heating can reach their peak values, thus 
having a potentially important effect upon vehicle drag 

and the amount of cooling required to maintain 
structural integrity. In addition, the wake structure 

behind the vehicle which depends upon the wall 
boundary-layer development may vary significantly 

with transition location. Thus an analytical procedure 
capable of predicting the development of high Mach 
number boundary layers through the laminar, tur- 
bulent, and transitional regime would be a very useful 
tool in vehicle design. 

A number of numerical procedures exist to predict 

the development of laminar boundary layers and a 
variety of turbulence models based upon a large 
amount of experimental data have allowed these pro- 
cedures to be extended to the prediction of turbulent 
flows (e.g. Cl]). However, to date most prediction 
procedures which have considered transitional bound- 
ary layers have been highly empirical [2]. These pro- 
cedures usually trigger transition at a specified momen- 
tum thickness (or displacement thickness) Reynolds 
number which may be a function of pressure gradient, 
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free-stream turbulence level, etc. The length of the 
transition region and the shear stress within this region 
are also usually set empirically. 

Although these empirical transition models can give 
reasonable predictions for flows which correspond 
fairly closely to the flows from which the correlating 
data were obtained, such empirical models obviously 
have very limited applicability. The need for a more 
general transitional boundary-layer calculation pro- 
cedure has led to the development of a model based 
upon a solution of the turbulence kinetic energy 
equation by McDonald and Fish [3]. Although the 
McDonald-Fish model also contains empiricism, the 
required assumptions are based upon a reasonable 
physical model and are made on a basic level,. thereby, 
increasing the probability that these assumptions are 
valid over a wide range of flow conditions. Other 
similar transitional boundary-layer approaches based 
upon a turbulence kinetic energy concept have been 
initiated by Glushko [4] and Donaldson [SJ, however, 
neither the work of [4] or [S] has developed into a 
practical prediction procedure. A series of predictions 
for subsonic and moderately supersonic boundary 
layers has been presented in [3]. In view of the success 

of these calculations it was of interest to see if the same 
model could be used in the low hypersonic Mach 
number regime and, thus, the present study was 
undertaken. 

effect relationships. IIowever, it must be observed that, 
in spite of the known sensitivity of transition to the 
mode of excitation, in study after study the levels of the 
disturbances which could precipitate transition are not 
known. Inevitably this has led to a transition mystique 
and the thought that transition may not be a deter- 
ministic phenomena. This transition mystique persists 
in spite of the clear evidence that transition is not a 
haphazard phenomena; for instance, the transition 
Reynolds numbers based on dispIacement thickness 
Reynolds number correlate extremely well from a large 
number of different sources when the principal disturb- 
ing mode is free-stream turbulence or wall roughness. 
Where the difficulty lies is in attempting to evaluate 
the effect of, say, wall cooling on transition from various 
sources where the vorticity, acoustic and entropy 
fluctuation levels are unknown. The present approach 
is, for the present, highly simplified, taking no account 
of the spectral composition of the disturban~ and con- 
cerning itself only with the disturbance overall energy 
level. In spite of these simplifications, the overall results 
are encouraging and the treatment of transition prob- 
ably no worse than, say, the use of Prandtl’s mixing 
length to describe fully-developed turbulent shear Rows. 

The existence of phenomena associated primarily 
with hypersonic flow makes a straightforward appli- 
cation of any existing low Mach number analysis 
uncertain in the hypersonic flow regime. For example, 
in subsonic flow the free-stream turbulence kinetic 
energy, a vorticity disturbance mode, plays an im- 
portant role in determining transition location [6]. At 
high Mach numbers, in addition to the vorticity mode, 
disturbances take the form of sound and entropy 
modes. The effect of the entropy mode upon transition 
is expected to be very small except perhaps at very high 
Mach numbers; however, as shown by Wagner, 
Maddalon and Weinstein [7], even at high Mach 
numbers the entropy disturbance may remain small. 
However, even at moderately supersonic Mach num- 
bers the acoustic mode may play an important role in 
determining transition location. The acoustic mode 
may also be important in subsonic flow when the 
vorticity disturbance mode is small. A second phenom- 
enon at high Mach numbers is the effect of pressure 
fluctuations upon the turbulence kinetic energy 
balance. In the present investigation preliminary assess- 
ments are made of both the direct absorption of 
acoustic energy and the effect of pressure dilatation 
upon the turbulence energy balance. In addition, com- 
parisons between theory and experiment for velocity 
profiles, density profiles, and Stanton number are 
presented and an assessment of the bound~y-layer 
procedure’s ability to predict the initiation of transition 
in the low hypersonic Mach number regime is made. 

Finally, the literature on transition is replete with 
anomalous experimental studies which would dis- 
hearten anyone attempting to discern subtle cause- 

THEORY 

The present investigation solves the usual set of 
boundary-layer partial differential equations in con- 
junction with an integral turbulence kinetic energy 
equation to predict the development of flows through 
the laminar, transitional and turbulent regimes. Within 
the framework of boundary-layer theory, various 
authors have reduced the time-averaged Navier-Stokes 
equations to the compressible boundary-layer equa- 
tions of motion. For two-dimensional or axisymmetric 
flows, steady in the mean, the boundary-layer approxi- 
mations to the momentum, energy, and continuity 
equations become 

where x and y are streamwise and transverse coordi- 
nates, u and v are velocity components in the x and 4’ 
directions, p is density, P is pressure, C, is specific heat, 
To is total temperature, r is radius of curvature, and 
the exponent o! is zero for two-dimensional flows 
and unity for axisymmetric flows. The shear stress r 
and the heat transfer, Q, are given by 

where v and k are molecular kinematic viscosity, and 
molecular thermal conductivity, and rt and k, are the 
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effective turbulent viscosity and thermal conductivity, 
respectively. When the flow is laminar, equations (l)-(5) 
are solved with v, and k, equal to zero to determine 
the flow development. If the flow is transitional or 
turbulent, vI and k, are set through specification of a 
turbulence model. In the present procedure v, and k, 
are related through a turbulent Prandtl number 

Pr, = jZ,vJk, (6) 

and the eddy viscosity, vt, is calculated through use of 
the turbulence kinetic energy equation. 

The turbulent kinetic energy equation is a con- 
servation equation derived from the Navier-Stokes 
equations by writing the instantaneous quantities as a 
sum of mean and fluctuating parts. The ith Navier- 
Stokes momentum conservation equation (i = 1,2,3, 
referring to the three coordinate directions) is multi- 
plied by the ith component of fluctuating velocity and 
the average of the resulting equations is taken. The 
three averaged equations are summed to obtain the 
turbulence kinetic energy equation. The derivation for 
boundary layer flows has been presented by Bradshaw 
and Ferris [S] and a derivation and discussion of the 
approx~ation for hypersonic boundary layers is given 
by Shamroth and McDonald [9]. When the turbulence 
kinetic energy equation is integrated across the bound- 
ary layer between the wall and the outer edge the result, 
as shown in [9], is 

where 

The structural coefficients an, the dissipation length L, 
and the mixing length I, are defined by 

-u’v’= aJ, p- - as?, p = aJ2, 

Z = (l-a,-Q,);;-i (9) 
- 

e = (_u’,y31z/& (-&y/2 = [aii 

aY’ 
For fully-developed turbulence the structural co- 
efficients al, a2 and a3 are assumed constant having 
values 0~15,050 and 0.20, respectively; for transitional 
flows aI becomes a variable. 

The LHS of equation (7) represents the streamwise 
rate of change of turbulence kinetic energy and is 
derived from the advection term in the original partial 
differential equation. The term per&z represents the 
integral of shear stress turbulence production minus 
dissipation and p,u3~$~ represents the normal stress 

production. The terms designated by E are the tur- 
bulent source terms resulting from disturbances im- 
posed upon the boundary layer by the free stream. As 
shown in equation (8), E is the sum of two con- 
tributions, the first {~~/Z~{~d~/d~-~) representing a 
free-stream velocity disturbance entrained by the 
boundary layer and the second P’v’ represtnting direct 
absorption of acoustic energy. The term -12, which 
represents entrainment of the velocity disturbance due 
to the fluctuating field, is expected to be negligible com- 
pared to mean flow entrainment, ~f2~~d~ldx-~). 
Calculations made with both source terms are 
presented subsequently. 

The solution of the turbulence kinetic energy equa- 
tion still requires specification of profiles for L and I 
and specification of the function a,. The dissipation 
length, L, and mixing length, 1, are given by 

L = O.i@t g2 tanh[ky/(O.l S)], 

I= 1,.9, tanh[ky,fl,] (10) 

where k is the von-Karman constant, s1 is the sub- 
layer damping factor given in terms of the normal 
probability integral function 

where l;?r is taken as 23 and CJ is taken as 8. g2 is a 
low Reynolds number correction factor given in terms 
of a turbulence Reynolds number, R,, by 

Z& = l.O+exp~-l,63ln~~R~)+9.7]. 

In equation (12), the function f(R,) is given by 

f(R,) = 68.1 R, f 614.3 R, > 40 

f(RT) = lOORP.22 R,< 1. 

(12) 

(13) 

For 1 < R, < 40, the two profiles are joined by a cubic 
constructed to match the function and slope at each 
end point. The turbulence Reynolds number, R,, is 
defined in terms of the boundary-layer thickness, 6, 
and the sublayer thickness, a,, by 

(14) 

where S,, the sublayer thickness, is taken as the 
location where the laminar stress has fallen to 4 per cent 
of the total stress. 

The final quantity required to be specified is the 
structural coefficient al. As suggested in [3] and [9], 
a1 is defined in terms of R, (see equation (13)) and 

a0 by 

al = ao[f(R1.Y1~1/C1+6+X35~~UW/l~- I)1 (15) 

where a0 is a function of wall-to-free-stream tem- 
perature ratio, as shown in Fig. 1. Further details of 
both the mean flow equations and the turbulence model 
are given in [3] and [9]. The functional form of u,, 
is chosen so as to obtain good agreement between 
theory and the data of Zysina-Molozhen and 
Kuznetsova [lo] for the effect of wall temperature upon 
transition location. A comparison between theoretical 
predictions and experimental data is presented in Fig. 2. 
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FIG. 1. Variation of structural coefkient with 
temperature ratio. 

FIG. 2, Variation of transition Reynolds 
number with wall temperature ratio for 

incompressible flow. 

RESULTS 

The procedure was assessed by comparing predicted 
velocity and density profiles and Stanton number 
distributions with experimental data for transitional 
boundary layers. A comparison between predictions of 
the theory and the measured velocity and density 
profiles of Fischer and Maddalon [ 1 l] for a Mach 6.2 
transitional boundary layer is shown in Figs. 3 and 4. 
The calculation procedure requires an input disturb- 
ance to trigger transition. For the purpose of the 
comparison between the procedure and the data of 
Fischer and Maddalon [II], a disturbance level was 
set so as to trigger transition at the experimentally 

Frc. 3. Comparison between measured and pre- 
dicted transitional velocity profiles at M, = 62. 

Fro, 4. Comparison between measured and pre- 
dicted transitional density profiles at A&, = 6.2. 

observed location. As can be seen in Fig. 3, the predicted 
length of transition and the predicted velocity profile 
are in very good agreement with the data (except near 
the wall where the measurements appear to be in error 
due to wall effects). Although the density profiles are 
not in as good agreement with data as the velocity 
profiles they are still quite acceptable, particularly con- 
sidering the large density gradients through the mid 
portion of the boundary layer. A comparison between 
predicted Stanton number and the data of Stainback 
[12] for a Mach 5 boundary layer is shown in Fig. 5. 
In this calculation an input disturbance based upon 
the measured free-stream pressure fluctuation was used 
to trigger transition. The manner in which the pressure 
fluctuation is used to trigger transition is discussed 
subsequently. As shown in Fig. 5, the predicted length 
of the transition region is in good agreement with data. 
The predicted values of Stanton number appear to be 
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FIG. 5. Comparison between measured and 
predicted transitional heat transfer at M, = 5. 

approximately 15 per cent below the measured values 
in both the fully laminar and fully turbulent regime. 
However, in the fully laminar regime where one would 
expect very good comparisons with data the theoretical 
predictions are in excellent agreement with the analysis 
of Cohen [13] leading to the suspicion that the data 
may contain a systematic error. Finally, a comparison 
between the theoretical prediction and the Stanton 
number data of Holloway and Sterrett [ 141 is presented 
in Fig. 6 where the free-stream disturbance, as for the 
comparison presented in Figs. 3 and 4, was set so as to 
cause transition to occur at the experimentally observed 

FIG. 6. Comparison between measured and pre- 
dicted transitional heat transfer at iv& = 4%. 

location. Once again both the predicted length of the 
transition regime and the predicted distribution of the 
Stanton number through transition are in good agree- 
ment with data; a discrepancy of about 15 per cent 
does exist between theory and experiment in the fully 
turbulent region. However, in the fully turbulent regime 
the predictions agree with the analysis of van Driest 
[ 151, whereas the data is lower. 

As shown in Figs. 3-6, the theoretical predictions 
compare well with data through the transition regime; 
however, the additional question arises as to how well 
the analysis predicts initiation of transition. The results 
of McDonald and Fish [3] clearly show that the 
analysis predicts transitional location well for bound- 
ary layers in the low Mach number regime when the 
free-stream turbulence level, u’/u., is both the dominant 
disturbance and specified and, therefore, the theory has 
been developed for a free-stream velocity ~uctuation 
input. Unfortunately, measurements of transitional 
boundary layers in the low hypersonic Mach number 
regime have not been accompanied by free-stream 
velocity fluctuation measurements and, in fact, the free- 
stream velocity disturbance may not even be the 
dominant disturbance. However, Stainback [ 161 has 
made simultaneous boundary-layer transition measure- 
ments and free-stream pressure fluctuation measure- 
ments to determine the effect of free-stream fluctuating 
pressure upon transition location. If the pressure dis- 
turbance propagates at a Mach number, M,, relative 
to the free stream then the unsteady Bernoulli equation 
leads to a relation between fluctuating velocity and 
pressure in terms of the boundary-layer edge Mach 
number, M,, and the relative Mach number, M, (e.g. 
as shown by Laufer [ 171) of the form 

(16) 

where, as discussed by Laufer [ 171 K- ’ may be thought 
of as the integral of a space-time correlation function. 
The relative Mach number, M,, and the tunnel Mach 
number, M,, are related by Laufer in [17]. If it is 
further assumed that the disturbance is an acoustic 
wave, u’ and u’ are related by 

Ju’/ = /u’I j(M;? - 1). (17) 

Thus, when a plane wave disturbance is assumed and 
the tunnel Mach number, M,, and the boundary layer 
edge Mach number, M,, are known, equations (16) and 
(17) along with 

7 = p+t,12+j$ z JP(Z_t@) (18) 

allow the measured pressure disturbance to be related 
to a velocity disturbance once a value of K is deter- 
mined. The above procedure was used to relate the 
measured pressure fluctuation to an effective free 
stream velocity fluctuation required as input for the 
turbulence kinetic energy equation. This free-stream 
velocity fluctuation level was held constant throughout 
each run. Predictions of initiation of transition were 
then compared to the data of [16]; although [ 161 con- 
tained data from three different wind tunnels and two 
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FIG. 7. Effect of free-stream fluctuating pressure 
on boundary layer transition location on sharp 

cones at Me = 5. 

different wall-to-free-stream temperature ratios, it was 
found that when I( was taken to be 1.45, excellent 
agreement was obtained between the prediction and 
ex~riment, as shown in Fig. 7. 

It shoutd be noted that in the previous calculations 
of initiation of transition the entire disturbance was 
related to a velocity fluctuation disturbance and any 
direct absorption of acoustic energy was neglected. 
However, it is possible to trigger transition by assuming 
a percentage of the incident acoustic energy is absorbed 
by the boundary layer. In this model 4’ at the edge of 
the boundary layer is set equal to zero and P‘u’ in the 
source term, E (see equation (8)), is set equal to a 
nonzero value. For an incoming acoustic wave, P’v’ is 
negative with respect to the boundary-layer coordinate 
system and its magnitude can be estimated from equa- 
tions (16) and (17). The estimate was carried out 
assuming the factor K (see equation (16)) is unity and 
I P 2: 2: lP’/ /u’j. Results for various amounts of absorbed 
acousticenergy are presented in Fig. 8 where theoretical 
predictions are compared with Stainback’s data [ 121. 
As can be seen, only a small amount of incident 
acoustic energy (for this calculation 0.3 per cent) need 
be absorbed to trigger transition at the experimentally 
determined streamwise station. 

An assessment also was made of the effect of the 
--i---i---- pressure-dilatation term, P (&+&xi) upon transition 

[see equation (7)]. In incompressible flow this term is 
zero and at moderate Mach numbers it is expected 
to be negligible. In the previous calculations of this 
paper the pressure-dilatation term was neglected, how- 
ever, since it may have a significant role in high Mach 
number flows its effect on transition location was 
estimated. As shown by Shamroth and McDonald [9], 
the pressure-dilatation term can be roughly approxi- 

(19) 

FIG. 8. Comparison between measured and pre- 
dicted transitional heat transfer with transition 

triggered from pressure-velocity fluctuation. 

The magnitude of p’v’ is obtained under the assumption 
that the Irv’ to be used must be that generated by the 
boundary layer rather than that propagating into the 
boundary layer from the free stream. For this purpose 
P’ is estimated by 

s 

6 
vrdy 

p’ = 7wfQW ya O (20) 

J vr+vdy 
0 

where z, is the wall shear stress and f(Me) is taken 
from the data of Kistler and Chen [lS]. In addition, 
v’ is estimated by 

(21) 

and 

Pu’ = IPf Iu’l. (22) 

These approximations were used to include the effect 
of the pressure-dilatation term on transition; the 
results shown in Fig. 9 indicate that the effect is small. 

Finally, a prediction of the effect of Mach number 
upon transition location at a given disturbance level 
and a given wall temperature ratio is compared with 
the data of Zysina-Molozhen and Kuznetsova [lo] in 
Fig. 10. Although the procedure has not been adjusted 
for Mach number, the agreement between theory and 
experiment is very good. 

It should be recalled that the analysis has been 
developed using the data of [lo] to account for the 
effect of wall-to-free-stream temperature ratio in low 
Mach number flows. However, no specific adjustment 
of the analysis for the effect of Mach number was 
made. As shown in Fig. 10, the prediction of the 
analysis for the effect of Mach number upon transition 
location is in good agreement with the experimental 
measurements. 
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FIG. 9. Comparison between measured and pre- 
dicted transitional heat transfer at M, = 5 with 

and without pressure-dilitation term. 

Free-stream M.Ch number, Me 

FIG. 10. Variation of transition Reynolds number 
with Mach number. 

CONCLUSIONS 

The comparisons between theoretical predictions 
and experimental data show that the present procedure 
can accurately predict velocity and density profiles as 
well as Stanton number distributions for low hyper- 
sonic Mach number boundary layers transiting from 

the laminar to the turbulent state. Despite the fact 
that the procedure does not consider the spectral com- 
position of the free-stream disturbance and only con- 
siders the overall disturbance energy level, the pro- 
cedure does show considerable promise for predicting 
transition Reynolds number when the free-stream dis- 
turbance level is specified. Finally, the procedure does 
give the correct effect of Mach number variation upon 

transition location and indicates that only a small per- 
centage of available acoustic energy need be absorbed 
by the boundary layer to trigger transition directly. 

Obviously, further development and assessment of the 

theory, particularly in the supersonic and hypersonic 

regimes, must rely heavily upon experimental guidance. 

In particular, information of the type not generally 

measured in the transitional boundary layer, such as 
the development of the Reynolds stress and the precise 
makeup of disturbance modes is required. When such 
information is available the present procedure can be 
further assessed and developed. 
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APPLICATION DUNE THEORIE DE LA COUCHE LIMITE DE TRANSITION DANS 
LE REGIME DES FAIBLES NOMBRES DE MACH HYPERSONIQUES 

R&sum&-Une etude est effecttree afin devaluer la capacite d’une procedure de differences times A pridire 
le developpement des profils moyens dans la zone de transition laminaire-turbulent pour le regime de 
couche limite aux faibles nombres de Mach hypersoniques. La methode de calcul de la couche limite 
utilise une forme integrale de l’equation de l’tnergie cinitique de turbulence afin de determiner l’holution 
de la tension de cisaillement de Reynolds. La prbente etude montre que la procedure permet la prevision 
du nombre de Stanton, des profils de vitesse et des profils de densite B travers la zone de transition et, de 
plus, de prevoir les effets du refroidissement de paroi et du nombre de Mach sur le nombre de Reynolds 
de transition. L’etude examine egalement la contribution du terme de dilatation de pression dans le bilan 
d’energie et suggere que la transition peut %tre provoquee par I’absorption directe d’energie acoustique, 

m&me si une faible quantite (1 pour cent) de l’energie acoustique incidente est absorbie. 

DIE ANWENDUNG EINER UBERGANGS-GRENZSCHICHTTHEORIE 
IM BEREICH NIEDRIGER HYPERSONISCHER MACHZAHLEN 

Zusammenfassung-Es wurde eine Untersuchung durchgeftihrt zur Abschltzung der Eignung einer Finite- 
Differenzen-Grenzschicht-Prozedur zur Vorhersage der Ausbildung des mittleren Profils beim Ubergang 
von laminarer zu turbulenter Striimung im Bereich niedriger hypersonischer Machzahlen. Die Grenz- 
schicht-Prozedur verwendet eine Integralform der Gleichung ftir die turbulente kinetische Energie zur 
Beschreibung der scheinbaren S~hubspannung. Die vorliegende Untersucbung zeigt, dall diese Prozedur 
geeignet ist, Stanton-Zahlen, Ges~h~ndigkeits- und Dichteprofile im ~~rgangs~reich vorauszu- 
berechnen. Ferner ist es damit moglich, den Einflug der W~dk~hlung und der Machzabl auf die 
~bergangs-Reynolds-Zahl zu beschreiben. Die Untersuchung iiberpriift den Beitrag des Druck- 
Dilatations-Terms in der Energiebilanz. Es zeigt sich, daO der Umschlag selbst dann durch direkte 
Absorption akustischer Energie hervorgerufen wird, wenn nur ein kleiner Teil (l”/,) der einfallenden 

akustischen Energie absorbiert wird. 

MCIIOJIb30BAHME TEOPHH IIEPEXOAHOI-0 HOI-PAHIIYHOTO CJIOR 
B OBJIACTH HH3KOFO I-HfIEP3BYKOBOF0 YHCJIA MAXA 

Annorarnn~ - Auanusepyercx B03MOXHOCTb nCtlOnb30BaHBB XOHe’iHOpa3HOCTHOrO MeTOJra norpa- 
HMYHO~O cnolc Anrr pacTeTa cpenHer0 npo&inrr cKopoc~ri n 06nacTu nepexona 0~ nahniuapHor0 
Teyefiua K Typ6yneHTHo~y npn n83Knx rnnepseyrtoabrx sucnax Maxa. Meron norpanrisnoro cnox 
WXOnb3yeT ~HTerpanbHy~ 1$0pMy ypaBHeHnn Typ6yneHTHO~ ~~HeT~~~KO~ 3HeprHn Ana onpe- 
itenetiuit Hanpa?XeHHn CnBAra f%ziHOJrbWZi. AaHHoe ~CCnenO~H~e nO~T~p~aeT B03MOXHOCTb 
MCnOJlb308aHWR 3TOr0 MeTOna iWSi $JaCWTa YuCna CTaHTOHa, npOi@ine~ CKOpOCTn II nnOTHOCTU B 
nepexonuoii o6nacTri, a rarorie nnn pacYera BJ~WSIHWR OXnampeHnsr CTeHKn B =rsfcna Maxa na senwnnny 
nepexonHor0 Wcna PeBHOnbrtCa. TaKXe BCCJreJlyeTCR nJrHRHHe yBerrureHas nanJleHHR Ha 6anaec 
3tieprnu II npennonaraeTcfl, ST0 nepexon MoxceT no3HnKHyTb 3a c’ieT senocpe~cTBenHor0 norno- 
u.reuun aKycTrniecKoP 3Heprnn naxce, ecnn nornon.raeTcn TonbKo He6Onbmoe KOJTAWZTBO (1%) 

nanarourefi aKycTn4ecKofi 3Hepruu. 


