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Abstract—An investigation is made to assess the capability of a finite-difference boundary-layer
procedure 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

s
5;
6S9
5+
&

ratio of specific heat;
boundary-layer thickness;
sublayer thickness;
reference length;
turbulence dissipation;
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n, dimensionless transverse coordinate, y/6*;
78 viscosity;
v, kinematic viscosity;
Ve, kinematic eddy viscosity;
P, density;
T, shear stress;
¢1, P2, ¢35, integral functions.
Subscripts
e, edge condition;

00, 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. [1]). 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 [ 5], however,
neither the work of [4] or [5] 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.

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 moede 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 boundary-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-
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effect relationships. However, 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 displacement 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 disturbance 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 flows.

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

_6ﬁ+_6§ d}_’+5t M
q——~+ P — = ——+—
P ax P ay dx dy
aT® oT® 0
N e _ 7
pacC, e +prC, a ay(Q-l—uz) 2
opar®  apor*
opu N pU —0 3
ox dy

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

- =T u
t=A——puv'=pvv) 4

aT

aT —
=k ——pCv'T" = (k+k 5
Q oy ~PCet (k+k.) 3 &)
where v and k are molecular kinematic viscosity, and

molecular thermal conductivity, and v, and %k, are the
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effective turbulent viscosity and thermal conductivity,
respectively. When the flow is laminar, equations (1)—(5)
are solved with v, and k, equal to zero to determine
the flow development. If the flow is transitional or
turbulent, v, and k, are set through specification of a
turbulence model. In the present procedure v, and k,
are related through a turbulent Prandtl number

Prp = pCpui/k, (6)

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

The turbulence 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 [8] and a derivation and discussion of the
approximation 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

d ($1p.u8"
dx 2a,
E LT
= Pe 3 - Y P’—‘
Pet (rf»z ¢3+ eu3)+L 6x,-dy Y]
where
r36% a5y = 2
pu (1 duju,
¢y = ey dn
JO Pelde 5 a’?
[oret 5 £ 1 N? [Dafu\3 i
b= | 2(L) (%Y (1= L)an
Jo Pe o a"I L
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o[ B,
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The structural coefficients a,, the dissipation length L,
and the mixing length I, are defined by

_W = al?, ;a — azzl—i’ U:z = a3q2,
w?=(l—a,—a5)q’ ©
_ — o
e=(—w0VPL, (—wD) =12
dy

For fully-developed turbulence the structural co-
efficients ay, a; and a, are assumed constant having
values 0-15, 0-50 and 0-20, respectively; for transitional
flows a; 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 p,u2¢, represents the
integral of shear stress turbulence production minus
dissipation and p,ul¢; represents the normal stress
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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 (g2/2)(pudé/dx — pv) representing a
free-stream velocity disturbance entrained by the
boundary layer and the second P'v’ represcating direct
absorption of acoustic energy. The term (pvYg?/2, which
represents entrainment of the velocity disturbance due
to the fluctuating field, is expected to be negligible com-
pared to mean flow entrainment, 42/2(pudd/dx —po).
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 |
and specification of the function a,. The dissipation
length, L, and mixing length, /, are given by

L = 0169, 2, tanh[ky/(0-18)],
I =1,2, tanh[ky/l, ]
where k is the von-Karman constant, 2, is the sub-

layer damping factor given in terms of the normal
probability integral function

(10)

/ s {5
2= 220" =y ye), v =T
where y* is taken as 23 and ¢ is taken as 8. P, 18 a
low Reynolds number correction factor given in terms
of a turbulence Reynolds number, R,, by

2, = 1'0+exp[ — 163In f(R)+97]. (12)
In equation (12), the function f(R,) is given by
R.)=681R,+6143 R, > 40
f(R) + > 13)

f(R,)=100R?*?

For1 < 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, 3,
and the sublayer thickness, J,, by

1 P 1 dy
R, =5L vrdy/;—);s—f0 vdy

where &, 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 a,. As suggesiéd in [3] and [9],
a; is defined in terms of R, (see equation (13)) and
Qg by

ay = ao[ f(R.)/100]/[1+6:666a0(f(R.)/100-1)] (15)

where gy 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 a,
is chosen so as to obtain good agreement between
theory and the data of Zysina—Molozhen and
Kuznetsova [ 10] for the effect of wall temperature upon
transition location. A comparison between theoretical
predictions and experimental data is presented in Fig. 2.

R <1

T

(14)
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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 [11] for a Mach 62
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 [117, a disturbance level was
set so as to trigger tranosition at the experimentally
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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



A transitional boundary-layer theory

i { arviinar theory {13}
o UARL theory
Data of Stainback (12]

20 in Hypersonic tunnet Mach 8 tunnel

Mo = 60 My = 80
O5Naminer 55 fyivar
OS5 hurbutent A5 ybutent
2
o]
10-3 £
AN
A 0
-
im
e A
i vy
£ 5
c A,
g
[
8
»
2
10-4
108 2 5 107 2

Reynolds number, e,

F1G. 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 [14] 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
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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
[15], 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 fluctuation
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 [16] 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 [17]) of the form

K |P

yM,M,| P,

where, as discussed by Laufer [17] 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, ¢’ and « are related by

o] = W] (M2 = 1). (1n

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

’

u

U,

(16)

¢ = w7+ +w? xR +07) (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 [16] con-
tained data from three different wind tunnels and two
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different wall-to-free-stream temperature ratios, it was
found that when K was taken to be 145, excellent
agreement was obtained between the prediction and
experiment, as shown in Fig. 7.

It should 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 g° at the edge of
the boundary layer is set equal to zero and P'v' in the
source term, E (see equation (8)), is set equal to a
nonzero value. For an incoming acoustic wave, PV’ 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 (sec equation (16)) is unity and
P't’ ~ {P'||v']. Results for various amounts of absorbed
acousticenergy are presented in Fig. 8 where theoretical
predictions are compared with Stainback’s data [12].
As can be seen, only a small amount of incident
acoustic energy (for this calculation (-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
pressure—dilatation term, P{0u}éx;) 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-
mated by

p o
6x,'_‘

(19)
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The magnitude of P’ is obtained under the assumption
that the Py’ 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
&
J vrdy
V]
)

J VT+de
0

where 1, is the wall shear stress and f(M,) is taken
from the data of Kistler and Chen {18]. In addition,
v’ is estimated by

P =1, f(M,) (20)

— 02 [

+2 2 .
5 Oq dy (21

D =

and

Py =PI 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 [10] 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 [10] 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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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.
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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 D'UNE THEORIE DE LA COUCHE LIMITE DE TRANSITION DANS
LE REGIME DES FAIBLES NOMBRES DE MACH HYPERSONIQUES

Résumeé—Une étude est effectuée afin d’évaluer la capacité d'une procédure de différences finies a prédire
le développement des profils moyens dans la zone de transition laminaire-turbulent pour le régime de
couche limite aux faibles nombres de Mach hypersoniques. La méthode de calcul de la couche limite
utilise une forme intégrale de 'équation de I'énergie cinétique de turbulence afin de déterminer Pévolution
de la tension de cisaillement de Reynolds. La présente étude montre que la procédure permet la prévision
du nombre de Stanton, des profils de vitesse et des profils de densité 2 travers la zone de transition et, de
plus, de prévoir les effets du refroidissement de paroi et du nombre de Mach sur le nombre de Reynolds
de trapsition. L’étude examine également la contribution du terme de dilatation de pression dans le bilan
d’énergie et suggére que la transition peut étre provoquée par 'absorption directe d’énergie acoustique,
méme si une faible quantité (1 pour cent) de Pénergie acoustique incidente est absorbée.

DIE ANWENDUNG EINER UBERGANGS-GRENZSCHICHTTHEORIE
IM BEREICH NIEDRIGER HYPERSONISCHER MACHZAHLEN

Zusammenfassung—Es wurde eine Untersuchung durchgefithrt zur Abschitzung der Eignung einer Finite-
Differenzen-Grenzschicht-Prozedur zur Vorhersage der Ausbildung des mittleren Profils beim Ubergang
von laminarer zu turbulenter Strémung im Bereich niedriger hypersonischer Machzahlen. Die Grenz-
schicht-Prozedur verwendet eine Integralform der Gleichung fiir die turbulente kinetische Energie zur
Beschreibung der scheinbaren Schubspannung. Die vorliegende Untersuchung zeigt, daB diese Prozedur
geeignet ist, Stanton-Zahlen, Geschwindigkeits- und Dichteprofile im Ubergangsbereich vorauszu-
berechnen. Ferner ist es damit mdglich, den Einflul der Wandkihlung und der Machzah! auf die
Ubergangs-Reynolds—Zahl zu beschreiben. Die Untersuchung iiberpriift den Beitrag des Druck-
Dilatations-Terms in der Energiebilanz. Es zeigt sich, daB der Umschiag selbst dann durch direkte
Absorption akustischer Energie hervorgerufen wird, wenn nur ein kleiner Teil (1%) der einfallenden
akustischen Energie absorbiert wird.

WCITONTB30BAHUE TEOPHHM NEPEXOIOHOI' O IIOI PAHUYHOTIO CJIOA
B OBJIACTM HU3KOIrO I'MIIEP3BYKOBOI'O YHUCIA MAXA

AHHOTAIMH — AHATTH3HUPYETCSA BO3MOXHOCTE HCIIONBb30BaHMA KOHEYHOPA3HOCTHOIO MeTola morpa-
HUYHOTO CNOS ANA pacueTa cpedHero npoduiis ckopocT# B obnacTH nepexona OT JIaMHHADHOIO
TeweHus K TypOYSCHTHOMY NPH HH3KMX I'ENEp3BykoBbIX wucnax Maxa. Merton norpanuysoro cnos
UCIOJL3YET HHTEIPANbHYIO $opMy ypaBHeHHs TypOyJeHTHOH KMHETHYECKOH DHEpIrHMuM IS onpe-
AeneHus HanpsKenus casura Pelnonnnaca. [JaHHOS HCC/ENOBAHUE TORTBEPKAAET BO3MOXHOCTH
HCTIONL30BAHMS 3TOTO MeTOna ANA pacyera uucna CTastona, npodunell CKOPOCTH ¥ NJIOTHOCTH B
niepexonHoi ob1acTi, a TaKXKe [I18 pacyeTa BIHAHUS OXNaXACHHA CTEHKH B yuciaa Maxa na Benuuny
nepexoaHoro yucna PelfHombaca. Taxoke McCnenyercs BIIMAHHE YBEJWYEHHS NaBneHHs Ha Gananc
JHEPIHH W MPEAnONaraeTcs, 4YTO Nepexol MOXKeT BO3HMKHYTh 3a CHYeT HEMOCPEICTBEHHOIO IIOrIo-
LIEHHA AKYCTHMECKOM JHEPTMH [axe, €CNIHM rorjomaercs Tonbko Hebonbimoe kommuectBo (1%)
magariefl AKyCTHMECKOM YHEPTHU,



