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Abstract-A constant-property homogeneous-flow model is developed to generate the limit cycles of 
pressure-drop and density-wave oscillations in a single-channel upflow boiling system operating between 
constant pressures, with upstream compressibility introduced through a surge tank. In the model, 
thermodynamicequilibriumconditionsareassumedand theeffectsofthewall heatstorageand thevariationof 
the fluid propertiesareneglected.Satisfactoryagreementwith theexperimentalcyclesisnotedfor thepressure- 
drop oscillations. As for thedensity-wave oscillations, theagreement with the experimentsis reasonably good 

regarding the periods of the oscillations, but not so good for the amplitudes. 

NOMENCLATURE 

area ; 
dimensionless surge tank constant, 

AL,” Al~,asKs~f ; 
diameter; 
equivalent diameter; 
two-phase friction multiplier; 
friction factor; 
mass flux ; 
inlet flow-to-pressure drop transfer function ; 
gravitational acceleration ; 
enthalpy ; 
throttling constant between supply and surge 
tanks ; 
exit restriction pressure drop coefficient; 
throttling constant between surge tank and 
heater; 
length of tubing between supply and surge 
tank ; 
length of tubing between surge tank and 
heater inlet ; 
length of subcooled region ; 
pressure; 
supply tank pressure ; 
system exit pressure; 
surge tank pressure; 
saturation pressure; 
heat input per unit length; 
complex variable ; 
temperature ; 
time ; 
residence time of a fluid particle in subcooled 
region ; 
residence time of a fluid particle in boiling 
heater region ; 
residence time ofa fluid particle in exit tubing; 

--- 
ton leave from the Middle East Technical University, 

Ankara, Turkey. 

U,(s), Laplace transform of inlet velocity 
perturbation ; 

u, velocity; 

V, volume ; 

6 surge tank compressible volume; 

0, specific volume; 

X, quality ; 
2, distance from heater inlet. 

Greek symbols 

ti> system pressure drop; 

P. density; 

0, reference time, Ah,&,.& 

Subscripts 

a, air ; 
b, incipient boiling point ; 

E 
system exit ; 
saturated liquid ; 

Et, saturated vapor; 

i surge tank inlet ; 
0, surge tank exit ; 
S, steady-state; 

t, surge tank. 

1. INl’RODUCTION 

THE TWO-PHASE flow instability problem can be 
approached in two ways : one may either work with the 
nonlinear conservation equations, solve them for 
certain initial conditions and see whether the solutions 
are asymptotically stable or not, or one may first 
linearize the governing equations and then analyze the 
resulting set of the linearized equations by well-tried 
linearized stability tests. Most of the two-phase flow 
instability studies published in recent years use 
linearized models to predict the instability thresholds 
and to generate stability maps for a given system. The 
linearized stability criteria are simpler to use, though 
the derivation of the criteria might be complicated. The 
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effects of various physical parameters on stability are 
readily evident. However, for certain two-phase flow 
applications, the unstable operation may be the normal 
mode of operation, the frequencies and amplitudes 
being required to lie within specified limits. Then, 
linearized methods are of little use since they cannot 
provide information regarding the oscillation limit 
cycles. In such cases, solutions to the nonlinear 
equations are needed which, in most practical cases, can 
only be obtained by numerical means. 

The development ofnew numerical codes for various 
two-phase flow applications has progressed in parallel 
with the advances in digital computer technology in the 
last two decades. One of the first successful attempts in 
this direction is by Meyer and Rose [l]. Since then, a 
multitude of computer codes have been developed and 
put into use in a diversity of industrial two-phase flow 

applications, such as the operation characteristics of an 
array of parallel channels (e.g. BWR bundles or steam 
generator tubes), steam condensation instabilities in 
BWR suppression pools, loss-of-coolant-accident 
(LOCA)processesin PWRs,countercurrenttwo-phase 
flow phenomena encountered in certain operation 
phases of PWRs and BWRs. A review of various 

computer codes developed by the national laboratories 
and private companies is given by BourC [2]. Probably 
the best of them are proprietary. 

An inherent problem of these nonlinear finite- 
difference solution schemes is that they are usually 
more useful for forecasting the system behavior under 
prescribed operating conditions than for parametric 

studies. The effects of changing various parameters on 
the subsequent behavior of the system are not readily 
evident. In order to achieve this purpose, a sufficient 
number of computer runs, or so-called ‘numerical 
experiments’, have to be performed, which may be time- 
consuming and prohibitively expensive in most cases. 

In this study, two very simple numerical methods will 
be developed to simulate pressure-drop and density- 
wave oscillations in a single-channel upflow boiling 
system operating between constant pressures, with 
upstream compressibility introduced through a surge 
tank. The pressure-drop and the density-wave 

oscillations constitute two major types of two-phase 
flow instabilities. This terminology has been first 
proposed by Stenning and Veziroglu [3] and it has been 

generally accepted. 
A homogeneous equilibrium model will be 

developed in which the effects of the wall heat storage 
and the variation of the fluid properties are neglected. 
For the purposes of analyzing the density-wave 
oscillations, the system pressure drop is assumed to be 
concentrated at the two restrictions placed before and 
after the heater. The distributed pressure drop terms are 
included in the treatment of the pressure-drop 
oscillations, while, in this case, quasi steady-state 
conditions are assumed to persist throughout the 
system. The theoretical cycles will be compared with 
experimental cycles recorded on a single-channel 
vertical boiling flow system. 

2. GOVERNING EQUAlIONS 

A schematic view of the upward-flow boiling system 
is represented in Fig. 1. A detailed description of the 
loop is given in ref. [4]. The governing equations for this 
system can be written as follows [S] : 

Pressure-drop characteristics of the section between 
the supply and the surge tanks are given as 

dUi 
Pi--P, = KiPoG+poLt 

dt 

where n is taken as 2 and Ki depends on the valve 
opening. 

The time rate of change of the surge tank pressure is 
written as 

dp, (pt -PJ*A -= 
dt ,a* r_c 

T- ('i - uo) 

where pt,, and V,, are the steady-state values of the air 
partial pressure and the compressible volume in the 
surge tank, respectively. Assuming that the air-vapor 
mixture behaves ideally, p,,,V’, depends only on the 
mass of air trapped in the surge tank and the fluid inlet 
temperature. 

Pressure drop after the surge tank : 

Pt-P,=* . (U”.UO.rl’~ 

Exit 
restrlctm 

4 f 

1 I 

Supply tank 

I+/ 
I 

Heater 

FIG 1. Schematic diagram of the boiling upward-flow system. 
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where the specific form of the function, $, will be found 
by using a constant-property homogeneous-flow 
model. 

The equations (lH3) govern the system behavior 
during steady-state and oscillatory flows. The 
boundary conditions on the system are prescribed as 

and 

pi = constant (4) 

pe = constant. (5) 

In the homogeneous flow model, conditions of 
thermodynamic equilibrium are assumed and the 
effects of the wall heat storage and the variation of 
fluid properties are neglected. With these assumptions, 
the mass and energy conservation equations for the 
homogeneous-flow model can be transformed into the 
following pair of dimensionless equations [S] : 

(7) 

and the momentum equation is written as 

(3 ali au / -_= 
ar 

-“Fi-“li-$ -2dpu’-pg (8) 

where the dimensionless variables 
follows : 

z = z/Lb; i= t/0,; p = p/p,; 

P = PO~P,L,~ ; .y = dw,; 

The reference time, 0, is defined as 

are defined as 

u = t&J&; 

u = o/e,. 
(9) 

O-00 when h < h, 

0 = Ah,Jc,,q’ when h, < h G h, 
(10) 

Since the heat capacity of the wall is neglected, the 
heat input does not vary with time so that 0 = O/O, = 1 
in the above equations. The two-phase friction factor, 1; 
is assumed to be constant along the channel and equal 
to the liquid-phase friction factor in the subcooled 
region. 

The equations (6) and (7) give the density and the 
velocity distribution along the system while equation 
(8) can be integrated to give the boundary condition on 
equations (6) and (7). The singular pressure drop across 
the exit restriction is given by 

A&,, = F,&,G,2 (11) 

where FM is a two-phase friction multiplier which may 
be expressed as 

FM = c,xf+c,x,+ 1 (12) 

where the coefficients have been computed from the 
experimental data as c, = 121 and c2 = 30. 

3. PRESSURE-DROP OSCILLATIONS 

The periods of the pressuredroposcillations are very 
large compared with the residence time of a fluid 
particle through the system. Therefore, quasi steady- 
state conditions can be assumed along the test section. 
Then, one can write 

P(r.rP(z.1) = K&V, = t&V (13) 

Substituting this into equation (8) and performing the 
integration, the dimensionless time-dependent pres- 
sure drop across the system from the surge tank up to 
the exit is found as 

PI -P. = ~[“.m 

t,u,d u,d 1 
Lo+.+% ;-‘I 

( ) 

X (;--1t+2)+L.(;-r,+f)] 

+g[L,tf,u,+u. ln(t -,,+l) 

+Lc(; -“+l)-‘]+u:(;i -&) 

+ CKo + ~,F~wl d (14) 

where the bars indicating nondimensionality have 
been dropped for convenience. The quasi steady-state 
conditions have been assumed to prevail throughout 
the system and the inertial pressure drop terms have 
been neglected. This equation is applicable for 
O~x,~lorl/t,~u,~l/(tl+ufg)since 

x, = ( VP, - 1 )/or, (15) 

or, assuming quasi steady-state conditions, 

x, = (l/u,-r,)/%, (16) 

When u, is greater or equal to l/t,, the flow is single- 
phase throughout and the system pressure drop in this 
case is given by 

+9(L,,+l+L,,)+(~,+K,)U:. (17) 

The surge tank pressure, p,, is related to the surge 
tank inlet and outlet flow rates as given by the 
dimensionless form of equation (2), 

dp, 
27 = UP, - PJ2k - UC,) 

where C, is a dimensionless constant defined as 

(19) 

The mass flow rate at the surge tank entrance can be 
assumed to stay constant during the oscillations. This 
assumption is based on the fact that the pressure drop- 
flow rate characteristics of the section between the 
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supply and the surge tanks are very stiff in comparison 
to the other parts of the system. During the 
experiments, it was observed that the surge tank inlet 
velocity, ui, would not oscillate beyond +5”A, of its 
nominal value even during the most violent 
oscillations. Therefore, equation (18) can be rewritten, 
by substituting 

dp, 
-- = C,(P, - P”?(u,, - U”). 

dt 
(21) 

This is the governing equation for the pressure-drop 
oscillations. To examine the behavior of a particular 
steady-state operating point, the inlet velocity, u,,, is 
given a small perturbation supplying the initial 
condition for equation (21) as 

u, = u,, •t- 8. at I = 0. (22) 

The solution will revert to the steady-state operating 
point if the system is stable at that point. Otherwise, 
sustained oscillations will be attained after a short 
transient. A simple finite-difference scheme to obtain 
the time-dependent solution is constructed as follows. 

3.1. Finite-dtJ2rence solution scheme 
The surge tank pressure function, ptur, at the time step 

j + 1 is related to the value at the previous time step by 

PI j’ ’ = pC+AtC,(p:-p,)‘(u,,-u,j) (23) 

and the heater inlet velocity is given in implicit form by 

PI J+ ’ -PC = q/(ui’ ‘) (24) 

where either equation (14) or equation (17) should be 
used for $. corresponding to the value of the exit 
quality. There is a slight problem here. The system 
pressure drop, #(uJ, as given by equations (14) and (17). 
is a multi-valued function of the inlet velocity, uO, for 
certain points when I&,,,~, < $ < t/j,,,.,, where the limits 
are the lower and the upper peaks of the pressure 
dropflow rate curve. Thus, for these points, there are 
three possible values for u: ” at each time step, all of 
which satisfy equation (24). However, due to the inertia 
of the fluid volume inside the system, it is reasonable to 
expect the flow to follow a path ofleast resistance and to 
proceed to that value of u,i+ ’ which is nearest to the one 
at the previous time step. In other words, at each time 
step j+ 1, out of all possible solutions for ud” given 
implicitly by equation (24), that value is chosen for 
which 1~;’ ’ - udl is minimum. 

It should be noted that, in those parts of the solution 
domain, where the pressure function, 1/1, increases or 
decreases monotonously, a simpler way of doing things 
is introduced as follows. Both equations (14) and (17) 
describe ditTerentiable functions and it is trivial to 
obtain 

IL;..,, = dJ/ldu, (25) 

so that 

dpjdt = 4’ duddf 

and equation (21) can be rewritten as 

(26) 

du 0 = c’ (P,-P,)” (t( -_u ) 
dt ’ II/’ “’ ‘I 

137) 

Then a simple finite-difference scheme is constructed 
as follows : 

(Pi-PY 
u” ’ = u;(+ C,(Ar) - --:.-.- (u,,,-t,;) 0 

(L’(&) 
(28) 

and 

PI J” =I&;“). 

At each time step, compute 

(29) 

and 

.4 = (p: ’ ’ -p/)/At (30) 

B z (dpjdt)’ = C,(p/ -- p,~‘(u,, - u:,. (31) 

When A and B arc of the same sign, the solution 

proceeds to the next time step through equation (28). 
When A and Rare ofopposite signs, the flow undergoes 
an excursion to another flow rate at the same pressure 
as governed by equation (24). It should be noted that 
this scheme is essentially the same as the first one, only 
more convenient because it is not necessary to solve 

u0 j*’ at each time step from the implicit relation of 
equation (24). An implicit iterative scheme for the 
velocity is sought for only immediately after the flow 
excursions. 

3.2. Resuh 

When the preceding finite-difference scheme is 
applied at different steady-state operating points, the 
subsequent behavior of the solution turns out to be in 
agreement with the predictions of the linearized 
analysis [S]. Those points for which the steady-state 
pressure drop increases with increasing flow rate have 
been found to be stable, the solution in such points 
reverts to steady-state conditions after a short 
transient. But when the starting point is in that part of 
the pressure drop-flow rate curve when the slope is 
negative, the initial perturbation slowly grows in size 
and leads to sustained pressure-drop oscillations. 

A comparison with the experimental results is shown 
in Fig. 2. As seen from that figure, there is a fairly good 
agreement between the experimentally obtained and 
theoretically predicted amplitudes of the oscillations. 
However, the predicted periods are twice as long as the 
experimental periods. The main reason for this 
discrepancy between the experimental and theoretical 
periods is considered to be the way the flow excursions 
are treated. In the present model, it is assumed that the 
flow excursions occur instantaneously and at constant 
pressure With a better explanation for the mechanism 
of flow excursions, it should be possible to get a fairly 
good agreement between the experimental and 
theoretical frequencies even with as simple a model as 

the present one. 
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FIG. 2. Pressure-drop oscillations at tin = 9.0 g s- I, q = 300 W, q = 23”C, m, = 1.0 g. Comparison between 
experimental cycles and results of homogeneous-flow model. 

4. DENSITY-WAVE OSCILLATIONS 

The density-wave oscillations have periods in the 
order of the residence time of a fluid particle in the 
heater. They are generated by the operation of 
complicated feedback mechanisms between the test 
section pressure drop and the fluid velocity. What is 
meant by the test section pressure drop is the pressure 
drop before and across the heater, across the exit tubing 
and theexit restriction. In order to simplify the analysis, 
this pressure drop will be assumed to be concentrated at 
two restrictions placed just before and after the heater. 
The system then consists of an inlet restriction, a heater 
tube where the fluid density changes through boiling 

r I 

and an exit restriction after the heater. The inlet and 
exit restrictions are represented by the throttling co- 
efficients K, and K,, respectively. The heater and the 
exit restriction are the essential components of the 
nonlinear time-delay feedback system which generate 
the density-wave oscillations. The inlet restriction has a 
stabilizing effect on these oscillations. A schematic view 
of the system after these simplifications is presented in 
Fig. 3. 

The pressure at the incipient bulk boiling point, p,,(r), 
is given by the following relation : 

Pb = P,- 0: = K,F,,& + PC (32) 

pt = canst. 
K, 0 p, =const 

- -z -+p;;j-i:::p”““] 7& 

FIG. 3. Simplified system diagram for density-wave oscillations. 
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where the two-phase friction multiplier is defined as 

F&j = c,x:+c,x,+ 1 (33) 

where c1 and c1 are constants and the quality is related 
to the exit density by 

-x, = (l/P,- I)/%,. (34) 

Integrating equation (7), the following implicit 
relation for the exit density, pe, is obtained : 

s 

f 
1 = e’ u,(~-~,) e -’ dt+L,,,, (35) 

fil”jJ, 

and the subcooled length, Llcr,, is given by 

r f L I(0 = u,(t) df (36) 
Jr-r, 

where the time lag, t,, is defined as 

tI = P~Ofg(~f - hYhfg (37) 

which represents the dimensionless residence time of a 
fluid particle in the subcooled region of the heater. 

The mass flux through the exit restriction, Gect,, is 

defined as 

G, = peu, = p&,-L1 + 1). (38) 

The surge tank pressure, p,, will be assumed to be 
constant in the analysis. This assumption is in close 
agreement with the experimental observations where 
the high-frequency density-wave oscillations are easily 
absorbed by the inertia of the surge tank volume. 

The two governing equations (one forward and one 
feedback relation) for the density-wave oscillations are 

written from equation (32) as 

Pb = KFM,Xe,G,Z +Pe (39) 

and 

(40) 

As in the previous section on the pressure-drop 
oscillations, to examine the behavior of a particular 
steady-state operating point, the inlet velocity at that 

point, u,,, will be given a small perturbation at time, 

t = 0, 

4 = 4?,+&, at t = 0. (41) 

This will be the initial condition for equations (39) and 
(40). As time progresses, the solution will either revert to 
the steady-state operating point, if the system is stable 
at that point, or sustained oscillations will be achieved 
after a short transient. A simple finite-difference scheme 
to obtain the time-dependent solution is constructed as 
follows. 

4.1. Finite-difference solution scheme 
The pressure, pb, at the (j + 1)th time step is given by 

pQ+l = K,F,~,;+~,(Gj+‘)Z+p, (42) 

where the quality is to be calculated from 

.x’+I = (l/p:+’ -1)/l& e (43) 

The time rate of change of the exit density may be 
obtained from equation (35) as 

so that 

(45) 

where 

(46) 

and the open brackets indicate the integer operator. 
Similarly, equation (36) yields 

(47) 

so that 

where 

L{+’ = L’, +At[u’,-u;mm] (48) 

m = [(t-t*)/Atlj (49) 

and G:+ ’ is to be found from 

Gj+l = 
e Pe 

j+luj+L 
e (50) 

A simple algorithm to generate the solution may be 
stated as follows : 

(1) Compute I,‘,+ ’ from equation (48). 

(2) Compute pe j+ * from equation (45). 
(3) Compute xi+ 1 from equation (43). 
(4) Use the following predictor formula fcr uj, ’ 1 : 

(uje+l)P = 2uLu’em’, 

(5) Compute GL+’ from equation (50). 
(6) Compute pi+ ’ from equation (42). 
(7) Compute ui’ ’ from the following : 

(51) 

ujo+, = P,-Pi+’ 

[ 1 ‘12, Ko (52) 

(8) 

(9) 

(10) 

Reverse flow is not allowed so that u,‘+ 1 = 0 for 
pt < p{+l. 
Compute (ui+ ‘)c from the following : 

(u’,+l)f = ui,+‘-LLjl+‘+l. (53) 

If (uk+‘)C r (u’,+‘)~, go to the next step. 
Otherwise, correct (u{’ ‘)P and return to the 5th 
step. The corrector forhula is 

($)new = (u3”‘d+o.l[U:-(U:)O’d]. (54) 

Go to the next time increment and start from the 
first step. 



Two-phase flow instabilities in vertical boiling channel 611 

4.2. Results 

The algorithm explained in the preceding section has 
been applied at different steady-state operating points. 
The limit cycles for the density-wave oscillations have 
been obtained at various heat input and mass flow rate 
values. A typical example ofexperimental density-wave 
oscillation cycles is presented in Fig. 5. The predicted 
cycles at the same operating point are shown in Fig. 4. 
As seen from this figure, the frequency of the theoretical 
cycles is about 5 cps which is in good agreement with the 
experimental frequencies (4-6 cps). However, the 
amplitudes of the theoretical cycles are bigger than the 
actual experimental amplitudes. From Fig. 4, it is 
observed that the heater inlet pressure apparently 
drops as low as the system exit pressure during the 
theoretical cycles. This is due to the fact that the system 
pressure drop is assumed to be concentrated at two 
restrictions. Thus, when the flow is blocked at the exit 
orifice as happens during a cycle, the pressure drop after 
the heater inlet simply vanishes according to the model. 
Actually, a part of the system pressure drop is 
distributed along the heater and the exit tubing. This 
pressure drop, which is composed of frictional, 
gravitational, accelerational and inertial components, 
is never zero ; therefore, the lower limit for the actual 
heater inlet pressure cycles is higher than the one 
predicted by this analysis. However, when compared 
with the more elaborate models of the previous studies 
[7,8], the results ofthe present simplified model seem to 

be equally reasonable. The model can be improved by 
considering a distributed pressure drop across the 
system, instead of the present singularities. This would 
require a few additional manipulations during the 
numerical computations but the final results would be 
more realistic. 

5. CONCLUSIONS 

A constant-property homogeneous equilibrium 
model was developed to generate the limit cycles of 
pressure-drop and density-wave oscillations in a single- 
channel upflow boiling system operating between 
constant pressures, with upstream compressibility 
introduced through a surge tank. Thermodynamic 
equilibrium conditions were assumed and the effects of 
the wall heat storage were neglected. For the density- 
wave oscillations, the system pressure drop was 
assumed to be concentrated at two restrictions placed 
before and after the heater. The distributed pressure 
drop terms were included in the treatment of the 
pressure-drop oscillations, while, in this case, quasi 
steady-state conditions were assumed to persist 
throughout the system. 

Regarding the pressure-drop oscillations, there is a 
fairly good agreement between the experimental and 
the theoretical cycles. The discrepancy in the periods is 
presumably due to the incomplete description of the 

__ 
Theoretical 

Time, s 

Theoretxal 

Time, s 

FIG. 4. Development of density-wave oscillation cycles as predicted by homogeneous-flow model 
(ti = 1.5 g s-l, q = 350 W, T = 23°C). 
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Time 

FIG. 5. Experimental density-wave oscillation cycles (ti = 1.5 g s-‘, q = 350 W, 

flow excursions which play an important role in the 
pressure-drop oscillations. 

As for the density-wave oscillations, the theoretical 
frequencies are in good agreement with the experi- 
mental frequencies. However, the amplitudes differ, 
which fact is basically due to neglecting the distributed 
pressure drops along the system. 

The proposed solution scheme is very easy to apply 
on a digital computer and little computer time is 
required. The effects of various factors on the 
amplitudes and the frequencies of the oscillations are 
readily evident due to the simplicity of the model. The 
model is especially useful for parametrical studies to 
clarify the basic nonlinear mechanisms of the 
oscillations, without using too much computer time. 
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DESCRIPTIONS SIMPLIFIEES NON LINEAIRE DES INSTABILITES DUN ECOULEMENT 
DIPHASIQUE DANS UN CANAL VERTICAL AVEC EBULLITION 

R&srm&-Onetablitunmodiled’&coulement homogine~proprietCsconstantespourobtenirIescycleslimites 
des oscillations de pression et d’onde de densite dans un ecoulement ascendant en ebullition, avec 
compressibilite en aval introduite par un reservoir. Dans le modele, les conditions d’equilibre 
thermodynamique sont supposees et les effets de stockage thermique de la paroi et ceux de la variation des 
proprietb du fluide sont negligb. Un accord satisfaisant avec les cycles exp&imentaux est note pour les 
oscillations de chute de pression. En ce qui concerne les oscillations d’onde de densite, I’accord avec les 

experiences est raisonnable pour les p&iodes des oscillations, mais pas aussi bon pour les amplitudes. 

VEREINFACHTE NICHTLINEARE BESCHREIBUNG VON INSTABILITATEN DER 
ZWEIPHASENSTRGMUNG BEIM SIEDEN IN SENKRECHTEN KANALEN 

Znsammenfaasnng-Unter Verwendung konstanter Stoffwerte wird ein Model1 der homogenen Stramung 
entwickelt, urn die Grenzfrequenzen der Schwingungen von Druckabfall und Dichtewellen einer siedenden 
Aufwartsstromung in einem Einkanalsystem zu erhalten, welches zwischen konstanten Driicken arbeitet, 
wobei eine Kompressibilitlt in Stromungsrichtung durch einen Windkessel zustandekommt. Fiir das Model1 
wird thermodynamisches Gleichgewicht angenommen. Der Einflug der Warmespeicherung in der Wand 
sowie Anderungen der Stoffwerte des Fluids werden vemachlhsigt. Cute Ubereinstimmung mit den 
experimentell gefundenen Frequenzen wird bei den Schwingungen des Druckabfalls festgestellt. Bei den 
Dichtewellen-Schwingungen ist die Ubereinstimmung befriedigend fiir die Perioden, nicht aber fiir die 

Amplituden der Schwingungen. 

YfIPOIIIEHHOE HEJ-IMHEHHOE OI-IMCAHME HEYCTOHYHBbIX ABYX@ASHbIX 
I-IOTOKOB I-IPM KMI-IEHMH B BEPTIlKAJIbHOM KAHAJIE 

Annorrnns-Pa3pa6orana MODCJlb OilHOpOLlHOrO Te’IeHHIl C nOCTORHHbN(H CBOikTBaMH C UeJIbK) 

0npeneneHiin npenenoa Kone6aHHii nepemanoe i(anneHHR H Born nnoTHomH 6 emtiwtioM xaHa.Te c 

~~XO~R~HM xmmum noroxoh4. a ~oropoh4 nannenne n3Mennerca a nnana30ne Memtny l eywr 
WCTOI~HHMMH 3HaveHmMw. IIpeanaraeMan hionenb npennonaraercn TepMonmiahiwecxH paBHOBeCHOi. 

a rennoornaqa OT cTeHox H ii3MeHeme cB0ik~~ mulmmH cqHTamTcn npene6pe~ntwo t.tanbn.4”. 
Pacqertibie 3naqennn xOJIe6aHHfi nepenanoe itaanennn ynoaneraopnrenbno cornacytorcn c 3xcnepn- 
MeHTaJlbHblMH. qT0 KaCXTCIl KOX6aHHii BOJIH ,,,lOTHOCTH, TO C 3KCnePHMCHTaJlbHbIMH ,F,aHHb,MH 

nocraroqno xopoluo cornacytoTcn pacwmbte 3HaqeHiin nepHona xoJle6aHHii H xyme - 3tia9eHm HX 


