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Because of a complex flow path within the mixing device

developed for the fuel elements of the SNR-300, in order

to determine the minimum allowable interval to the be-

ginning of cavitation, experimental tests with the ori-

ginal geometry are necessary.

These conclusions show that for cavitation values CV - 1,3

- in the model and prototype - no cavitation zones can form.

For reactor conditions a maximum velocity of V =4,7 m/sec
J max '

is therefore allowable in the free annular space of the

compensator unit which corresponds to a massflow of

M = 22,5 kg/sec. A cavitation value of CV = 1,5 can be

figured for the 120% load factor (M = 20,4 kg/sec, T = 56O°C).

The mixing device developed is free of cavitation under the

present conditions in the SNR-300.

The condition of the fully developed cavitation is evi-

denced by a white noise with frequencies of at least

2.000 - 300.000 cps and a signal/noise ratio S/R>40 dB.

The pressure amplitudes dependent on frequency are pro-

pagated in the streaming fluid and are severely damped

by the locally existing two-phase flow.

The unstable range at the beginning of cavitation is

characterized by frequencies of about f = 15.000 cps.

\.Introduction

Release of fuel element particles ir the case of a

failure of the element can may lead to a partial blockage

of the flow cross section and therefore to the un-

avoidable consequence of localized coolant flow diffi-

culties in the fuel element. Failures of the cladding

or cooling difficulties are detectable e.g. by de-

viations from a mean fuel element outlet temperature.

Power gradients throughout the cross section of the

core element and special geometric conditions in the

outer zones of the rod bundles of the SNR-300 lead

to radial differences in temperature. The measurement

of a mean representative temperature at the rod bundle

outlet requires a thorough mixing of the coolant,

accomplished in a suitable manner. The function of

mixing is provided by a special mixer which consists

of an impeller body with spaced curving blades (spiral

impeller) and a turbulence reducing element with several

ribs arranged one behind the other (compensator) (Fig. 1).

Through transformation of the flow and pressure energy

generated in the spiral impeller, there is a turbulent

intermixing of fluid on the individual ribs of the

compensator. In this connection theoretically, through
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the number and the adjusted angle of the ribs against

the flow, the kinetic energy can be transformed in any

desired measure and thereby a maximum mixing can be

achieved. In order not to exceed the maximum allowable

pressure loss value and at the same time maintaining

the required satisfactory mixing, an additional flow-

path without loss of pressure within the compensator

is attempted. Through the combined effect of these two

proportions, the desired temperature compensation can

be achieved.

The flow path which occurs , results in a r.aximum

velocity which can cause a significant drop in the

relatively low static pressure existing on the edges

of various rib bodies. With an increase in the degree

of mixing, the difference of the static pressure from

a corresponding steam pressure decreases simultaneously

with the square of the maximum velocity which occurs.

Theoretically in constant temperature conditions cavi-

tation occurs with the attainment of steam pressure.

Since the pressure amplitudes generated as well as their

frequency distribution are similar to those of the

possible boiling noises occurring in the reactor, in

particular with regard to the possibility of an acoustic

control in the reactor tank, a reliable reading of the

frequency of cavitation as well as an analysis of the

geometric-specific spectrum of units prone to cavitation

must be made.

In respect to the mixing device the testing in regard

to its cavitation susceptibility means the determination

of location and value of maximum velocity as well as

the direct recording of the cavitation spectrum at

various locations when the reactor conditions correspond

to the flow geometry.

2. Flow cavitation

In order to establish the susceptibility to cavitation

of this unit a cavitation value, defined as CV describes

the beginning of bubble formation within the flow as

a result of the reduction of static pressure. Since, in

addition to the thermodynamic values, among which degree

of purity, dissolved gas concentration, tensile stress,

and surface conditions influence the beginning of

cavitation, / 1, 2, 3_7, the reading of a cavitation

value, is satisfactory only if this reading has been

derived emperically for the corresponding flow channel.

This means that a direct transfer of a cavitation

value for flow channels of equal cross section and

different fluids varying in their physical and thermo-

dynamic properties, is not exactly determinable. The

cavitation value derived from the experiments in models

need not be equal in their values to those in the proto-

type. Both operating conditions, however, must be far

enough from the beginning of cavitation. In such cases

due to the cavitation value, determined for the model

experiments, the corresponding value in the prototype

can be established by estimation without the necessity

of too great safety factor to the beginning of cavitation.

Especially for the development of the mixing device, a re-

alistic critical cavitation value requires an improvement

in the mixing needed.

In the following calculations this cavitation value is

derived as a parameter by means of some equations -

especially in regard to the geometric proportions of

the mixing device which describes the beginning of

cavitation under so called scale factors. For your

general information in Fig. 2 a typical cavitational

occurrence is shown at the compensator end of the mixing

device. Locally cavitation forms first at the ribs in

the middle to the upper region of the rib body. For the

optical and acoustical determination of the beginning

of cavitation, this exact moment can be defined as when

the first individual bubble chains break free and at

the same time a "hissing sound" is audible. With further

reduction of pressure or increased rate of flow, the

formation of cavitation in the lower region of the

rib body can be recognized and becomes more and more

10
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a constant condition. The characteristic zones as

they are shown in the lower part of Fig. 2 form in

this manner because of a flow not parallel to the axis

of the unit. By reducing the angle of flow in reference

to this axis the beginning of formation of cavities

is delayed, the zones are not so welldeveloped, and

the cavitation safety factor is correspondingly greater.

To derive the cavitation value, the physical conditions

in the first and second stage of the drawing are to be

taken into consideration.
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The given pressures are static pressures. The maximum

velocity and the corresponding minimum pressure in un-

distorted flow around the edges of the compensator and

the corresponding critical values in conditions at

these points disturbed by cavitation are given by V
and P • on the one side and V . andmin crit
side.

max
on the other

With the allowable assumption of a constant flow with-

out loss factor, the following applies:

P +f = PD
=1 v2

2 crit

From this, after divission by V'

P - P„ V2
crit

v2 3/2
- 1

(1)

the result is:

(2)

where the ratio O is given as the cavitation safety

factor which assumes the value ?ero when the point

of cavitation is attained. The cavitation value CV

represents the value of ö raised by 1:

CV (3)

whereby the total pressure in stage 1 is used to de-

terminate the safety factor. A cavitation factor so

defined can describe the condition at the beginning

of cavitation only with the value CV = 1 if the re-

ference values P and V represent the condition at a

location as close as possible to the cavitation region.

For trivial reasons, in the case of a given cavitation

P = PD and V S Vcr,it so that & = 0 and CV = 1 result.

If P and V are chosen as reference values at locations

of arbitrary distance from the distorted profile, the

beginning of cavitation is therefore represented by

( 5 ^ 0 and CV ;» 1 respectively, whereby the given

safety factor is no longer explicit. / 2, 11_7

If the cavitation factor for an arbitrary flow condition

is calculated according to equation (3) the excess

velocity V . occurring on the profile can therefore

be determined with the help of a geometrically•specific

value A from tests. In the emperical determination of A

it must be taken into consideration that similar conditions

of cavitation (at the beginning of cavitation or in the

fully developed condition) are employed. In accordance

with equation (1) in this case a maximum possible loss

in pressure results
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In equal proportions, that is, in geometrically similar

profiles and equally adjusted angles according to the

above equation V

1 (V2
2 '•max

V, so that one can write:

V2) = A f v2 = A

J



q representing the dynamic pressure of the undistorted

flow. The proportionality factor A is generated by:

from which the maximum velocity occurring at the edges

of the compensator ribs can be determined in this

specific case.

This computation can also be carried out for various flow

media under the assumption of similar flow profiles. The

frequencies of the boiling sounds extenJ from the audible

far into the range of ultra sonic. Typical cavitation

ranges vary with the degree of development of the

cavitation occurrence. Under fully developed conditions

an existing characteristic frequency is displayed by

the superposition of all possible frequencies. A sound

pressure spectrum is formed which resembles a white

noise.

The cavitation frequencies which are typical for a certain

flow system can best be determined analytically at the

onset of the first indication of cavitation. Amplitudes

and frequencies of the sound spectrum in the transient,

range form specific values for the geometry, flow condition,

and fluid. The characteristic spectrum of unstable pressure

pulsation consists of a narrow band of high frequencies

with relatively low sound pressure amplitudes. The

schematic history of this sound pressure for possible

cavitation conditions is shown in Fig. 3. The parameter

of this function is a frequency which lies above a certain

limit. Under this frequency limit the typical sound pressure

spectrum of cavitation and especially the transient range

is drowned in pure flow noise.

With the first onset of bubbles or formation of cavities

(condition A Q) in ranges of extreme velocity an unstable

process begins which is characterized by an irregular

separation of "bubble chains". The upper end of the

transient range (condition A.) is determined pre-

dominantly by the turbulent flow behaviour in regard

to a formation of stationary boundary layers or by a

necessary proportion of bubble size to layer thickness.

Stable conditions of pressure and velocity in the

corresponding components prevent the separation of

cavitation zones and maintain the developed condition

of cavitation (condition A^). If the flow volume is

further increased, the ranges of two-phase flow are

therefore extended, whereby the noise level rises.

The process continues until the increased steam volume

damps the sonic amplitudes or the extreme pressure

pulses lead to an ever increasing compressible behaviour

of the fluid (condition A,,).

The width of the transient range (a) as well as the

maximum pressure occurring therein are a function of

the grade of purity for a given fluid / 10_7, so that

in a particular case very long zones of instability

develop with the use of fresh water as a model fluid.

This shift of cavitation condition A Q towards

reduced flow volumes leads to a greater susceptibility

to cavitation. In contrast to this the noise level

generated in this range as well as the destructive action

on hard surfaces at the collapse of the bubbles are

insignificant, so that a cavitation value figured from

condition A. would be sufficient. In the evaluation of

the cavitation value derived in this report, this fact

should be considered as a conservative estimate.

In conclusion it should be pointed out that, on the

basis of the cavitation spectrum in the transient

range determined by geometric resonances, a possibility

is given for the analytical separation of boiling

and cavitation noises. A precondition for this is that

the two spectra occur at different points. In this

case a so called frequency window can be found for

frequencies above 10.000 cps which is applicable to

separate both spectra /~13 7.
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Critical conditions governing erosion and influencing

of flow conditions are to be expected in general at

the inception of fully formed cavitation. This condition

generates a noise level which, like a white noise, can

be maintained almost undiminished over a frequency range

up to 1 M cps /~12, 6_7. The effective signal to noise

ratio for a given fluid and a flow in restricted channels

is dependent mainly on the available flow geometry. The

resonance occurrences which come about determine, in

this case, the maximum possible sound pressure pulses.

3. Remarks on problems of similarity

Conditions of dynamic similarity for a transfer

of the cavity formation in a water flow to that in

a sodium flow are set up under the requirements for

identical Re-, Fr-, and We-values as well as similar

relationships in the static pressure difference to the

existing dynamic pressure. In addition geometric simi-

larity of the flow channels and the same boundary con-

ditions must be guaranteed.

The geometric similarity between model and prototype

is given. As the proportion of the Reynolds numbers

in sodium and water at corresponding temperatures and

velocities, a value of K-^3 can be computed. It can

be shown, however, / 5 7 that for Reynolds numbers

Re ?-5 . 10 in sodium (on principle lower Reynolds

values can be employed in water) in the turbulent

components certain, similar velocity distributions

exist. Therefore in this respect similar preconditions

for an occurrence of cavitation are given. For the süme

potential energies, identical inertial forces or kinetic

energies in the model and prototype are present, strictly

speaking, only at similar velocities. The formation

of cavities in the water flow for a given flow volume

exhibits, as a result, similar conditions in the proto-

tpye at slightly less mass flow rates CK2 = 0,8,

sodium: 56O°C, 1.8 bar, water: 23°C, 2 bar). The ex-

perimental velocities in water correspond to those

occurring in the prototype up to a 120% load factor.

The Weber value is defined by the ratio between surface

and dynamic lift force generated in the flow. The sur-

face tension of sodium in comparison with air is

approximately twice as great as that of water. Depending

on density and viscosity, similar dynamic lift forces

in both media will result for the same reasons as above

/ 5_7, where Re "> 5 . 10 in sodium, so that the Weber

values differ from each other approximately by a factor

of two. The greater surface tension of sodium causes a

lower susceptibility to cavitation, so that one must

expect the critical cavitation condition in sodium

"later" than that in water. Similar conventional be-

haviour in the transfer of a condition of cavitation

measured in water occurs for the same condition in a

sodium flow based on lower sodium vapor pressure. At

similar conditions of velocity and pressure, the static

pressure difference in sodium becomes greater and the

dynamic pressure less. The effect of this is that the

beginning of the critical condition of cavitation is dis-

placed to more extreme conditions. We can forejo a thorough

investigation of the nondimensional characteristic

values here, since emperical results exist for the reactor

and model conditions in similar complex flow paths

(pumps, jets) / 7, 9, 8_7, which establish, for a

similar degree of purity, a transfer of the occurrence

of cavitation in regard to cavitation inception and

frequency distribution.

The above considerations made to this point refer

to the transfer of the fully formed occurrence of

cavitation, as it is shown in Fig. 3 under the con-

dition A.. A transfer of the condition A which stands

for the beginning of the area of instability is possible

only with the same degree of purity, which means with

the same magnitudes and similar spectral density distri-

bution, enclosed steam- or gas bubbles and all kinds of

impurities / 9_7. Because of the high degree of purity

for sodium as a reactor coolant in contrast to the water

quality used in the model design, the formation of cavi-
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ties will begin in water at pressures near that of steam

pressure, while for corresponding dynamic conditions in

sodium, the breaking strength is not yet exceeded. Be-

cause of this , the transient area in the cavitation

spectrum of the sodium flow assumes only a very narrow

range of mass flow rates. Experiments using different

water qualities confirm this assumption. In the special

case lower incidents of susceptibility to cavitation

than that measured in water is to be expected for

analogous dynamic conditions fulfilled for the mixing

device in sodium.

4.Experimental procedure

As shown in Fig. 4 the experiments were carried out with

normal fresh water-fed loop (THK-200) at tempe-

ratures between 20° and 2 5°C within a flow range of

M = 24 m /h up to M = 150 m /h. This range corresponded

to the Reynolds number in the free annular space of

the compensator of Re = 1 . 10 up to Re = 6 . 10 . For
5 1

a total pressure of about P «»1,5 . 10 N/m it was

possible to establish the first cavitation conditions

at M ^90 m /h. Fig. 5 shows the test section developed

for the mixing experiments which was used without changes

in construction for the cavitation experiment. The

sound pressure spectrum is measured by the specified

instrumentation (PI, P2, P3, H and M ) . Flow volume and

temperature were measured in the'test loop. Absolute

pressure values in the neighbourhood of the cavitation

zone could be derived partly from the measurement results

of the previous mixing experiment, partly from the

integration values of the pressure spectra. The greater

part of the test path made of plexiglass consists basically

of a full scale version of the BE-head ccrponent, where-

by the conditions at the outlet of the rod bundle is

simulated by a corresponding grid plate. The mixing

device shown in Fig. 1 is located 80 mm above this grid.

(Swirler and compensator in which the cavitation

zones to be tested are formed.)

For the registration of the expected noise spectra

three piezo-electric pressure recorders (PI, P2, P3),

a hydrophone (H) as well as a magnetostrictive noise

microphone (M) - used chiefly for the testing of the

proper inherent function - were installed. The three

piezo-electric recorders were not selected only for

this measurement but were available from other test

projects. Their usable frequency range as well as their

sensitivity were sufficient for the measurement of

the sound pressures, despite the fact that a reduction

in sensitivety in the high frequency range based on

a relatively large diaphragm surface had to be assumed.

The hydrophone was installed directly in the cavi-

tation area. At the same level, diametrically opposed,

the pressure recorder P2 was installed in the wall

of the test section. In a similar manner PI and P3

were installed in the two other measurement levels

and the magnetostrictive noise recorder in a central

position at the highest measurement level. For the

conversion of measurement values for PI, P2, P3 and H

charge amplifiers were used as measurement value con-

verters and amplifiers. A frequency spectrum important

for the series of measurements with a built in high

pass filter as well as a low pass filter for each

amplifier could be selected. The low frequency and

high amplitude pressure pulsations which are caused

by the circulation pump as well as by vibrations of

loop components could be damped so that the frequency

range important for the cavitation measurement could

be sufficiently amplified. On account of the high

frequency range of the cavitation pressure spectrum,

we had to dispense with an analogue tape recording of

the individual measurement signals.

The five measurement points were analyzed one after the

other at constantly similar conditions with a

frequency analyser model and the results registered

with an C-Y recorder. For most measurements no frequency

analysis was carried out, but a characteristical narrow

14
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frequency band selected, and the signal amplitude depending

on the flow volume was recorded with the X-Y recorder.

Greater band widths than 300 cps at a constantly set

frequency could not be transferred by means of the

frequency analyser. If the frequency bands between

approcimately 10 kcps and 100 kcps should be recorded,

a multimeter was used as a measurement

amplifier and rectifier in the AC measurement range.

Characteristic cavitation signals could be stored, photo-

graphed and seen on the screen of a storage

oscillograph.

The experiments were carried out to determine the exact

cavitation value CV for the mixing device for fuel elements

of the SNR-300. Mainly for this reason, the dependence

of the sound pressure spectrum on flow velocity was

tested. The incipient cavitation could thereby be de-

finitely established for explicit thermodynamic conditions

as well as for various frequency bands. In addition, in-

dividual conditions of cavitation were analyzed for their

noise content in important frequency bands.

5.Results

The pressure loss of the mixing device depending on mass-

flow up to the condition of incipient cavitation is shown

in Fig. 6. Losses of pressure due to existing cavitation

could not be registered with the available instrumentation.

Typical noise amplitudes, as they are registered from

the measurement point H for the range of flow volume

tested directly in the center of cavitation. are re-

corded in Figures 7-13, whereby the individual spectra

are parameterized by a corresponding frequency range.

From about 5 kcps upwards the cavitation spectra dis-

cussed above with the conditions A and A. are
"o' I1

generated. A pressure distribution characteristic for

the special geometry is attained between (10 - 20) kcps.

Higher frequencies show weaker pressure distributions.

It can be assumed that the amplitudes of the spectrum

decrease more and more above 50 kcps. In a frequency

range of (150 - 300) kcps smaller maximum amplitudes

are registered. The same behaviour is also shown by

P2, PI, and P3 as well as by the recorded pressure ampli-

tudes registered by M outside the cavitation zones.

Cavitation experiments at the mixing device are carried

out suitably in a frequency range between (10-15) kcps.

For these frequencies under reactor conditions signal/

noise ratios S/R ^40 dB are to be expected. The "back-

ground" noise measured in water as shown in Fig. 14, is

due to the turbulent flow noises on the ribs of the

compensator. According to theoretical transfer considerations

/ 4_/ a similar noise level for the existing Reynolds number

in sodium is to be expected in this case. The flow noises

reproduced in Fig. 7 in the frequency range of about

1 kcps is due to a formation of turbulence balls of de-

finite size. These relatively large eddy balls disappear

slowly up to frequencies of about 5 kcps. Upwards of

this frequency due to other turbulent conditions behind

the ribs of the compensator, maximum velocities can

build up which cause a slow reduction in pressure. Modi-

fications in construction of the ribs in the flow cause,

among other things, a frequency shift of the cavitation

spectrum.

In fully formed cavitation in the model fluid - for the

small band width of 300 cps - maximum pressure amplitudes

of P c a v = 0,015 bar are attained. Sporadically maximum

pressure peaks P = 1 bar could be recorded photo-

graphically at fully formed cavitation (in the neigh-

bourhood of the resonance frequency of the sensor) as

single impulses at 50 kcps. Those, however, are not re-

presentative for the total measured pressure amplitudes.

The small pressures measured at cavitation occurrence

are formed due to the use of relatively impure water.

The relatively large quantities of enclosed air prevent

the formation of high thermal velocities or possible

shock waves. Quantities of energy liberated through the

collapse can be lost through turbulent dissipation. The

15
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average sound pressure, existing in the water flow in

the compensator component of the mixing device is given

by P a v = 0,02 bar. (Due to the small pulsation area in

comparison to the sensor surface, larger pressure peaks

are possibly registered as weakened, so that higher

pressure peaks might be possible.)

The kind of sound pressure transfer within the water flow

can be analyzed qualitatively with the help of the noise

spectra registered at the measurement points PI, P2 and

P3. The pulsations which develop in the cavitation region

propagate in the fluid dependent on frequency (Fig. 15,

16). Certain velocities of propagation can be established

for high frequency waves (Fig. 16), while waves in the

range of characteristic cavitation frequencies are

measured almost simultaneously at the different

locations (Fig. 15). The cavitation conditions A , A-,

and A2 registered from the two piezo-electric sensors

PI and P3 are attained almost in the instant of their

occurrence in the center of cavitation. On the other

hand high frequency pulsations show a specific velocity

of propagation. The sound pressure amplitudes are

strongly damped by the fluid.

In Figs. 17 - 19 the characteristic cavitation spectra

are shown with different distributions of air present

in the water flow. The parameters T o, T 1, and T 2 there-

by represent the measurement times in chronological order

after the airfeed into the test section has ended.

Shifting the condition AQ to smaller Reynolds number

the transient range is a proportional function of air

distribution in the water flow. This result becomes

clear in comparison to the function shown in Fig. 10.

With the increase in air content an increasingly earlier

beginning of cavity formation is measured. The cavitation

number figured from this becomes more adverse. The

pressure pulses in the unstable range become more

frequent, but weaker in amplitude.

The noise analysis carried out at a full scale geometry

of the mixing device for fuel elements of the SHR-300

allow an exact determination of the minimum cavitation

number. From the given amplitude distributions depending

on the Reynolds number a average value characterizing

the first appearance of cavitation A at Re = 3,3 . 10

can be determined. The condition A- is established at

Re = 3,5 . 10 ; the condition A2 at Re = 4,3 . 10 . For

trivial reasons the cavitation number & = 0, and the

cavitation value CV = 1 respectively is assigned to the

condition AQ under the corresponding conditions of

pressure- and temperature. According to the equations

(1), (2), and (3) the corresponding values for different

Reynolds numbers can be computed. For this purpose, first

of all, the characteristic proportionality factor A of

the mixing device is figured from the initial condition

AQ. With a total pressure P. = 1,5 bar and a temperature

t = 23°C a maximum velocity V = 17,6 m/sec for in-
jnax

cipient cavitation can be computed. With this maximum

velocity and velocity V = 4,0 m/sec according to

Re = 3,3 . 10 a proportionality factor A= 18,3 can be

figured out from the equation (4). By this for an entire

range of Reynolds values the maximum velocities, minimal

pressures, as well as cavitation values can be derived

not only for the water flow but also for the sodium flow

in the reactor. The results are shown in table 1. In Fig.

20 the dependence of the cavitation number on the Reynolds

number in the free annular space of the compensator is

shown. As a sufficient safety margin from condition A

- according to the analysis carried out - the condition

A1 (Fig. 21) is defined. For the applied water flow at

a flow rate of H = 20,0 kg/sec, or M r 72,2 m3/h respec-

tively, which corresponds to a Reynolds number Re = 2,8.10

in the free annular space of the compensator, no cavitation

is present in the tested mixing device. The velocity

corresponding to a cavitation value CV = 1,3 - in the

cross-section specified above - lies 15% under that

velocity at which the first appearance of cavitation in

a water flow might be possible.
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For the mixing device developed, a sufficient safety

parameter concerning cavity formation for pressure

and temperature conditions present in the reactor is

described by the cavitation value CV = 1,3. This means

that a velocity of V = 4,7 m/sec is allowable in the

free annular space of the compensator. The cavitation

value CV = 1,3 is reached at a flow rate of

M = 22,5 kg/sec, so that up to an overload of 32%,

no cavitation in the mixing device can occur. Theoretically

only with M = 26 kg/sec and a pressure of P { = 2,2 bar

formations of caveties can develop. Emperical results

from corresponding experiments in a sodium loop show

no cavitation noises even at this flow rate and a lower

total pressure.

Nomenclature

V Ao

"2

f

CV

M

P

q

t

v
A

e

Fr

Re

We

conditions of cavitation

frequency / cps.,7

cavitation value

flow rate / m /h, kg/sec_/

pressure / bar_7

dynamic pressure / bar_7

temperature / °C_7

velocity / m/sec_7

geometric specific value

density / kg/m _7

cavitation number

Froude number

Reynolds number

Weber number
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FIG.1. Mixing Device for the Fuel-Element of SNR-300
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FIG. 2. Cavitation Phenomenon in the SNR-300

Mixing Device
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Table 1

Water t = 25°C = 0.02B bar

A [ A
/kß/scc7 /rä3/h7

6 , 7 i 2 1 , 2

10,0 J 36,1
1 3 , 0 ' 1 6 , 3

1 6 , 0 j 57 ,7

1 9 , 0 ! 6 8 , 6

2 3 , 1 ' 81 ,5

2 8 , 0 i 101 ,1

2 0 , 0 ' 72 ,2

V

/ir.»'seg?

1,1
1,7

2 ,2

2 , 7

3 ,3

1 , 0

i , a

3 , 1

PK
/bar?

1,2

1,2

1,3

1,3

1 , "
1,5

1,6

I,1»

«5
Re.10

0 , 9

I , 1 '
1 . 8 ,
2 ,2

2 ,7

3 , 3

3 ,9
2 , 8

v
max

/ m / s e c

1 , 8

7 , 5

3 ,7

11 ,9
11 ,5

17 ,6

2 1 , 1
1 1 , 9

P ••nun

<!***>

1,1
0 , 9

0 , 9
0 , 6

0 , 1

0 , 0

-0,5
0 , 1

vcrit
/III/£>£,'

1 5 , 1

15,2
16,1
16,0
16,9
17,1
18,1
17,2

6

9 , 3

3 , 1

1,9

0 , 8

0 , 1
0 , 0

-0 ,2
0 , 3

KZ

10,3
1,1
2 , 9

1,8

I,1*
1,0

0 ,8

1,3

12 •

10 -I

a
6

8 -

6 -

2 -

b) FIG. 20. OJ
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2 6 , 3

3 5 , 1

1 3 , 9

52 ,7

6 5 , 9

7 9 , 0

98 .8

115 ,0

V

/m/scc

0 , 8

1,2
1,7

2 ,1
2 ,5

3 ,1

3 ,7

1,7

5 ,1

/bar/

1,8

1,8

1 , 8

1,9

1,9
1,9
2 , 0

2 ,2

2 , 2

Ke.105

2 , 3

3 ,5

1 ,9

6 , 1

7 , 3

8 ,9
10,7
13,5
15,8

vmax

/n/sc£>

3 ,5

5 ,3

7 , 5

9 , 2

11,0
13,6
16,3
20,6
23,7

''min

/bar/

1,8

1,7

1,6

1,6

l , t
1 ,2

1 ,0
0 , 6

0,02

v c r i t

21,2
20,C
21,0
21,7
21,1
21,8
22,5
23,8
23,7

6

35,7
11,6

6 , 8

1,6

2 , 8

1,6
0 , 9

0 , 3

0 , 0

KZ

36,7
15,6

7 ,6

5,6

3 ,8

2,6

1,9
1,3

1,0
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