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Abstract-Dynamic, density wave, stability experiments were performed using high-pressure boiling water 
and liquid heating. Liquid sodium at temperatures up to 500°C provided heat to boil water at pressures 
of 7-16 MPa and mass fluxes of 170-800 kg m-* s-‘. Water flowed inside a vertical tube, with a heated 
length of 13 m, and exited superheated in all tests. Special attention was given to the test procedure used 
to approach instability, and stability thresholds were determined. Experimental results were compared 
with predictions from the DYNAM computer code and two recent correlation equations. One of the 

equations was successfully modified to predict the experimental results well. 

INTRODUCTION 

MANY types of flow instabilities have been observed 
and defined in two-phase flows, as summarized in refs. 
[ 1, 21. Of particular interest to this investigation is the 
dynamic instability most common to parallel channel 
two-phase flows. This density wave feedback in- 
stability is characterized by large amplitude, low 
frequency flow oscillations in the boiling fluid. These 
oscillations have been observed to culminate in either 
a limit cycle condition or a flow excursion. Both conse- 
quences are undesirable in physical systems, and 
avoidance is dependent upon knowledge of conditions 
at the threshold of the instability. 

Many techniques have been developed for pre- 
diction of dynamic stability thresholds including 
stability maps, empirical and phenomenological 
correlations, and large computer analyses in both the 
frequency and time domains. The data, upon which 
these techniques were based or against which they 
were verified, are most prevalent from heat flux con- 
trolled experiments. The specific system of interest to 
this investigation is temperature controlled by means 
of fluid heating. In this case, heating may be controlled 
by either heating fluid temperature or flowrate. Data 
from such temperature controlled systems are con- 
siderably less numerous than from heat flux controlled 
experiments. The objectives of this investigation were 
to obtain dynamic stability threshold data in a 
temperature controlled, high pressure, boiling water 
system and to compare results to predictions from 
techniques that were developed for application to such 
systems and had employed temperature controlled 
system data in their development. 
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Experiments were performed in the Steam Gen- 
erator Test Facility (SGTF) at Argonne National 
Laboratory (ANL) where water was boiled at press- 
ures of 7-16 MPa and flows of 17&800 kg mm2 s-’ 
as it flowed upwards inside a vertical tube. Heat was 
supplied from countercurrent-flowing liquid sodium 
at temperatures up to 500°C. Parameters at the 
threshold of density wave instability were determined 
in each test using test section inlet and outlet throt- 
tling to approach instability. The experimental results 
were compared with three methods of threshold pre- 
diction for density wave instabilities. 

(1) The DYNAM computer code [3] using two 
methods of comparison. 

(2) The semi-empirical correlation equation of &al 
[4] and a modified version of this equation. 

(3) A recent technique [5] that was reported to be 
more accurate than the ijnal equation. 

Both correlation equations and detailed predictive 
computer codes are used for the assessment of stability 
thresholds depending upon the application. Cor- 
relation equations are especially useful in determining 
whether a system in very stable, very unstable, or 
marginally stable wherein a code such as DYNAM 
might be applied for further refinement. The data 
comparisons with correlations and computer code 
provide accuracy verification for the current appli- 
cation of liquid-heated, high-pressure boiling water. 
In the case of the &al equation, the data were utilized 
in the development of a modified version of it. 

EXPERIMENTAL APPARATUS 

The SGTF employs sodium to boil water in the test 
section. The SGTF will accommodate test sections 
with vertical lengths more than 21 m, and the sodium 
and water circuits are shown in Fig. 1. The electric 
power supply and electromagnetic sodium pump have 
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NOMENCLATURE 

C and C, correlation parameters defined in L heated length [m] 
equations (9) and (10) 
water tube inside diameter [m] 
water mass flux [kgm-*se’] 
dimensionless inlet subcooling enthalpy 
(1 - enthalpy at inlet/enthalpy of 
saturated liquid) 
inlet throttling coefficient, pressure drop/ 
(k density x velocity squared) 
exit throttling coefficient, pressure drop/ 
($ density x velocity squared) 

P steam pressure [MPa] 

P, reduced pressure 
Re, Reynolds number of saturated vapor 
T Na,n,c, sodium inlet temperature to the test 

section [“Cl 
T sat water saturation temperature [“Cl 

WJ w, ratio of mass flowrate of sodium to 
mass flowrate of water (kg s-‘)/(kgs-‘) 

x exit water quality at the inception of 
instability. 

maximum capacities of 1 MW and 0.0044 m3 s-’ at the drum is condensed in the condenser; the liquid 
650°C. The water circuit is shown in Fig. 1 operating from the bottom of the drum is subcooled in another 
in the recirculation mode with saturated water/steam heat exchanger (cooler). 
flowing vertically upward from the test section to a The water temperature at the test section inlet is 
separation tank (steam drum). Steam from the top of controlled by the heat rejection of the cooler and 
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FIG. 1. Steam Generator Test Facility. 
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condenser. This dual heat exchanger (condenser and 
cooler) heat rejection system precludes the need for a 
high-pressure water preheater. The condensate and 
water from the cooler are recombined before entering 
the canned-rotor, high-pressure, centrifugal-pump 
circuit from which the flow enters the test section 
through a throttling valve. The water circuit has 
maximum pressure and flow ratings of 16.5 MPa and 
0.0082 m3 s-‘. 

A somewhat unique aspect of the SGTF is the con- 
denser/cooler arrangement with both components at 
full system pressure. To maintain fine system control 
with fast feedback, a high-temperature synthetic oil is 
used as the heat rejection fluid in the condenser and 
cooler; the oil in turn rejects heat to a water cooling 
tower. The oil system, not shown in Fig. 1, uses pneu- 
matically controlled valves to change load quickly by 
changing oil flow rather than temperature. 

The stability experiments all were performed with 
superheated steam exiting the test section. For these 
tests, a desuperheating heat exchanger with very low 
pressure drop was added just below the steam drum. 
The system continued to operate in the recirculation 

Na 

mode. This configuration subjected only a short seg- 
ment of piping to high superheat temperature ; only 
this segment was upgraded for the tests. 

Water valves positioned close to the test section 
inlet and outlet were used as variable orifices. The 
inlet and/or outlet throttlings were changed during a 
test by adjusting these two valves ; the test section 
flowrate was independent of the settings. (The test 
section water flowrate could be maintained at any 
value, using the pump circuit valves, independent of 
the inlet and outlet throttlings.) This arrangement 
gave the system considerable versatility in the 
approach to instability. 

Investigation of parallel channel flow instability 
requires the imposition of constant pressures, inde- 
pendent of flow, at the test section inlet upstream 
of the throttle valve and at the test section outlet 
downstream of the throttle valve. These pressure 
boundary conditions were realized in the SGTF by a 
combination pressure control and parallel piping. 

The test section, shown in Fig. 2, consists of a 2$ 
Cr-1 MO steel tube with inside diameter of 10.1 mm 
and wall thickness of 2.90 mm, in which water flows 
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FIG. 2. SGTF test section. 
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vertically upward. Sodium flows countercurrent in the 
annulus between the water tube and the Type 304 
stainless-steel sodium shell (31.5 mm ID). The tubes 
are held in concentricity by support spacers designed 
for minimum heat transfer between tubes and mini- 
mum flow perturbation. The heat transfer length 
between centerlines of the sodium nozzles is 13.1 m. 

One hundred and two shell thermocouples are spot- 
welded axially along the outside of the sodium tube 
(shell), with a minimum spacing of 0.076 m. These 
thermocouple measurements were used with mea- 
sured pressures and flows to determine local para- 
meters at the thresholds of instabilities. The SGTF 
and test section are described further in ref. [6]. 

EXPERIMENTAL PROCEDURE 

The technique most commonly used for approach- 
ing dynamic instability in an experimental system is 
to start from a steady-state condition and to lower 
the water flowrate until instability is reached. This 
approach to instability causes rather large hydro- 
dynamic and thermal perturbations in the test section. 
Lowering the water flowrate in a once-through system 
causes the critical heat flux to move upstream, which 
causes large changes in tube wall temperature in its 
vicinity. In a sodium-heated test section, the sodium 
temperature and heat flux distributions also will be 
affected. As a result of these changes, the system can 
be forced into instability prematurely. An alternate 
approach to instability was used in this investigation 
which minimized parametric perturbation and prema- 
ture instabilities. 

All tests in this study were initiated from a pre- 
determined steady-state condition. The five para- 
meters that specify a test are water flowrate, pressure 
and inlet temperature, and sodium flowrate and inlet 
temperature. All these parameters were held approxi- 
mately constant throughout each test. In most tests, 
there was no exit throttling and substantial inlet throt- 
tling at the initial steady-state operating condition. 
This arrangement yielded very steady water flow. Sub- 
sequently, the throttlings were altered in the direction 
of instability in small increments while maintaining 
all other parameters approximately constant, includ- 
ing the water flowrate. Using this procedure, there 
was essentially no perturbation to fluid temperature, 
heat flux, etc. in the test section. The throttlings con- 
tinued to be changed in this way (decreasing inlet 
throttling and/or increasing exit throttling) until the 
threshold of instability was reached, and data were 
recorded by a computerized data acquisition system. 
Subsequently, the throttlings were changed again, 
producing the large water flowrate fluctuations of 
dynamic instability that were important to verify that 
the threshold had been reached. 

There is another advantage to the test procedure 
employed in this study. It allowed stability thresholds 
to be determined at specified water flowrates. Essen- 
tially, throttlings were sought that produced the 

threshold of dynamic instability of a predetermined 
range of water flowrate and system operating condi- 
tions. The approach to instability that decreases water 
flowrate cannot predetermine the test section con- 
dition when instability is reached. Approaching insta- 
bility in the SGTF using the water flowrate reduction 
technique verified the experience of other investigators 
that it was necessary to produce a very slow, quasi- 
steady transient which, in some parameter ranges, 
became difficult to maintain as a consequence of 
facility control limitation. For these reasons, the 
throttling approach to instability was considered to 
be the preferable technique, and it was used in all tests 
of this investigation. 

Data at and beyond the threshold of instability 
also were recorded on an FM magnetic tape recorder. 
These analog recordings were used to reproduce the 
time variations of various test section parameters. 
Some of them were digitized and subjected to spectral 
analysis. 

RESULTS 

Results from Test 960 were chosen as an example 
of the threshold of dynamic instability. The water 
mass flux during the test is shown in Fig. 3. As 
discussed previously, the throttlings were changed 
in small increments during the test while initial 
flow, temperature, and pressure conditions were 
maintained. The water mass flux at the threshold of 
instability is shown in Fig. 3 for the time increment of 
O-125 s. At 125 s, the throttlings were changed again, 
as indicated in Fig. 3, resulting in large-amplitude 
oscillations. Before this final throttling change, the 
water mass flux was relatively constant, with small- 
amplitude fluctuations that appeared and disappeared 
with time. After the throttling change, the fluctuations 
became pronounced, with a clear dominant frequency. 
The amplitude increased with each cycle until it 
reached more than 100% of the initial mean mass flux. 
(In some experiments, a limit cycle was reached at 
moderate to large amplitudes.) The flow oscillations 
shown in Fig. 3 led to flow reversal, and the test was 
terminated. 

A second example of typical stability test results is 
given in Figs. 4 and 5. The stability threshold was 
somewhat different from that in Fig. 3. A throttling 
change was made at the point indicated as the 
threshold of instability in Fig. 4. Subsequently, small- 
amplitude fluctuations appeared in the water flowrate. 
The fluctuations are seen in Fig. 4 to have a clear 
dominant frequency, but the amplitude did not grow 
to very large values, as in the test results in Fig. 3. 
However, the next throttling change produced the 
increased amplitude shown in Fig. 5 that led to a 
limit cycle with fluctuation amplitude of 100% of the 
mean water flow. The throttling increment between 
Figs. 4 and 5 was on the order of 5 kPa. 

Spectral analysis was performed on a segment of 
flow fluctuations of moderate amplitude similar to 
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FIG. 3. Stability threshold and beyond. 

the early stages shown in Fig. 5. The power spectral 
density is shown in Fig. 6, where it is clear that a 
frequency of 0.23 Hz dominates the spectrum. Higher- 
frequency components were present in much smaller 
amplitudes. 

These results for water flowrate fluctuations at and 
beyond the threshold of dynamic instability are simi- 
lar to instabilities found by other investigators in both 
liquid-heated and heat-flux-imposed systems that 
were attributed to density wave feedback. Examples 
of similar measurements in liquid-heated systems are 
given in refs. [7-91. The frequency of the instabilities 
were predicted reasonably well by the DYNAM com- 

puter code as noted in ref. [lo]. It is for these reasons 
that the instabilities encountered in this investigation 
are considered to be of the density wave type. 

Data were recorded at the threshold point for each 
test performed. The temperature, flow and pressure 
measurements were analyzed to produce a full set of 
parametric conditions, including axial heat flux, at the 
instability thresholds. 

COMPARISON WITH DYNAM 

Representative tests covering the water flow and 
pressure range of the experiments were analyzed by 

000 
I 

R 753 
16:49:55 

u) . 

“E 
600 

\ 

,” 
THRESHOLD OF INSTABILITY 

200 I I I I 
0 20 40 60 00 100 

TIME, s 

FIG. 4. Dynamic stability threshold. 
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FIG. 5. Large-amplitude dynamic instability flow fluctuation. 
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the DYNAM computer code. The DYNAM code was 
chosen from among several existing codes for density 
wave stability analysis because it is a well-established 
code that has been used for high-pressure water flow 
systems for many years. The code predicts the 
threshold of density wave instability using a frequency 
domain analysis. Two-phase flow and superheated 
vapor regions are included as well as the effects of 
inlet and outlet throttling. (The instability frequency 
is also predicted by DYNAM as discussed previously.) 

Comparisons of measured and predicted stability 

thresholds were made in two ways. In the first com- 
parison, all system conditions at the experimental 
stability threshold were input to DYNAM except for 
the pressure drop across the test section inlet throttle 
valve. DYNAM predicted the inlet pressure drop 
(throttling) at the threshold of instability that could 
be compared with the measured value. The use of 
DYNAM in this way was similar to the experimental 
procedure. 

The predicted inlet throttlings (DP-IN in Fig. 7) 
were compared with the experimental values. The 
comparison is good, with points well centered about 
the perfect agreement line (the 45” line in Fig. 7). 
Points lying to the right of this line are conservative 
predictions ; nonconservative are to the left. Although 
the points in Fig. 7 are distributed almost equally 
between conservative and nonconservative predic- 
tions, DYNAM predictions were systematic with 
respect to water pressure. Predicted inlet throttling 

was found to be consistently conservative at the high 
pressure of 16 MPa and nonconservative at the low 
pressure of 7 MPa. 

The second method of comparing DYNAM pre- 
dictions with experimental data was similar to the 
method discussed above except that the measured inlet 
throttlings at the stability thresholds were input into 
DYNAM, and the outlet throttlings were predicted. 
The results of the comparison are shown in Fig. 8, 
where DP-OUT is the exit throttling. The axes in 
Fig. 8 were changed, compared with Fig. 7, so that 
conservative predictions still fall to the right of the 
45” line in Fig. 8. Although the points in Fig. 8 are 
distributed relatively evenly with respect to con- 
servative and nonconservative predictions, the scatter 
in Fig. 8 is significantly larger than in Fig. 7. 

The same systematic deviations between DYNAM 

predictions and measurements were found for the exit 
throttling as for the inlet throttling case. The pre- 
dictions were conservative at high pressure and non- 
conservative at low pressure. No systematic error was 
found with respect to water mass flux in either inlet 
or exit throttling predictions. 

COMPARISON WITH CORRELATIONS 

&al correlation 

Unal’s correlation equation [4] for predicting the 
threshold of density wave instabilities in once- 
through, sodium-heated, high-pressure boiling water 
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FIG. 6. Power spectral density of water flow fluctuation. 

was compared with the SGTF data. It was determined 
that the equation had the potential for correlating the 
data except for the parameter range of the highest 
pressure (16 MPa) and the lowest water mass flux 
(170 kg m-* s-‘). Thus, data in the range shown in 
Fig. 9 were used for comparison with &al’s equation. 

ijnal’s equation predicts the water quality at the 
instability threshold, given the test section and inlet 
throttling conditions. The equation has the form 

X = A,A,A,A,A,A, (1) 

where X is the thermodynamic equilibrium water 
quality at the test section exit ; it may be greater than 
unity. The A terms of equation (1) represent the effects 
of pressure, flowrate, inlet water subcooling, vapor 
Reynold’s number, inlet throttling and geometry. 
Equation (1) is compared with data from the SGTF 
test series in Fig. 10. The majority of the measured 
data are overpredicted by equation (1). This result 
is nonconservative, and the high-pressure, low-flow 
results omitted from the comparison were predicted 
very conservatively. In general, the comparison of Fig. 
10 was encouraging, and a modification of unal’s 
equation was developed to better predict the SGTF 
data while retaining the general form and parameter 
groups in the equation. Also, an additional term was 
added to account for exit throttling. The following 
equation resulted : 

X = B,B,B,B,B5B,B,. (2) 

The pressure dependence of equation (1) produced a 
systematic deviation between predictions and SGTF 
data. The pressure dependence term, A,, was modified 
to B,, where 

B, = 0.131 -O.l251n[(l -P,)P,“.3]. (3) 

A similar systematic dependence was found with 
respect to flowrate ratio. The flow ratio term, A*, was 
modified to B2, where 

B, = 1 -O.OOSW,/W,. (4) 

The subcooling and Reynold’s number terms were 
unchanged : 

and 

B, = A, = 1 +O.l3AH (5) 

B4 = A4 = Rez,‘25. (6) 
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FIG. 7. DYNAM inlet throttling predictions. 
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Systematic deviations were encountered between pre- 
dictions of equation (1) and SGTF data with respect 
to inlet throttling. The deviations had opposite signs 
at low and high inlet throttlings, so the A, term was 
rotated around moderate throttlings to give B5 

B, =[1 +$$,]“‘0323. (7) 

The term A6 = B6 = 1.0 for straight tubes, and the 
exit throttling term B, was added 

B,= l/[l+&z] (8) 

where II = O.O001706G-0.0283 (G is in kg mm2 s-l). 

The predictions of the modified unal equation, 
equation (2), were compared with the tests in the 
range shown in Fig. 9. The results are shown in Fig. 
11; agreement is very good. All the modifications to 
equation (1) contributed to this improved predic- 
tion. Although equation (1) does not account for exit 
throttling, and some of the ANL data had exit 
throttling at the stability threshold, the addition of 
the B, term alone was not capable of producing the 
results shown in Fig. 11. 

Essen correlation 
Several dynamic stability correlations were com- 

pared with test data from sodium-heated experiments 
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FIG. 9. Data range for comparison with &al correlation. 
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FIG. 10. Data comparison with tjnal correlation. 

[5]. Unal’s equation [4] was included. The conclusion 
was that none of the equations predicted the data well. 
A new equation was offered that correlated the data 
better, but the Essen correlation [5] does not include 
inlet or exit throttling. 

The Essen correlation is composed of two equa- 
tions : 

C = 2 (TN~,.,~, - Tmt) (9) 
W 

and 

CC = 1074+23.4P. (10) 

Essen compared the predictions of equations (9) 
and (10) to measurements by computing the ‘scatter’ 
defined as 

c-c, 
scatter = ~ 

CC 
x 100%. (11) 

The scatter was calculated [5] for each experiment and 
plotted against the number of experiments, i.e. the 
data frequency. The same procedure was followed in 
comparing equation (11) with the SGTF experiments. 
The results are shown in Fig. 12, in which the plotting 
limits on scatter are the same as used by Essen. Good 
agreement would be represented in Fig. 12 by a high 
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FIG. 11. Data comparison with modified Anal correlation. 
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FIG. 12. Data comparison with Essen correlation. 

frequency at zero scatter. However, most of the data 
fell above 20% scatter, indicating poor correlation. 

CONCLUSIONS 

The dynamic stability experiments conducted in the 
SGTF covered a large range of water flowrate and 
pressure with superheated steam at the test section 
exit. Instabilities of the density wave type were en- 
countered in all tests, using an approach to insta- 
bility that minimized system perturbations that can 
cause premature instabilities. 

The comparison of measured stability thresholds 
with the predictions of the DYNAM computer 
code produced several important results. In general, 
the DYNAM predictions compared well with the 
measurements on the basis of inlet throttling. The 
comparison with respect to exit throttling was not 
nearly as good. In both cases, the DYNAM pre- 
dictions were conservative at high pressure and non- 
conservative at low pressure. 

&al’s correlation equation [4] was modified suc- 
cessfully to predict the SGTF data very well except 
for the highest pressure and lowest flow parameter 
range. The modified unal equation [equation (2)] is 
recommended for use in the parameter range shown 
in Fig. 9. 

The recent correlation of Essen [5] was shown to be 
in poor agreement with the SGTF data. The absence 
of both inlet and exit throttling .terms in this cor- 
relation makes its range of applicability very limited. 

- 
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MESURE ET ANALYSE DES INSTABILITES DANS UN ECOULEMENT 
DIPHASIQUE CHAUFFE PAR UN FLUIDE 

Rbsum&Des experiences de stabilitt dynamique d’onde de densite sont conduites pour le chauffage d’eau 
bouillante par un liquide. Le sodium liquide, jusqu’a des temperatures de 500°C foumit la chaleur a de 
l’eau en ebullition a des pressions de 7-16 MPa et a des debits surfaciques de 170-800 kg m-* s-l. L’eau 
s’ecoule dans un tube vertical, avec une longueur chat&e de 13 m et elle sort surchauffee dans tous les 
essais. Une attention speciale est port&e a la procedure choisie pour approcher I’instabiliti. Les r&hats 
exptrimentaux sont compares avec les previsions d’une code de calcul DYNAM et avec deux formules 

rtcentes. Une de ces formules est modifiee pour representer correctement les rtsultats expirimentaux. 

DYNAMISCHE INSTABILITATEN IN EINER FLUSSIGKEITSBEHEIZTEN 
ZWEIPHASENSTROMUNG 

Zusammenfassung-Untersucht wurden dynamische Instabilitaten, besonders Dichtewellen, an unter 
hohem Druck siedendem Wasser bei Beheizung mit einer Fltissigkeit. Fliissiges Natrium bei Temperaturen 
bis zu 500°C diente als Beheizung, urn Wasser bei Driicken von 7-16 MPa und Massenstromdichten von 
170-800 kg mm2 s-l zu verdampfen. Das Wasser striimte innerhalb eines vertikalen Rohres mit einer 
beheizten Lange von 13 m, und man erhielt bei allen Versuchen iiberhitzten Dampf. Besondere Auf- 
merksamkeit galt den Versuchsablaufen zum Erreichen der Instabilitlt; die Stabilitltsgrenzen wurden 
bestimmt. Die experimentellen Ergebnisse wurden sowohl mit Berechnungen nach dem DYNAM-Com- 
puter-Program als such mit zwei neueren Korrelationsgleichungen verglichen. Eine der beiden Gleichungen 
wurde (erfolgreich) abgeandert, so da8 die experimentellen Ergebnisse gut vorausgesagt werden kiinnen. 

M3MEPEHME M AHAJIM3 ~HHAMMHECKWX HEYCTOflrIMBOCTEti B HAFPEBAEMOM 
ABYXUrA3HOM IIOTOKE ~KMAKOCTM 

.kllOTa~l+~pOBeAeHbI 3KCnepHMeHTbl n0 AAHaMBKe,BOAHaM C~aTBII A yCTO&,WBOCTB "pH Kri"eH,,W 

BOAbI H HarpeBe XMAKOCTU npkl BbICOKOMAaBJIeHBII.~HAKHii HaTpHii IlpHTeMIIepaTypaXAO 500°C AaeT 

Tenno AJI~ KmeHWIl BOA~I npri~aanemiax 7-16 MICA B MacdoBbIX nOTOKaX 170-800 Kr M-2~-1.BoAa 

TeKJIa BHyTpH BepTHKaJIbHOii Tpy6bI C AJIHHOti HarpeBa 13 MB BblXOAHAa ItepeTpeTOfi 80 BCeX OnbITaX. 

CkoBoe BHHMaHWe yAeAeH0 3KCnepHMeHTaAbHOii MeTOAHKe,npS,MeH,leMOfi AAS, ,,3yYeHW, Havana "ey- 

CTOiiiSHBOCTW; 6btne O"peAeAeHb1 IIOpOrA yCTOk,HBOCT~. Pe3yAbTaTbl 3KC"epHMeHTOB CpaBHHBa,IHCb C 

paweTahm Ha 3BM no nporpakme DYNAM A ABYMX o6o6maromaMri ypaeneminhtri. OAHO 83 ypasee- 

HHfi MOAH&iIIHpOBaHO AJlX AOCTlGKeHUR XOpOlllerO COOTBeTCTBBI C 3KCnepBMeHTaJTbHbIMW pe3yJIbTa- 

TaMn. 


