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SUMMARY

We cesc "ibe some experiments on the survey of temperature

alternations that are noted in critical temperature zones in passing

between t'ifi boiling point and the ultracritical point in steam-

generating systems. These studies are of particular interest es-

pecially for the production of superheated steam from supercooled

liquid with a single passage through the channel (once-'through) .

A theoretical analysis is do/ie on the characteristic frequency

of the alternations, and the parameters upon which the operating

characteristics and the physical properties of the fluid depend.

Finally, we analyze the temperature distribution in the criti-

cal zone, examining the thermal transitions that occur due to the

rapid variations in the coefficient of thermal exchange. '

DESCRIPTION OF THE PHENOMENON AND EXPERIMENTAL OBSERVATIONS

In cooling systems with a single transition from supercooled

liquid to superheated vapor (once-through) in which a so-called

critical temperature zone is crossed, it is of prime importance to

know the extent of the thermal cycling that occurs in the critical

zone. In this zone, there is complete vaporization of a thin film

of liquid chat adheres to the walls, with a sudden temperature in-

crease.

Thus, along the cooling channel, there are profiles of the

wall temperature such as that in Figure 1, with a clear distinction

between the boiling section, in which the temperature of the wall

is very near the saturation temperature, and the section at the

ultracritical point with a higher wall temperature.

Below the boiling section, the cooling is controlled by a

steam-forced arrangement handling the liquid as a dispersed phase.

The boundary of the liquid film on the wall is not stable in that

it oscillates forwards and backwards and is completely fringed.

The fringes themselves however are mobile.



The result i? that in the space of the cooling channel, which

the film periodically overlaps, there is an alternation in the

value of the thermal exchange coefficient that leads to alterations

in the wall temperature. These alternations have their own charac-

teristic frequencies and amplitudes, and induce alternating mechani-

cal stresses.

It is very important to study the characteristics^and the _

dependency relations of the working,parameters.

Some analytic and experimental studies [1—5] conducted on the

movement of the liquid film above the critical temperature allowed

us to make these observations on the movement of the boundaries of

the film in the critical temperature zone: ,\

- the liquid film does not hava a smooth surface, but rather

is rippled by waves rising from the vapor phase with a

greater velocity [1-4];

- these waves do not follow the classical laws of wave dy-

namics, but rather are made of liquid pockets that are dis-

placed rapidly by gliding over a base film with a thickness

much less than their height,, and with a velocity that is /

on the average of a lesser order of magnitude than the aver-

age of the vapor phase. For this reason, they are called

"rolling waves" [1];

- an analytic study [1] of an adiabatic isothermal situation

identifies the thickness y. of the liquid film immediately,

above the dry zone that is related to the characteristic con-
r.

tact angle between the liquid and the wall $ , at the fric/-

tion velocity u* = o
namic liquid viscosity u, according to a characteristic
equation of the type:
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and that f (y . ) is a series of mathematical operations [1] •"

We will return to this equation later; L

- making a distinction between the base liquid film and the .?

"rolling waves", and assu/Mng that in the film there is either

laminar or turbulent movement described by a flow rate equa-

tion of the 1/7 power, the relation between the thickness

of the film and th;J height of the wave is, from an analytical

study, about 1/4 and 1/8 for the two cases [1].

Using these observations, we now examine some /experimental

results obtained with the use of a 200 kW water heater, called a

CUA 1 (Figure 2). These results refer to recordings of wall temper-

atures in the critical zone in a tubular nickel channel with a

diameter D = 9 mm, a thickness of 1.5 mm, and a length of 3600 mm,

and in a tubular Nimonic channel with a diameter D = 10 nun, a

thickness of 2 mm, and a length of 4000 mm.

The test conditions, with the water^pressure at ^ 50 kg/cm ,
° '• •'-• '' 2

specific mass capacities of 50 < G < 100 g/cm - sec, and uniform
2 ••• . .

thermal flows <p = 50-100 W/cm , are given along with the graphs

of the wall temperature in Figures 3 and 4. The graphs in Figures

3 and 4 show the signals coming from the three thermocouples placed

along the same generator at an axial distance of 15 mm in the

nickel secrion. The design of the thermocouple along the section

is represented in Figure 5. Now let us turn briefly to describing

the characteristics of the thermocouple and the entire chain of

measurement. We will concentrate on the curves of the wall temper-

atures shown in Figures 3 and 4. "

Proceeding from right to left along the time axis, the graphs

clearly show temperature alternations of two types, one at a higher

frequency (f 2-3 Hz) and the other at a lower frequency (f 0.5-0i8
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Hz). In addition, the following situation is repeated: the lower

thermocouple, which we denote by T ., is the first to respond to

the critical ':«rcperature and is the first to show alternations of

greater amplitude. It then moves forward, with\a mere or less de-

cisive transition, to a high and stable temperature typical of

the ultracritical point.

It should be recalled that in all these tests, the thermal

flow increases slowly and linearly in time with a gradient of
2 •'• ••

0.015 W/cm /sec. Then an intermediate thermocouple, T .,, responds

to an imminent critical zone and in turn moves forward, more or

less decisively, to the transition of the ultracritical point.

In some cases (Figure 3a, b, c) T , does not enter into the critical

zone (in the time interval under consideration), and that means

that the critical front is contained within a restricted interval

between the points of application at T , and T . (30,mm).

This is a useful indication of the stability of the critical

point, although in this type of survey we cannot leave out consid-

eration of the particular working conditions of the circuit (posi-

tion, stability of the capacity, etc.).. In some situations (4d),

the top thermocouple, Tc,, also finally enters into the critical

phenomenon.

Now let us consider the temperature alternations with the two

characteristic frequencies f (of small amplitude) and ff (of

greater amplitude). . •

It seems reasonable to hypothesize that the smaller and more

frequent alternations are due to the rolling waves that arise in

the terminal layer of the film which carries liquid thus elongating

the boundary. The vaporization of the film due to the thermal

flux naturally perturbs this mechanism. With each wave the film

lengthens, and in the interval between waves, it shrinks by vapori-

zati.on. We will deal with this subject in the following paragraph.

For the interpretation of the frequency f^ we can advance two hy-

potheses: the temperature alternations relative to this are due

either to the movements of the boundary fringes of the film, which
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are highly indented (see sketch in Figure 6), or to other waves,

with an amplitude much greater than that of the train of "rolling"

waves first considered. V)

The characteristic progression of the temperature curves given

in all the diagrams of Figures 3 and 4 is repealed for all the re-

cordings made (̂  50 curves). In some cases, 4 thermocouples at a

distance of 15 mm, were connected simultaneously to the recorder

(see, for example, Figure 4d), and the results were entirely analo-

gous. It should be recalled that the research done, although

involving parameters of undoubted interest in practical applications
2 2 ?

(p = 50 kg/cm ; G = 50-100. g/cra'-sec; 41 = 50-100 W/cm ) was rather

limited by some characteristics of the CUA 1 circuit, with regard

to the parametric intervals of p and G investigated.

The experimental equipment used (Figure 2),is described in some

detail in [6]. Below we will briefly disduss the particular tech-

niques used for the survey of the temperature transitions.

The temperature probes consist of stainless steel coated

thermocouples with external diameters of 0.5 mm. Junctions are

protected and isolated from the stainless steel coating, and there

are holes made in the wails of the test sections with a depth of

^ 0.7 mm. The thermocouples are refolded at the outlet of the -

hole and wrapped one complete time around the tubular,channel.

The coatings are insulated from the tube and connected to it with

successive layers of cement (Brimor). '

Supporting tests were carried out to study the dynamic behavior

of this particular .type of approach, which proves to be the best

when compared with numerous other experimental methods [6].

In these tests, cyclic thermal transitions were created in an

appropriate apparatus consisting essentially of a test section

supplied with electrical current and cooled with air by means of

a bearing that is intercepted alternatively by an solenoid value

controlled by a variable-frequency generator.

The coated thermocouples, arranged as in Figure 5 along the

tube constituting the test section and applied to it as already
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described, are of limited length, not greater than 50 cm. They end

up in a differentiated contact plug and are then elongated with

a compensation cable to reach the Dewar fla ska used to thermostat

the cold junctions.

• From here, they continue in a multiple copper cable to the

console, wher^ they are connected to telephone-type plugs arranged

on an appropriate panel. Both the multiple cable and the compensa-

tion cables are shielded.

By means of the telephone plugs, each thermocouple can be

connected to the most appropriate instrument for the type of study

to be done, in particular to one of the potentiometer (Leeds and

Northrup Model 8686), or to one of the channels of the "Profile

Monitor" (ATL Model 220) on whose screen or on an ultraviolet ray

recorder (Galileo Model RSI 14 b) can be seen the temperature
}

profiles.

This last instrument was used particularly for the dynamic sur-

veys of the wall temperature with respect to the critical zone in

front. The needle galvanometers are of the G 250 type and have

the following specification.' :

natural frequency 250 Hz,

frequency range for flat response within + 8%, 0-150 Hz,

coil resistance 150 Q, +_ 10%,

potentiometric sensitivity 1.3 mV/cnw

The resistance of the source (T , compensation cables, etc.)

measured with a telephone plug is less than 70 fi, and this is

related to the limited length of the coated thermocouple.

Under these conditions, it was possible tc create a direct

connection to the potentiometric element through a single resis-

tance calibration (some initially interposed amplifiers for the

purpose of uncoupling impedance gave rise to disturbances related

to the entrance of the amplifier, which is not completely balanjed,

and to the limited resistance of the insulation between the junction

and the test section).
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The chain was calibrated by measuring, under stable circuit

conditions, the signal of the thermocouple by means of the portable

potentiometer, recording the same signal1with the galvanometer of

the rapid recorder, and then adjusting the calibration resistance

until the desired value is obtained.' " ,,? ;" ., .,..

DIMENSIONAL ANALYSIS OF THE ALTERNATION, FREQUENCY r 'H' ,'

Let us recall the analysis of Hartley aand Murgatroyd [1] and

the equation they deduced for the determination of the rninimum" '
*
 s

 ' . ' •• •<• " \ o -'. ' =• •"•"-'"< ••

critical thickness of the liquid film ori the wall y. ': ° -'

The situation being analyzed refers 'fco^lsothermal adiabatic

conditions. When there is evaporation, of the liquid "film", as

compared with the case examined by Hartley and ̂ lurgatroyd, there

are no dynamic alterations worth mentioning. In fact, this analy-

sis refers to the boundaries of the1liquid film, very nuch thinned;

in which' the probability of actual boiling is very small, and the

progressive thinning occurs by simple evaporation. The velocity

with which the vapor evaporates" and the velocity of the consequent

dynamic reaction on the film are negligible compared, to the other

forces that come into play. The liquid i-s almost -entirely at

saturation temperature and the hypothesis of isothermicity {con-

stancy of all the physical properties) is-not so far removed from

reality, even in the adiabatic case." The parameters that modify

the situation, as compared with (the isothermal adiabatic case, are

only the latent heat of vaporization X, and the injected thermal -

f l u x <f>.~ ' : .. :• •'"• .. %;•:

In total, the parameters that are involved in thet phenomenon

of the temperature alternation in liquid films in the critical zone

can be listed as follows:
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o surface tension ;i> •=,
.') •

U dynamic viscosity of the liquid phase

B characteristic contract angle of the liquid film
o • . , " • <

T dragging stress of the kernel current of vapor on

liquid film ., .

A latent heat of vaporization

$ superficial thermal flux ,

If we limit our analysis to the case, which indeed is of con-

siderably practical interest, of tubular conduits with; a diameter

D, which heat uniformly {$ = constant), we can reexamine the sig-

nificant parameters and institute some simplifications. The dragging

stress T is a derived quantity that can be expressed as a function ,j

of the kinetic pressure p u (Pv
;= density of the vapor phase,"

u = average velocity of the vapfor phase in the conduit) and the 3

Reynolds number. But x , while it is directly proportional to th°e =

kinetic terms p u", !!is a much weaker function of the Reynolds num- :
—0 2 ' J ".-,'•" -

ber (̂  Re * according to a recent determination) and therefore

to a first approximation and for parametric intervals3 that/are not °,

too greatly in excess of the diameter D, the dependence=of T on . -J

D can be neglected. ,,... v '/,. :

Thus we introduce the parameters p and u° in place of T . ,. . .

The introduction of the parameter^u makes the'presence of 4 in ' „

the list of characteristic parameters superfluous.- In fact, in a

conduit of a given diameter which is uniformly lieated, and fbr °

given test conditions in the critical pointy there3 is a correspon-

dence between the thermal flux, the critical temperature, and the

other test parameters. The critical temperature is related to" the*

average velocity of the vapor phase u at the critical point.

Thus the representative parameters are reduced to the follow-

ing:

V
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that is, to 6 physical properties of the fluid and one functional ,

characteristic (u ). „

Therefore, the frequency of alternation of the b6«,ndaries of

the liquid film, f, is a function of the above-mentic^^edvariables:

Hypothesizing for the function $ an exponential function/ we

c a n w r i t e : .• ,• / • "" .: " ,,, ••- ..

) a > ; (/u1)
b.(cr)c .

where a, b, c, e, x, and y are the generic exponents to be deter-

mined, C is a numerical constant also to^ be determined1, which we

can consider to be a function of the characteristic, angle of cpntact

\o L ~ • i o- J ,( and-J represents, the conversion factor between

the mechanical units and the thermal units (thermal1 equivalent of

the work). p* represents either p,= or p .

Let us adopt liass, length, time, and ̂ quantity of heat as_^

fundamental units, and with respect ^6 these, units express the

dimensional equality, of the two members ojf equation (1),: ; f

• .. *° % ~ , • = :'.

,.J) = a + b t;c - e - y (massY ° ^ j ^ ^

0 • -3a - b +; x -2y (length) o 3

-1 = - b -2c - x +2y (time) o =

0 8,0* ^ '. (quantity of heat) „• = ° o "

System (2) has 4 equations in 6 unknowns. It can be solved

by leaving the exponents x and y indejceminate, and deducing the "

exponents a, b, c( and e. Thus we obtain: ,̂
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: a = 1 ' • " , .

b.« - 3 +•' x - 2y i

c = 2 - x + 2y

e m - ; - y ' -• ',•:• ' • ,:

Substituting these values for the 2nd member of ,(1) we get:

The term P* in this case is representative of the terms p, - p,r where

p is a kind of correction for p, which can become significant at

highly reduced pressures:

(3)
A-

In (3) there are three undetermined numerical parameters, C,

x, and y which are obviously specified experimentally. In'the

absence of an extensive parametric experimental investigation,

we can still formulate some intuitive observations concerning the

charactaristic groups which appear in (3).

The group fli has no physical significance, in the

sense that it arises from the dimensional analysis only to express,

in this case, the unitless 1st member of (1), introducing a dimen-

sion "time." .
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On the other hand, the characteristic groups of the phenomenon

A Uv cr2' J

in the first there appears a functional parameter u , while the

second groups together only characteristic physical properties.

The two groups apparently do not have a precise physical sig-

nificance. If it were possible to identify a characteristic length

Z of the phenomenon of the propagation of waves on the liquid film

of the wall dragged by the vapor at velocity u , for example the

amplitude or some similar parameter, rewriting the first group in

the form:

MM)
(C7i)

we would get the ratio between a tangential stress due to the

velocity gradient (from the null velocity of the wall to the maxi-

mum velocity of the wave crest on the order of, or related to u ) ,

and the stress, from the resistance to this external disturbance

due to capillary action.

The physical properties u, and a appear in both groups under

consideration. They can be separated, maintaining in the: groups

the characteristics that are representative of the phenomenon,

multiplying the 2nd group by the square of the first. In this

way we obtain, in addition to the first group,

the thermal energy of evaporation.

group r . In this one, a kinetic energy term is put in for

• • A
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Let us return to relation (3).

Only a properly conducted experiment can allow the determination

of the exponents x and y and the numerical constant C if the para-

metric influences on the unknown exponents can be clearly separated.

In fact, tests at various reduced pressures (possible with the same

fluid), but with a constant vapor phase velocity, make it possible

to determine the exponent y, while tests at the same pressure but

with different capacities allow the identification of fciie exponent

x. In the absence of a sufficiently extensive parametric experi-

ment, we can formulate, as we have already said, only a few orier.i.-

ing predictions as a rule;. !\ ;"

In this spirit, let us consider the alternations; of the front

of the liquid film caused by an alternating movement of the liquid

in successive small quantities transported by the waves ..,that axially

cover the film, and the evaporation caused by the superheated walls.

When a wave arrives, the film advances, becoming stretched and re-

duced in thickness, while within the time interval betv/een one wave

and another the liquid edge, which ic thinner and more advanced,

evaporates and the front recedes. An alternation in this advancing

and receding of the front prodiices the temperature alternations on

the wall.

As has been mentioned [1], these "waves" do not follow the

laws of wave dynamics, but rather they consist of pockets of liquid

which glide and drag, the vapor over a thin film of liquid that ad-

heres closely to the wall. Their velocity u is related to the

average velocity of the vapor u and can become proportional to it:

The number of these hollows and superficial ripples per unit

of length of conduit, n , is related to the drag exerted by the

vapor which dissipates, in these superficial ripples, part of its

kinetic energy; A proportionality between these two quantities

can be hypothesized:
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which suggests the addition, in (3), of x = 3.

With regard to the exponent y, we consider the group

and in particular the thermal property X, assuming the group to

be isolated in the context of correlation (3), and related only with

f.

Limited to f and to X, we can intuitively suppose a relation-

ship of inverse proportionality between these twd quantities. A

liquid which, all other physical properties being equal, has a

heat of vaporization that is half of that of another liquid, would

take half the time to evaporate with an equal superficial thermal

flux, and thus the front of one of its thin films would be suscep-

tible to "vibrating" with a double frequency.

With these considerations for the frequency of alteration we

deduce the correlation:

A*

or even:

Now let us consider the lower frequency due to tne displacement

of the liquid fringes, f^. This roughly periodic displacement of

the fringes of the extreme front of the liquid is connected with
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the physical quantities that influence f, and we immediately assume

that relation (3) is also valid for f-.

One important parameter, the hydraulic diameter of the channel

D, is not included in the analysis that was done in (3). In con-

sidering the alternations of the fringes we cannot ignore the

curvature of the walls of the outlet channel. In general, we can

assume that, up to a certain minimal curvature, that is, up to a

certain maximum value of the parameter D, ff is influenced, all

other conditions being equal, by D.

Therefore, let us introduce this a priori unknown functional

dependency in (3), removing the dimensions of these parameters with

the introduction of the characteristic Laplace transform for binary

systems:

Mr) '

ANALYTIC CONSIDERATIONS OF THERMAL TRANSITIONS

Given the complexity of the phenomenon, we must have recourse

to a simplified model for the analytic description.

We consider a plane vertical sheet with a given thickness s,

infinitely extended in the other directions (see Figure 7). One

side, x = o, is cooled by the binary mixture in a critical tem-

perature system. The other side, x = s, is adiabatib toward the

outside. The front of the liquid film, assumed to be rectilinear

and horizontal, oscillates vertically around a pole 0 with a given

semiamplitude z and a given frequency f. The entire zone of the
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wall in question is thus alternatively covered and uncovered by

the liquid front. The thermal resistance from the contact between

the fluid and the wall consequently undergoes variations in degrees

between the value it has when the point under consideration is

covered by the liquid film, and the one it has when it is in

contact with the vapor phase.

Here we are studying the temperature transition on the wall

which follows the sudden change of the fluid-wall thermal resis-

tance, assuming that this varies discontinuously starting from the

equilibrium value when the liquid is present. The problem can be

described by the Fourier equation constrained to the determined

conditions.

f o r e v« ry x and t

B 0 • •'• * for x«s and for every t

0 x

=s K. ~ — . for x=o and for every t

in which the symbols have the following meaning:

p = density of the wall material

c = specific heat of the wall

K = thermal conductivity of the wall

q = force developed per unit volume in the walls (assumed to

be uniform) [W/cm ]
2

h = coefficient of thermal exchange [W/cm °C] i
6 = temperature in relation to that of the fluid (T-T ..) °C

Set u
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x * spatial variable normal to the plane surface (*)

s = thickness of the wall.

The spatial distribution of temperature for t <_ o is assumed

to be that of the equilibrium when the liquid film covers the point

under consideration. This derives from the integration of the

Fourier equation for the stationary case constrained by the con-

ditions:

JL. CB 0 for x=s

for

V, " d*
Q S s thermal flux [W/cm2]

The solution of the stationary equation is:

&

Once the transition subsequent to the sudden variation for the

passage from h=h, to h=h as t-»-« is finished, the system moves oh

to a new equilibrium position which derives from a stationary equa-

tion, entirely identical to the preceding one, except that the

coefficient of thermal exchange is changed:

* The variable x is considered to be positive because it goes
from the side of the coolant to the external adiabatic side.
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For the study of the transition, the spatial-temporal Fourier

equation must be integrated.

We proceed by the method of separation of variables, which is

permissable if we assume that the physical properties remain con-

stant during the transition, as does q. This hypothesis is accep-

table as a first approximation.

Given a, the coefficient of thermal diffusion (ot*K/pc) we con-

sider the associated homogeneous equation:

:i
<U

with

By substitution we obtain, after simple rearrangements

dt

The condition for which the equation is satisfied for every

value of x and t is that both members are equal to the same constant

at
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This function should satisfy the conditions constraining the

complete equation

s o > hv P s rv .

From the first condition (for x=o) we get:

From the second we get an equation with eigenvalues 0:

A cos

This equation is satisfied either for A = p, which is trivial

because it would mean that 0* = o for every value of x and t, or for;

which is a transcendental function with °° many discrete values of

the root 8.

For each one of the 6n roots there is a relative eigenfunction

that satisfies the problem. At this point the integration of the

temporal member becomes trivial:

Therefore, the general integral of the homogeneous function

associated with the Fourier equation is
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We can disregard the overtones in the beginning because of

critical damping.

We obtain the following expression:

9** [ )} £* Ht

where C is the constant of integration that can be determined from

the initial conditions.

The general solution of the complete equation is given by

the sum of the integral of the associated homogeneous 6* and a

particular integral satisfying the conditions of final equilibrium.

This particular integral is 0 (x): *

To determine C we need:

X*O

We obtain:
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In terms <|>/h the development can be as follows:

Substituting and appropriately elaborating, we have;

This is the general expression for 6; this has the form of an

integrator-type response to an applied gradient.

On the basis of this result we can make useful observations

concerning the behavior of the system with thermal cycling.

Figure 8 presents the qualitative progression of 6 as a func-

tion of the time at a generic point of the wall in the section

involved with the phenomenon.

A similar solution is found for a transitory decrease that

occurs when the point under consideration, cooled by the vapor, is

covered by the front of the liquid film (see Figure 8). In this

case the solution is:

Directing our attention to the point x=o, where the 9 has the

following expression:
V
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The expressipn can be approximately linearized:

Since 1/h, is small compared to l/hv it can be disregarded.

In so doing, the error which arises from the linearization is can

celled.

* * }\ At

Now we will consider the phenomenon of the oscillation of

the liquid front (see Figure 7) with all the points of the zone

in question having an amplitude z between points A and B. We

assume that the liquid front oscillates sinusoidally with frequency

f. The points near the extrema A and B undergo thermal cycling -

of a lesser intensity than the central points near the pole 0. In

fact, we consider a point near Z, and we assume that the liquid

front starting from A will jump toward B. At a certain instant

tQ the front passes over the point under consideration and proceeds

to B. It redescends to come in contact with it again at instant

t,. Then the liquid front continues the descent to A and rises

again, coming into contact with the point under consideration for

a third time at instant t». . •

For the time period t. - tQ the point in question was covered

by the liquid film and for the time period t, - t, it was in contact

with the vapor.

If this point is near A, we have: v

v-v » *»-•1.
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During the time interval t^— t, the temperature of the point

under consideration does not have time to reach a ̂ /alue near ;Tg .

at the new equilibrium value, for which the amplitudes of the temp-

erature alternations are limited.

A similar thing happens for the points near B, except that

the alternations occur at high temperatures nera the asymptotic

value T s a t + 9̂ .

The points near pole 0 are the ones that undergo the effects

of maximum thermal cycling, as they are the ones that, have equally

extensive transitions in both directions (see Figure 10K

APPENDIX; Evaluation of the experimental results

Table I and the diagrams in Figures 3, 4, and 9 display the

experimental results. :

The diagrams in Figures 3 and 4 were disqussed in the^lst

paragraph. Now let us consider some of the results dbtained from

the graphic recording of the type reported in Figures 3 and 4,

relative to the nickel test section (Table I), and, in some record-

ings, relative to the nimonic test section.

Table I :- :

Frequency (f, f f), amplitude (A0) and rising times (At) of the

temperature alternations detected on the nickel test section.

Test

1
"4
5

I 10
16
17

\ 18-
j 19

u

g/cra2sec

62.4'
76.0
80.2 .
65.5
68.8 •
63.0
•74.0
73.4

* 2W/cra

71.0
79.3
82.4
73.8
75.0
73.2
79.6
78.7

f
(Hz)

2.13
2.15
2.12
2.0G
2.57
2.46
2.15
1.95

f(Kz)

0.838
0.570
0.568
0.543
0.540
0.586
0.525
0.600

(°cr y

44
42
51
47
40
49
53
49

• •

At
(sec)

1.04
••' 0.85

0.92
1.04
0.85
1*2-0

• 0 . 99 '
.1.05
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Table I shows the characteristic frequencies f and tm, the

temperature ranges Ad and the relative intervals of rising time At.

?he characteristics of the nickel test section (internal

diameter 9 mm, thickness s = 1.5 mm) are the following:

o.

By using relationship (4) we evaluate the temporal gradient

of the temperature in this case: ^ =

T h e g e o m e t r y f a c t o r B n in t h e g e o m e t r i c a l l y s i m p l e r s i t u a t i o n

( i n f i n i t e p l a n e s h e e t w i t h a t h i c k n e s s s) i s : \ ..•••>.••>•-

In the,case of the tubular nickel test section, the effect

of the curvature certainly cannot be disregarded, but if we limit

ourselves to considering an? order of magnitude, substituting in

(4) those values of ^ and the^values of <f and h reported in Table

I, we get, in one particular case:
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This value is on the order of magnitude of the results reported

(see Table I).

When the. liquid front oscillates with a frequency f, (4) gives

for the maximum ranges (points very near pole 0 of Figure 7) the

expression:

Comparing these values for the nickel and nimonic test sections v;e

get, for corresponding cases (wi

equal frequency of oscillation):

get, for corresponding cases (with an equal value <p/h and with

with:

Oi .. . =0.043 ca2/sec

sM. . as 0.2 om
Nimonic

we get:

It is not possible, for obvious, reasons of experimental re-

producibility and because of the small dimensional variations of

the two test sections, to directly compare the temperature alter-

nations. However, it seems obvious from the diagrams in Figures

3, 4, and 9 that the amplitude of the temperature alternations in

the nimonic test section are much more reduced.
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A complete evaluation of the influence of the variation in

electrical resistivity and thus the thermal intensity due to the

Joule effect in the two test sections leads us to exclude this

effect as being responsible for the difference in thermal behavior

between the two sections.

Finally, an interesting detail comes to light with the nimonic

test section.

Two thermocouples are applied in azimuth opposition in order

to see whether, in different situations, there is strong indentation

with azimuthal displacements of the liquid front.

All the recordings made (see, for example, Figure 9) have

shown that the liquid front is always largely orthogonal to the

axis of the conduit and that its azimuth variations are such that ,

they can be entirely disregarded.

LIST OF SYMBOLS

c specific heat of the wall [J/g°C]

D diameter of the conduit [cm}

f frequency of the alternation of the wall temperature [sec" ]
o

g acceleration due to gravity [cm/sec ]
2

G specific mass flow [g/cm -sec]

h, coefficient of the wall/liquid phase exchange [W/cm °C]

h coefficient of the wall/vapor phase exchange (ultracritical)

[W/cm2 "CI

J conditions of transition between the thermal and the mechani-

cal units [cal/J]

K thermal conductivity of the wall [W/cm°C]
2

p pressure [kg/cm ]

q force developed per unit of volume of the wall [W/cm ]

s thickness of the wall [cm] v

t temporal variable [sec]

T , saturation temperature of the fluid

u velocity in general [cm/sec]
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u v velocity of the vapor phase [cm/sec]

y. thickness of the liquid f:lm [cm]

Z amplitude of the oscillations of the liquid front [cm]

a coefficient of thermal diffusion of the wall - K/pc [cm /sec]

0 angle of contact of the liquid with the wall [rad]

g, first eigenvalue of the integration of the Fourier equation

[cm"1]

F fluid flow [g/sec]

9 temperature of the wall relative to that of the fluid = T -

Tsat [°C>
\ heat of vaporization [cal/g]

y dynamic viscosity in general [g/cm-sec]

u, dynamic viscosity of the liquid phase [g/cm-sec]

P density in general [g/crn" ]

Pi density of the liquid [g/cm ]

P v density of the vapor [g/cm ]

a surface tension of the liquid [dyne/cm]
2

x friction resistance between fluid and. wall [dyne/cm ]
<j) thermal flow [W/cm ]
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Figure 1. Profile of the wall temperature in a generic test of ultracritical phenomena.
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[illegible]

pump

.*%* preheater

Figure 2. Diagram of the CUA 1 circuit.
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»,-.2 0U>»

Figure 3. Recording of the temperature fluctuations at critical point detected
on the nickel test section.



Page 32

C-635 s/em»t«e * • 712 v»/em» f»£.S40ttx ff «257 Hi

* - " • • - ' • . . *» *

c) G-65.5 o/«">»™« *m 73.7 w/em* f»o i cO Kt. ff "1.95 «s

i • - I - ! : ' "' T T "r . : T c ^ - ' " I - - ! .] !
- • 1 , - - <

• T ,

I f ». I * • • • 4 « t . * i .

.2 w/cm' H i Kz

Figure 4. Recording of the temperature fluctuations at cr i t i ca l point detected
on the nickel test section.
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Figure 5. Schematic indications of the application of the thermocouples in the
nickel test section.

(The detail of the thermocouples referred to by the recordings of
Figures 3 and 4 is shown on the left).
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x«o

Convective transmission with vapor:
•' coefficient of exchange h

Liquid front oscillating with
«._ * a frequency f

Coolant

Liquid film

Coefficient of exchange h.

10

\

Figure 7. Schematic diagram for the coordinates of the physical system at the
[illegible]. . '
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Figure 9. Nimonic 75 test section ;scc

a) Diagram of the temperature alternations at critical points of
the wall
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T«it+ 8 .

Tsat

\ *•

A

Ts&t

;".;.*••• Oscillations in the critical
' -^ /region near point A (lower

' end of the zone under cott-
. sideration)

,-\ ,: c-x

v
' • V > ] •:

Oscillations in the critical
region near point B (upper
end of Che zone under con-
sideration)

Oscillations in the central
region: near the pole 0
of the oscillations

Figure 10. Diagramatic situation of the regions of oscillation in the various
zones of the critical region.
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