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ABSTRACT

An experimental invesﬁigation of heat transfer to subcooled water
under t?ansient conditidns has been conducted. Heat was generated electri-
cally in platinum and aluminum ribbons in such a manner as to produce
exponentially increasing heat generatidn rates which gimulated reaétorrexf
cursions. Surface”temperature was.meaéured'and the events were photographed
with a high-speed camera. : |

_ - The temperature atfainéd by the-su;fgcé_befére boiling commenced was
determined and the time dgl&y between passage of the boiling point and the
beginning of boiling was measured. Heat flux at the beginning of film boiling
was obtained. The effects of water temperature, exponential period, and gas
concentration were studied. Periods ranged from 5 to 75:milliseconds. The
bulk water temperature was varied from.90°F to near the boiling pqint; in all

experiments the water was initially stagnant and .at atmospheric pressure.
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INTRODUCTION

”If; through sudden addition of reactivity, a nuclear reactor is brought
prompt-crrtical, the poﬁer:increases rapidly and the reactor temperature quickly
rises. This excursion contihues~until_the'reac£or'power beeomes high enough to
produce changes which result in a reduction in reactivity. In a reaétor with
water-cooled and--moderated.solid fuel elements --- such aeva "gwimming pool"
or an MIR type ——— the inherent readtivity reducfion which brings the system
under.control_can resulr‘from eJection of moderator from the core follewiné
steam formation. Occurreﬁce of this event,'of course, depends on the incidence
of boiling.

During a power exeureipnfthe;fuel:elements rise in temperature more
rapidly than the'coolant,”end ﬁhe'element surface temperafure exceeds the boiling
point of water while the‘bulk ;iquid temperature is still below saturation. véince
the surface temperature risee veryvrapialy, there has been speculetion that the
boilipg»point of water may_be apéreéiably exceeded before boiling commenceé. Ir
this occurs, the resultiﬁg'time delai could mean the difference between safe
curtailment of an excursion and.a dangerous release of.energy. One analysis of
a partlcular 51tuation( ) indlcated that a delay of the order of ten mllliseconds
in bubble formation would resglt,in phe fuel elements exceedlng the meltrpg point.
(Recently information has.been reieased on'kinetic experimenta with swimming-pool
type reactors designed to determlne thelr behavior following large react1v1ty

(2) (3)

1n3ect10ns --~- the Borax' and Spert experiments. These experiments. revealed
that except under the wmost extreme conditidns'--- beyond what is likely to occur
accidently --- steam formation in reactors of this type results in a decrease in

reactivity that interrupts a surge before serious damage occurs.)



The research reported in this memorandum was undertaken with the
purpose of determining experimentally whether there is actually a time
delay before the beginning of boiling and to study the various phenomena
agsoclated with heat transfer to water under transient conditions. This
information is needed for use in,mathematical analyses of the behavior of -

fuel elements during reactor transients.
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APPARATUS AND METHOD

‘Theibasic experimental'system was a thin metal ribbon (0.1" wide,
0.001" thick, approximately 3" long) positioned vertically in a transparent
tank of water with heat generatéd electrically in the ribbon. (See Fig. 1).
Current, originating in a bank of storage bapteries, passed in series through
a transient power regulator and the ribbon. The regulator consisted of 100
- thyratrons connected 1n pérallel. A different bias could be put on the grid
of each and the system so set that a signal of increasing voltage applied
simultaneously to all tubes fired them in a sequence that approximated the
desired function. A peak current of about 500 amperes (heat flux of the order -
of 5 x lO6 Btu/hr ~ 8q ft in the system usedj could be produced, with the
'duratiqn of the power surge raﬁging from 30 to 500 milliseconds. Any power
function with current increasing monotonically could be set on the regulator.
The controls for setting the individual grid biases can be seen in Fig. 2.

The voltage drop across the ribbon was obtained from fine-wire potential -
taps attached near the ends, and current was measured using a calibrated shunt
in the current circuit. The_voltagg taps (0.003 in. dié) were soldered to the
edge of a ribbon in such a manner that very little surface area was disturbed.
Instantaneous values of millivolt signals.proportional to current and voltage
were recorded by a Hathaway fast-response oscillograph. A typical recorder trace
is illustrated in Fig. 3. In taking data from the oscillograph record, values

were read at times corresponding to the flat parts of steps ﬁo obtain the best

precision.
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'A 16 mm FASTAX high-speed motion pictureAcaméra was used to photograph
the event at a repetition rate of 6000 fraﬁes per second. The camera was pointed
parallel to the ribbon surface énd backlighting was employed. Closing of a
.single'switch initiated the operation of all the equipment, with é time delay
provided in which the camera could accelerate to full speed before current was
passed ﬁhrough_the ribbon.h»Synchronizétion and timing merks were applied simul-
taneously to the recordep trace and the 16 mm film.

‘From the information recorded, iﬁstantaneous values of power generatioq
raté and ribbon registance were obtained. Pfevious-calibration of the ribbon
as a resistance thermometer permitted determination of the ribbon temperature
as a function of time (the temperature drép within the ribbon was negligible).
Heat flux was calculated from the.power'generation rate and the known size of the
ribbon. Boiling on the ribbon surface and burnout were observed by projection of
the high-speed movies at normal speeds giving a time magnification factor of about

hoo.
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RANGE OF EXPERIMENTS

In order to simulate reactor conditions, experiments were performed

in which the power increased exponentially according to the equation

P = P, ot/ “ | (1)
Where P is power_(heat_gene?ation rate), t is time from the beginning

of the excursion, and» p 1is exponential period or e-folding titneT The

value of Pys the initial power, was not of consequence in the experiments
since it was kept so low that no significant change in ribbon temperature
occurred during the early part of an exgursion. Hence, various values of

Ap were employed with a single value of Po'

A range of bulk water temperatures extending from.9OQF to the boil-
ing point was studied. For most runs the oxygen concentration. (taken as
indicative of the total gas concentration) was held below 1.0 ppm, but a
series of experiments.was pefformed with oxygen concentration as the variable.
In order to provide uniformity of surface condition, clinging air bubbles were

~removed by immersing all ribbdnsﬁin‘boiling water for-1.0 minute- just prior - -
to a run, and transferriné them to the test bath while still wet.

Ribbdns of platinum and aluminum were employed, but difficulties in
maintaining voltage-tap attachments with aluminum resulted in most of the

. experiments being performed with platinum. The platinum surface was specular,
whereas the aluminum was "bright-finigh."

In all cases the water was stagnant at the beginning of an experiment

and the pressure was atmospheric.
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The ranges of the variables invegtigated are tabulated below:

Exponential period,milliseconds ’A5 - 75
Initial water temperature,_oF 90 - 212
Oxygen concentration of water, ppm : - 0.2 - 5.0
.Initial water condition ' Static

Pregsure . |  Atmospheric

Ribbon material Pt and Al
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RESULTS AND DISCUSSION

Using the data from the recorder traces, the temperature of the
ribbon and the heat generation rgte'ﬁerg thained as functions of éime for
each experiment. Together with the.viSual record from the high-speed camera,
these provide a physical description of the phenomena which occur at water-
cooled surfaces undergoing rapid heating, as well as quantitative information
on the heat transfer behavior. The fesults are presented and discussed in

the sections which follow.

Description of Event

Fig. 4 is a typical_recoré of the ribbon temperature as a function
of time for an experiment with ‘subcooled water. The solid curve is a smoothed
reprgsentation of the data which are indicated by the plotted points. During
the run shown the ribbon temperature increased initially in an exponential
manner. The rapidly rising temperature passed the saturation value for water,
and before boiling commenced, exceeded it by an amount terméd the "temperature
overshoot." Suddenly, as seen in the motion pictures, there was an almost
-explosive formation of bubbles, and the ribbon temperature decreased. This
boiling surge expire;i a;1d for a moment the surface was nearly free of bubbles.
Then  boiling commenced which was similar in appearance to local boiling with
steady generation of heat. The rate of bubble formation grew more and more
rapid until the surface became blanketed with vapor and burnout occurred.
There was a violent agitation of the system at the momeﬁt of burnout. .In
all cases the photographic fecord corresponded to what cén be deduced from

the temperature record as having occurred at the same time.
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The period between the surface reaching thé saturation tgmperature
and the cémmencement of boiling is termed the "delay time."

When the bulk‘water femperature wag high or the period was long,
there was no initial surge as described above. Instead, boiling began at
a few spots on the surface and thén additional points of nucleation devéloped

ag the heat generation rate increased.,

Power~Time Relation

Because of the thinness of the ribbon elements used in the experiments
there was little thermél lag resulting from heat storage in the ribbon. For
illustration, the heat release rate per unit surface areavis plotted in Fig. 5
as a function of time for a typical experiment (the same run askdepicted in
Fig. 4). The solid line through the data points is an exponential-type curve
representing the rate at which heat was generated in the ribbon. If a
continuous record wéreftaken from the recorder'trace with sufficient pre-
cision, the heat generation rate would be found to actually increase in a
series of small steps rgther than in the smoofh manner plotfed.-

The dashed line in Fig. 5 rgpresents the raﬁe of heat transfer to
water, or heat flux. The heat flux was obtained by sﬁbtracting the rate of
heat storage in the ribbon, H dT(O,t)/dt, from the heat generation rate.

When the ribbon temperature was rising there was heat storage in the metal
and the flux curve lies below the heat generation curve. However, when the
ribbon temperqpure fell at the beginning of boiling, the stored heat was

released to the water and the flux underwent the sudden increase seen at

55 msec.
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For the_run shown in Fig. 5 a value of 16.7 msec is obtained for the
?eriod if it is based on the solid line, whereas the period is 17.4 msec if
based on the straight part of the dashed line. The small difference between
these two values is typical of all runs, and for convenience the values based
on heat generation rate are used to characterize the experiments.

In contrast to the expérimentai system,'the temperatures in the
interior of a fuel element-during a reactor excursion do not foliow exéctly
the éxponential risevin'power because of heat conduction between the fuel-
bearing and non-fuel-bearing regions. The heat transfer from the element to
the coolant similafly lags behind the power. The behavior of a given system
depends on the sbecific‘design. Since ‘the thermal characteristics of the
experimental systém and a reactor will differ, the heat transfer rate at
a fuel-element surfacé may not correspoﬁd to that obtained for the same
period in the experiments. In application of the experimental results to
a reactor, therefore, the copditioﬁs should be selected which have the same

heat-flux-versus-time behavior at the. surface.

Analysis of Temperature - Time Behavior

o Before.boiling‘comqenced, the rate at which the surface temperature
rose was too rapid for natural convection to contribute appreciably to heat
transfer. If the water is presumed,to act with regard to heat transfer as
a semi-infinite solid, the temperature rise can be cdmputed by transient
conduction theory. Assuming the ribbon to have heat capacity but no resistance
to heat conduction, the following differential equétion and boundary conditions

describe the system for exponentially increasing power.



3t oe 3 x° o -
2(x,0) = 0 | (3)
-k arr}({o,t) (Q/A)G,o et/p__ g aréo,t) - o
lim T(x,t) = 0 , ' :. (5)
X >0 ' '

The solution of the preceding set of equations for x = O is given by

- equation (6).

(a/2)s 0

Vi p (1 - 3°/p) |
2 | | |
- Bet/p + Bet/B erfc ﬁ't/Be} . (6)

The dashed curve of Fig. 4 was computed using equation (6) with

T(0,t) =

[?E; é t/p erf Vt/p

(q/A)G,O = 14,000 and p = 16.7. The actual temperature rise is seen
to.differ little from the computed curveg this similarity was_true for all
runs.

If the heat capacity of the filamént is neglecfed (B = 0),

equation (6) is simplified.

yela/a),

.‘l k pcp

7(0,t) =

et/p erf A t/p - (n
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Defining AT as the change in temperature which accompanies a change of
time At, the ratios of the temperatures at two times can be obtained
from equation (8) (note that T is the temperature rise above the

- bulk liquid temperature).

T(0,t) + AT At/P exf A(t + At)/p (8)

TiO t) : C erf m

The error function changes slowly in value for argﬁments above 1.0.
Thus, after an elapsed time equal to one period, little error is
introduced by coﬁSidering.the~ratio of error functions in equation (8)
to egﬁal unity. 'Equation (8) then after rearrangeuent yields egquation

(9) which gives the time required for a change in temperature, AT.

T(0,t) + AT
KR

At = p -ln —156—%€7~*- (9)'

\

It Ts is the temperature rise of the water to saturation, the delay
fime, At ., can be calculated ffom the temperature overshoot, AT ,
d : ' ) ‘ 08

and the period

» _ TS + Nfos \
Atd = p 1ln ————,i;-s——— | (lO)

As shown by the agreement'betWeenzthe‘computed and meésﬁred“temperature—,
time curves, the preceding tfeatment appears to adequétely ngCribe the~v
behavior of the system before tbg beginning of boiling;

Once sufficient'energy’has Bgen stored in a thin layer of wafer
ad jacent to the ribbon surface; bubbles forﬁ'and boiling commences. In
the initial spnrt of boiling the bubbles grow to a size that is larger

than in the more steady period,whichlfollows, probably because of the
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greater amount of energy stored near the sUrface in the nonboiling_phasep
Penetration of the growing bubbles into colder fluid brings about their con-
deﬁsétion, and the resulting inrush of cold wafer cools the surface and
momentarily clears it of bubbles.

In the intermediateAperiod the behavior is similaf to that described
by Gunthér and Kreith(h) for steady subCooled boiling. A bubble grows rapidly
to a size which reaches into the cooler water beyond the heated layer near the
surface. This contact with cooler liquid gauses condensation to begin and the
overextended bubble collapses to a sphere of residyal air. A magnified sequence
of the life cycle of a single bubble during this period is shown in Fig. 6.
ig' | The frequency of bubble formation is so great relative to the rate of
increase in power that there is little effect of the transient power condition
huring this phase. Howevgr, when the powef has increased sufficiently the
xpumber of bubbles existing on the surface at oﬁe time becomes so large that
i%he bubbles merge to form a vapor film. The ribbon temperature then rises
{;apidly and burnout occurs. The violeﬁt surge at the time of burnout probably
results from explosive steam formation céused'by the molten ribbon at the

position of burnout being brbught in contact with liquid water.

Effect of Period, Platinum Ribbon .

'In‘Fig. 7 Ehe effe¢t of exponential period on overshoot and delay
time is éhown for water temperatures around 90°F and dissolved_oxygen con-
centrations of less than 1.0 ppm. Each'plotted point represents the results
of a single expériment. The lowef curve in Fig. 7 is a mean curve through the
data and the average deviation from it is 11%. The upper curve was computed

in the manner discussed below.
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Aé showﬁ‘iﬁ the figure, temperature oyershoot decreased with
inerease in exponential period and.fell to near zero at periods in excess
of 70 msec. At 5;mSec the overshoot wes aBout 5OOF and the curve appears
to be increasing sharply with decrease in period.

This behavior would be expected, since with a short peribd when
the surface temperature has reached a given level less energy has been
transferred to the water than with a longer period,'and the temperature
gradient in the water is more steep. In forming a bubble the temperature
of the liquid fegion near the surface must be high enough to yleld a wvapor
pressure that will overcome the resistance of surface tension td bubble
growth. With a short period, to bring the region near the surface to the
same energy content the surface temperature must be higher than';t would be
for a longer period. Thus temperature overshoot increases with decreasing
period.

The delay-time curve plotted.in the upper part of Fig. 7 was
computed using equation (10) and overshoot values from the lower curve.
Within the precision of the meaéurements (approximately 1.0 msec), delay
time appears to be correctly related to overshoot by equation (10). 1Im
general, the datavpoints which are above the calculated delay curve are
those for which the overshoot values are above the mean curve. As indicated
by the data and the curve, delay time goes through a maximum as a function
of period, being low for short periods where the rate of temperature increase
is extremely rapid, and also being low for long periods where the temperature

overshoot is small.
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Effect of Water Temperature, Platinum Ribbon

The effect of bulk water temperature on overshbbt and delay.time is
revealed in Fig. 8 for platinum surfaces. With a pericd of about 15 msec and
with low oxyéen concentration, the temperature overshbot decreasged wifh in-
creasing water temperature, falling to zero as the boiling point was approached.
The average deviation of the overshoot data from the mean curve was about %.

The relation between overshoot and water temperature can be eiplained
in the same manner as the effect of period on overshoot. In comparing two runs
,‘with differgpt bulk water temperatures, when the same surface temperature has
been attained, the temperature in the colder water at any point is lower than
in the hotter liquid. Thus, to raise the liqﬁid region near the surface to a
condition which will sustaiﬁ bubble growth, the surface temperature must rise
higher with lower bulk water temperature than with a higher water temperatgre.

- The delay-time curve in Fig. 8 was oﬁtained using equation (10) and
values from the overshoot curve. Since the period was constant, delay time

decreased as overshoot decreased.

Effect of Dissolved Gas, Platinum Ribbon

In several expériments the dissolved gas content of thé water was
deliberaﬁély increased by aeration and oxygen concentrations of 3;t0 5.ppm
resulted (at 1 atm° and 90°F, the solubility of oxygen in ﬁater is 7 ppm).
Although the total concéntration of dissolved air waskprobably oyer‘two—fold
that of oxygen aloné; for ease in analysis oxygen was used as an indicator of
gas content. ﬁ

As shown in Fig, 9; the data for these runs scgttered widely whereas
no appreciableirandomness was foun@ in the large number of runs in which.the

oxygen concentration was below 1.0 ppm. The three experiments with high gas
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concentration were-interspersed among the ones with low concentration and
performed in éxactly.the same manner. The precisioﬁ and accuracy of the
results for these runs should not differ from those of the chérs. Hence, °
the variation appears to actuglly bé iﬁ the phenomenon and not the

measurements.

Delay Time and Overshoot for Aluminum

“The temperature-overshoot and delay-time values obtained using
aluminum ribbon are'plotted in Figs. 10 and 11. The curves for platinum
from Figs. 7 and 8 are. shown for comparison. As revealed in the figures,
the same type of behavipr was found with aluminum as with plafinum, and the
magnitudeg of the results were the same for both materials. However, ap-
preciably more scatter appeared in the results for aluminum.

In experiments with aluminum, difficulty was encountered in main-
taining attachment of voltage taps tb the ribbon, and many attempted runs
vere uﬁsucceszul because of téps becoming disconpected. NeverfheleSs,
for all of the experiments reported, microscopic examination of the ;ibbon
after the run revealed good bonding with the wires, and no unusual behavior
was detected in the recorder traces. There is no certainty, however, that
the variation in the data was actually in the phenomena and not in the
measurements, although it ﬁould not be surprising if the 6kide layer on
the surféce of éluminum‘introduced nucleation effects not present with
piatinum. |

No experiments using aluminum ribbon were performed with oxygen

concentrations greater than 1.0 ppm.
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Incidence of Film Boiling

The heat flux at the point of incipient film boiling is plotted in
Fig. 12 as a. function df éxponential period fof bulk ﬁaﬁei temperatﬁres of
90 ; 92?F and_dissélved oxygen concentrations of 0.2 - 5.0 ppﬁ. The data
are for both platipuﬁ and aluminum’surfacqs. | | |

The time of the incidence of filﬁ boiling was.t;ken.as thé point
at ﬁhich the filameﬁt temperature bégan an abrupt riée to burnout. Thé
temperature rise was selected for defining thié-point rather than the photo-
graphic record because the moment at which formatibn,of the vépor blanket
began is difficult to identify in the films.

For periodé lohger than 14 msec there does not appear to be a signifi-
cant change in criticél flux with period. This result is in agreement with
the earlier observation that in this phaée of the runs'thére wasg little
disturbance frbm the transient powervincrease. In'effect, for the longer
periods the condition of the system at anyvinsﬁant was not far different
from what it would have been with steady boiling at the heat flux existing
at that mqment. |

In contrast with the behavior of longer perigd experiments, for
periods in the range of 6 msec the power rose so rapidly that the flux was
relatively high whén the firsf bubble formed, aqd film boiling began almost
immediately after tﬁe ihitial boiling surge.

The critical heat flux is shown in Fig. 13 as a function of bulk
water temperature for experiments in which the exponential périod was
essentially constant. The critical flux decreased in a lineér manner as
the waterltemperature was increaged towards saturation. Thisg behavior is
of the same type encountered with steady sub-cooled boiling experiments ip

which burnout flux values are obtained. As an example of steady boiling
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results, the critical’ flux curve of Gunther and Kreith is shown“in Fig. 13.
Although their experiments were performed with horizontal stainless-steel
ribbon, the two curves do not differ appreoiably over much of the range. This
gimilarity probably indicates that the high tnrbulence near the surfaoe*with
rapid sub-cooled boiling makes the genefal convection‘pette;n unimportant.

The burnout data for aluninnm_écatter much more than those for plati-
num just as do the overshoot and delay;time”fesults. ‘

.' The critical flux values for the platinum runs with high oxygen

content are plotted among the other: results in Figs. 12 and 13 and are not
distinguishable from the other points by any greater variation from the mean
'eurves. Hence, the.effect of dissolved gas concentration on the flux at;which
. film boiling began does not appear to hhve been appreciable. |
' Jiﬁalues of heat generation fate at:the time of actual ribbon burnout

are obtainable but have not been- given because they have no significance.v The

ot

; burnout conditlon is determined by the amount the power rises during the perio
_ required to heat the metal to the melting point and thus is mainly a functlon

of the heat capacity of the ribbon.
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CONCLUSIONS

The following conclusions apply to conditions within the range of

variation investigated in this program:

l.

When a metal surface in contact with water which is below
the boiling point is heated rapidly, there is a measurable

‘rise in surface temperature above the boiling point before

boiling commences. Assoclated with this "temperature over-
shoot" is a "delay time."

There is no measurable temperature overshoot or delay time
when the bulk,water'temperature is near the boiling point.

During that part of an excursion preceding the beglnnlng

of boiling, the rate at which the surface temper ature rises
is too rapid for natural convection to contribute to heat
transfer. The stagnant water acts as a semi-infinite solid
with regard to heat transfer, and the temperature rise can
be computed by transient conduction theory.

For- exponential increases in the heat generation rate, the
temperature overshoot and delay time increase as the bulk
water temperature is decreased

The temperature overshoot increases as the exponential
period is decreased. Under some conditions the delay time
goes through a maximum with variation in period, being small
for long periods that have little temperature overshoot, and
also being small for ghort periods where the rate of temper-
ature rise is rapid.

Once quasi-steady boiling has begun during an excursion, for
periods greater than 15 milliseconds with large sub-cooling,
behavior of the system at any instant is not appreciably

different than it would be for steady boiling. The critical
heat flux (flux at the point of incipient film boiling) for

" these conditions is not greatly influenced by the transient

state of the power.
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NOTATION

B errerrererennnneeensn B {ED ¢,

Cp ll.‘.t...”jl‘..."_d.lll.‘l." SpeCifiCheat Of Water, Btu/lb"oF

' _ o . _ y o 5

B 2 4 62 T (%/{M?fjl/f eluv du
. : ) :

erfc(y)....;..........,.LT' 1.0 - erf(y)

H teeveeeersecconnenseesess Heat capacity of filament per unit surface
- area, Btu/sq ft-

k ..........;.........;... Thermal conducti&ity of wvater, ﬁtu/hr-ft-QF. -
P cvsececreesstsreansaens. Heat generation rate in ribbon, Btu/hr

D eeeerereeniceerenaenaas ExPonential period, milliseconds

T(Q/A) e Heat flﬁx, Btu/hf-sq ft.

_(q/A)G P - (-1 generation rate per unit surface érea,
: Btu/hr-sq ft.

T(X,5) covvvrnceacennnoans Temperature increase above bulk water
' temperature, F
T eeevereecessiconsesensss Time, hours or milliseconds

X teeeveeesesesessscsssass Distance into water from surface of ribbon, feet .

D eveeceeressiecesseen.ss Density of water, 1b/cu ft.


http:Btu/hr.;.sq
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