Int. J. Heat Mass Transfer. Vol. 13, pp. 985-996. Pergamon Press 1970, Printed in Great Britain

SURFACE TEMPERATURE FLUCTUATIONS DURING
STEADY STATE BOILING

ROBERT B. ROEMER*
Department of Mechanical Engineering, University of California, Santa Barbara, California, U.S.A.

(Received 14 July 1969 and in revised form 4 November 1969)

Abstract—Surface temperature fluctuations during steady state boiling from a tube have been measured

with a fast response thermocouple and the results of these measurements are reported. In particular, the

characteristics of extremely rapid temperature drops (up to 30°F/ms) which occurred for short periods of

time (1-5 ms) are reported. These rapid temperature drops accounted for up to 33 per cent of the energy
removed from the tube at the thermocouple position.

NOMENCLATURE
A, area;
a, thermocouple transfer function con-
stant;
c, thermocouple transfer function con-
stant;
¢,  specific heat;

E energy removed from test element;

G{s), thermocouple transfer function;

q’, heat flux;

t, temperature,

T(s), Laplace transformed temperature.
Greek symbols

¥s per cent of energy removed by rapid

temperature drops;
A, difference ;
0, time;

P, density;
1, tube wall thickness.

Subscripts
drops, rapid temperature drops;
i, ith rapid temperature drop;
max, see Fig 4;
min, see Fig 4;

* Assistant Professor.

ss, steady state;

t, tube;

tc, thermocouple;

total, calculated for total test time;
w, tube wall.

INTRODUCTION
IN ATTEMPTS to understand the mechanisms
which are responsible for the high heat-transfer
rates obtained at low temperature differences
during boiling, several investigators have
measured the temperature fluctuations on or
near boiling surfaces. Moore and Mesler [1],
who measured surface temperature fluctuations
during boiling with a unique fast response
thermocouple, reported that the surface tem-
perature occasionally dropped up to 30°F in
about 2 ms. The authors concluded that these
temperature drops were caused by evaporation
of liquid at the thermocouple position. Attempts
to correlate the thermocouple traces with motion
pictures of bubble behaviour at the thermo-
couple position were unsuccessful because the
thermocouple position was obscured by bubbles
at heat fluxes high enough to cause the tempera-
ture drops. This difficulty was overcome by
Hendricks and Sharp [2], who correlated high
speed films of bubbles moving over a small
thermocouple welded to the underside of a thin
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(0-001 in.) nichrome heater with the thermo-
coupletemperature. Theseexperiments measured
temperature drops comparable to those re-
ported by Moor and Mesler. They found that
the temperature drops started when a bubble
passed over the thermocouple position and
ended before the bubbles collapsed. The results
indicated that a “‘micro-layer” of liquid was
being evaporated under the bubble. This con-
clusion was substantiated by Cooper and Lloyd
[3], who used essentially the same techniques
to measure the evaporation rate of this micro-
layer. Hsu and Schmidt [S] also measured
surface temperature fluctuations during boiling
by pressing a thermocouple against a heated
surface from the liquid side. This arrangement
precluded any bubble growth at the thermo-
couple position and consequently temperature
drops such as those observed by Moore and
Mesler were not observed. While these investi-
gations have established the existence and the
cause of the rapid temperature drops, the present
study has determined the average characteristics
of a large number of these temperature drops for
a limited range of experimental conditions. Also
determined were the general characteristics of
the surface temperature variations during steady
state boiling.

EXPERIMENTAL APPARATUS AND PROCEDURE

Experiments were performed with a 0-375 in.
o.d., 2 in. long, 1-75 mil wall thickness, stainless
steel tube as the test element. The test element,
electrically heated by a 12 V wet cell in series
with a variable resistor, was mounted hori-
zontally in demineralized, deareated water at
atmospheric pressure, subcooled approximately
3°F, flowing vertically upward past the outer
test element surface at a velocity of approxi-
mately 3-3 fps (blockage corrected). The inside
surface of the test element was in contact with
stationary air. The test section in which the
element was mounted was a 12 by 8 in. rectangu-
lar section 32 in. long. All tests were performed
in a heat transfer loop described previously

[6, 7].
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Surface temperature fluctuations were
measured with a fast response thermocouple
welded to the inside wall of the test element. The
thermocouple (Fig. 1), made from one mil dia-
meter chromel-constantan wires, was located
on the downstream portion of the test element
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F1G. 1. Thermocouple placement in test element (thermo-
couple is at 160° position).

{at the 160° position) for all tests. The thermo-
couple output was amplified and recorded on an
oscillograph record by means of a light beam
galvanometer. Before being used the thermo-
couple was calibrated for its transient response
using the Laplace transform technique [8, 9].
The thermocouple transfer function

Tds) a
T(s) s+c

G(s) = (1

evaluated from the average results of six cali-
bration tests had a time constant (1/c = 1/a) of
of 2:3 ms. The thermocouple was calibrated for
its d.c. drop using the current reversal technique.

These tests were run in conjunction with a
series of transient boiling tests [7, 10] using the
following procedure. The test element was
placed in the water and the desired water con-
ditions were obtained. Next, the test element
power (obtained from a direct current motor
generator for this aging process only) was in-
creased very slowly over a period of approxi-
mately 4 hours to a level at which uniform,
dense nucleation of bubbles occurred over the
entire test element surface. The test element
power was left at this setting for approximately



FiG. 2a. Test 16,

Fic. 2b. Test 9. (Photograph enlarged to illustrate rapid temperature drop.)

Fic. 2. Photographs of oscillograph records of thermocouple temperature fluctuations.
Vertical scale 1-6 F/div Horizontal scale 10 ms/div

[ facing page 986]
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one hour to age the test element surface. The
test element power was then decreased to zero,
the test element allowed to reach equilibrium
with the water, and tests run by applying steps

in power to the test element {with the wet cell

as the power source) and recording the resultant
transient and steady state temperature varia-
tions. Steady state conditions were reached
within 100 ms for all tests [7, 10]. The subse-
quent steady state boiling lasted from 1 to 4 s
for each test. After each test to a given heat flux
value, the test element power was decreased to
zero, the element was allowed to reach equili-
brium with the water over a period of from 10 to
20 min, and then another test run. Using this
procedure, tests to six different heat flux values
were run with approximately four individual
tests run at each heat flux value.

RESULTS
The experiments resulted in oscillograph

ra rAd f +h tharm 1 +,
r€Coras o1 Ui nermocoupic tempefatufe as

a function of time (Fig. 2). As seen from this figure,
very rapid temperature drops occurred during
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the runs—sometimes a series of drops occurring
in sequence over a considerable portion of the
run. Because of the importance of these rapid
temperature drops and the significant difference

m

in thermocouple temperature characterictice

thermocouple temperature characteristics
between the regions where these drops occurred
(temperature drop regions) and where they did
not (non-temperature drop regions), the experi-
mental results are presented independently
for each of these regions as well as for the entire
test.

Referring to Fig. 3, which is a schematic
diagram of the temperature variation during a
test, the first results to be presented are the
average temperatures of the tests. For each test
this temperature was obtained by separating the
oscillograph record of the test into many smaller
regions (I, II; A, B .. ), determining the average
temperature of each of these regions by plani-
metry, and calculating the time weighted average
temperature of all of these regions. This proce-
dure also allowed the time averaged temperature
of the non-temperature drop regions (I, I, ...)
to be determined as well as the time averaged
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F1G. 3. Schematic drawing of thermocouple temperature fluctuations.
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temperature of the temperature drop regions
(A, B, ...). These average temperatures are
discussed in section 1 below.

Next, the characteristics of the temperature
fluctuations about the average temperature
of all tests to the same heat flux were determined
from the envelope of peak temperatures for the
tests (Fig. 3}, d, e, f, g h, i, j, k 1, m, n are
positive fluctuations while 1, 2, 3, 5, 8, 9, 10, 11,
12, 13, 14, 15, 16 are negative fluctuations. All
fluctuations less than 2°F have been neglected—
a step taken so that attention could be focused
on the more important larger amplitude fluctu-
ations. For these calculations, fluctuations less
than 2°F were recorded in the data taking
procedure and eliminated from the calculations
in the data reduction process. These results are
presented in section 2.

The characteristics of the rapid temperature
drops (such as those in regions A and B) have
been determined separately and are discussed in
detail in section 3.

The steady state peak heat flux for these test
element characteristics and fluid conditions is
3-37 x 10° Btu/ft? h [7].

1. Steady state average temperatures

The average temperature for each of the tests,
as well as for the temperature drop and the non-
temperature drop regions within each test, are
presented in Table 1. The beginning of each
temperature drop region was easily determined
by the inception of a rapid temperature drop.
The end of each temperature drop region was
determined by observing a period of approxi-
mately 0-01 s at the end of the last temperature
drop where no steady temperature rise occurred
—the start of this 0-01 s period was chosen as the
end of the temperature drop region (see Fig. 4).
The periods of time over which the measure-
ments took place are also presented in Table 1
as are the maximum and minimum thermo-
couple temperatures recorded during each test—
the latter to indicate the range of thermocouple
temperatures measured.
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2. Temperature fluctuations

The characteristics of the temperature fluc-
tuations about the average temperature of all
tests to the same heat flux in terms of the average
magnitude of the fluctuations, the standard devi-
ation thereof, and the frequency of the fluctua-
tions are presented in Table 2. To obtain a finer
picture of the characteristics of these fluctua-
tions, a frequency distribution of the fluctuation
magnitude was calculated. These results are
presented in Table 3 in terms of the frequency
of fluctuations in any 2°F interval.
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Fi1G. 4. Schematic drawing of a rapid temperature drop.

3. Rapid temperature drop characteristics
Photographs of oscillograph records showing
several of the rapid temperature drops are shown
in Fig 2 while Fig 4 is a sketch of an idealized
temperature drop. The rapid temperature drops
consisted of an approximately linear tempera-
ture decrease starting from ¢,,,, and accounting
for the maiority of the temperature drop, fol-
lowed by a further decrease in the thermocouple
temperature at a decreasing rate, until the
minimum thermocouple temperature (t,,,) was
reached. The temperature then increased in an
approximately linear manner at a much lower
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Table 1. Steady state average temperatures
Heat Average temperature (°F) Peak temperatures Measurexg‘;nt period
Test (IO’gt?;;ftzh) T Region el Total
no. (F) Total max min Region
Tdrop non Tdrop T drop non T drop
Individual tests
1 0-64 2180 e 2349 2349 2426 2281 — 061 061
2 0-64 2180 e 2378 2378 2491 2268 — 174 174
3 064 2179 e 2358 2358 247-6 2254 —_ 245 2:45
4 064 2173 — 2360 2360 2473 2243 — 154 1-54
5 102 2176 o 251-8 2518 2671 2375 — 0-42 042
6 102 2171 — 2405 2405 2526 2312 — 2-70 2-70
7 102 2170 e 2417 2417 2538 2320 — 1-41 1-41
8 102 2170 e 2404 2404 2539 2309 — 192 192
9 166 2171 2480 2573 2521 2747 2225 045 1-36 1-81
10 1-66 2171 2468 2547 250-8 2756 2215 125 130 255
11 195 2167 2496 2610 2592 2791 2300 013 076 0-89
12 195 2167 2543 2623 260-3 2791 2296 041 120 1-61
13 195 2167 2549 2601 2590 2751 2272 045 1-83 228
14 195 2167 2530 2603 2580 2771 2285 0-74 166 2-40
15 220 216'5 2582 2649 2629 2805 2334 0-30 069 099
16 2-20 2164 2550 2654 2621 2839 2302 073 1-56 229
17 220 2164 2536 2627 2599 2791 2261 083 1-89 272
18 220 2164 2576 2648 2620 2778 2320 0-55 086 1-41
19 247 2161 2575 2672 2627 2781 2301 034 0-38 072
20 247 2161 2579 2667 2627 2776 2311 069 0-80 149
21 247 2161 2587 2671 2647 2838 2283 101 2:56 357
22 247 216'1 2590 2675 2647 2827 2306 0-83 167 2:50
Average results
1-4 064 2178 — 2363 2363 249-1 2243 — 634 634
5-8 102 2171 e 2415 2415 2671 2309 — 645 645
9-10 1-66 2171 2471 2553 2511 2756 2215 170 1-66 336
11-14 195 2167 2535 2608 2590 2791 2272 1-73 545 718
15-18 2:20 2164 2555 2642 2611 2839 2261 241 500 741
19-22 247 216:1 2585 2672 2642 283-8 2283 2-87 541 828
Table 2. Temperature fluctuation characteristics
Positive fluctuations Negative fluctuations
Tests  Magnitude %?J;g:;i Frequency Magnitude g;:?:g;ﬁ Frequency
CF) o (cps) P ° (cps)
P (P
14 57 21 292 50 21 475
5-8 70 39 24-8 55 21 44-6
9-10 93 50 49-4 133 84 411
11-14 68 35 514 88 74 426
15-18 77 37 560 112 81 428
19-22 T4 34 656 112 85 488
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rate than it had decreased until an approxi-
mately steady state temperature was reached or
else another drop occurred.

For each of the tests analyzed, the parameters
tmax Emine A0, and the slope of the linear portion
of the temperature drop curve were recorded for
each drop during the test. No difficulty was en-
countered in determining when a drop occurred
because of the rapid temperature drop rate
compared to the regions of the record where no
drops were occurring.

The average characteristics of the rapid tem-
perature drops for each of the tests in which drops
were recorded and the average results for all
tests at the same heat flux value are presented
in Table 4 in terms of the number of tempera-
ture drops recorded, the average temperature
at the beginning of the rapid temperature
drops (t,,,), the average temperature at the
lowest portion of the temperature drops (t;,),
the average temperature drop (tnax — tmin)
the average length of the temperature drops
(A6), the rate of decrease of thermocouple
temperature for both the linear portion of the
temperature drops and for the complete drop
(At/AB), the frequency with which drops occurred
during the test (number of temperature drops/
length of test) and during the time they were
occurring (number of temperature drops/length
of temperature drop regions), the per cent of
time the temperature drops occurred during the
runs (nA6/01g¢r), and the fraction of energy re-
moved by the temperature drops during each
test (7).

DISCUSSION

1. Steady state average temperature

The steady state boiling curve determined
from the experimental results of Table 1 com-
pares well with the results of Vliet [11]. This
point is discussed further in [7]. Also, as shown
in Table 1, the amount of scatter in the data
between tests at the same heat flux setting is
small. It can also be seen that the average
thermocouple temperature during the tempera-
ture drop regions is considerably less than the
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average temperature during the non-temperature
drop regions, illustrating that the ‘“‘average”
temperature can vary considerably depending on
the type of region in which the temperature is
measured.

2. Temperature fluctuations

The range of temperatures measured is
indicated by the peak temperatures of Table 1.
The maximum temperature recorded by the
thermocouple during each test is approximately
20°F higher than the average temperature of the
test at all heat fluxes investigated. On the other
hand, the minimum thermocouple temperature
recorded remains close to 225°F for all tests. The
tube temperature corresponding to this thermo-
couple temperature is probably the fluid satura-
tion temperature (approximately 217°F). The
difference between the tube and thermocouple
temperatures is due to the fact that these
minimum temperatures occurred at the end of
the rapid temperature drops and thus the ther-
mocouple temperature lagged the tube tem-
perature (see the next section for further dis-
cussion of this point). The maximum tempera-
tures, however, occurred at the end of slowly
increasing temperature rises which could be
followed easily by the thermocouple and thus
these thermocouple temperatures correspond
closely to the tube temperatures.

Within this range the thermocouple tempera-
ture varied considerably. Looking at all fluctu-
ations greater than 2°F, the results presented
in Table 2 indicated that the average fluctuations
from 5 to 14°F in magnitude and occur at
frequencies ranging from 25 to 65 fluctuations
per s. The fluctuations presented in Table 2 are
probably caused by bubble growth adjacent to
the thermocouple and turbulence induced in the
liquid by the vapor and bulk liquid motion. The
magnitude of these temperature oscillations are
comparable to the magnitudes of the oscillations
reported by Hsu and Schmidt [5].

The results also show that the average fre-
quency at which positive fluctuations occur
increases as the heat flux increases, while the



SURFACE TEMPERATURE FLUCTUATIONS 991
Table 3. Frequency distribution of temperature fluctuations
Temperature Tests
interval {"F) 14 58 9-10 11-14 1518 1922
Frequency of positive fluctuations (cps}
24 106 91 80 130 96 11-4
4-6 9-6 50 86 127 117 132
6-8 58 32 83 100 112 173
810 13 22 45 67 94 116
16-12 16 19 45 44 &35 52
12-14 a3 06 56 17 38 34
14-16 0 08 48 11 19 22
16-18 0 05 21 10 12 11
18-20 0 02 18 06 03 04
Frequency of negative fluctuations (cps)
24 174 132 &5 130 107 116
4-6 151 141 60 88 84 72
68 102 108 36 56 48 54
810 39 51 24 33 31 25
10-12 05 11 1-8 18 1-8 45
12-14 03 0 21 15 15 20
14-16 0 03 27 1-7 12 31
16-18 0 0 24 07 26 18
18-20 0 0 21 11 18 17
Table 4. Average temperature drop characteristics
Slopes Frequencies
Number : . At - Percent y
max min -
Test  ofdrops (F P (m) Linear Average Tota 10roP oftime )
- o gion drops occur
(F/ms) (Fms) (e "o
9 16 2623 2318 365 52 218 &3 366 166 100 266
10 63 259-1 2330 261 33 294 81 247 504 88 285
11 8 2634 2394 240 28 199 86 90 615 24 89
12 22 264:6 24040 24-6 36 210 75 137 536 48 153
13 24 264-8 2429 219 28 230 85 10-5 535 27 10-3
14 36 2652 2396 256 33 260 84 150 48-6 46 154
i5 13 2692 2411 281 37 253 85 131 433 47 143
16 45 2671 244-1 230 30 235 78 197 617 60 20:3
17 48 2658 2426 232 26 256 99 176 578 42 159
18 25 2699 2452 24-7 29 311 102 177 455 49 178
19 20 269G 2458 232 30 252 93 241 589 78 255
20 55 268-0 2472 208 24 257 100 369 797 88 336
21 56 2683 246'5 218 30 230 83 157 555 44 143
22 45 2713 2472 24-1 30 224 91 180 54-3 52 174
9-i0 7% 2597 2328 269 39 239 77 235 465 90 280
11-14 90 2648 2406 242 32 234 82 125 520 37 129
15-18 131 2677 2434 243 29 259 &1 177 544 50 175
19-22 176 2690 2468 222 28 239 92 210 61-3 57 19-5
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average frequency of negative fluctuations re-
mains approximately constant. The positive
fluctuation behavior is as expected, whereas
the negative fluctive fluctuation behaviour is
difficult to explain. For both positive and nega-
tive fluctuations, the average magnitude of the
fluctuations increases as the heat flux increases,
the effect being more pronounced for the nega-
tive fluctuations due to the onset of the rapid
temperature drops.

3. Rapid temperature drops

Before discussing these results, the relation
of the tube and thermocouple temperatures will
be discussed.

1t should be emphasized that the results pre-
sented in Table 4 are for the temperature drops
recorded by the thermocouple and not the tem-
perature drops experienced by the tube wall.

290

Measured thermocouple temperature
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measured thermocouple temperature
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FI1G. 5. Thermocoupie and tube temperature drops.
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Because of the rapid rate at which the wall tem-
perature dropped, the thermocouple temperature
necessarily lagged behind the tube wall tempera-
ture. Thus, before applying these results to the
tube, the thermocouple transfer function must
be applied to the thermocouple temperature to
convert it into the tube wall temperature. Because
of the large number of temperature drops in-
volved in these tests and the substantial effort
required for data conversion, only two thermo-
couple temperature drops were converted to
wall temperature drops. The conversions were
obtained by fitting the experimental thermo-
couple temperatures to a polynomial in a
least squares manner and applying the thermo-
couple transfer function to obtain the corres-
ponding tube temperatures. The results show
(Fig. 5) that the temperature drop experienced
by the thermocouple is considerably less than
the temperature drop experienced by the tube.
It should be noted in Fig. 5 that the calculated
tube temperature decreases below the fluid
temperature and the fluid saturation tempera-
ture. Physically this is impossible and the dis-
crepancy is due to experimental errors in the
determination of the thermocouple tempera-~
ture and to limitations in the procedure used
to calculate the tube temperature. That is,
if a larger number of experimental points had
been used, the error could have been reduced.
However, the results of Fig. 5 are used only
qualitatively to show the trend of the tube
temperature during a rapid temperature drop
and the accuracy obtained is sufficient. That
is, the significant fact shown by this figure is that
the tube temperature approaches the fluid
saturation temperature as a minimum value.
The present experiments give no information
as to what mechanism causes the rapid tempera-
ture drops. For these arguments the papers of
Hendricks and Sharp [2] and Cooper and Lloyd
[3] must be consulted. The temperature rise
following each rapid temperature drop occurs
during transient conduction to liquid in most
cases. This conclusion is drawn from the ob-
served rate of thermocouple temperature



SURFACE TEMPERATURE FLUCTUATIONS

increase following the temperature drops. To
determine whether these temperature rises ac-
companied transient conduction to liquid or
whether the tube was insulated by vapor, the
rate of increase of thermocouple temperature
was measured following ten typical temperature
drops during test 20. The average value of the
rate of increase of temperature was 4-85°F /ms
which is considerably less than the value expected
if the tube had been completely insulated (8-6°F/
ms). This indicates that the rising portion of the
thermocouple temperature curve following a
rapid temperature drop is associated with
transient conduction (or convection) to the liquid.
This conclusion is strengthened by the fact that
several rapid temperature drops originated
during the rising portion of these curves, indica-
ting that bubbles were forming and, therefore,
that liquid was present on the tube surface. Some
of the rising portions of the temperature curves
have increase rates comparable with the rates
expected for a fully insulated tube. For these
cases the vapor does not leave the thermo-
couple position immediately, but remains on
the tube, insulating the tube above the thermo-
couple position.

Now, consider the average experimental re-
sults presented in Table 4 for all tests at the
same heat flux. As the heat flux increases:

(1) the frequency of the temperature drops
during the tests increases (tests 9 and 10 are
exceptions to this trend reflecting the local
nature of the temperature measurements),

(2) the frequency of the temperature drops
during the temperature drop region increases,

(3) ..« inCreases,

4 t,,;, increases,

(5) the thermocouple temperature drop de-
creases,

(6) the temperature drop interval (Af) de-
creases,

(7) the linear rate of decrease of thermocouple
temperature remains approximately constant,
and

(8) the average rate of decrease of thermo-
couple temperature increases slightly.
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Results (1) and (2) are expected due to the
increased frequency of bubble formation at
higher heat fluxes. The increase in ¢t,,, can be
explained by the increase in the average wall
temperature which makes higher temperature—
liquid available for bubbles to form in. Results
(4)A8) are somewhat artificial since they repre-
sent the thermocouple temperature and not the
tube temperature. If, as discussed previously,
tnin Of the tube after each drop is the fluid
saturation temperature, then the following obser-
vations concerning the tube temperature can be
made

4) t,,;, remains constant,

(5) the average tube temperature drop in-
creases, and

(8) the average rate of decrease of the tube
temperature increases significantly.

These observations indicate that as the heat
flux increases the rapid temperature drops be-
come more intense (higher frequency, larger
magnitude and higher heat transfer rates) and,
therefore, play a more important role in the
boiling heat transfer process.

To investigate this point further, the present
experiments can be used to determine the contri-
bution of these rapid temperature drops to the
overall heat transfer from the tube at the thermo-
couple position. In this respect, the question of
most interest is what percentage of the total
energy removed from the test element at the
thermocouple position during a given time
interval is removed during these rapid tempera-
ture drops. Using the nomenclature of Fig. 4,
an energy balance on the tube gives, for the
energy removed from the tube at the thermo-
couple position during any one temperature
drop,

Ei = q;/sAtcAGl - (pcpr)t

X Atc (tmax i tsat)' (2)
This expression assumes: (1) that the mass of
the thermocouple which undergoes any sig-
nificant temperature change because of the
temperature drop is negligible—an assumption
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which gives a conservative estimate in the end
result, (2) that there is no conduction to or
from the surrounding metal during the tempera-
ture drop—a reasonable estimate since the
surrounding metal is probably undergoing the
same temperature transient as the tube at
the thermocouple position, and (3) that initially
the tube is at the thermocouple temperature while
in the final state it is at the fluid saturation tem-
perature. For any given steady state test of
length 0, the total energy removed from the
tube at the thermocouple position is gy A, 6,
while the total energy removed during the rapid
temperature drop is

Edrops = q.;,s Atc n A6
- (pcpt)t Atc n (tmax - tsal)' (3)

The fraction of the energy removed from the
thermocouple position by these temperature
drops during the time 6 is given by

E
_ Hdrops 0
y = —-2 x 100% 4)
total
100
50;—
L ]
.vV
o
o)
o
%
® 101 °
. o
>~
sl
Key: "
Symbol s
v 1-66x10°
o 1-94x10°
o 2-20x 103
e 2:47x10°

1 1 | S
: 5 10 50 T00
n
Per cent of time temperature drops occur, (_a 'o’:a)

Fi1G. 6. Energy removed by rapid temperature drops.
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or

_ [YIAO (pcpt)t n(tmax -
"1 4.0
with n, A@ and t,,, presented in Table 4, 6,
ds and t,, presented in Table 1, and p, ¢, and t
being known tube properties.

Using these values, y has been calculated
and plotted in Fig. 6 (see Table 4 also) vs. the
per cent of time the drops occur at the thermo-
couple position. The results show some scatter
because of the local nature of the temperature
measurements, but the trend towards an in-
creased fraction of the energy being removed by
the temperature drops at higher percentages is
clearly visible.

To obtain the total fraction of the energy
removed by these temperature drops for the
entire tube, rather than just the thermocouple
position, it would be necessary to account for
the evaporation around the entire tube, which
involves knowing both the spatial and temporal
distribution of evaporating liquid on the tube
surface. It is reported in [12] that near the peak
heat flux for distilled water boiling from a hori-
zontal surface, about 40 per cent of the surface is
covered with vapor at any one time. This would
indicate that a considerable portion of the energy
removed from the surface is removed by evapora-
tion of liquid for this condition.

It appears from the results presented in Table
4 that y depends on both heat flux level and on
frequency of drop formation (which is itself
somewhat dependent on heat flux). The present
experiments were not extensive enough to
separate out these effects. However, the data
correlates well when presented as in Fig. 6.

t“‘)] x 100%  (5)
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FLUCTUATIONS DE LA TEMPERATURE DE SURFACE PENDANT
L’EBULLITION EN REGIME PERMANENT

Résumé— Les fluctuations de la température de surface pendant 1’ébullition en régime permanent 4

partir d’un tube ont été mesurées avec un thermocouple 4 réponse rapide et les résultats de ces mesures sont

décrits. En particulier, les caractéristiques de chutes de température extrément rapides (allant jusqu’a

16,7 °C/ms) qui se produisent pendant de courtes périodes de temps (1 & 5 ms) sont signalées. Ces chutes

rapides de température rendent compte jusqu’a 33 pour cent de I'énergie enlevée du tube & ’endroit du
thermocoupie.

SCHWANKUNGEN DER OBERFLACHENTEMPERATUR BEI STABILEM SIEDEN

Zusammenfassung—Es wurden Schwankungen der Oberflichentemperatur bei stabilem Sieden an einem

Rohr mit einem schnell reagierenden Thermoelement gemessen und iiber die Messergebnisse wird berichtet.

Im Besonderen werden die Charakteristiken von extrem schnellen Temperaturabfillen (bis zu 17°C/ms)

mitgeteilt, die fiir kurze Zeitraume auftraten (1 bis 5 ms). Diese schnellen Temperaturinderungen waren

dafiir verantwortlich, dass vom Rohr, am Ort der Thermoelementltstelle bis zu 33 Prozent der Energie
abgefiihrt wurde.

USMEHEHUA TEMIIEPATYPLI NIOBEPXHOCTH [P CTALITUOHAPHOM
KUIIEHUN

AnsoTanua—C noMoUbI0 MATOUHEDLUMOHHON TepMONAPH H3MEPEHE! NBMEHEHNA TEMIIEPATY PhI

HOBEPXHOCTM NPK CTANMOHAPHOM KUNEHMHM B Tpyle M NPEeACTABIEHbl PE3yJIbTaTH B3THX

usMepeHuii. B 4aCTHOCTH, NaHBH XAPAKTEPUCTHKU MCKIIOYMTEIBHO OHICTPHIX Iepenagos

Temneparypsl (fo 30°F/ms), NpouCXORAIuX B KOPOTKHME NMpPOME:KyTxM BpeMenu (ot 1 110

5 ms). Takne nepemafgbsl TeMmepaTypsl COOTBETCTBYIOT KOJeGAaHMAM TeINIOBOTO MOPOKA,

poxogAmmM g0 339, OT cpefHero TeIIOBOrO IOTOKA Yepe3 CTeHKY TpyGH B mecTe
PACIOJIOEHUA TePMOTIAPHL,



