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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 3@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. 
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NOMENCLATURE 

area ; 
thermocouple transfer function con- 
stant; 
thermocouple transfer function con- 
stant ; 
specific heat ; 
energy removed from test element; 
thermocouple transfer function ; 
heat flux; 
temperature, 
Laplace transformed temperature. 

Greek symbols 

Y* per cent of energy removed by rapid 
temperature drops ; 

4 difference ; 

8, time ; 

P, density ; 

z, tube wall thickness. 

Subscripts 
drops, rapid temperature drops ; 

1, ith rapid temperature drop ; 
max, see Fig. 4 ; 
min, see Fig 4 ; 

* Assistant Professor. 

SST steady state ; 

4 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 beat-transfer 
rates obtained at low temperature differences 
during boiling, several investigators have 
measured the temperature fluctuations on or 
near boiling surfaces. Moore and Mesler [l], 
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 the~~ouple 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 ditticulty was overcome by 
Hendricks and Sharp [2], who correlated high 
speed fihns of bubbles moving over a small 
thermocouple welded to the underside of a thin 
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(OGIl in.) nichrome heater with the thermo- 
coupletemperature.Theseexperimentsmeasured 
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 [5] 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 1.2 by 8 in. rectangu- 
lar section 32 in. long. All tests were performed 
in a heat transfer loop described previously 
[6 7-J 

Surface temperature fluctuations were 
measured with a fast response thermocouple 
welded to the inside wall of the test element. The 
thermocouple (Fig. l), made from one mil dia- 
meter chromel-constantan wires, was located 
on the downstream portion of the test element 

element holder 

Water 
flow 

FIG. 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, 91. 
The thermocouple transfer function 

G(s) = - = - 
T,(s) s+c 

evaluated from the average results of six cali- 
bration tests had a time constant (l/c = l/u) 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, lo] 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 



FE. 28. Test 16. 

FIG. 2b. Test 9. (Photograph enlarged to illustrate rapid temperature drop.} 

FIG. 2. Photographs of oscillograph rewrds of thermocouple temperature ~u~tu~~i~~~. 
Verticat scale 1.6 F/div Horizontal SC& LO ms/ddiv 
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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, 101. 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 
records of the thermocouple temperature as 
a function of time (Fig. 2). As seen from this figure, 
very rapid temperature drops occurred during 

Envelopes D 

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 
in 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, II, . . . ) 
to be determined as well as the time averaged 

A 

I I 
150 200 

Time, ms 

FIG. 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+z, 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 stute 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 001 s at the end of the last temperature 
drop where no steady temperature rise occurred 
-the start of this @Ol 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. 

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. 

Linear portion of 
temperature drop 

Approximate start 
of steady -state 
temperature region 

I I 

I I I 
I ! 

Time, ms 

FIG. 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 tempcra- 
ture decrease starting from t_ and accounting 
for the majority of the temperature drop, fol- 
lowed by a further decrease in the thermocouple 
temperature at a decreasing rate, until the 
minimum thermocouple temperature (t*iJ 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 

989 

Heat Average temperature (“F) 

Region 
Total 

T drop non Tdrop 

Peak temperatures 
Measurement period 

(“F) 
(s) 

max min 
Region 

Total 

T drop non T drop 

1 064 21&O 
2 064 218.0 
3 0.64 217%’ 
4 0.64 217.3 
5 1.02 217.6 
6 1.02 217.1 

: 
1.02 217.0 
102 217.0 

9 1.66 217.1 
10 1.66 217.1 
11 l-95 216.7 
12 1.95 216.7 
13 1.95 216.7 
14 1.95 216.7 
15 2.20 216.5 
16 2.20 216.4 
17 2.20 216.4 
18 2.20 216.4 
19 247 216-1 
20 2.47 216.1 
21 2.47 216.1 
22 2.47 216.1 

1-4 0.64 217.8 
5-s 162 2171 
9-10 1.66 217.1 

11-14 1.95 216.7 
15-18 2.20 216.4 
19-22 2.47 216.1 

- 
- 
- 
- 
- 
- 
- 

248-o 
246.8 
2496 
254.3 
254.9 
253.0 
258.2 
2552) 
253.6 
2576 
2.wi 
257.9 
258.1 
259.0 

- 

2G.l 
253.5 
255.5 
25&S 

Individual tests 
234.9 234.9 242.6 
2378 237.8 249.1 
235.8 235.8 247.6 
236.0 236G 2473 
251.8 251.8 267.1 
240.5 240.5 252.6 
241.7 241.7 253.8 
240.4 240.4 253.9 
257-3 252.1 274.7 
254.1 250-8 275.6 
261.0 259.2 2791 
262.3 260.3 2791 
260.1 259.0 275.1 
260.3 258.0 277.1 
264.9 262.9 280.5 
265.4 262.1 283.9 
262.7 259-9 279.1 
264.8 262.0 277.8 
267.2 262.7 278.1 
266.7 262.7 277.6 
267.1 264.7 283.8 
267.5 264.7 282.7 

Average results 
236-3 236-3 249.1 
241.5 241.5 267.1 
255.3 251.1 275.6 
260.8 259.0 279.1 
264.2 261.1 283.9 
267.2 264.2 283.8 

228.1 
226.8 
225.4 
224.3 
237.5 
231.2 
2320 
230.9 
222.5 
221.5 
230.0 
229.6 
227.2 
228.5 
233.4 
230.2 
226.1 
232.0 
230.1 
231.1 
228.3 
23@6 

224.3 
230.9 
221.5 
227.2 
226.1 
228.3 

- 
- 
- 
- 
- 
- 
- 
- 
0.45 
1.25 
0.13 
0.41 
0.45 
0.14 
o-30 
073 
0.83 
055 
@34 
0.69 
1.01 
0.83 

- 

Go 
1.73 
2.41 
287 

0.61 0.61 
1.74 1.74 
2.45 2.45 
1.54 1.54 
0.42 042 
2.70 2.70 
1.41 1.41 
1.92 1.92 
1.36 1.81 
1.30 2.55 
0.76 0%9 
1.20 1.61 
1.83 2.28 
1.66 240 
0.69 0.99 
1.56 2.29 
1.89 272 
0.86 1.41 
0.38 0.72 
0.80 1.49 
2.56 3,57 
1.67 2.50 

6.34 634 
6.45 6-45 
1.66 3.36 
5.45 7.18 
5.00 7.41 
5-41 8.28 

Table 2. Temperaturefluctuation charucteristics 

Positive ~uct~~ons Negative ~uctuations 

Tests 
Standard 

Magnitude deviation 
Standard 

(“V 
Frequency Magnitude deviation Frequency 

(“F) (cPs) (“F) 
(“F) 

(cps) 

14 5.7 2.1 29.2 5.0 2.1 47.5 
5-8 7.0 3.9 24.8 5.5 2.1 4r16 
P-10 9.3 5‘0 49.4 13.3 8.4 41.1 

11-14 6% 3.5 51.4 8.8 7.4 42.6 
15-18 7.7 3.7 56.0 11.2 8.1 42.8 
19-22 7.4 3.4 65.6 11.2 8.5 48.8 
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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 
t max, tmin, A& 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 (tmin)r 
the average temperature drop (t,,, - tmin), 
the average length of the temperature drops 
(A@, the rate of decrease of thermocouple 
temperature for both the linear portion of the 
temperature drops and for the complete drop 
(At/A@, 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 (nA0/t%&, and the fraction of energy re- 
moved by the temperature drops during each 
test (y). 

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 [ll]. 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 

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. Temperaturefluctuations 
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 
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Table 3. Frequency distrhtion of temperaturefluctuations 

Temperature Tests 
interval(%) 14 5-8 Q-10 11-14 XI-18 H-22 

Frequency of positive fluctuations (cps) 
2-4 10.6 9.1 8.0 13G 9-6 11.4 
4.6 9.6 8.6 12.7 11.7 13.2 
6-a 5.8 

:z 
8-3 10.0 11.2 17.3 

8-10 l-3 2.2 4-5 6.7 94 11.6 
IO-12 1.6 19 4-5 4-4 6-5 5.2 
12-14 0.3 O-6 5-6 1.7 3.8 3.4 
14-16 8 0.8 4-8 1.1 1.9 2.2 
16-18 O-5 2.1 1+-l 1.2 1.1 
18-20 0 0.2 1.8 @6 0.3 0.4 

Frequency of negative fluctwrtions (cps) 
24 17.4 13.2 6.5 130 10.7 11-6 
46 15-l 14”l 6-O 88 8-4 7-2 
6-8 10.2 168 36 5-6 4.8 5-4 
S-10 3.9 51 2,4 3-3 3~1 2-5 

10-12 0.5 1-l 1.8 ::; 1.8 4.5 
12-14 0.3 i-3 2.1 1.5 2.0 
14-16 0 2.7 1.7 1.2 3.1 
16-18 0 0 2.1 0.7 2.6 1.8 
18-20 0 0 2.1 1-l l-8 l-7 

I--- 

Number 
Test of drops ;q t min At & 

.“. - Percent 

W-1 (“F’) (ms) Linear Average Total 
T drop of time 

n region drops occur & 
(“F/r=) I”F/ms) (cps) 

(cpsf 

9 262.3 231.8 30.5 5.2 21.8 6-3 36-6 10.0 1Mf 256 
10 2591 233a 26.1 3.5 29.4 8.1 24.7 504 8.8 28x5 
11 8 263.4 23Qa4 24.0 2-8 19.9 86 9@ 61.5 24 8.9 
12 22 264.6 2406 24.6 3.6 21.0 7.5 13.7 53.6 4.8 15.3 
13 24 264-8 242*9 21.9 2.8 23a 8.5 10.5 53.5 2.7 1@3 
14 36 2652 239.6 256 3.3 260 8.4 15-o 48-6 4.6 15.4 
15 13 2692 241.1 28-t 3.7 25-3 85 13.1 43-3 4.7 I43 
16 4s 267.1 244.1 23.0 30 23.5 7-Q 19-7 61.7 6.0 2@3 
17 48 265% 242.6 23.2 2.6 296 9~9 17.6 57.8 4-2 159 
18 ;: 269.9 245.2 24.7 29 31.1 10.2 17.7 45.5 4.9 17.8 
19 269.0 245.8 23.2 3-O 25.2 9.3 241 58.9 7.8 25.5 
20 55 268.0 241.2 20.8 2.4 25.7 10.0 36.9 79.7 8.8 33.6 
21 56 268.3 246.5 21.8 30 23.0 8.3 15-7 55.5 4-4 14”J 
22 45 271.3 2472 24.1 30 22-4 9.1 18-O 54-3 S-2 174 

%-IO 79 259-7 232-8 269 39 23-9 7.7 23-5 46.5 90 28.0 
1 l-14 

1; 
2644-8 240.6 242 3.2 23.4 8-2 12-5 52-o 3.7 12.9 

15-18 267.7 243.4 243 2.9 25.9 17-7 54-4 5.0 17.5 
19-22 176 2690 246.8 22.2 2.8 23.9 210 61.3 5.7 19.5 

p..- ___~ 
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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. 

It 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. 

..-_ 

i 

- Measured thermocouple temperoture 

280 -.- Tube temperature calculated from 
measured thermocouple temperature 

I 20% 
I I I I I 
I 2 3 4 5 

Time, ms 

FIG. 5. Thermocouple and tube temperature drops. 

ROEMER 

Because of the rapid rate at which the wall tem- 
peraturedropped, 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 
dete~ination of the thermocouple tempera- 
ture and to l~itations 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 expe~men~ give no info~ation 
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 
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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 (%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) LX increases, 

(4) Lin increases, 
(5) the thermocouple temperature drop de- 

creases, 
(6) the temperature drop interval (A(3) 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. 

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)-(s) are somewhat artificial since they repre- 
sent the thermocouple temperature and not the 
tube temperature. If, as discussed previously, 
t min of the tube after each drop is the fluid 
saturation temperature, then the following obser- 
vations concerning the tube temperature can be 
made 

(4’) tmin 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 = ~6bA,,Aei - (PC,?), 

x 4~2 (Lx 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 dropa 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 8, the total energy removed from the 
tube at the thermocouple position is 41 A,, 8, 
while the total energy removed during the rapid 
temperature drop is 

E drops = 4; 4, n A0 

- @c,4 4, n Pmax - LJ (3) 

The fraction of the energy removed from the 
thermocouple position by these temperature 
drops during the time 8 is given by 

y = Edrops -x1000/, 
E 

(4) 
tot.4 

I oar 

a? IO- 0 

0 

r- 

Key: 
Symbol 4:: 

v 1.66x105 
0 1.94x105 
0 2.20x105 
l 2.47~10~ 

I I I 

I 5 IO 

Per cent of time tempcroture drops occur. 

FIG. 6. Energy removed by rapid temperature drops. 

or 

y = nr 

[ 

(5) @c,r), n(LX - LJ] x lotlo/ 

4~~ 0 
0 

with n, A8 and t,,, presented in Table 4, 8, 
& and tsat presented in Table 1, and p, cP and r 
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. 
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FLUCTUATIONS DE LA TEMPfiRATURE DE SURFACE PENDANT 
L’fiBULLITION EN Rl?GIME PERMANENT 

R&nn- Les fluctuations de la temperature de surface pendant l’bbullition en regime permanent a 
partir d’un tube ont 6te mesurees avec un thermocouple B reponse rapide et les resultats de ces mesures sont 
d&its. En particulier, les caracttristiques de chutes de temp6rature extrtient rapides (allant jusqu’a 
16,7 “C/ms) qui se produisent pendant de courtes pr%odes de temps (1 B 5 ms) sont signal&%. Ces chutes 
rapides de temperature rendent compte jusqu’a 33 pour cent de l’bnergie enlevQ du tube a l’endroit du 

thermocouple. 

SCHWANKUNGEN DER OBERFLACHENTEMPERATUR BE1 STABILEM SIEDEN 

Zusammenfaswng- Es wurden Schwankungen der Obefflbhentemperatur 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 ftir kurze Zeitrgume auftraten (1 bis 5 ms). Diese schnellen Temperaturlnderungen waren 
da& verantwortlich, dass vom Rohr, am Ort der Thermoelementl6tstelle bis zu 33 Prozent der Energie 

abgeftihrt wurde. 

kI3MEHEHMR TEMIIEPATYPLI IlOBEPXHOCTR rIPI CTALJHOHAPHOM 
KkNIEHkiM 

AHaoTaqwx-C IIOMO~bH)M3~OAHeP~llOHHO~TePMO~3PbI~3MepeHbIll3MeHeHIlRTeM~ep3TyphI 

IIOBepXHOCTH II&N% CTaqHOHaPHOM KMIIeHMH B Tpy6e II IlpeJV2TaBJIeEW.I pe3yJIbTaTlJ 3TIlX 

n3MepeHlrtt. B 9acTnocw, Ramd xapawrepm2Tmn.i w2wwwiTenbno ~~ICTP~IX nepenanoB 
TeMnepaTypbI (no 30oF/ms), IlpOHCXO@~HX B KOPOTKAB IIPOMWKYTKH BpeMeHI4 (OT 1 A0 
5 ms). TaKne nepenagbI TeMnepaTypbI cooTaeTcTBywr KOm6aHHHM Tennonoro nomna, 
,!&OXOJJH~kiM RO 33% OT CpeAHW0 TeIIJIOBOI'O IIOTOKB Wpe3 CTeHKy TPY6bI B MWTe 

pacnonomesnn TephfonapbI. 


