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PRESSURE PULSES IK RAPID TRANSIENT BOILING

R, W, Wright

A. Introduction
We have been investigating whether the multi-thousand psi 

pressure pulses that occurred in the BORAX-I and the SPERT-I 
destructive power excursions could have been generated by 
thermal mechanisms in the geometries of the unmolten reactor 
cores. These pressure pulses were "at least as high as 6,000 
psi, and probably higher than 10,000 psi" in BORAX I, and 
"between 3,000 and 4,000 lb/in2" in SPERT if*2 There is no 
direct evidence to indicate whether or not a pressure pulse of 
comparable magnitude occurred in the SL-1 reactor core, 
although a water-hammer pressure pulse of about 10,000 psi die 
occur when the core water impacted upon the lid of the pressure3vessel. The BORAX-I pressure pulse apparently occurred at
about the time of peak power. The SPERT-I pressure pulse,
however, occurred at low power, 15 msec after the power peak of
a self-1imiting power excursion during which a peak pressure

2of only 35 psig occurred. These pressures exceed the critical 
pressure of water (3,190 psig), so they cannot be produced by 
two-phase vapor generation in a "steam explosion".

In the SPERT-I destructive test the measured chemical 
energy release in the aluminium-water reaction, 3.5 Mw sec, 
would have been sufficient to produce the observed pressures 
ana mechanical destruction if the rate of the chemical reaction

9 4had been sufficiently high? * However, the Argonne wor« on 
this chemical reaction indicates that, below the spontaneous 
ignition temperature (1,750°C), the reaction times are in 
seconds or minutes, not in milliseconds?* The maximum tempera
ture reached in the SPERT-I core was about 1,200°C, so it 
appears that a chemical reaction could not have produced the
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destructive pressure pulse with its 300 psec risetime. At the 
hot spot in the BORAX-I core, however, the center of the meat 
reached the atmospheric pressure boiling point (2,330°C) at 
about the time of the pressure pulse, although the surface of 
the clad was just then reaching melting (6C0cC), The amount 
of Aj 0̂*3 In the BQIUX-I core debris was not measured, so the 
amount of chemical energy released in the transient is not knows 
directly, However, a chemical energy release (for the entire 
transient) of 24 Mw sec was measured from the core debris of 
SL-1, which had a meat temperature history similar to BORAX I, 
so the BORAX-I chemical energy release was probably of com
parable magnitude"? The higher BORAX-I (and SL-1) temperatures 
also would have produced much higher rates of chemical reaction, 
so that the exclusion of a chemical source of, or significant 
contribution to, the destructive pressure pulse is much less 
definite for BORAX-I than for SPBRT I.

In unconfirmed water systems, such as the BORAX-I and 
SPERT-I heterogeneous water reactors, pressure is produced by 
volume expansion against the water loading, whether the ex
pansion is produced by thermal or by chemical means. This 
loading is inertial for times greater than about one milli
second in the BORAX-I and SPERT-I geometries, and it is 
acoustic for shorter times. A very rapid volume expansion is 
required to produce a high pressure pulse. Zivi proposed that 
the very large bulk-expansion coefficient of Ho0 gas at slightly 
supercritical temperatures could produce superentical pressures, 
during millisecond reactor power excursions, by the sudden 
expansion of the thermal boundary layer as the fuel plate sur
face temperature passes rapidly through the water critical 
temperature (374°C)T While initial calculations indicated 
that this mechanism might have produced the BORAX-I pressure 
pulse in the geometry of the unmolten core, refinements, including
4*Calculations of temperature histories in the BORAX-I and SP2RT-I
destructive power excursions will be presented in our 1963 Annual
Summary Report, STL-6312.
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the compressibility of the water i.. the core, showed that 
several times the heat transfer surface area available in the 
BORAX-I core would have been necessary to produce a 4,000 psi

Apressure pulse by this mechanism, The delayed nature of the 
iPEET-I pressure pulse precludes this m 'banism as a possible 
cause.

3. Experimental Procedure
Because (d the uncertainties in these calculations and 

also in knowledge of the actual mechanism of the destructive 
pressure pulses, an experimental investigation was undertakes 
of pressure pulse generation by purely thermal means. The 
experiment was begun before the SPERT-I destructive test and 
was modeled after the urnsolten core geometry of BORAX I 
'SPKRT 1 was similar) on the assumption that pressure relief in 
the reactor occurred spherically outward. Acoustic calcula
tions show that this assumption is good for the 3CRAX-X (and 
3PER7-I) cores at acoustic frequencies below about 50 kc/sec 
(plate stiffness was neglected). The experiment models the 
heated-surface to water-volume ratio of the BORAX-I core, and 
it has a one-dimensional (rather than spherical) water loading 
column. A schematic drawing of the apparatus is shown in 
Fig. 1. The stainless-steel heated element, of 1/4” diameter,
2” length, and .002” wall thickness, is mounted coaxially near 
the bottom of what is effectively a 3/3” diameter, 46” long 
vertical water filled pipe. Actually, a heavy-walled rigid 
chamber contains the healed element and this is connected to a 
long open-ended water loading pipe. Figure 2 is a picture of 
the disassembled pressure chamber shewing the heated element 
and its mounting. A nominally rectangular current pulse of 
about 3,000 amps increases the heated element temperature 
700°C in 150 microseconds by resistance heating. This rate of 
temperature rise exceeds that i. Jie BORAX-1 destructive transient
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Figure 1. Schematic Drawing of the Experimental 
Apparatus for Thermal Generation of Pressure Pulses.
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by more than a factor of 10. The final ^^perature is greater 
than the melting point of aluminum (o6G°C) as well as the 
critical temperature of water (374°C). The resulting transient 
pressure is measured below the heated element, as shown in 
Fig. 1, by a Columbia P-200 piezoelectric crystal pressure 
transducer which has a 4-microsecond risetime. The system may 
be pressurized up to about 5,000 psi as an initial-condition.
It was designed to withstand 10,000 psi. Elevated-temperature 
initial-conditions are obtained by exterior heating elements, 
the connections to which are visible in Fig. 2. Further experi
mental details are given in our September 1962 Quarterly 
Report?

The present experiment was designed to exceed the thermal 
pressure generating potential of the unmolton I*CRAX»i core by 
virtue oT its order of magnitude faster temperature rise in a 
comparable pressure generating geometry. The experiment has a 
ratio of heated surface area to pressure relief surface area 
of 30, while this ratio was about 18 in BORAX I and about 10 in 
SP2RT I under the assumption that pressure relief in the reactors 
occurred radially outward. This ratio is the factor by which 
displacement at the heated surface is amplified in the water 
loading column, so a higher ratio will produce a higher pressure. 
However the compressibility of the water in the volume containing 
the heated surface reduces this amplification, and hence the 
resulting pressure. This ratio of volume to heated surface 
area was .15 cm m  BORAX I and .22 cm in SP2RT I. In the 
laboratory experiment this ratio is .18 cm in the volume con
taining the heated element; but if the volume extending down to 
the pressure transducer is included, as it probably should be, 
this ratio is increased to .31 cm.



C. Prompt Pressure Pulses
An oscilloscope picture of the voltage across the heated 

element and the resulting pressure in a transient with a 700°C 
temperature rise in the heated element is shown in Fig. 3 at a 
sweep speed of 50 ^sec/major division, A sharp pressure pulse 
of about S00 psi occurs near the end of the heating pulse, and 
lower pressure pulses occur thereafter. The negative pressure 
dip in the first 50 microseconds is spurious electrical pick-up. 
Similar results have been obtained in repeated runs. Since 
these results were obtained with over 10 times the maximum rate 
of temperature rise in the BORAX-X destructive power excursion, 
they show that the multi-thousand psi pressure pulse in that 
reactor could not have been produced by thermal means in the 
geometry of the unmolten core, Increased llQu% t Tkndiet surface 
area, as might occur with fuel melting, w'ould be necessary to 
produce such pressures by thermal means alone. The BQRAX-I 
pressure pulse apparently occurred near peak power when the fuel 
plates at the core hot spot had just reached surface melting 
and meat vaporization. Thus, at the time when the destructive 
pressure pulse occurred, it appears probable that vaporized 
meat was dispersing the molten aluminum fuel plates into the 
water to produce a very large amount of heat-transfer surface.

b. Delayed Pressure Pulses and Vapor Blanketing

An oscilloscope trace of the pressure in a similar tran
sient with a 700°C temperature rise is shown in Fig. 4 at a 
sweep speed of 20 mscc/major division, 400 times slower than 
m  Fig. 3. A zero psig baseline is included in Fig. 4. The 
series of initial high pressure pulses shown in Fig. 3 are 
off-scale in Fig. 4, and are not time resolved either, but they 
do make up the several millisecond long initial pulse of Fig. 4. 
Following this initial pulse the pressure falls through zero
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Figure 3. Oscilloscope Picture of Jeated Element Voltage 
(bottom) and Chamber Pressure (top) for 700°C Transient 
at 50 jisec/major division. Pressure Sensitivity 600 
psi/maj or division. Pressure zero 3.0 major divisions
from bottom.
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Figure 4. Oscilloscope Picture of Chamber Pressure for 
70GgC Transient at 20 msec/ciajor division. Pressure 
Sensitivity 50 psi/major division. Zero psig Baseline Shown.
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gauge to a vacuum of 12 to 14 psig. This is interpreted to 
mean that vapor blanketing of the heated element has occurred, 
which insulates it from the virtually unhoatcd water, and that 
vapor condensation upon the adjacent cold water surface has 
produced a vacuum. The initial temperature was 20°C for all 
these transients, and neither the heat input to the water nor 
the time during a transient is of sufficient magnitude to 
change appreciably the temperature of the bulk water near the 
heated element. The high pressures from boiling during the 
first millisecond or so accelerate the water loading column 
up the pipe. Following vapor blanketing, the vacuum gives this 
inertial water column lOg negative acceleration which returns 
it into contact with the heated surface in about 20 milliseconds. 
A water-hammer impact pressure of about 150 psi is produced when 
the vapor blanket fully collapses, and this impact pressure 
bounces the water column back up the pipe. A damped series of 
such impact pressure pulses with intervening vacuum is seen.

The magnitudes of the pressure pulses, the periods between 
them, and the widths of the pulses themselves are all consistent 
with this interpretation. The impact pulse width is just the 
round-trip acoustic propagation time in the water column, 1.5 
milliseconds in this case. The dynamics of the bouncing water 
column is essentially that of a bouncing ball. The impact 
velocity, u , is related acoustically to the impact pressure,
■vp\ and dynamically to the effective vacuum deceleration time, T, 
and the vacuum gauge pressure p , by

where p is the density and c the velocity of sound in water, L 
is the water loading column length, and g is the acceleration 
of gravity. Using measurements from the first impact pressure
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pulse in the 700°C transient shown in Fig. 4; namely,
T - 15.3 ms and - 12.5 psig, the calculated impact velocity
u is 68 cm/sec. From the measured impact presure, - 143 psig,
I ®the calculated velocity u is 66 cm/sec; in excellent agreement. 
The calculated maximum displacement of the water column is 
0.26 cm, but the corresponding maximum thickness of the vapor
blanket itself is only 87 microns (assuming a uniform blanketI .thickness).

Actually, the pressures of the first two impact 
pressure pulses in Fig. 4 are augmented by boiling during the 
1.5 milliseconds the liquid is in contact with the heated 
element. In the first pulse this boiling augmentation increases 
the pressure from 143 psi to 178 psi and in the second from 
152 psi 10 152 psi. The initial impact pressure of the first 
pulse, 143 psi, was used in the calculations of the preceding 
paragraph. This boiling augmentation of the water impact 
pressure is shown more clearly in Fig. 5, which is a pressure 
trace for a 700^C transient at 5 nuee/major division sweep 
speed.

Figure 6 shows details of the complete initial 
accelerating pressure pulse for a 7GCWC transient using a sweep 
of 0.5 msec/mapor division. If the water loading column, 
initially at rest, were pushed by a piston with a constant 
velocity u (u > gL/c “ 1 cm/sec, sc chat the acoustic pressure 
exceeds the column weight/unit area), then after 1.5 milli
seconds (which is the rounc-tnp acoustic propagation time) 
the column would rise off the piston at a velocity 2u, That 
is, ’’vapor-blanketing" would occur after 1.5 ms. The sharp 
high-frequency, high-amplitude pressure pulsrs in Fig. 6 stop 
after 1.5 ms, indicating that vapor blanketing coes occur at 
this time. Low amplitude 9.S kc/sec oscillations persist, and 
these are superimposed upon a slowly-changing low pressure

- 11-
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Figure 5. Oscilloscope Picture of Chamber Pressure for 
700°C Transient at 5 msce/major division. Pressure 
Sensitivity 50 psi/major division Zero psig Baseline 
Shown.

II
!
§



Figure 6. Oscilloscope Picture of Chamber Pressure for 700°C 
Transient at 0.5 msec/major division. Pressure Sensitivity 
50 psi/major division. Zero psig Baseline Shown,
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which falls in a few milliseconds through zero psig to a vacuum 
cue primarily to vapor condensation on the water surface and 
also to expansion of the vapor blanket. The 9.8 kc/sec oscilla
tions have the fundamental acoustic frequency of the water 
column extending from the pressure transducer, at the bottom of 
the pipe, to an effective open surface at the bottom of the vapor 
blanket surrounding the heated element (see Fig. 1}. (This water 
column length of 3.6 cm delays all the pressure signals by 
24 psec.) The initial negative pressure shown in Fig. 6 is 
spurious electric pick-up, but sharp negative pressures (tensions) 
up to 55 psig are seen during the initial 1.5 milliseconds.

An oscilloscope picture is shown in Fig. 7 of a lower 
temperature transient with a 265°C temperature rise in which 
acre detail can be seen of the initial accelerating pressure 
pulse, the vapor blanketing with vacuum, and the first impact 
pressure pulse. The sweep speed is 1 rnsec/major division, and 
the picture shows two pressure traces with sensitivities 
differing by a factor of 10. This picture shows clearly that 
a sharp break from pressure to vacuum occurs 1.5 milliseconds 
from the start, presumably at the onset of vapor blanketing.
It also gives a good measurement of the 1.5 millisecond width 
of the impact pressure pulse. The 9.8 kc/sec ringing of the 
lower water column following the first bounce is apparent, as 
are two small pressure disturbances during vapor blanketing 
which are presumably caused by small water droplets impinging 
on the heated element. The cause of the fine structure in the 
impact pressure pulse is not known.

Following vapor blanketing, according to this model, 
the void volume increases and then decreases paradoxically in 
time like the displacement of a bouncing bail. The vapor 
pressure at the bulk wafer temperature, the external pressure, 
and the loading column length affect the trajectory. However
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Figure 7. Oscilloscope Picture of Simultaneous Chamber 
Pressure Traces for 265°C Transient at 1 msec/major 
division. Pressure Sensitivities: 12 psi/major division
(Upper Trace), 120 psi/major division (Lower Trace).
Pressure Zero (from bottom): 3,0 major divisions (Upper
Trace), 2.1 major divisions (Lower Trace).
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the crux of the transient void-growth problem with very rapid 
heating is the initial accelerating pressure pulse shown in 
entail m  Fig. 6. This experiment shows that the length of the 
pulco is apparently determined by the round-trip acoustic 
propagation time in the w tter column, at least for heating 
pulses shorter than this time as m  this experiment. A true 
understanding of this initial pressure pulse would appear to 
solve the transient void-growth problem for rapid heating. The 
slow heating case (several milliseconds, or longer) is probably 
more complicated. These experimental results also indicate that 
vapor-blanketing and the resulting vacuum deceleration (under 
appreciable subcooling) may limit the extent of vapor growth 
(and hence, void-compensated reactivity) which can be obtained 
in water-reactor geometries ever, with rates of temperature 
increase an order of magmruae higher than m  the BORAX-1 destruc 
live power excursion. Fuel dispersal, of course, can increase 
greatly the void volume and and also the pressure.

Negative gauge pressures i.. rapid transient boiling • 
aave «*iso be e n v eu — a .. e 5. a a * * — t t —. *— * .* —e t
in-pile transient void-growth experiment m  the 1C1V.3 reactor'^ '** 
The ''bouncing'* growth and collapse ox the vcia vo.a..- ana the 
accompanying delayaa press-re pulses -re also seen -n this latter 
experiment. However, bee— s-e c. non-cohoi on-.. .1: ro-gaout - 
spatially distributed reactor core, and for other re-sons as 
veil, only one or two watt: .si- •. pr ;.a.re pulses might he 
expec tea in an actual reactor 11— siaat.

The delayed water-ham. er impact pressure pulse 
following vapor blanketing might possibly explain the delayed 
destructive pressure pulse ir. cPh.ff I. At the time of pe-k 
power, when the initial 35 psi pr-ssure pulse occurred, none 
of the core surface had malted, however, much of the core 
surface would have melted while ..as-luted by the vapor bl unite.

- 16-



I

and a delayed 150 pal water-hammer impact pressure pulse might 
have dispersed the molten aluminum fuel plates sufficiently to 
have produced the delayed destructive pressure pulse by thermal 
means. Certainly this hypothesis produces the correct celay 
time. However, research on the dispersal of molten aluminum 
by water impact would be necessary to validate this model. 
Moreover, the application of these results to the SPER7-I 
destructive test, in particular, and to heterogeneous water 
reactor cores, in general, involves fundamental questions of 
the effects of non-coherence in boiling in a spatially distrib
uted reactor core. In particular, the effects of vapor genera
tion by the fuel plates at the boundaries of the individual 
vapor blankets and questions of coherence between channels 
require further investigation.
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