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ABSTRACT

Mild Traumatic Brain Injury (mTBI) has been associated with blast exposure resulting from the use of improvised explosive
devices (IEDs) in recent and past military conflicts. Experimental and numerical models of head blast exposure have
demonstrated the potential for high negative pressures occurring within the head at the contre-coup location relative to the
blast exposure, and it has been hypothesized that this negative pressure could result in cavitation of Cerebrospinal Fluid
(CSF) surrounding the brain, leading to brain tissue damage. The cavitation threshold of CSF, the effect of temperature, and
the effect of impurities or dissolved gases are presently unknown. In this study, a novel Polymeric Split Hopkinson Pressure
Bar and confinement chamber apparatus were used to generate loading in distilled water similar to the conditions in the
vicinity of the CSF during blast exposure. Cavitation was identified using high-speed imaging of the event, and a validated
numerical model of the apparatus was applied to determine the pressure in the fluid during the exposure. Increasing the water
temperature resulted in a decrease in the 50% probability of cavitation from 21°C (-3320 kPa * 3%) to 37°C (-3195 kPa
5%) in agreement with the theoretical values, but was not statistically significant. Importantly, the effect of water treatment
had a significant effect on the cavitation pressure for water with wetting agent (-3320 kPa + 3%), degassed water (-1369 kPa
+ 16%) and untreated distilled water (-528 kPa + 25%). Thus, reducing dissolved gases through degassing or the use of a
wetting agent significantly increases the cavitation pressure and reduces the variability of the cavitation pressure threshold.
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INTRODUCTION

Mild Traumatic Brain Injury associated with blast exposure has been a prominent topic of study as a result of the increasing
use of IEDs. Brain injury is categorized as mTBI when the individual experiences an alteration or loss of consciousness for
up to 30 minutes [1-3]. There is currently no consensus on the mechanisms that can cause mTBI, with some suggesting:
shearing damage of soft-tissue [4—7], distortion of brain cellular structures [5, 8-14], and intracranial fluid cavitation [5, 15—
19]. With regard to cavitation, a number of studies have demonstrated that negative pressure can occur within the head at the
contre-coup location relative to the blast exposure, as a result of pressure wave propagation initiated by a blast wave [16, 19—
28]. There is a possibility of cavitation if the negative CSF pressure exceeds the tensile threshold, resulting in the sudden
inception, growth, and collapse of a cavitation bubble. Theoretically, the implosive collapse of a near-vacuum bubble results
in localized compressive pressures and temperatures several magnitudes above ambient pressure and temperature,
respectively [29-31]. CSF cavitation in vivo has not been observed and the negative pressure threshold for cavitation is
currently unknown. Several numerical studies investigating cavitation due to blast limit the minimum CSF pressure to -100
kPa or the equivalent of 1 atmosphere to simulate the occurrence of cavitation [16, 17, 26, 32]. The aim of this study was to
determine the effects of fluid degassing treatment and temperature on the cavitation pressure threshold using distilled water.

METHODS

Tests with distilled water were performed using a Polymeric Split Hopkinson Pressure Bar (PSHPB) apparatus coupled with
a confinement chamber developed for evaluating cavitation (Fig 1). The apparatus comprised a 25.4 mm diameter steel



sphere striker, a 25.4 mm diameter and 2.4 m long Polymethyl Methacrylate (PMMA) incident bar, and a 25.4 mm diameter
and 61 mm long PMMA confinement chamber. Strain gauges (CEA-13-250UW-120, Micro-Measurements) were mounted at
the midpoint of the incident bar. Measured strains were amplified (2210B Signal Conditioning Amplifier, Vishay) and
recorded (BNC-2110, National Instruments) at 2 MHz. A Photon Doppler Velocimeter (PDV) (1550 nm wavelength, Ohio
Manufacturing Institute) probe was directed at the free-end of the chamber, measuring surface velocity at a recording
frequency of 10 MHz. A high-speed camera (FASTCAM SA5 Model 1300K-M1, Photron, 50,000 fps with 512x272
resolution) was oriented perpendicular to the transparent chamber, and used to determine the occurrence of cavitation [33—
36].
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Fig 1 Polymeric Split Hopkinson Pressure Bar with confinement chamber apparatus for measuring fluid cavitation threshold
and instrumentation

The apparatus generated an incident pressure pulse comparable to that observed propagating in the brain originating from the
coup of blast exposure [16, 19-28, 34]. The incident pulse propagated along the incident bar, through the chamber and fluid,
and reflected in tension at the free-end of the chamber, generating negative fluid pressure localized adjacent to the fluid-
chamber interface. It was concluded in a previous study that the implementation of a pressure transducer resulted in reduced
cavitation thresholds due to discontinuous geometries and large impedance mismatches [34]. Therefore, a numerical model
was developed to predict the apparatus and fluid dynamics. The axisymmetric numerical model consisted of 203,000
axisymmetric quadrilateral elements (~0.4 mm), following a mesh refinement study. A previous study by the authors
describes the apparatus and numerical model in full detail and demonstrates the efficacy of the model in predicting strain
wave propagation, surface velocities, and fluid pressure changes [34, 36].

Experimental cavitation threshold tests were performed with increasing striker velocities. The tests started at sub-cavitation
loading, confirmed through high-speed imaging, and increased until cavitation was observed. After cavitation, the water was
discarded, a new water sample was prepared, and the process of increasing striker velocities was restarted. The experimental
striker velocities were used with the numerical model to predict the negative pressure occurring during the experiment.
Lastly, a sigmoid-shaped probability curve was calculated with the procedure outlined in ISO/TS 18506 using the dataset of
cavitation occurrence versus the peak predicted negative water pressure. The pressure corresponding to the 50% probability
of cavitation was identified as the cavitation pressure threshold [37].

Three different water conditions (wetting agent, degassed, and non-degassed) and two different temperatures (room
temperature, 21°C, and body temperature, 37°C) were tested. Non-degassed samples were created by using distilled water as-
is without any other treatments. For tests with a wetting agent, a thin film of ~1% concentration wetting agent (Jet-Dry Rinse
Agent, Finish) and distilled water solution was applied to the inner-walls of the chamber before filling with non-degassed
water. For the degassed condition, an open-chamber filled with water was degassed with an ambient pressure of -93 kPa for
at least 20 minutes. The ambient pressure was slowly decreased to avoid vigorous agitation of the water. Samples requiring
room temperature were left to sit at room temperature for several hours before testing. Samples requiring body temperature
were prepared by placing a sealed-chamber filled with water into a 37°C water bath and verifying the test sample temperature
with an infrared thermometer immediately before testing.

RESULTS AND DISCUSSION

Fifteen tests were performed with distilled water at 37°C with a wetting agent applied to the inner-walls of the chamber to
minimize surface tension, and therefore minimize entrapped air. A cavitation pressure threshold of -3195 kPa + 5% (Fig 2)
was calculated (ISO/TS 18506), demonstrating an expected decrease in threshold relative to -3320 kPa + 3% measured in a
previous study for distilled water at 21°C with the same wetting agent (Fig 2) [34]. The measured 4% threshold decrease was
comparable to a predicted 3% decrease calculated with the assumption that surface tension is the driving mechanism resisting
cavity growth [30, 38, 39]. It should be noted that when considering the variability in the data, the average threshold decrease
was not statistically significant.



Thirty-nine cavitation tests were performed with degassed distilled water at 37°C without a wetting agent, resulting in a
calculated threshold of -1369 kPa + 16%. Similarly, thirty-nine tests were performed with non-degassed distilled water at
21°C without a wetting agent, resulting in a calculated threshold of -528 kPa + 25%. Lower variability and a higher cavitation
threshold were observed in the degassed water relative to the non-degassed water. Both observations were attributed to the
reduction of entrapped air at the water-chamber interfaces, resulting in a higher tolerance for tension. There is further support
for this conclusion when both thresholds were compared to non-degassed distilled water with a wetting agent (-3320 kPa +
3%), which demonstrated a much higher threshold and lower variability [34]. The effect of the wetting agent can be seen in
the 21°C water tests, yielding an increase of approximately 630% in negative threshold relative to non-degassed conditions.
With the assumption that the 37°C water tests exhibit similar effects as the 21°C tests, albeit lesser negative thresholds,
degassing yields an increase of approximately 270% in negative threshold relative to non-degassed conditions.
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Fig 2 Cavitation probability curves for distilled water including the effects of temperature and degassing method (error bars
show one standard deviation)

CONCLUSIONS

Cavitation tests were undertaken for distilled water with varying temperature and pretreatment using a PSHPB coupled to a
confinement chamber, high-speed imaging to identify cavitation, and a computational model to determine the fluid pressure
during the exposure. It was determined that increasing the temperature of the distilled water with a wetting agent from 21°C
to 37°C resulted in a small decrease in cavitation threshold, in agreement with theoretical calculations albeit not statistically
significant. Pretreatments to the distilled water including degassing and the use of a wetting agent had the largest effect in
terms of increasing the cavitation threshold while also reducing variability in the experimental data. It is concluded that the
preparation of fluid samples for cavitation tests can have a large effect on the measured cavitation threshold.
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