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ASSESSMENT OF THE
PNEUPAC HC HYPERBARIC VENTILATOR

A.J. Gibson, F.M. Davis and A.R. Wilkinson

Introduction

The PneuPac HC Hyperbaric Ventilator (Figure 1)
has been specifically designed to ventilate patients within
hyperbaric chambersover arangeof pressuresupto 10ATA
(atmospheres absolute). It is a standard pneumatically
controlled, time-cycled ventilator providing independent
control of inspiratory time, inspiratory flow rate and expira-
tory time. The range of these parameters has been signifi-
cantly extended to allow compensation for the changes in
ventilator performance with different chamber pressures.
Following the manufacturer’s advice, we carried out cali-
bration of the PneuPac HC ventilator to derive a series of
calibration tables for its clinical use.

Description of PneuPac HC ventilator

The HC Ventilator consists of a pneumatic control
module operating a remote patient valve housed in the
patient connection block. These are linked by a small
diameter flexible hose which can be separated to alow
sterilisation of the patient valve. The control module is
operated from compressed air, oxygen or a helium/O, mix-
turewhichisdelivered from aregul ator within the chamber,
set at 400-1000 kPa gauge pressure. A simple schematic
diagram of the PneuPac HC is shown in Figure 2.

Thecontrol modul ehasthreecontrol knobs; oneeach
for the inspiratory and expiratory times which are each
arbitrarily graduated from one to nine, and an inspiratory
flow control which completes eight and a half revolutions
between itsminimum and maximum settings. Aswell, there
isan on/off switch and a pressure gauge. All moving parts
of the control module are manufactured to require no lubri-
cation or maintenance.

On connecting the ventilator to the gas supply and
switching on, the spool invalveB isinitially biased to allow
the gasto flow from port 1 to port 2 from where it will flow
totheinspiratory timer valve C and to valve F and thenceto
the patient valve.

Theinspiratory time knob restricts the gasflow into
theinspiratory timer cartridge C which then fixestherate of
pressurerisewithin C. Atapredetermined pressure, apiston
within C moves to allow gas to flow to port 4 of valve B
whichin turn switchesthe spool of valve B to the expiratory
position. Now the gasflow isdirected from port 1 to port 3
andthencetotheexpiratory timer cartridge D which behaves
inasimilar way totheinspiratory cartridge. During expira-
tion, a non-return valve within C opens to release the
pressure within this cartridge. The expiratory timeknob is
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Figure 1. ThePneuPac hyperbaric ventilator control box showing (from left to right) the inflation pressure gauge,
expiratory time control (E), flow control (V) and inspiratory time control (). The patient control valveisin the middle
foreground with the overboard dump system via a Scott exhalation regulator on the right.
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FIGURE 2. Schematic diagram of Pneupac HC ventilator. See text for explanation of terms.



174

adjusted to control the expiratory time and is used together
withtheinspiratory timeto determinethedesired respiratory
rate for the patient.

During inspiration, gas is delivered to valve F, one
side of which isconnected to the flow controller and thence
toareducingvalve, theother sidetothegasoutlet and thence
to the patient via the patient valve.

The patient valve operates by using the pressure
energy in the gas flowing from the control module. During
inspiration, the gas flow to the patient val ve passes through
an orifice which causes the pressure to drop to patient
pressure. The resultant pressure on the end of a piston
pushesit against a spring which closes the exhaust port and
connects the patient to the gas flow from the orifice. The
patient is protected from over-inflation by a pressure relief
valve(twoareprovided, with blow-off pressuresof either 40
or 60 cm H,0). During expiration, the spring forces the
piston back to open the exhaust port, the patient exhaling
through thevalve and out theexhaust port. Thepatientvalve
isfail-safein that should the module be switched off or the
gas supply fail, the valve opens to the atmosphere.

M ethods

ThePneuPac HC ventilator wastested usingasimple
circuit which included acalibrated Wright' s spirometer and
a “mock lung” over arange of inspiratory time and flow
settingsat 1.9 ATA, 2.8 ATA and 6 ATA.

CALIBRATION OF WRIGHT’S SPIROMETER

Using a 2 litre Rudolph gas calibration syringe, the
volumesrecorded by aWright’ sspirometer werechecked at
each pressure. Thiswasdone by taking the average of three
readings in 200 ml steps up to 2000 ml, each tidal volume
being delivered in approximately one second.

INSPIRATORY TIMES

With adigital stopwatch, theinspiratory timefor the
ventilator on each of its graduations on the inspiratory time
control was measured at each pressure. For each time
setting, theinspiratory timewastaken asthe average of five
readings.

DELIVERED TIDAL VOLUME

For each inspiratory time graduation, the flow con-
trol was then adjusted from its minimum to its maximum
setting (eight-plus revol utions) with the tidal volume being
measured using the spirometer. Fivereadingsweretaken at
each complete revol ution between the minimum and maxi-
mum settings and averaged. Throughout the measurement
of tidal volume, theexpiratory timewasleft onitsmaximum
setting for convenience, since changesin its setting did not
influencetheinspiratory time. Thetemperature and humid-
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ity within the chamber were also recorded. These measure-
ments were repeated at each pressure.

Results

Cadlibration of theWright’ sspirometer at 1.9 and 2.8
ATA showed that it consistently over-read thetidal volume
by approximately 8% at low tidal volumes (< 500 mls),
reducing to 5% at higher tidal volumes. This error was
dlightly greater (11% down to 6%) at 6 ATA. Subsequent
recordingsof thetidal volumesmeasured fromtheventilator
were corrected by these factors and standardised for tem-
perature and humidity.

Inspiratory times progressively shortened with in-
creasing ambient pressure, such that they were on average
about 35% shorter at 6 ATA thanat 1.8 ATA. At6ATA the
longest inspiratory timethat could beachieved was 1.25 sec.
Expiratory timesat any given setting shortenedwithincreas-
ing pressurein asimilar manner. Ventilation rates down to
about 12 breaths per minute were still achievableat 6 ATA.
Wefound that the clinically useful inspiratory times (0.75 -
1.5 sec) were within the control setting range from 6 to 9.

The tidal volume at each setting was measured five
times and averaged. There was seldom more than 10 ml
variation within each group of readings, demonstrating
consistent performance of both the ventilator and the spi-
rometer. Asan example, Table 1 gives the results for the
tidal volumes generated at 50 m depth for each of the
inspiratory time settings as the flow rate is increased step-
wiseby onerevolution of theflow control fromitsminimum
to its maximum setting. At lower chamber pressures,
readings were not taken at the longer inspiratory times at
high flow rates as the tidal volumes generated were well
beyond the clinically useful range. Similar tables were
constructed for 1, 1.9 and 2.8 ATA pressures.

Figures 3, 4 and 5 represent graphically the data at
each of the 3 depths for a minimum, intermediate and
maximum flow setting, over a clinically useful range of
inspiratory times.

Discussion

As would be expected for atime-cycled pneumati-
cally-controlled ventilator, the performance changes as the
chamber pressureisincreased or decreased. Blanch et. al.!
have described the performance characteristics of arange of
ventilators under hyperbaric conditions. The changes ob-
served by us with the PneuPac HC are closely consistent
with their datafor other time-cycled devices. However, the
extended range of the PneuPac HC, with a maximum flow
capability of 180 litre min?, allows compensation for the
decrement in performance over a range of chamber pres-
suresat least upto 6 ATA. Beyond 6 ATA itisdoubtful that
this ventilator would meet the needs of most adult male
patients.
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FIGURE 3. Tidal volumes generated at 1.9 Ata pressure
at three different flow settings.
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FIGURE 4. Tidal volumes generated at 2.8 Ata pressure
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PneuPac Ventilator Setting at Depth 50m
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FIGURE 5. Tidal volumes generated at 6 Ata pressure at
three different flow settings.

By making these recordings over the depth range
customarily used for hyperbaric therapy, we have been able
to construct a series of tables that allow us to choose
appropriate settings on the ventilator to give the desired
inspiratory time and tidal volumefor any particular patient.
The respiratory rate can then be adjusted by varying the
expiratory time control, allowing setting of an appropriate
breathing rate and minute volume. In addition tidal and
minute ventilation should always be checked using some
suitable device such as the Wright's Spirometer. The
calibration errorsfor thisdevicearesmall and likely to be of
little importancein clinical use.

A limitation of the testing circuit used was that
“lung” compliance which was roughly 30-40 ml/cm H,0*
could not be altered. Whilst the design of the PneuPac HC
ventilator as a flow generator is such that tidal volume
should remain contant despite changes in patient compli-
ance, wedid not confirmthisexperimentally. Inclinical use
our impression has been that delivered tidal voume has not
atered with changing compliance.

Two further factorsinfluencing performance of ven-
tilators are the driving gas pressure to the unit and the
different densitiesof thedelivered gases. Inour chamber the
delivered gas may be changed by turning a single valve.
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TABLE 1
Calibration chart for clinical use at 6 Ata, showing tidal volumesfor varying flow settings and inspiratory times.
PneuPac Ventilator settings at 50 m depth (6 ATA)

Inspiratory Control 6 6.5 75 8 85 9
Setting
Inspiratory Time 0.6 0.6 0.65 0.70 0.80 1.00 1.25
in seconds
Flow control Delivered volumein millilitres
settings
min 180 170 205 245 250 320 330
x1 195 210 235 265 280 345 385
x2 205 230 245 275 295 375 410
x3 250 280 300 340 375 480 515
x4 305 350 370 430 465 625 650
x5 325 390 400 480 490 670 700
X6 335 405 405 500 520 690 820
X7 345 420 420 510 530 720 845
x8 360 430 430 530 540 740 865
Max 425 - - - - - -

Although our driving pressures for air and oxygen are
dlightly different, neither this nor the different densitites of
the two gases atered the delivered tidal volumes at given
settings to a degree that would be important clinically.
Nevertheless it is important to consider these factors in
setting up amechanical ventilator in arecompression cham-
ber. It is aso important to ensure that the gas delivery
systems can meet the maximal flow ratesthat any particular
ventilatoriscapableof. Initial testsof thePneuPacHCinour
facility quickly revealed that our oxygen delivery system
was not capable of this and required modification.

The inspiratory and expiratory times of pneumatic
time-cycled ventilators are well known to change with
changes in ambient pressure, shortening as pressure in-
creases. This is a serious limitation in the use of some
ventilators. If gas density were the factor influencing this,
thenthe conversewould beexpected to occur. Sincecycling
between inspiration and expiration is dependent in most
such machines on the filling of a pressure cartridge as
described above, Desautels and Blance? have proposed
recently that this shortening of cycling time is due to the
change in the compression factor of that compartment with
changesin ambient pressure. Compressional gaslossesare
directly related to the volume of the container (in this case,
the time cartridges) and inversely proportional to ambient
pressure. This would result in less volume of gas being
needed to flow into the cartridge to cycle it as ambient
pressureincreases. Our preliminary observationshavebeen
consistent with this hypothesis.

We have found the PneuPac HC ventilator to be a
robust and consistent performer that can generate adequate
tidal volumes within appropriate inspiratory times for the
vast majority of adult patients, up to 6 ATA pressure. We
would recommend manual ventilation of patientsduring all
changesof chamber pressure, but wehavefoundthe PneuPac
HC ventilator very suitable for clinical use during the
prolonged treatmentsthat critically ill patients may require.
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