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Abstract

CPAP is the most common treatment for moderate to severe sleep apnea in adults.
Despite its efficacy, patients’ safety, comfort and compliance are issues to be considered
and improved in CPAP design. The issues include condensation, carbon dioxide in

inhaled air, humidity and temperature of inhaled air.

When a CPAP user breaths deeply, there will be some air not fully expelled and may be
driven back into the heated air delivery tube (HADT). An interest has existed in what
impacts this so called reverse flow may bring about to the CPAP use. The main
objectives of this research are to quantify the reverse flow and its influence on carbon

dioxide re-breathing, delivered humidity to the patient and condensation in the HADT.

Within this thesis, two computer models of the CPAP system have been constructed on
Simulink™ in the Matlab™ environment. One is about the CPAP fluid dynamic
performance and carbon dioxide re-breathing and the other is on thermodynamic
performance. The models can predict the dynamic behaviour of the CPAP machine.
They are able to mimic the breath induced airflow fluctuation, and flow direction
changes over wide real working ranges of ambient conditions, settings and coefficients.
These models can be used for future analysis, development, improvement and design of

the machine.

The fluid dynamic and thermodynamic models were experimentally validated and they

have proved to be valuable tool in the work.

The main conclusions drawn from this study are:

e Reverse flow increases when breath load increases and pressure setting
decreases.

e Reverse flow does not definitely add exhaled air to the next inhalation unless the
reverse flow is relatively too much.

e Mask capacity does not influence the reverse flow.

e The exhaled air re-breathed is mainly due to that stays in the mask, therefore
larger mask capacity increases the exhaled air re-breath and the percentage of

exhaled air in next inhalation drops when the breath load increases.

e Deep breathing does not significantly change the total evaporation in chamber.
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When deep breathing induced reverse flow occurs, condensation occurs or
worsens in the HADT near the mask. This happens only when the humidity of
the airflow from the CPAP is much lower than that of the exhaled air and the
tube wall temperature is low enough for condensation to occur.

The deep breathing and reverse flow do not significantly influence the average
inhaled air temperature.

The overall specific humidity in inhaled air is lower under deep breathing.

Mask capacity does not influence the thermal conditions in the HADT and the
inhaled air specific humidity. Also the mask capacity does not significantly

influences the inhaled air temperature.
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O Heat storage in the air at HADT lump n
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R, Universal gas constant ( 8.31 J/K-mole )
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ws

Rayleigh number on HADT outer surface

Thermal resistance

Chamber base-water interface thermal resistance
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Chapter 1 Introduction

1.1 Background

About one third of human being’s life is spent in sleeping. A good sleep can help people
refresh from their awake-time tiredness physically, mentally and emotionally. It
increases people’s energy level and reduces people’s feeling of depression [1].
However, world widely, hundreds of millions of people are suffering from sleep
disorder problems. These sleep disorders include sleep apnea, narcolepsy and various

forms of insomnia [2].

Sleep apnea is a sleep disorder in which people repeatedly stop breathing during sleep.
The stop may last for more than 10 seconds [3]. Sleep apnea can be categorized as
central sleep apnea, obstructive sleep apnea and mixed apnea which is a combination of
the two [2]. Obstructive sleep apnea (OSA) is caused by muscle relaxation during sleep

(see Figure 1.1).
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Figure 1.1 Obstructive sleep apnea [4]



When such relaxation happens somewhere from the soft palate, uvula to trachea,
breathing can be obstructed. Central sleep apnea is related to the hypo-function of the
central nervous system. Central sleep apnea is caused by the muscles controlling
breathing fail to do so because they either do not get signal from brain or the brain does
not send signal to them, or the signal gets interrupted. In this case, the airway may stay
open, but the diaphragm and chest muscles stop working, thus normal breathing stops.
The most common sleep apnea is the obstructive sleep apnea. When OSA happens, the
muscles of the diaphragm and chest work harder to overcome the extra friction in the
upper airway. Such effort may wake up the sufferer and makes sleeping of low-quality

or even totally deprived [5-7].

When breathing stops, the blood Oxygen level decreases and the heart needs to work
harder for Oxygen supply. Blood pressure rises and sometimes heart beats irregularly
which may cause cardiovascular problems and even deaths [6]. Poor sleep is also found

to cause increase traffic accidents [5-7].

1.2 OSA Treatments

Obstructive sleep apnea can be alleviated by weight loss and be treated by surgery, oral
appliances (mechanical devices inserted into the mouth) and a breathing-assistance

device [8]. Types of these treatments are reviewed below.

1.2.1 Oral Appliances

Two kinds of appliances are used for the treatment.

A. Mandibular Repositioning Device (MRD)

Figure 1.2 Mandibular repositioning device[9]



The MRD is worn in user’s mouth while sleeping and pulls the lower jaw forward thus
moves the base of the tongue forward and allows a wider space in the airway and behind

the soft palate so to remove or alleviate the obstruction [10].

B. Tongue Retaining Device (TRD)

Figure 1.3 tongue retaining device[10]

This Tongue Retaining Device uses a flexible polyvinyl material fitting to the user’s
teeth and dental arches and the tongue is held forward by the negative pressure created
in the vacuum bulb on the front of the appliance. This prevents the tongue from

collapsing the airway [10].

1.2.2 Surgeries

A. Uvulopalatopharyngoplasty (UPPP) surgery

Uvulopalatopharyngoplasty (UPPP) is an surgical operation that removes excess tissue
such as uvula, soft palate, Excess throat tissue, tonsils, and adenoids in the throat to

make the airway wider. UPPP may stop snoring, but apnea episodes may continue [11].

B. Laser-Assisted Uvulaplasty (LAUP)

Laser-assisted uvulopalatoplasty (LAUP) is a procedure using lasers to execute surgery
for those with mild sleep-related breathing disorders such as loud, habitual snoring,
upper airway resistance syndrome, mild obstructive sleep apnea. It is reported that the
effecting rate of LAUP for treating sleep apnea is not high. The American Academy of
Sleep Medicine has not approved LAUP for treating sleep apnea [12].
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C. Nasal Surgery

Nasal surgery is a procedure reducing the turbinate size, correcting the deviated septum
or enlarging the nasal valve so to improve nasal breathing. However nasal surgery alone
usually does not reach significant achievement in treating moderate to severe
obstructive sleep apnea. Nasal surgery is sometimes used to enhance a patient’s

tolerance toward CPAP therapy [13].

D. Jaw Surgery

Jaw surgery is the most invasive surgical procedure used to treat obstructive sleep
apnea. The surgical procedure may be limited to pulling the tongue forward
(genioplasty). An extensive procedure may need moving both the upper jaw and/or
lower jaw forward [4]. In severe cases of OSA, this treatment has a success rate of over

90%. [14].

1.2.3 Breathing-Assistance Devices

A. Continuous positive airway pressure (CPAP)

CPAP (Figure 1.4) is a machine firstly pioneered in treating OSA in early 1980s [15]
and is now the most common treatment for moderate to severe sleep apnea in adults
[16]. It usually consists of a blower (air pressure generator), a humidifier, an air delivery
tube and a mask. There should be bias vent holes on the mask base or near the mask for
expelling the exhaled air so to make sure air received by the patient is fresh. The
machine provides continuous pressurized air flow from its blower (air delivery unit)
into the OSA patient’s upper airway pneumatically splinting the OSA patient’s airway
open [17, 18] (Figure 1.6). The air pressure should be adjusted to be just enough to

avoid patient’s airway from becoming narrowed or blocked [16].
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Figure 1.5 Schematic diagram of a CPAP system in use [19]
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Figure 1.6 CPAP treatment of sleep apnea[20]

B. Bi-level positive airway pressure (Bi-PAP)

Bi-PAP was introduced into use in the 1990s. A problem with CPAP is that the patient
has to exhale against the extra pressure. However, with Bi-PAP, pressure can be set at a
higher level for inhalation and lower for exhalation. This is helpful for the patient’s
exhalation and makes it easier for compliance. Bi-PAP is more expensive than CPAP

[21].

C. A-PAP

The Auto-adjustable-CPAP or Automatic-CPAP [22] prototype was firstly developed in
the early 1990s [23]. When in use, it is firstly set to a low pressure level which reduces
the extra pressure comparing to CPAP. There is a sensor in the APAP. Once the sensor
detected a “‘specific pressure characteristics of air” which indicates an obstruction is
happening, the machine will automatically raise the pressure to keep the patient’s upper
airway open. When obstruction is absent, the pressure drops gradually to the minimum
pressure. This keeps the overall average pressure much lower than traditional CPAP and

makes the patient more comfortable [24].



1.3 Literature survey

A literature survey was carried out on CPAP, the inhaled air quality requirement under

such pressurized respiration and mathematical modelling of the machine.
1.3.1 Delivered air quality and the problem of condensation when using CPAP

When using CPAP, besides the provision of pressure, there are other conditions to

consider for patients’ safety, comfort and compliance. There are:
1.3.1.1 CPAP pressure consideration

When a CPAP is used for remedy, its pressure should be set high enough to have the
remedy effect and should not be too high to disturb patient’s sleep and increase mouth

leak [25].
1.3.1.2 Carbon dioxide limit in inhaled air

The Occupational Safety and Health Administration (OSHA) standard for carbon
dioxide is an eight-hour time-weighted average (TWA) of 5,000 ppm (0.5% of weight)
with a short term 15-minute average limit of 30,000 ppm (3% of weight) [26]. They are
0.325% and 1.95% by volume respectively.

The average carbon dioxide (CO;) content of exhaled air is 3.7% CO, by volume [27],
which is equivalent to about 5% CO; by weight. This is 10 times the limit. This means
if assuming CO, concentration in the exhaled air is evenly distributed, the exhaled air

should be no more than 9% in inhalation.

Another phenomenon observed is that at the lower pressure settings, there is higher CO,
percentage in the inhaled air [28]. This also becomes a limitation when considering the
possibility of higher pressure induced sleep disturbance and mouth leak [29]. More

discussions are in below sub-sections.
1.3.1.3 Humidity and temperature of inhaled air

The American National Standards Institute suggested a minimum absolute humidity of
10 mg/L at no lower than 22°C for non-intubated patients [30]. The 10 mg/L is

equivalent to air at 22°C and 50% relative humidity which means that the normal room



condition is acceptable for the air inhaled using CPAP. Usually, when air is inhaled
through the nose, it is warmed up to about 36°C and humidified to above 97% of
saturation at this temperature before it reaches the trachea [31]. The cooler and dryer
incoming airflow takes heat and moisture from the upper airway lining although the
heat and moisture will be but only partly restored to the lining during exhalation [32].
This creates the dryness in the nose, mouth, throat and even nasal mucosal blood flux
when there is mouth leak thus reduces the comfort and compliance. Mouth leak means a
portion of the air directly flows out from mouth taking away heat and moisture without
restoration [32, 33]. So, although the minimum humidity can be low to 10 mg/L,
considering the higher temperature and higher humidity level can reduce the deprivation
of heat and moisture from upper airway lining thus increase the patients’ comfort and
compliance [34], and more over the mouth leak which worsens the situation needs a
compensation, a higher temperature and humidity level in the CPAP airflow is more
agreeable [35]. It has been reported that heated humidification did ease and even get rid

of these symptoms and uncomfortableness [32, 34].

1.3.1.4 Condensation in tube and its undesirability

Humidified air increases the comfort and compliance. However, airflow with higher
humidity may create condensation on its way. When condensation occurs in the air
delivery tube, the built-up condensate on the inner surface of the tube can increase
pressure drop and reduce the pressure in the mask [36]. The exhaled air is usually at
33°C and almost saturation [30]. When the exhaled air cools down in the system, it can

also contribute condensation to wherever it can reach.

So a CPAP not only provides a pressurized airflow to splint airway open but it is also
required to provide a safe and comfortable airflow. Moreover, these requirements
should be satisfied under different combinations of conditions over wide respective
working ranges. Development and design require analytical investigation. Mathematical

models have been used besides experimental investigation for this purpose.

1.3.2 Former models

Available mathematical models have been reviewed. These models are briefed below.

White [37] built a mathematical model simulating the airflow through air delivery tube

connecting the humidifier chamber and the mask. The model was used to simulate the



CPAP fluid dynamic performance with patient breathing load. The author concluded
that the breathing system model can closely mimic the prototype system’s dynamic

behaviour and give an excellent result of steady state mask pressure.

Zhen [38] used an empirical equation to express the discharge coefficient of a typical
orifice. The condensation in the mask was also modelled. The condensation was
considered as film condensation and the mask wall temperature and the saturation
temperature comparison was taken as the determination of condensation. A sinusoidal
wave is used to simulate the breath load. The author stated that low velocity zone in the

mask has higher possibility of condensation.

Sun [19] built a model to simulate the thermodynamics of the CPAP. His model can
dynamically simulate the “switch-on” of the machine and its ramping-up to steady state

over a range of ambient conditions as well as the machine setting conditions.
Comments on these models:

White’s model used linearized relationships. The linear relationships may bring errors
when extrapolating the range, especially when deep breathing is introduced and the
fluctuating velocity goes to negative. The equation for orifice discharge coefficient used
by Zhen has a narrow range of reasonably constant value in Reynolds number from 900
to 2500. Sun’s model copes well with the complicated thermal dynamic performance of

the CPAP machine, however, the model can only simulate steady flow conditions.

An interest exists in the fluid dynamic and thermodynamic performances of the CPAP
machine in “real” use with the patient’s breathe is added in and airflow fluctuates. To
develop such a model will be very helpful for future analysis and development,

improvement and design of the machine.

1.4 Objectives

In some circumstances such as low CPAP pressure and/or high exhaling process, some
of the exhaled air will travel back into the HADT. The distance the exhaled air can
reach is defined as the distance of the reverse flow. This fully saturated air at about
33°C could produce condensation and raise the carbon dioxide concentration in the next
inhalation. This project attempts to set up general mathematical model(s) simulating

these phenomena. This will be helpful for future CPAP design and control, and
9



eventually beneficial to the users by reducing condensation and carbon dioxide
inhalation. The model should be able to cope with changes within a certain range of

variations of ambient conditions, settings and coefficients.

The main objectives of this research are to

e Quantify the reverse flow under combinations of pressure setting and breathe
load
e The influence of the reverse flow on carbon dioxide re-breathing, delivered

humidity to the patient and condensation in the HADT.

To accomplish this, the following tasks will be undertaken:

1. Understand the CPAP system, its working principles and working conditions.

2. Use laws of physics to mathematically model the relevant components of the
CPAP system.

3. Based on the mathematical model, build a software model of the CPAP system
on Simulink™ in the Matlab™ environment.

4. Validate the Simulink™ model simulation through experiments.

5. Use the validated model(s) to study the factors which influence the fluid
dynamics and thermodynamics of the CPAP system, the reverse flow and the
consequential influences on exhaled air inhalation, delivered humidity and

condensation.
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Chapter 2 Mathematical Modelling of Fluid Dynamics

2.1 Introduction

The CPAP machine type chosen for analyse is CPAP HC600 manufactured by Fisher &
Paykel Healthcare Co. Ltd. (Figure 2.1). This chapter is to analyse and understand the
physics of the machine’s operation then build up a mathematical model to simulate its

working and predict the required outputs.

Geometry and physical characteristics of the machine components will be used to obtain
correct values of parameters. Physical laws, mainly of fluid mechanics, will be used to
develop differential equations to describe the relationships and simulate the dynamic
situation. The machine’s components will be analysed sequentially. The model’s inputs

include machine settings and patient’s breathe load.

Figure 2.1 CPAP HC600 by Fisher and Paykel Healthcare Co. Ltd.
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The model is analysed based on sea level conditions. The specific heat is assumed

constant due to the low range of temperature between 5 ~ 65°C.

Based on the geometry and measured highest flow rate of about 53 L/min. through the
bias vent holes at the highset pressure setting, the airflow velocity through the holes is
calculated as no more than 60 m/s which is the highest velocity in this system. Thus the
air flow velocities in this model are all below 1/3 of the speed of sound for considering
air compressibility [39]. Furthermore, comparing with the atmospheric pressure, the

working pressure is also very low. Therefore an incompressible fluid is assumed.

2.2 System overview

Heated hmidifier Mask

Heated air delivering inbe Bias vent

ADU ~ .
4D Comnecting duet Patient

F T
()

.
Power input

heater pa’ar;}Jchrc'r input
Figure 2.2 CPAP system

Figure 2.2 shows the schematic diagram of a CPAP system in use. The components of
the CPAP machine include an air delivery unit (ADU), a connecting duct, a humidifier,

a heated air delivery tube (HADT), an elbow with bias vent holes and a mask.

ADU provides and maintains a proper positive pressure to the mask and then to
patient’s upper airway. The connecting duct guides the air flow into the humidifier
chamber. The humidifier which has a heating plate underneath receives the air and adds
water vapour to the air by heating and evaporating the water in the chamber. The HADT
connects the humidifier and delivers humidified air to the mask. To prevent
condensation in the tube, the HADT is heated by embedded wire winding along inside
the tube wall. There is an elbow with bias vent holes locating between the HADT and
the mask. These holes are for purging exhaled air to provide patient fresh air. The mask

is an interface between the machine and the patient.

This project will provide two models. One is for analysing the re-breath of exhaled air

with higher CO, concentration level while the other is for thermodynamic analysis.

12



2.3 Fluid dynamic analysis

This section is based on the assumption that the thermal conditions do not significantly
influence the fluid dynamic performance. On the other hand, exhaled air transportation
analysis and thermal analysis will be based on the air flow. This section is to analyse the
CPAP fluid dynamic performance starting with a generic relevant conduit internal flow

and container mass balance analyses.
2.3.1 Conduit internal flow and container mass balance analyses
2.3.1.1 Internal flow analysis

In this section an expression for the fluid velocity is developed. Figure 2.3 shows a
controlled volume of fluid in the simplest internal flow situation. A constant cross

sectional area circular smooth tube and a constant fluid density are assumed.

L
X
Flow direction ‘ _or
A-P mw%_pt, AP =S d)

(fguz(;z[)'dx)

Figure 2.3 Controlled volume analysis of tube flow

Based on Newton’s second law, for the controlled volume:
XF=m_a (2.1)

The forces exerting on the controlled volume include axial pressure generating forces on
both ends and frictional force on the interface between the tube wall and the control
volume. Thus the equation above can be expanded to:

F,—F F.=m_a (2.2)

left right - f cv
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Apply this equation to the fluid element in Figure 2.3 leads to:

op P 2
2 =) 2.3
o M pumpa (2.3)

: 0 : :
Since the change in the velocity may be expressed as du :g—udx+—udt which will
08

. . du Oudx Ou ou Ou . .
give an acceleration of a=—=—— = +— . Assuming incompressible

= — +—=u—
dt oxdt ot Ox Ot

fluid simplifies the velocity and acceleration to be independent to position along the

. o .. Ou .
conduit. Thus the partial differentiate — =0 and acceleration becomes:

ox
du
—_—— 2.4
a=— (2.4)
Thus Eq. (2.3) can be written as:

dP o du
—  =2f + 0 — 2.5
Dt P 2

dP is the pressure drop across the controlled volume at any time. Integration of Eq. (2.5)

along the conduit length gives the pressure drop on the whole conduit:
AP:J(2f£u2+p-@)dx:(2fﬁu2+p-@)L (2.6)
"D dt D dt '
Where AP is the instantaneous fluctuating pressure drop over the conduit of length L as

a result of velocity fluctuation.

For the model to be able to cope with positive and negative velocity i.e. reverse flow,

term u”in Eq. (2.6) may be rewritten asu |u , S0 u alone can be used to determine the

sign of this item and u |u| together for value. Rearranging Eq. (2.6) gives:

d—uzﬂ—ﬂuM (2.7)
dt p-L D

This equation is to calculate the internal flow velocity fluctuation along the changing

pressure drop.
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If there are minor pressure drops, their sum can be written as:
k.
AR, = pgh,, = (7 7) 2.8)

Where £ is the minor head loss coefficient which is experimentally determined. Adding

this to the right side of Eq. (2.6) gives:

Pk u2)+p-L@

5 % (2.9

1

AP, :2jL%u2+Z(

Where AP, is the total pressure drop along the whole tubing system with frictional

and minor losses included. Therefore:

AP 2f Sk
du _ AR, _(_f+_z).u.|u| (2.10)
i p-L D 2L

This equation can be used to calculate the internal flow velocity fluctuation in tubing

system with minor losses.
2.3.1.2 Mass balance
For the volumetric components, the mass balance can be described by:

dm,, : .
— =Ym._—2Xm 2.11
dt in out ( )

The volumetric components in the CPAP system are the humidifier chamber and the

mask.
2.3.2 Air Delivery Unit

The series HC600 CPAP uses a centrifugal blower as its pressure generator which is
designed to provide a pressure range from 4 to 20 cm water-height (cmH,0O). Pulse
Width Modulation (PWM) method is used for regulating the ADU power. The PWM is

controlled by a Proportional Integral and Derivative (PDI) controller.

15
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Figure 2.4 The blower and the connecting duct

The ADU is assumed to be a zero order element with no time delay. The pressure at the
outlet of the blower is mainly controlled by the motor impeller rotating speed but also
influenced by flow rate [40, 41]. So it is necessary to model the pressure variation with
varying flow rate when the patient’s breathing is added in. Since the analysis of the
blower is beyond the scope of this project, an experiment was conducted to determine
the relationship of ADU outlet pressure with its pressure setting and volumetric flow

rate. Also the reverse flow will be investigated.
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7 Flow -
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Figure 2.5 Experimental set up for positive direction flow ADU outlet pressure measurement
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Figure 2.6 Pressure sensor - Honeywell Precision Pressure Transducer

@eE =

Ultrasonic Flow Sensor

% Ser.Nr: 200146
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Figure 2.7 Flowmeter - NDD Ultrasonic Flow Sensor

The experimental set up for measuring the ADU outlet pressure for positive flow rate is
shown in Figure 2.5. The pressure sensor used was a Honeywell Precision Pressure
Transducer PPTO00IDWW2VA-A (Figure 2.6) and the flow meter was NDD
Ultrasonic flow sensor (Figure 2.7). Figure 2.8 shows the details of how the pressure
sensor was connected to the ADU outlet. A valve was installed at the end to control the

flow without affecting the velocity profile inside the system.
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Figure 2.8 Measuring pressure at the blower outlet

For measuring the ADU outlet pressure during reverse flow, two other CPAPs were
used to generate a stronger opposite flow toward the CPAP under investigation (Figure
2.9). To avoid the reading error in flowmeter, the control valve is connected
downstream of the flowmeter by a connecting tube. Figure 2.10 shows the method of

connecting two CPAPs which together provide a pressure stronger than the CPAP under

measurement.
Flow m i :
o O O
______ RN NN \\E]%'. A N SR ey [ s LT
— = |-
[—] Two CPAPs providing higher counter-pressure

Figure 2.9 Experimental set up for ADU outlet pressure measurement with reverse flow

Figure 2.10 Connecting adapter between two CPAPs
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The pressure readings were taken after the pressure sensor calibration. These data were
corrected to produce stagnation pressure. The related test results and data process are in

Appendix 1.

From the test results and curve fitting, an expression for the ADU outlet pressure may

be written as:
P, =(-0.0961P, — 0.5932)uD3 +(0.9124P,, -1 .2827)uD2
+(=0.1791P,, —8.9763)u,, +(95.555P,, +38.95) (2.12)

Where P, is CPAP pressure setting in cmH>O and u,, is the airflow velocity at the

connecting duct inlet and outlet.

The curves fitted from Eq. (2.12) and the data from tests are shown in Figure 2.11.
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Figure 2.11 ADU outlet pressure at different pressure settings and different flow rate

Blower characteristics are normally described by relationship between the pressure and
volumetric flow rate. In this modelling, for compatibility with other calculations, the
flow rate is converted into airflow velocity at the blower outlet (also the connecting duct
inlet). This velocity is calculated from measured volumetric airflow rate divided by the

cross sectional area at the outlet of the blower which has a diameter of 19.2 mm.
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The four main components of the CPAP system after the blower are the connecting duct
between the blower and chamber, the chamber, the HADT and the mask. They can be
categorized as length-wise and volumetric components. These four components will be

analysed in the following subsection.
2.3.3 Connecting Duct

The connecting duct is a chain of tunnels in several parts and its role is to guide the
compressed air flow from ADU outlet into the chamber. The whole connecting duct has

a complicated inner shape (see Figure 2.4) which makes it difficult to model in details.

Setting a control volume around the fluid in this duct and considering friction, bends
and other losses leads to:
du, P, —P

-P. 2
Bl 2 || (2.13)
da py-L, D,

The diameter at the duct’s inlet and outlet are both 19.2 mm. the air density in the

connecting duct p,, is assumed of an average value 1.18 kg/m’ which is for an average
air at 25°C and 50% relative humidity (RH) in this duct. L, the connecting duct length

is determined as 20 cm along the centre line of the duct.

The data used for curve fitting were based on steady flow tests. Figure 2.12 is a sketch
of the experimental setup. The two thin tubes of the pressure sensor gave a reading of
the pressure difference between ADU outlet and the chamber. A static and stagnant
pressure compensation was also applied. The flow rate was measured at the tube end
and it was controlled by a valve connected downstream of the flowmeter by a

connecting tube.
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Figure 2.12 Experimental set up for connecting duct air flow velocity and pressure drop
measurement

The Honeywell Precision Pressure Transducer was used to test the pressure drop. The
pressure tube connecting to the higher pressure port (P1) of the pressure sensor was
placed at the ADU outlet same as when testing the ADU outlet pressure. The pressure
tube connecting to the lower pressure port (P2) of the pressure sensor was inserted in
the chamber. Thus the reading from the pressure transducer would be the pressure
difference between the two locations. Figure 2.13 shows locations where pressure tubes

were placed.

/u tubes'i er,f.'
A v \ )\

7

Figure 2.13 Pressure tubes inserted for measuring pressure drop on the connecting duct
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The friction factor for the duct may take the form as [42]:

u (2.14)

Regressing the data from experiment gave a=0.1679 and k, =0.4226 for air flow

through the duct (see Figure 2.14 and see Appendix II for calculation details).

/
/ * Exp.
// ——Curve fitting

Pressure drop (Pa)

Duct velocity (m/s)

Figure 2.14 Connecting duct pressure drop vs. airflow velocity

Thus the relationship of the velocity and pressure drop along the connecting duct can be

expressed as:

P,-P . .
du,, e v 0.8451 “) .‘uD‘om] (2.15)
da  p,, L, DD(DDpDa yem
T]Da

The minor head losses were incorporated in the equivalent friction factor f,, . When the

pressure at ADU outlet is known, the instantaneous pressure in the chamber may be

calculated by rearranging Eq. (2.15) into:

P 0.8451 0821  du
P = pp, Lyl ——F up | —=E](2.16)
PraLp D, ( pPpa Jo167 dt
D
T]Da
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2.3.4 Chamber air space mass balance

The chamber is filled with an amount of water when in use. Due to evaporation, the
amount of water reduces and the air space increases. However, for simplification, the

model assumes a fixed 206 ml as the air space.
The air mass balance in the chamber may be expressed as:

dm,,
dt

= tity, + i, —1it, (2.17)

Since the evaporation rate is very small compared to that of inlet and outlet mass flow

rates, omitting it will not significantly change the pressure and flow rate in the chamber.
Eq. (2.17) may be expanded by using the state equations:

dmCa _ MaVCa dPC

= (2.18)
dt  R,T, di
mD = pDaADcsuD (2-19)
mT = pTaATcsuT (2-20)

Where M, is the molar mass of air in kilogram, R, is universal gas constant and 7;,, is

chamber air temperature in K. Substituting Eq.(2.18), (2.19) and (2.20) into Eq. (2.17)
and rearranging gives an expression for calculating the fluctuating flow velocity in the

connecting duct:

— Ma VCa (dP C + Rugc T Ca

R T pDaADcs dt MaVCa

ugce™ Ca

Pr. Az ur) (2.21)

Up
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2.3.5 Heated Air Delivery Tube

Heating element P9

Figure 2.15 Corrugated wall of the HADT [19]

The HADT is a corrugated tube 1.725 m in length. The corrugation of its wall is shown
in Figure 2.15.

The HADT and the mask fluid dynamic model are shown in Figure 2.16. The minor
losses at the ends of the HADT are neglected for simplification. Since the density
variation of air flow in the HADT is small, an average density of 1.142 kg/m’ is
assumed for simplification. The average density is based on the mean working
conditions in the HADT as 30°C air temperature, 80% relative humidity and 12 cmH,O
ADU pressure setting.

1 g

1y m,

] N

Heated air delivering tube / \ Patient

oP
A (P——dx
A, P e ( 5 @ )

ﬁ ey (—;? —

fr%”%(”l)n'dx)

Figure 2.16 controlled volume analysis of airflow in HADT
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From the above analysis, the pressure drop along the HADT, which is also the pressure

difference between the chamber and the mask, can be expressed as:

du,

dt

AP=P.—P, =(2f, 'I';T” W+ p, )L (2.22)

Ti

The HADT inner wall is corrugated. However, since the relative roughness is small, the
pitch is long and the Reynolds number is no more than 10°. This inner surface friction
may not be too much different from a smooth tube. Darcy-Weisbach friction factor may

be applicable [42]:

0.3164

0.25
Re;;

f, (2.23)

After substituting Eq. (2.23) in, Eq. (2.22) can be rearranged as follow to calculate

pressure in the mask:

P 0.6328
By, =pn L < D “T'“T‘
pTa . LT D ( ijTa )0.25
Ti

0.75 duT

dt

] (2.24)

Ta

2.3.6 Mask air mass balance

The mask is the interface for patient to use the CPAP machine. The mask is strapped
tightly onto patient’s face to prevent leakage. When a patient inhales, air flows into the
mask through an elbow with bias vent holes and gets mixed with air already in the mask
before being inspired into the patient’s upper airway. When the patient exhales, exhaled
air from patient gets mixed before leaving the mask. One of the objectives for this
project is to investigate the influence of mask capacity on the CPAP machine’s

performance.
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Figure 2.17 Nasal mask type “FlexFit™407” and Full face mask type “FlexFitT™432”

Two types of mask are considered in this investigation. One is a nasal mask type
“FlexFit407” and another is a full face mask type “FlexFit432” (Figure 2.17). In reality,
when using a full face mask and the patient breaths with both nose and mouth, the
breath load should be larger than that of using the nasal mask. However, for
comparison, the model considers the breath loads the same whether using nasal mask or
full face mask. Furthermore, for the full face mask “FlexFit432”, its bias vent holes are
not on the elbow but on the mask base. Another feature is that the FlexiFit' 432 mask
has an accessory called “Non-rebreathing valve”. There are two pieces of flaps in this
valve which open when the airflow is from the CPAP and close when airflow is from
the mask. This one-way valve actually prevents the reverse flow occurring (Figure
2.18). The different location of the bias vent holes may influence the mixing process in
the mask and the ‘“Non-rebreathing valve” may influence the system fluid dynamics.
However, in this thesis we are interested in the influence of mask capacity, the different

masks are considered as only different in their capacity.
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Figure 2.18 Full face mask and the non-rebreathing valve

For simplicity, a full face mask is assumed as 1.5 times in all one dimensional sizes of
the nasal mask except wall thickness which is the same for both masks.
Correspondingly, the full face mask capacity is 3.375 times (1.5°=3.375) of the nasal
mask capacity (The real full face mask capacity is about 3.3 times of that of the nasal

mask).

The air mass balance in the mask leads to:

= tit, + 1, — rity, (2.25)

Where 1, is the patient’s respiratory mass flow rate. The patient’s normal respiratory

mass flow rate curve is provided by Fisher and Paykel Healthcare Company [37]. The
air mass flow rate in HADT can be calculated by Eq. (2.20). Mass change rate in the
mask may be calculated by:

dm,, M)V, dP,

- (2.26)
dt R.T, dt

uge

The bias vent is an array of small holes on an elbow connecting the HADT and the

mask. There are 46 holes on this elbow and the diameter at the narrowest point for each
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hole is 0.65 mm (0.00065 m). The bias vent flow rate can be calculated by using
following equation [43, 44]:

Mgy =20, Cy(Agy 'nBH)\/|PM| -sign(P,,) (2.27)

Where C, is the discharge coefficient for each bias vent hole, A4, is the smallest cross

sectional area in each hole and n,, is the number of bias vent holes.

using , /|PM| -sign(P,,) in the equation instead of simply /P, attributes to the fact that if

the patient’s inhalation is too strong and the tube flow can not provide enough air to fill
the mask, pressure in the mask might be lower than the ambient pressure and air around

the mask might enter the mask through these holes.

Bias flow direction _g4
Ambient air

_
i
-

Figure 2.19 The shape of bias vent holes

This axial cross-sectional picture (Figure 2.19) shows that the bias vent holes are
somewhat cone-shaped. Considering shrinkage of plastic after moulding, the sharp
angles may become rounded so the shape of each hole is similar to a Venturi tube. A
typical value of 0.985 as Venturi tube’s discharge coefficient is chosen for these bias

vent holes [45].
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Inserting Eq. (2.26) and Eq. (2.27) into Eq. (2.25) and rearranging gives an expression
for calculating the fluctuating flow velocity in HADT:

1 MYV, dP,

= it + 09852y, (Ayy 1y WP, |- sign(B,)] (2.28)
p TaATcs R T Ma dt

u T
uge

2.4 Reverse flow and air transportation
2.4.1 Reverse flow calculation

Reverse flow occurs when the volumetric flow rate of the patient’s exhalation is greater
than the bias vent flow rate so the pressure in the mask increases. When it is higher than
that in the humidifier chamber, some of the air will be pushed back into the HADT.
Reverse flow can be calculated by integrating the possible negative part of the HADT

velocity in each breath cycle:
Dy = [uydt (2.29)

Where u, <0, and integration range is repetitive withinn-f, <t<(n+1)-t, for each

breath cycle while n=0,1,2,...

Flow and reverse flow in the HADT is simplified by assuming that they displace each
other. Although mixing near the interface of fresh air and exhaled air produces a
gradient of concentration, it is not expected to significantly influence the condensation

and CO, in the re-breath.

2.4.2 Varying transport delay analysis

For dynamic and reverse flow situations, tube air flow velocity is fluctuating with time
and can be negative when reverse flow occurs. That is to say, within a breath cycle, air
is mainly flowing from the chamber towards the mask then the patient. However, for a
short fraction of time within the cycle, air is pushed back by exhalation from the mask
towards the chamber. For analysing and mimicking the humid air, the HADT is divided
into 30 lumps with each lump of 5.75 cm (1.725 m/30). Due to the varying airflow
velocity, time for air flowing over one lump’s length is also fluctuating. This fluctuating

time may be derived as follow:
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Time for passing a very small distance under varying velocity can be expressed as:

_ds

dt =2
i)

(2.30)

The in-tube airflow fluctuating velocity is a function of time. Inserting s =u(¢)-¢ into

Eq. (2.30) and integrating it yields:

_ (dlu@)-1]
= 0 (2.31)

In

Where ¢, is the varying transport delay for air flowing through a lump-long distance.

For simplicity, a numerical approximation is applied to calculate the varying

transportation time:

[ =sAr =32 (2.32)

ii(?)

In this simulation, As is taken as 1/10 of a lump length/,,, i.e. 5.75 mm which is small

enough and may give a good approximation for this varying time span.
2.4.3 The effect of flow direction on air property transportation

When reverse flow occurs, the exhaled air with high concentration of CO, reaches the

tube lumps. During a breath cycle, the fresh air also flows through these lumps thus the

CO, concentration at a certain lump fluctuates. This fluctuation will also be transported

along the channel.
The transport of a fluid variable may be expressed by a simple expression as:

A,@) =1, (t-t) (2.33)
whenu, >0 and:

2,0 =2, (=) (2.34)

whenu, <0.
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Where 4 () is the airflow property fluctuation at lumpn, A_,(¢) the airflow property

fluctuation at lump n—1.

This indicates that if the variable is of a wave form A, it may experience a phase shift

when transporting from one lump to another as indicated in Eq.(2.33) and Eq.(2.34).

As for airflow in the mask, the direction of transportation is controlled by patient’s
respiration. Similar to the tube flow analysis, during the inhalation phase which is
considered positive flow, the transportation delay from last lump of the HADT (lump 30)

to the mask is:

Ay () = A5 (1 =1)) (2.35)

Therefore when there is reverse flow, there is air comes from the mask into lump 30, air

properties in lump 30 in this phase will be:

Ao () = Ay, (£ 1)) (2.36)

Where A,,(t)and A, (¢) are the airflow’s property fluctuation at lump 30 and the mask

respectively.

As for transportation between the chamber and HADT lump 1:

M) =2:(t-1,) (237)

whenu, >0 and:

Ac(t)=A(1-1) (2.38)

whenu, <0.

Where A.(¢) and A, (¢) are the airflow’s property fluctuation in the chamber and at lump 1

respectively.
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2.5 Exhaled air re-breathing

This section is to analyse the re-breath of the exhaled air based on the fluid dynamics

model from previous section.

When there is no reverse flow, the exhaled air still fills and stays in the mask and will
be inhaled by the next inhalation. When reverse flow occurs, on top of that staying in
the mask, part of the exhaled air pushed-back in the HADT, may re-enter the mask

when next inhalation starts and be inhaled also.

For calculating the exhaled air re-breathing, it is necessary to consider the mixing

procedure of the fresh air and the exhaled air in the mask.

There are two idealized models for mixing. One is displacement while the other is

perfect mixing.

When displacement occurs in the mask, a new species of fluid enters it and pushes the
previous fluid out of it. The gradual decrease of the amount of the previous species in

the mask can be expressed as:
CVy=CoVy—[dpdt  0<C,<1,0<C, <1 (239)

Where C, is the concentration of the previous species in the mask at the beginning of
the mixing, C,is its gradually diluted concentration, g, is the patient’s respiratory
volumetric flow rate and V,, is capacity of the mask. Thus concentration (or ratio) of the

previous fluid in the mask can be expressed as:

[apr

M

C =C,(1- ) 0<C,<1,0<C <1 (2.40)

As for perfect mixing, the new species of fluid enters the mask and gets fully mixed
with the previous fluid and the mixture flows out with a continuously changing ratio of
these two species. The concentration of the previous fluid in the mask will decrease

based on expression as [46]:

_j(IPd’

C=C,-e ™ 0<C,<1,0<C <1 (241)
o o t

t
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However in reality, mixing turns out to be somewhere between these two extremities,
1.e. the concentration of a fluid material may decrease following a certain combination
of the two expressions above. A ratio of 1:1 was chosen for the ratio of displacement to

perfect mixing for the mixing in the mask. Such combined mixing may be expressed as:

) J'qut
g o
C =C,[0.5(1- )+0.5¢ "] (2.42)
M
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Figure 2.20 Diluting curve in the mask

A graph based on Eq. (2.42) is shown in Figure 2.20 which means that if mixing can be
expressed as so, then when another species of fluid flows in, the former fluid will be

totally replaced after the inlet amount reaches about 1.3 times of the mask capacity.

Mixing of exhaled air with fresh air in the mask may occur twice in a respiratory cycle,
one starts at the beginning of inhalation and the other starts at the beginning of
exhalation. When the exhalation phase begins, the concentration of fresh air already-in-

mask decreases following the expression as:

I
)+0.5¢ " ] (2.43)

CMFet = CMFeO[O'S (1-

M

While the concentration of exhaled air in the mask increases as:
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Japate L
)+0.5¢ " ] (2.44)

CMEet =1- CMFeO[O'S(l -

M

On the other hand, at the beginning of the inhalation phase, if the air coming from

HADT is fully fresh, the concentration of exhaled air decreases as:

Japatr L
)+0.5e ] (2.45)

Chiir = Crriol 0.5(1—

i
M

However if the air from HADT is not fully fresh because of reverse flow, the

concentration of exhaled air may decrease as:

. 7p (1=Cpy3)dt
g,(1-C, . )dt ara-Caprt
C —CMEI.O[O.S(I—J. r 7 o )+0.5e ] (2.46)

MEit —
M

Where C,,, 1s the exhaled air concentration in flow from lump 30 of the HADT. The

integration of Eq. (2.46) will give out a value smaller than that of Eq.(2.45) so the
concentration of the exhaled air in the mask will decrease at a lower rate. Nevertheless,

the concentration of exhaled air in the mask is decreasing during inhalation phase.

Percentage of exhaled air re-breathed within a total inhalation can be calculated by:

C,,, =100% x (2.47)

with integration only over the inhalation phase.

2.6 Closure of the fluid dynamic mathematical modelling

The mathematical equations have been developed for the fluid dynamics of the CPAP in
this chapter. These mathematical equations will be converted into Simulink™ model.
The model will be capable of simulating the breath induced airflow fluctuation in the
system, the reverse flow, the transportation of fluid through the HADT with a varying-
time delay, the mixing of fresh air and exhaled air in the mask and the re-inhalation of

exhaled air.
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Chapter 3 Mathematical Modelling of Thermodynamic Section

3.1 Introduction

The main purpose of this chapter is to analyse the thermal performance of the CPAP
machine. The physical laws of thermodynamics and heat transfer will be used to
develop governing equations simulating the dynamic system. This will give the
dynamic fluctuating outputs of evaporation in the chamber, temperature changes and
condensations in HADT and the mask. The model can also provide steady state outputs.
Thus it can be used to compare between steady state outputs and breathing-introduced
fluctuating outputs. When using a CPAP machine, all the components and water will be
at the ambient temperature prior to switching it on. When the machine is switched on,
the temperatures will move through a transient phase, until steady-state is achieved.
This thermodynamic model developed in this thesis does not account for this warm-up

period. The breathing-introduced fluctuating situation is a steady-state-based situation.

The system inputs include ambient air conditions, mask size, pressure, heating element

setting, HADT heating setting and patient’s breathe load.

Several generic assumptions and simplifications for the thermodynamic model are listed

below.

e The ambient air is simplified as quiescent.
e Air is incompressible [39], however, the density can be considered different due
to different temperature and different pressure at different locations.

e The water in the chamber is considered quiescent [19].

3.2 Airflowin ADU

As mentioned in the fluid dynamic analysis, the ADU is a centrifugal blower and is
simplified as a zero order device. Due to inefficiency, some of the electric energy will
be wasted in the form of heat losses. The heat raises the temperature at the blower and
its vicinity and also raises the temperature of airflow passing through it. Compression of

air in the blower may also increase the temperature. Factors influencing the airflow
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temperature changes may be the efficiency of the blower at different pressure settings,
the flow rate, the insulation conditions and the thermal capacity of the airflow. Because
of the complexity in blower, first principle analysis is beyond the scope of this project.
The main concern of the project is to determine the airflow temperature changes. An
experiment was performed to measure the temperature change at various pressure
settings for steady flow. Since breathing induced velocity fluctuation is fast compared to
temperature changes and after flowing through ADU the airflow will mix in the
chamber, it is reasonable to assume the outlet temperature from the ADU as a mean

temperature and ignore the effect of the fluctuation.

In greneral, the enthalpy of a fluid mixture is the sum of the enthalpies of its
components [47]. Therefore the specific enthalpy of the mixture can be expressed as:
Sm.h.
= =Ml (3.1)
m
Specific heat of a mixture is the weighed sum of its components’ specific heat [48].

Here in this project, the ratio of vapour mass to the mass of the total moist air is used as

m
the definition of specific humidity. It can be expressed as d = R [42].

mvapor + mdry_air

Because the average temperature of the airflow in this project is about 30°C, the values
of 1006 J/kg-K and 1865 J/kg-K were respectively chosen for the specific heat of dry air

and vapour [49]. The specific heat of moist air may be expressed as:
AH
E:c:1006(1—d)+1865d (3.2)

Thus an expression can be obtained to calculate the air temperature increase after

receiving certain amount of enthalpy:

AH
AT, = °C 3.3
AU 1006(1-d) +1865d ¢C) (3-3)

For obtaining the relationship between enthalpy increase and CPAP pressure setting,
experiments were conducted to measure the temperature at the blower outlet at different

pressure settings with interval of 2cmH,0.
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An Environment Control Chamber (V6tsch C4-340 by Votsch Industrial Technic Co.
Ltd.) was used to provide steady ambient inputs at Fisher and Paykel Co. Ltd. (Figure
3.1). During the tests, drifts of 0.5°C in temperature and £2% in relative humidity were

observed as the maximum deviation.

4

Figure 3.2 Air temperature at the blower outlet measurement
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Figure 3.3 Airflow only comes out from bias vent holes

The thermocouple was inserted at the blower outlet as shown in Figure 3.2. Elbow with
bias vent holes was used to control the flow rate (Figure 3.3). It is assumed that the
thermal energy gain of air in the ADU is unaffected by the inlet air conditions.

Repeating the tests under three different ambient conditions as listed below:

e Temperature 10°C and relative humidity 50% for cold and dry condition
e Temperature 20°C and relative humidity 70% for most common room condition

e Temperature 35°C and relative humidity 90% for hot and humid condition

Averaged results from these tests gave the relationship between pressure setting and

enthalpy increase in Figure 3.4 (see Appendix III for details of the data process).
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Figure 3.4 Thermal enthalpy gain of airflow between CPAP inlet and the chamber

The resulted curve fit may be expressed as:

AH =-0.943P> +31.094P> —14.6048P,, +2372.5 (3.4)

The correlation of R* =0.999 shows excellent fit.

Therefore for airflow within the range of 10~35°C and RH up to 90%, its temperature
increase after flowing through the ADU may be calculated by inserting Eq. (3.4) into
Eq. (3.3):

~0.943P° +31.094 P> —14.6048P +2372.
AT, = TU943PL +3L094P, ~14.6048P+2372.5 (3:5)
1006(1—d) +1865d

The temperature of chamber inlet from ADU thus becomes:

_ 3 2
= Too + AT T + 0943PAet + 31094Ret 146048P+ 23725

T =
Aptia T 1006(1—d)+1865d

Cai

(3.6)
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3.3 Chamber water heat balance

In this section, an expression for the water temperature is derived.

Chamber top (Wall 3)

N\

_ In-chamber air Outlet -
Inlet utle
e ———————— - SRR Wa” 2

Chamber water
Wall 1

N\ =

Heating plate —_ [ peee

Heating element

Figure 3.5 Humidifier diagram

Figure 3.5 is a diagram of a CPAP humidifier. The humidifier consists of a chamber
with an Aluminium base. The chamber heating system consists of heating element,
ceramic, 3M thermal tape and the heating plate at the top contacting the chamber base to
provide heat to the chamber water. The heating element is printed on one side of a
ceramic substrate (50 x 50 mm) (See Figure 3.6). The heating element transfers
electrical power from the Pulse Width Modulation (PWM) power regulator into thermal
energy which flows through the ceramic substrate, the 3M thermal tape and the heating
plate. On the outer surface of the heating plate, part of the thermal energy dissipates into
ambient through the rim of the plate and another part goes upward to the chamber base.
The humidifier chamber has an 806 ml capacity with a maximum water level of 600 ml.

Air flows through the upper part of the chamber over the water surface.
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Heating element

Figure 3.6 Heating element beneath heating plate

Figure 3.7 is a flow chart describing the humidifier’s working principles and thermal
balance. When the water is heated, the airflow will be heated and humidified by the
heated water beneath. The airflow is humidified due to evaporation from the water. The
evaporation is a secondary effect [19] achieved by water heating. The CPAP machine is
designed to control the heating element temperature. The factors influencing water
temperature may include heating element temperature setting, ambient air temperature
and humidity, pressure setting, air flow rate and air flow velocity over the water surface
as well as flow pattern and flow direction on the surface. Evaporation rate also
influences heat taken away from the water thus influence water temperature. Chamber

geometry, size, structural lay-out and material of mask are also related factors.
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Figure 3.7 Humidifier thermal balance flow chart

The chamber geometry design is aimed at higher heat and mass (vapour) transfer rate
from the water to the airflow. The high Nusselt number and mass convection
(evaporation) coefficient are caused by creating turbulent flow, letting air to have a

longer contact with water and trying to avoid airflow shortcuts from chamber inlet

directly to outlet.
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Figure 3.8 Chamber water heat balance

Figure 3.8 shows the chamber water heat balance. Heat flows into the water from
heating element by the chamber base. Some of the heat delivers to the water dissipates
to ambient through the chamber wall (the part below water) and some transfers to the air
in the chamber’s upper part by heat transfer and mass transfer (evaporation). The
evaporation heat loss is an effective latent heat loss from the water. The heat balance for

this process can be written as:

QBW = QCwSt + an + Qwa + Qev (3.7)

However, since the model is to simulate the steady-state situation, the water temperature
is assumed not changing with time. Also, the water temperature is considered stable

regardless of the airflow fluctuation because of the comparatively fast fluctuation pace
and the large thermal capacity of the water. Therefore, after neglecting QCwst’ Eq. (3.7)
can be expanded to:

r,-T, T,-T. T

; _Tai
R R 'C] + R ; +kevAws (Csv _Ccaiv)hfg (38)

Hpw Cli ws

Where C is the absolute humidity in saturated air at water surface [42]. Equations and

calculations for the parameters in Eq. (3.7) will be analysed and derived in the following

sections.
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3.3.1 Heat flow from the heating element to water

The heating element is surrounded by the heating plate. The heat generated in heating
element flows to the heating plate via ceramic substrate and a 3M tape. Since constant
settings and ambient conditions are assumed, further assumption is made that the
temperature in the heating element, ceramic substrate, 3M tape and heating plate will
remain unchanged. When reaching the top of the heating plate the heat will travel to the
chamber with some dissipation to the ambient. It is necessary to analyse the balance at
the heating plate top for obtaining the heat flow from heating plate toward the water
through the chamber base.

3.3.1.1 Chamber base upper surface temperature

In this section, the temperature on chamber base upper surface is discussed and

determined.

The heat flow to water can be written as:

T, -T

Q‘Bw = ]-;1; - (39)

Hpw

Where R, is the total thermal resistance from heating plate top to the water. This

includes heating plate and chamber base thermal contact resistance, chamber base
conductive resistance and chamber-water interface natural convection thermal resistance.

The thermal contact resistance between the heating plate surface and the chamber base
was calculated to be 9.32x107° (K/W) [19] and chamber base conductive resistance can

be calculated by [47]:

R=—to (3.10)

The thermal contact resistance, chamber base conductive resistance and the total are

listed in Table 3.1.
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Table 3.1 Thermal resistance from heating plate to chamber base top

k [W/mK] R (K/W)
C t ! (m) (Thermal 4 (m) (Thermal
omponents
P (Thichness) " (Area) |
conductivity) resistance)
Contact thermal resistance 9.32x107°

Chamber base thermal resistance

-3
(Aluminium) 0.0006 237[50] 0.01135] 0.22x10

Total thermal resistance from

-3
plate top to base top 9.54x10

In this project, the thermal conductivities of all solid components are considered

constant within the working temperature range.

As the water in the chamber is considered quiescent, the resistance on the base-water
interface is modelled as natural convection from a horizontal circular hot plate to the

water.
In general, thermal resistance on convectional interface is [47]:

1

R= 3.11
h-A -11)
Heat convection coefficient can be expressed as [50]:
h= gNu (3.12)

Where k is thermal conductivity of fluid, & is characteristic length and Nu is Nusselt

number.
Nusselt number for such natural convection may be determined by [47]:

Nu=C-Ra" (3.13)
Where Ra is Rayleigh number which may be expressed as [47]:

gBS’AT

V2

Ra=Gr-Pr= Pr (3.14)
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Where Gr is Grashof number and Pr is Prandtl number,  the volumetric expansion

coefficient of the fluid and v the kinetic viscosity of the fluid.

Values of § and v are evaluated at interface film temperature which is defined as [50]:

I +7,
The average Rayleigh number for this interface is 5.462x10° [19]. This
gives C =0.54and n =1/4 for fluid above hot plate [47] (see Appendix XIX for values

of C and n of different situations). Thus, Eq. (3.11) can be rewritten as:

R - ! (3.16)

Bwn
0 54 kw ABw [gﬁw(SBw( CBu__ )Pr ]/1

Bw w

Ty, +T, D
Ll while S, = =z

Bw

Where B, , v,, and Pr, are evaluated at the film temperature

for circular interface [50].
The total resistance from heating plate to the water bottom is:

=0.00954 + ! (3.17)

0 54 w Bw [gﬁw Bw( CBu )PI‘ ]/1

pr

Bw w

Where the value 0.00954 is the thermal resistance from the heating plate top to the

chamber base top as shown in Table 3.1.

The average thermal resistance from heating plate top to the water (including the
interface between the chamber base and water) is 0.2711K/W [19]. Thus the chamber

base upper surface temperature can be calculated based on the ratio below:

THp _TCBM 0 00954
T,-T, 02711

Hp

=0.035 (3.18)

This shows that the chamber base upper surface temperature is close to the heating plate

temperature. Thus, 7¢,, is assumed the same as 7;,, which will be discussed below.
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3.3.1.2 Heat balance at the outer surface of the heating plate

Chamber water

e S

Heating plate | =

Heating element QHE QHpof_:.

Figure 3.9 Heating plate heat balance

The heat generated by the heating element transfers to the heating plate (Figure 3.5).

The thermal conduction resistance for each of these components can be expressed as:

L
k- A

R= (3.19)

The overall resistance from heating element to heating plate is added up in table below:

Table 3.2 Overall resistance from heating element to heating plate [19]

K W/(m-K)] R(K/W)
C t {(m) (Thermal Ay (Thermal
omponen
P (Thickness) T (Area) | U
conductivity) resistance)
Ceramic substrate 0.000635 24 0.0025 | 0.01058
3M thermal conductive tape| 0.00025 0.6 0.00567| 0.07349
Aluminium heating plate 0.0012 237 0.01033| 0.00049
Total from Ceramic to Plate 0.08456

The heat balance on the top of the heating plate can be written as (Figure 3.9):

Oue = Oy, + Oy (3.20)
. T, —T
Our z—”ER o (3.21)
HS

Because of the assumption that the ambient air is quiescent, the model is simplified to
have only natural convection on all the outer surface area. For the outer circumferential
vertical surface of the heating plate, the rim (Figure 3.9), Sparrow and Gregg have

demonstrated that a vertical cylinder can be considered as flat vertical plate for the

47



Nusselt number. This may be applied when the ratio of D/ H is large enough and the

wall curvature will not significantly influence its convection boundary layer [S51, 52]:

35

D/H>
Gr%1

(3.22)

Where D is the diameter of the vertical cylindrical surface (the rim of the heating plate)
and H is its height. For this rim, the average Grashof number is 2765 and the criterion is
satisfied. Therefore the rim can be considered as flat vertical plate for Nusselt number
calculation. The Prandtl number of the air is taken as a constant of 0.711 over the
working temperature range of the CPAP machine [50]. The average Rayleigh number

for the rim is about 2000, hence:

Nu = 0.59Ra’" (3.23)
is chosen [47]. The resistance on it can be calculated by:

|
Ry, = (3.24)
0.59/15’"““1«/1

Where the characteristic length 6 is the rim height 0.009 m and £, is thermal

conductivity of moist air.

Now, Eq.(3.20) leads to:

T, -T, r, -7, T, -T
HE Hp — Hp w + Hj ) (3 25)
RHS Rpr RHpoo
Therefore:
1 1 1 T, T 1
T, =(——+ + Yy (HE e =) (3.26)
RHS Rpr RHpoo RHS Rpr RHpoo

T, will be used in calculating R,,, as well as the heat from heating plate to the

water Q.
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3.3.2 Heat flow from chamber water into ambient air via wall 1, O,

Ly i Ambient air
T, =
Water in chamber P Tt
<« Wall 1

Figure 3.10 Temperature at wall 1

Due to the water high temperature, heat from the chamber water dissipates toward
ambient through chamber wall (Figure 3.10). The chamber wall under water level is a
vertical cylinder (wall 1). Based on Eq.(3.22), the chamber inner wall can be simplified
as a vertical flat plate. On the inner surface there is only natural convection from water
to the chamber wall. On its outer surface, since the chamber, specifically the lower
hotter part, is well surrounded by the CPAP case, the radiation dissipation is neglected
for simplification. Thus it is assumed that there is only natural convection on the

chamber outer surfaces. The heat balance at wall 1 may be written as:

an = Qcm + ch (3.27)

However, since the water temperature and the ambient air temperature are simplified as
constant during operation. Thus QC]S, is neglected and Eq. (3.27) can be changed to:
T. -T,

Clo 0 328
R (3.28)

Tw_TC]i _
R

Cli Clo

The heat dissipation into the ambient at the outer surface also equals to the conductive

heat flow through the chamber wall. Thus:

TCli _Too _ TClo _Too (329)
RClcyl +RC10 RClo
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Therefore:

R, T.+R. -T

T = Cleyl Clo "*cli (3.30)
“ RC]cyl + RClo
Substituting Eq. (3.30) into Eq. (3.28) gives:
1 1 o T, T,
Ty =(5—+ ) (St ) (3.31)
RCli RClcyl + RCIU RCli RClcyl + RClo

T, will be used to determine water and wall 1 interface film temperature and water
properties on this surface which are temperature dependent. 7, will also be used to

calculate the heat flow rate through wall 1 inner surface. Due to the high thermal

conductivity and thickness of the wall, the difference between T, and 7, is not
significant. To simplify the computation, 7 ;1s used to replace 7, in outer surface

resistance calculation. Resistances in this equation can be determined as follows.

The conductive resistance through the cylindrical wall R, , can be written as [47]:

In(*Ce)

V.
R., =—Z 3.32
Cleyl 27Tlc1ikc ( )

The Sparrow and Gregg’s criterion is also satisfied for both wall 1 inner surface and

outer surface. Thus Eq. (3.23) is also applied here.

Now R...,R

Cli>~*Clo

and R.,,,, are all determined and T,;now can be calculated by Eq.(3.31).

Cley
3.3.3 Heat transfer from the chamber water into chamber air QW

Heat transfer rate from the water to the chamber air is:

0., = —TW; o (3.33)

ws

Where T, 1s the chamber inlet air temperature. When airflow is from ADU to the

chamber, 7, depends on ambient air temperature and humidity also on enthalpy gain
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through ADU which is a function of pressure setting as empirically calculated in section
3.2. However, when reverse flow occurs, the air flowing into the chamber is the air from

the HADT re-entering the chamber with its already heated and humidified properties.

The CPAP air flow rate may have a wide range from 0 to 100 L/min. as well as reverse

flow. Therefore, both natural and forced convections need to be considered.

Natural convection Nusselt number over this horizontal round water surface can be

calculated using the same values of C=0.54 and n=1/4 as that at the water bottom.

Figure 3.11 Airflow direction in the chamber

Flow pattern in the chamber is considered as turbulent [19]. Figure 3.11 shows the inlet
and outlet air directions. When air flows into the chamber, it blows upward towards the
chamber top then scatters and may return to directly impact onto the water surface.
After touching the water surface, the air may flow horizontally over the surface to the
other half of the chamber through the lower half of the opening which connects the two
halves of the chamber. In the outlet half, the airflow may surf over the water surface

then flow upward and finally leaves the chamber from outlet.

The impact of the inlet air on the water surface occurs only in the inlet half of the
chamber. For chamber wall 2 and wall 3 surrounding the chamber air part, air is

modelled as a single pass air flow over each of them.
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Figure 3.12 connecting opening in the chamber

The air flow velocity in the chamber is simplified as a characteristic velocity based on
the volumetric air flow rate through the lower half of the opening (see Figure 3.12).

When the water is filled to 600 ml, the area of this opening is about 16 cm’.

qc
= e 3.34
Y7054, (3:34)

Where 4., is the connecting opening cross sectional area. When reverse flow occurs,

the inlet is from the HADT.

The volumetric chamber air flow rate is considered the same as the chamber inlet flow
rate. Thus for forced convection at water-air interface, the Nusselt number may be

separately calculated as direct impact and parallel flow.

For air flowing directly toward a surface, Nusselt number may be calculated by [50]:
Nu,, =0.23Re’” Pr!” (3.35)
While for airflow over a surface [50]:
Nug, =0.037Re)} Pr,” (3.36)
Where Re, is the Reynolds number of air flow on the chamber water surface.
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It is assumed that the direct impact covers half of the water surface and horizontal
surface flow over the other half, the forced convection Nusselt number for the total

water surface may be expressed as:

Nu,,, =0.5(Nuy, + Nug,) (3.37)
Where Nu,,. is total water surface forced convection Nusselt number.

The mixed convection on such surface may be calculated as follow [50, 53]:

Nu _ =(Nu’

wsm wsn

+Nu; )" =[Nu,, +(0.5Nu,, +0.5Nug,)’1"” (3.38)

wsn
So thermal resistance on the chamber water surface is:

R - 1 _ 1 (3.39)

ws A . .
Ay K Nu Ay K [Nu,, +(0.5Nu,, +0.5Nucp)3]”3

wsm wsn

ws ws

Where A4, is the water surface area. Thus the heat transfer from water to chamber air

can be determined when the water temperature is known.
3.3.4 Heat lost from the chamber water into chamber air by evaporation Qev

Evaporation rate on a horizontal surface may be calculated by [54]:

mev = k A (Cw _CCaiv) (340)

ey ws

When the flow is from the ADU to the chamber, this inlet has the same specific
humidity as ambient air but may have different level of absolute humidity due to
temperature and pressure differences between the chamber and the ambient. When the
flow is reversed, then the inlet is the air re-entering chamber from HADT and the
absolute humidity is that of the re-entering air from the HADT. The absolute humidity

can be calculated from the specific humidity as:

c - [28.966(1-d)+18.01d]d - P
' 8.31T

(3.41)

Where P is pressure in kPa and 7 is air temperature in K.
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The water surface saturated absolute humidity C_ can also be calculated by using Eq.

(3.41) but using the saturated humidity at the water temperature.

The corresponding thermal energy removed from the water to chamber air by

evaporation is:

Qev = k A (Cw - CCaiv )h& (342)

ev ws

Where 4, is the latent heat with unit of (J/kg) which depends on temperature of water

where the vapour comes from [54]:

h,, =2257000+4182(100-T,) (3.43)

For the mass convection (evaporation) coefficient &, , an analogy to heat convection is

applied [55]:

1/4
k=) (.44

_ 0.5(0.23Rel” Sc! +0.037ReY Sc!)

ws ws
kevf 5 wa

(3.45)

Where Sc, 1s Schmidt number for molecular diffusivity of water vapour in air and D, is the

mass diffusivity of water molecules from fluid water into air.

D, may be expressed as [56]:

wa

P T
D =1.97x107 (=2)(—)"® 3.46
v (ZX T ) (3.46)
Where P is the standard atmospheric air pressure (101325 Pascals) and 7 is a specific

standard temperature (256 K) for mass diffusivity empirical equation. However, since
the mass diffusivity does not change very much within the working range, for
simplifying the computation, an average value of 2.71x10° m?/s calculated from Eq.

(3.46) is used for chamber evaporation.

Schmidt number for molecular diffusivity of water vapour in air is defined as [56]:

54



Sc, =—o (3.47)

wa

Analogous to the convective heat transfer, the mixed mass convection may be expressed
as:
k, =k + k3f)l/3 (3.48)

evn ey

Thus, Eq. (3.40) and Eq. (3.42) for the evaporation rate and the thermal energy carried

away by evaporation can be determined.

Based on all the analysis in this section and the inlet temperature calculation as well as
the flow rate and pressure conditions analysed in chapter 2, Eq. (3.8) can be determined

and the water temperature can now be calculated:

T, . .
L <TR <Ry (C,, —Cou)h

ev s fg ]

(3.49)

Hpw Clni ws

3.4 Chamber-air heat balance

The chamber-air heat balance is used to find the chamber air temperature under various
combinations of ambient conditions and CPAP machine settings. The chamber air
temperature is influenced by chamber water temperature, ambient air temperature,
ambient air humidity, pressure setting, and air flow velocity over water surface as well
as flow pattern and flow direction at the interface. Evaporation rate is also a factor
influencing the heat brought in from the water by vapour molecules. There is also heat
loss through the chamber walls surrounding the air space. When a patient’s breathing is
added in while the other conditions and settings remain the same, the heat transfer rate
and evaporation rate on water surface will fluctuate and their average value will also be
somewhat different from those of steady state. However, due to its large heat capacity,

the water temperature may be considered constant.
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3.4.1 Governing equation

QC 23i
' — y

[ O
In-chamber air L

— IE—
QT_ .) | Q(,. asSt -) | Q.,,
Car Qwa ‘ Qva Cao

Chamber water

Figure 3.13 Chamber air heat balance

Figure 3.13 shows the chamber air heat balance. Thermal energy added into chamber air
comes in by means of inlet, heat convection and evaporation from the water below it.
Such acquired thermal energy is transferred to enthalpy by means of increasing the
chamber air temperature i.e. change of heat storage in chamber air. The thermal energy
is carried out by the outlet and dissipation to ambient through the chamber walls
surrounding the air space. For simplification, the upper part of the vertical chamber wall
(wall 2) and the top part of the chamber (wall 3) are assumed to have the same
temperature (see Figure 3.5). It is further assumed that the outlet from the chamber has
the same thermal properties as the chamber air. Note that when the flow is from ADU
toward the patient, the inlet is from ADU via the connecting duct and outlet goes into
HADT. However, during reverse flow, the inlet is the air re-entering the chamber from
HADT and outlet is the air pushing back into the connecting duct from the chamber.

The governing equation of the chamber-air thermal balance may be expressed as:
QCai + Qwa + Qva = QCao + QCaSt + QC23i (350)

Qwa is the same as it is in Eq. (3.7) for heat balance in the water. Equations for the

remaining terms in Eq. (3.50) will be analysed and derived in following subsections.
3.4.2 Heat carried into chamber air by evaporated molecules

The heat brought into chamber air by the evaporated water molecules is the same as that
analysed in the water heat balance analysis in section 3.3. However, as long as this

vapour does not condense, the latent heat will be kept in these water vapour molecules
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and keep them in gaseous status. Only a part of the thermal energy brought from the
water will participate the chamber air thermal energy sharing. Thus the sharable energy

brought into chamber air by evaporated water can be expressed as [54]:

h,, = 4182xT, (3.51)
Where £, 1s the sharable thermal energy brought in by evaporated water in J/kg.

3.4.3 Thermal energy brought in at the chamber inlet

The energy brought in by air inlet when air flows from the ADU is:

Oct =1itpCo,Teu (3.52)
Where:

My, = Ape Ppatip (3.53)

Also according to Eq. (3.6), T

ai

=T,+AT,,,, - So Eq. (3.52) may be expanded to:

Qcm = CpaApes Poatin (T, + AT 1) (3.54)

However, when reverse flow occurs the inlet is from the HADT. The energy brought in
1s:

Qcm =mcp, T, (3.55)
Here the inlet temperature 7., is the air temperature in HADT lump 1.
3.4.4 Thermal energy at the outlet

Same as the inlet calculation above, the outlet also needs to consider the flow direction.
When reverse flow occurs the air flows into the chamber from HADT and flows out

toward ADU.
3.4.5 Heat storage in chamber air

The heat storage in the chamber air may be expressed as:
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dT,
g 3.56
% (3.56)

Ocust =MeuCeq

3.4.6 Heat transfer from chamber air into ambient via wall 2 and 3

The flow pattern through the chamber is very complicated. The situation is simplified
by assuming that the air flow in the chamber flows only once over all the chamber inner
surfaces [19]. It is further assumed that the flow produces a characteristic velocity over

qC
0.54

Co

all the surfaces which is defined by Eq. (3.34) as u,. =

Note that the water surface is dropping while the CPAP is in use due to evaporation.
However neglecting this change will not influence the objectives of the project. Also
due to flow velocity may range widely from 0 to 100 L/min., both natural and forced

convections need to be included. To calculate T,.,,,, the temperature at the inner surface

of wall 2 and wall 3, energy balance at the inner surface is carried out below.

The heat transfer toward the chamber wall 2 and 3 at their inner surfaces is converted to

wall heat storage and heat dissipation into ambient:

QC23i = QC23St + QC230 (3.57)

Since the breathing induced airflow fluctuating is very short comparing to the chamber

wall temperature change, the wall 2 and wall 3 temperature is simplified as constant

therefore Q'C23 s 1s neglected. Thus Eq. (3.57) can be changed as:

T, T,

C23i _ T L
R

C20 ‘1w (358)
RC230

C23i

Same as the analysis of wall 1 thermal balance, inner surface temperature of wall 2 and

3 can be calculated as:

1 1 _ T " T,
TC231' :( + ) ] ( 4 ) (3-59)
RC231' Rc23 + RC230 RC231' Rc23 + RC230

Where R.,;1s the conductive thermal resistance of wall 2 and wall 3 together. Heat

transfer through the walls includes mixed convection at inner surface, conduction
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through the walls and natural convection at outer surface. These resistances will be

analysed below.

3.4.6.1 Mixed convectional thermal resistance R.,,;

At the inner surfaces of chamber wall 2 and 3, the flow is considered to be always
turbulent. Nusselt number for forced convection at the inner surface of wall 2 and wall 3
can be considered as airflow over these surfaces and be calculated the same as the water

surface flow by Eq.(3.36).

The Nusselt number for natural convection over the vertical wall 2 can be calculated by

using Eq. (3.23). The mixed convection Nusselt number at this surface can be:
Nuc,,,; = (N“ézm‘ + Nuézﬁ)l/3 (3.60)

The inner surface of wall 3, which is the chamber top, is simplified as a horizontal
round plate with cooler surface facing down (see Appendix XIX for Nusselt number
coefficient values). Nusselt number for mixed convection on wall 3 inner surface can be
calculated same as Eq. (3.60). So the total mixed convectional thermal resistance over

the two inner surfaces can be calculated as:

1

c3i —
AC21' 'kma NI/l + AC31' 'kma NI/l
C2mi
5 mi

C2i C3i

R (3.61)

C3mi

3.4.6.2 The conductive thermal resistance through the chamber wall 2 and 3

The conductive resistance of wall 2 can be calculated the same as wall 1. Wall 3 is
simplified as a flat round plate. The over all conductive thermal resistance of chamber

wall 2 and 3 surrounding the air part of the chamber can be:

R ylinder R
Ry =——2—= (3.62)

C2cylinder + RC3
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3.4.6.3 The thermal resistance at outer surfaces of wall 2 and 3

For simplification, the heat dissipation at the outer surfaces of the chamber upper part is
also considered natural convection only. The overall natural convection thermal

resistance on these two outer surfaces together can be calculated as:

1

C23n0 — A k A

-k
C2o0 ma C3o ma
S Nuc,,, + Nucs,,

C2o0 C3o

R

(3.63)

Now Eq. (3.59) for T,,; can be calculated by plugging in all the items derived in
equations from Eq. (3.60) to Eq. (3.63).

As all the variables in the governing equation (3.58) have been derived and obtainable,

T, can now be calculated by rearranging Eq. (3.58) into:

. T -T,. T
cCa'T 'mCai+wR7cm+k A (Csv_CCaiv)hﬁ{-i_ﬁ

i” Cai ev Tws

— ws C23i
T, = y 1 (3.64)

Where C,,, is the chamber inlet absolute humidity. When reverse flow occurs, the

chamber inlet is from the HADT, thusc.,, T, ,n, and C

aiv

should be those of the

airflow from HADT.

The specific humidity of outlet from the chamber is considered as the same as that of
the air in the chamber. Humidity balance in the chamber may be considered as inlet

vapour plus evaporated vapour equals to outlet vapour:
d.m.=d_-m.+m, (3.65)
Therefore:

_d,-me+m,

d (3.66)

Ca
me

60



Where d_, is the specific humidity of the chamber air and 71, the mass flow rate in the

chamber and may be considered as the average of connecting duct mass flow rate and

HADT mass flow rate. m,, can be calculated by Eq. (3.40).

3.5 HADT heat balance

After the airflow is heated and humidified in the chamber, it continues flowing toward
patient through the HADT. When there is reverse flow, the airflow may firstly be
stopped and then reverse toward the chamber from the mask. No matter which direction
the air flows, if there is no heat added in, the air cools down because of heat transfer

into the ambient through the HADT wall.

When the air temperature drops down below its dew point, the specific humidity will
drop because of condensation. If this occurs, the built-up condensate in the HADT can
increase pressure drop in it thus reduce the pressure in the mask [36]. Also cooler air
with lower specific humidity continuously blows into patient’s upper airway may make
the patient uncomfortable. To avoid these, the HADT has embedded copper wire to
provide heat to the tube wall so to heat up or maintain airflow temperature. The tube
heating will be turned on when it is needed and its heating level is adjustable. Figure

3.14 shows the HADT wall.

Heating element @
Tube wall ‘“V

o

Figure 3.14 Heated air delivery tube wall [19]

HADT thermal balance analysis is to determine the temperature change of the air and

the potentiality for condensation along the HADT under various combinations of
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ambient conditions and CPAP machine settings. The main factors influencing the
condensation may be the inlet temperature and humidity level, ambient air temperature
and humidity, tube heating setting and air flow rate. Tube size, shape, surface conditions
and tube wall temperature are also factors. The thermal contact resistance between the
copper heating wire and the HADT wall is simplified as zero, the thermal capacitance of
the copper wire is also neglected. The axial conduction along the HADT wall and the
airflow are both neglected. The HADT is a thin and long tube exposed in the ambient
and the surface area is large compared with its volume, neglecting the radiation from its
outer surface may bring significant error. Thus heat dissipation at its outer surface is

considered as both natural convection and radiation.
Heat balances are applied to each lump and to the wall as follows.

The equation for air is:

QTin - QTon + QTI’Cn = QTastn (367)

Also assuming the HADT wall temperature is stable, the equation for HADT lump wall

1s:
QThn = QTocn + QTorn + QTI’Cn (3 68)

thna the thermal energy provided by tube heating to each HADT lump, is the total

energy from copper wire divided by the number of lumps, » in all these subscriptions
represents the lump number. Expressions for these items are to be derived in following

sub-sections.
3.5.1 Heat energy brought in and out by inlet and outlet

The heat energy brought into the lump by inlet can be expressed as:
QTin = cTanTTa(n—l)ATcspTauT (369)

While the heat energy brought away from the lump by outlet can be expressed as:

QTon = cTanTTanATcspTauT (3 70)
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Tryny 18 also considered as inlet temperature of the lump under inspection. 77, , air

Tan >

temperature in this lump, is also considered as inlet temperature of next lump.

However, when reverse flow occurs, air flows from bigger numbered lump toward
smaller numbered lump. The last lump receives air from the mask and the air in lump 1

flows back into the chamber.
3.5.2 Convection at HADT lump inner surface

The HADT internal convection is considered forced convection only because its small
internal dimension does not give much space for natural convection to develop. Nusselt

number for internal forced convection can be expressed as [57]:

Nuy, =0.052Rey, \[Pr, -\[f, (3.71)

fr 1s the Darcy-Weisbach friction factor explained in chapter 2 which gives

.562
\/TT = % Thus Nusselt number above becomes:
Cri

Nu,, =0.02925Re;"” Pr’? (3.72)

Therefore the convectional resistance on HADT lump inner surface is:

Rien = 1 A (3.73)
0.02925 Re%.é”5 Pr:-S %Th
Ti

3.5.3 Convection at HADT lump outer surface

The HADT may be modelled as a horizontal cylinder and the natural convectional

thermal resistance at an HADT lump outer surface may be expressed as [55]:

1
Rppe =——— (3.74)
1.02 “maTToe. R 0148

To

However, the HADT outer surface is corrugated (Figure 3.15). The corrugation

increases the surface area as well as the convection. 4, in Eq. (3.74) is the corrugated
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outer surface area of the lump which is about 196% of its cylindrical basic surface area

(See Appendix IV for calculation details).

Corrugated outer surface

~N YN

Diameter of the basic cylinder

Figure 3.15 the corrugated HADT outer surface

3.5.4 Radiation at HADT outer surface
The radiation heat transfer on the surface of a body can be expressed as [58]:

0, = a ;Tw = Aoe(T* -T") (3.75)

Br

Where Q,, is the radiation heat transfer rate, R,, the radiation thermal resistance, o is

the Stefan-Boltzmann constant (5.67x10W/m*K*) and ¢ the emissivity of the surface.
The radiation heat dissipation rate at an HADT lump outer surface can be calculated as:

QTorn = TTV;; _TOO (376)

Torn

Where R, 1s radiation thermal resistance at the HADT outer surface of the lump and

can be expressed as:
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1
+ T )Ty, +T.0)

R, = 3.77
Torn P 5 ATIO,, (TT ( )

Wn

Where 4, 1s outer surface area of a lump for radiation calculation. The emissivity of

the tube wall (Polyethylene) is given as 0.85 [59]. The outer surface temperature can be

replaced by the HADT wall temperature as discussed above.

Due to view factor for radiation [55], the basic cylindrical diameter of the HADT outer

surface 19.3 mm (0.0193 m) is chosen as the area for the surface radiation calculation.

3.5.5 Heat storage in air of the lump

QTW , heat storage in this air lump, may be calculated as:

- dTan dTan
QTastn = mTlacTan d; = (pTaVTl )cTan d; (378)

Where m,,, 1s air mass in this lump and V, is the internal capacity of a HADT lump

which is also the volume of air in this lump.

Substituting above expressions into Eq. (3.67) and rearranging gives:

TTWn
ATcspTacTanuTTTa(n—]) + R
TTan = d = 1 (379)
mTlacTan Z + ATcs pTacTanuT R—

Ticn
Substituting above expressions into the Eq. (3.68) and rearranging gives:

. T
QThn + Tan + RToo + RToo
TT Ticn Tocn Torn ( 3 . 8 0)

Wn = 1 1 1
+ +

Ticn Tocn Torn

This pair of equations now can be used to calculate air temperature and HADT wall

temperature as well as the heat balance of the inspected HADT lump.
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3.6 HADT wall inner surface condensation analysis

One of the objectives of this thesis is to analyse and predict whether and where along
the HADT condensation will occur under a certain condition and setting combination

and to compare such condensation between steady flow and breath-added situations.

There are three types of condensation namely direct contact condensation, homogenous
condensation and surface condensation [58]. The direct contact condensation does not
apply to this CPAP machine. For the condensation in the HADT, when the tube heating
is off, the airflow temperature inside the HADT is higher than the HADT wall
temperature, so the surface condensation will always occur prior to the homogenous
condensation. When the tube heating is on, usually there will be no condensation. Even
there is homogenous condensation, it will be hard for condensate to form on the HADT
wall inner surface because of entrainment. Therefore, it is reasonable to only consider

surface condensation in this thesis.
3.6.1 General comparison of condensation and evaporation

When moist air flows over a surface, if its humidity level is lower than the saturated
humidity level at surface temperature, the air will take in water molecules from the
surface. In another words, this airflow has a potentiality of vaporization. Evaporation
rate on such a surface is determined by the difference of absolute humidity level in the
moist airflow and the Absolute humidity level saturated at surface temperature as well

as mass convection coefficient and surface area as mentioned before:
mev = kevA(Cw - CUV) (3'81)

On the other hand, if the moist airflow touches a surface and the surface temperature is
lower than the air’s dew point, some of the water will condense on the surface. That is
to say condensation is converse to evaporation [52]. From Marek [60], under same
conditions, condensation rate is about 1.2 times of evaporation rate. This means it is
practical to use the same evaporation rate calculation equation to calculate both
evaporation and condensation if the conditions for evaporation and condensation do not

vary significantly.

However, it is necessary to point out that the calculation of condensation based on

evaporation equation can predict where the condensation will occur and compare the
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condensation severity but cannot calculate the actual amount of condensate built-up in a
period of time. This is because once condensate starts to build up, the thermal
conditions on the surface changes and the condensation rate will be no longer the same

[42].

3.6.2 Condensation within the HADT

When there is no patient’s breathing, the CPAP machine is working in a steady state
and provides a steady flow. The condensation in the HADT can be predicted by
comparing the dew point temperature of the airflow to the local HADT wall (the local
lump) temperature. If the wall temperature is lower than the airflow dew point,
condensation will occur on the inner surface of the wall. By data regression between
5°C ~60°C [61], dew point can be expressed as below (see Appendix V for regression

details):

T,

DewPt

=17.222Ind +93.343(°C) (3.82)

Where d is specific humidity defined in chapter 3.

The condensation can also be predicted by comparing relative humidity of the airflow in
the HADT to the saturated relative humidity at the local HADT wall temperature. If the
airflow relative humidity is higher than the wall temperature saturated relative humidity,

there will be water vapour spared out from the airflow onto the HADT wall.

With the patient’s breathing, the humidity of airflow in the HADT is fluctuating. The
surface temperature may be higher or lower than the dew point. The condensation under
such fluctuation can only be calculated by humidity comparison. Net condensation
within a breath cycle can be used to predict the condensation build-up. The evaporation

rate in a lump of the HADT may be expressed as:

mev = kevATli(CTsv - CTav) (383)

Where C,, is the saturated absolute humidity level at the local HADT wall temperature

and C

Tav

is the absolute humidity of airflow through the lump.

Analogous to heat convection, the mass convection coefficient k£, may be expressed as:
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o 0.02925Rep™ Sci

: 3.84
. ; (3.84)

Based on the conditions here, an average value of 2.67x10” m?/s for D, is used for

simplifying the computation.
Based on the analysis above, condensation rate at the same place can be expressed as:

mcndns = 1 2 : kevATli(CTsv - CTav) (385)

m,,. 18 condensation rate and quantitatively equals to 120% of evaporation rate but

with opposite sign because C,,, < C,, when condensation is occurring.

Eq. (3.83) and Eq. (3.85) can be combined as:

mTlec = k k ATli (CTSV - CTav) (386)

ec ev

Where 71,,.1s HADT lump inner surface condensation or evaporation rate, k,. may be

named as condensation-to-evaporation coefficient. When C, > C

Tsv Tav >

evaporation may

occur and k,, =1. When C, <C

Tsv Tav

condensation occurs and &, =1.2.

Integration of positive part of 71, within a breath cycle gives the cycle-wise total
amount of potential evaporation and integration of negative part of 1, within a breath

cycle gives that of condensation.

Myyp = J. k, Ay (Cp, —Cp,)dt whenC,,, —C,,, >0 (3.87)

And:
My, =1.2 J. k, Ay (Cp, —Cp,)dt whenC, —-C,, <0 (3.88)
Mo = Mygeep + Mygeey (3.89)

The sum of the two integrals gives the net condensation or evaporation within a breath
cycle on inner surface of this lump. If the sum is positive, it means there is no

condensation remaining within a whole breath cycle. It may mean that there is no

68



condensation has occurred at all or it may also be possible that condensation occurred

but the condensate has already dried up by incoming warmer and drier airflow.

3.7 Mask heat balance

Figure 3.16 Nasal mask type “FlexFit™407” and Full face mask type “FlexFitT™432”

Two types of mask are taken into investigation. One is nasal mask type “FlexFit407”

and another is full face mask type “FlexFit432” (Figure 2.17).

Figure 3.17 Simplified mask geometry
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The dimensions in Figure 3.17 are listed below.

a = Mask height (width of rectangular side plates)
b = Length of rectangular side plates (width of triangular plate)
¢ = Length of triangular plate

The geometry of the masks is simplified as simple triangular shaped [19] as shown in
Figure 3.17. For easiness in modelling and easy model use, the full face mask is
simplified as 1.5 times in all one dimensional sizes except wall thickness is the same as
that of the nasal one. Correspondingly, the full face mask volume is 3.375 times
(1.5°=3.375) of the nasal mask volume and the weight ratio is 2.25 (1.5 =2.25). Place
an average-sized human nose of 3.8 cm in width at the centre in the mask [62] and
assume the air flows over each of the mask internal surfaces once only. By using the
velocity over the rectangular surface as characteristic velocity, the airflow velocity on

the mask inner surfaces can be expressed as:

u, =" P, (3.90)

1
5 (Wp1; = Wagse My,

Wherew is the average width of human nose.

nose

The real full face mask has bias vent holes on itself. For comparison of the mask size
effect, the full face mask is modelled same as nasal mask with no bias vent holes on

itself but connected to a holed elbow for ventilation.

The technique of thermal balance in the mask is same as that of HADT lump and a pair
of governing equations may be expressed as follow. For heat energy balance of air in

the mask:

QMi - QMo _QMC = QMast (3.91)

For heat energy balance of mask wall based on the assumption of stable mask wall

temperature:

Ovie = Oroe + Orr (3.92)
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The inlet is the air from HADT during inhalation phase and is exhaled air from patient
during exhalation phase. For simplification, it is assumed that there are only natural
convectional on mask outer surface. Air mass in the mask is also simplified as constant.
Similar to HADT lump analysis, Eq. (3.91) and Eq. (3.92) can be expanded and

rearranged respectively:

T, = y e (3.93)

T, = Rise Rigoe. (3.94)

T,,, the inlet air temperature, is the temperature of air from HADT lump 30 when in

inhalation phase and temperature of exhaled air at 33°C in exhalation phase [30].

Since the rectangular side walls of the masks are of silicon seal and foam cushion
(Figure 3.18), these walls are simplified as insulated therefore the heat exchange with
the ambient is considered only occurs at the triangular wall. However, condensation
may still occur on the inner surfaces of the rectangular walls. Temperature on these
rectangular inner surfaces is assumed as the same as the average temperature of the air

in the mask.
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Figure 3.18 Silicon seal and foam cushion of the masks

3.8 Mask inner surface condensation

Similar to the analysis of condensation and evaporation in HADT, the mask inner

surface condensation or evaporation rate may be expressed as:

mMec :k k AMi(CMsv_CM ) (395)

ec “ev av

Integration is again used here for calculating the net condensation or evaporation.

My = [ KAy (Cr, = Cp et whenC,,, —C,,, >0 (3.96)

And:
Mgy =1.2[ ko 4y (oo, = Cpi )t whenC,,, —C,,, <0 (3.97)
Mygee = Magecp + Mygeey (3.98)

Also, there will be net condensation build up if the sum of the two integrals is negative

within a breath cycle.
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3.9 Average temperature of inhaled air

The average temperature of inhaled air can be calculated as below and the integration

only integrates over the inhalation phase.

T, -Gdi
Tinh=—f v 2 (3.99)

[t

3.10 Average specific humidity of inhaled air

The average specific humidity within a total inhalation can be calculated as below and

the integration only integrates over the inhalation phase.

_ IdM 'QPdt

3.100
[Japdr .

inh

Where d,, is the overall specific humidity within a total inhalation and d,, is the

specific humidity of air in the mask.
3.11 Closure of the thermodynamic mathematical modelling

The mathematical equations have been developed for the thermodynamics of the CPAP
in this chapter. These mathematical equations will be converted into Simulink™ model.
The model will be capable to simulate and calculate the breathing induced airflow
fluctuation in the system, the reverse flow, the dynamic fluctuations of the evaporation
rate in the chamber, the transportation of fluid through the HADT with a varying-time
delay, the condensation in HADT and the mask, the mixing of air, the specific humidity

and temperature of the inhaled air.
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Chapter 4 SIMULINK™ Modelling

4.1 Introduction

In this chapter, the process of simulating the mathematical models into computational
models is explained. Each part of the CPAP mathematical model that was set up in
chapter two and three is to be built up as a separate subsystem in Simulink™ model in
the Matlab™ environment. The computational models are basically Simulink™ block
diagram expressional version of the equations derived in previous chapters. However
there will be some adjustments because of computational easiness which will be
explained when there is such. The project will provide two Simulink™ models one for
fluid dynamic and exhaled air rebreathing analysis and another for thermodynamic

analysis. The two models are to be explained in details in this chapter.

4.2 Computational model of fluid dynamics and exhaled air re-

breathing

This model is used to calculate the reverse flow and exhaled air re-breath. The model
consists of a fluid dynamic section which further contains several subsystems, HADT
lumps with lump-delay subsystem, reverse flow calculation subsystem and mask mixing

subsystems.

The whole model consists of a fluid dynamic subsystem, 30 lump airflow delay
subsystems, a mask mixing subsystem and an exhaled air and CO, calculation

subsystem.

The inputs to the model are listed in Table 4.1:
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Table 4.1 Inputs to the fluid dynamics model

Input Unit
Pressure setting c¢cmH,0
Breath magnitude ratio N.D.*
Mask capacity ratio N. D.
Human nose in-mask space occupancy factor | N. D.

* N. D. means no dimension applicable.

The outputs are listed in Table 4.2:

Table 4.2 Inputs of the fluid dynamics model

Output Unit
Breath load (gram per breath cycle)
Pressures at ADU outlet, chamber and mask Pa
Flow velocity in the connecting duct m/s
Flow velocity in HADT m/s
Backflow (reverse flow) (Graph output, curve) m
Backflow (reverse flow) (Display output,
Maximum distance) "
Exhaled air level in lumps Normalized ( 0~1)
Exhaled air level in the mask Normalized ( 0~1)
Percentage of exhaled air in next inhalation Percentage
Percentage of CO, in next inhalation Percentage

The block diagram and the Simulin
4.1 and Figure 4.2 respectively:

kTM

model of the whole system are shown in Figure
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Figure 4.1 Block diagram of CPAP fluid dynamic and exhaled air re-breath analyses model
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4.2.1 The overall fluid dynamic section

Figure 4.3 shows the overall fluid dynamic section. Its inputs are listed in Table 4.3:

Table 4.3 Inputs to the overall fluid dynamic section subsystem

Input port number

Input

Unit

1 Patient’s breath load g/s
2 ADU pressure setting | cmH,O
3 Mask capacity m’

The fluid dynamic section mainly provides tube flow velocity which will be used to

calculate reverse flow and exhaled air mixing. The mask capacity is adjustable for

analyse of mask size influence on reverse flow and exhaled air re-breath. For the inputs

to the “Fluid Dynamic Section Subsystem”, the block “Normal Breath Load (g/s)”

provides a repeating sequence of breath load curve to the model and the block “Ratio to

Normal Breath” is a gain block the value of which should be zero to simulate the steady

flow situation, should be 1 when the breathing is normal and be 2 to simulate patient’s

deep breathing.

On the right side of the picture, the fluid dynamic section consists of ADU-outlet

pressure subsystem and subsystem of the CPAP machine fluid dynamic section from

ADU outlet to the mask.

Fatient
Mormal_breath_loadigis)

Breath
Magnitude
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E’—p [ R v 3 — In2

P-sefting

MAS K {emH20)
capacity HASAL MASK
ratia Capacityim3)

0.00007 +
- [T T N

Nu_fa

Fluid_Dynamic
0.000032 Saction

Subsystem
Moze wolume(m3) Space ocoupance factor st
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i1
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P
L

In1 Qut1 L SEERN]
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Dynamic
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Fluid_dynamic_Section
from_ADUoutlet_to_mask

Subsystem

Figure 4.3 Overall Fluid Dynamic Section Subsystem

The outputs from this fluid dynamic section subsystem are in Table 4.4:
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Table 4.4 OQutputs from the overall fluid dynamic section subsystem

Output port number Output Unit
1 Tube airflow velocity m/s
) Bus output of pressures at ADU outlet inthe | p, ..

chamber and the mask

3 Connecting duct airflow velocity m/s

Details inside these diagrams are explained below.

4.2.1.1 ADU outlet pressure subsystem

Figure 4.4 is the model of ADU-outlet pressure subsystem created based on Eq. (2.12).

Inputs are listed in Table 4.5.

Table 4.5 Inputs to the ADU outlet pressure subsystem

Input port number Input Unit
1 ADU pressure setting c¢cmH,0
2 Connecting duct airflow velocity | m/s

powerd

» PWU
g G
b_Palynomial

W _power2 .

power2 -
» FPW
0[P} =1
c_Palynomial o *
>

CEECBEEE]

Outl

Pl
o) =1
d_Palynormial

Figure 4.4 ADU outlet pressure subsystem

The connecting duct airflow velocity is obtained from the “CPAP machine fluid
dynamic section from ADU outlet to mask” subsystem. The polynomial blocks

represent the bracketed first ordered polynomials in Eq. (2.12).
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The output of this subsystem is the pressure at ADU outlet which will vary along with

the fluctuation of the airflow velocity during dynamic simulation.
4.2.1.2 The CPAP fluid dynamic section after ADU outlet

Figure 4.5 shows the inside structure of CPAP fluid dynamic section after ADU outlet.

Inputs to this section subsystem are listed in Table 4.6:

Table 4.6 Inputs to the CPAP fluid dynamic section after ADU outlet

Input port number Input Unit
1 Patient’s breath load | g/s
2 ADU outlet pressure | Pascal
3 Mask capacity m’
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Figure 4.5 CPAP Fluid Dynamic Section after ADU Outlet

The section mainly consists of four subsystems:

e Chamber pressure subsystem
e (Connecting duct airflow velocity subsystem
e HADT airflow velocity subsystem

e Mask pressure subsystem
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Gain block after input 1 is to convert patient’s breath load from g/s to kg/s for unifying
dimensions. The IC blocks (stands for “Initial Condition”) are here to give initial
conditions to the system so to make the model has a stable start thus runs well. Such IC
blocks will often be used in this model and thermodynamic model without further

mentioning. The outputs are listed in Table 4.7.

Table 4.7 Outputs from the CPAP fluid dynamic section after ADU outlet

Output port number Output Unit
1 connecting duct airflow velocity | m/s
2 airflow velocity in HADT m/s

The connecting duct airflow velocity will be used to calculate dynamic ADU outlet
pressure. The airflow velocity in HADT will be used for reverse flow and exhaled air

mixing and re-breath calculations.

(See Appendix VII for details of these subsystems)

4.2.2 Reverse flow calculation subsystem

The reverse flow calculation subsystem in Figure 4.6 is created from Eq. (2.29). The

inputs are listed in Table 4.8 below:

Table 4.8 Inputs to the reverse flow calculation subsystem

Input port number Input Unit
1 Airflow velocity in HADT m/s
2 Breath load for integration control

The upper part of this subsystem provides a graph of the reverse flow to a scope block
via output 1 and the lower part provides the reading of maximum distance of the reverse
flow to a display block via output 2. The subsystem output gives a positive reading for

reverse flow.
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Figure 4.6 — Reverse flow Calculation Subsystem

4.2.3 Varying transport delay subsystem

Transport of fluid mass and its properties from one lump to another takes time. Figure
4.7 shows the varying transport delay subsystem created from Eq. (2.32). Enlarged part

in the right upper corner of Figure 4.7 is the inside algorithm in one of the ten

. A .
subsystems. The algorithm represents A¢ :T:)and ten of such together consists of a
%

“one lump delay subsystem” which gives the fluctuating time of air flowing through a

lump.

Input one is the signal input. For this fluid dynamic and CO, model, it is the exhaled air
concentration level in fluid flow from neighbouring lump. Input two is fluid flow
velocity. The fluid flow velocity is used to calculate the amount of time delay which
will be put into the variable transport delay block to suspend the input signal such
amount of time. Output is the delayed signal which will be delivered to the next lump as

signal input.
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4.2.4 Control of positive and negative direction of the flow

Controls of positive and negative directions of the flow are based on Eq. (2.33) and Eq.
(2.34) for transport between HADT lumps; based on Eq. (2.35) and Eq. (2.36) for
transport between lump 30 and the mask; based on Eq. (2.37) and Eq. (2.38) for
transport between the chamber and HADT lump 1.

Ot
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delay_sybaystem 16
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. Exhaled_air Exhaled_air
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Scopels

Figure 4.8 - Positive and Negative Flow Direction Control

The control of positive and negative directions of the flow and its transportation is
achieved by using switch blocks. The central port of the switch block is the control port
to which the input is tube velocity. The criteria for passing the first (left) input is set as
when the input to the control port is equal or greater than zero. When there is positive
direction flow, the in-tube velocity is positive and the signal comes into a lump from the
left port of the switch block which means the air and its properties is transported in from
upstream (chamber side). When the velocity is negative the air is transported into the
lump from downstream (the mask side). Figure 4.8 shows the switches used for linking
the “one lump delay subsystems” which representing the corresponding lumps. The air
flowing into the lump will flow out to whether up or down stream neighbouring lumps
after a variable time delay calculated by the “one lump delay subsystem” described in
subsection 4.2.3. The pink input is the airflow velocity in HADT and the black inputs as
well as the outputs from switch block and the delay subsystem is the signal of the

exhaled air level.
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4.2.5 Mask mixing calculation subsystem

The mask mixing subsystem shown in Figure 4.9 is created from Eq. (2.46). As
mentioned before, the provided breath-load takes flow in inhalation phase as negative
when the air is taken away from the mask by breathing. Oppositely, the exhalation
phase is considered positive since exhalation adds air into the mask. Inputs are listed in

Table 4.9 below.

Table 4.9 Inputs to the mask mixing calculation subsystem

Input port number Input Unit
1 The patient’s breath load g/s
2 Mask capacity m’
3 Exhaled air level in airflow from lump 30 | In decimal
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Figure 4.9 - Mask Mixing Calculation Subsystem

The upper part of the subsystem gives the mixing algorithm for exhalation phase. For
calculating the mixing procedure during the exhalation phase, the integration should
only take in the exhalation part and the integration starts at each cycle’s beginning of
exhalation phase. These are controlled by switch block and integration block. The
switch block restrains the integration within exhalation phase and the integration block
with a falling external-reset-setting resets the integration at the beginning of each

exhalation.

The lower part of the subsystem gives the mixing algorithm for inhalation phase. The
level of exhaled air re-entering the mask from lump 30 is added in from input port 3. So

the integration from the lower part includes the influence of the reverse flow’s re-
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entering the mask. The sum-up of the two parts gives the value of C,. According to Eq.
(2.46), C,is the fluctuating concentration of exhaled air in the mask in a full breath

cycle which is the value of output 1.
4.2.6 The percentage of exhaled air being re-breathed

Figure 4.10 shows the “Percentage of exhaled air re-breathed with reverse flow re-
entering included Subsystem” which is created based on Eq. (2.47). This subsystem is
enabled and the “Enable” block is controlled by the breath load. During exhalation
phase, the input to the “Enable” is smaller than zero and the subsystem is disabled so it
only calculates during the inhalation phase. This gives the correct answer and also

accelerates the model’s running. Inputs are listed in Table 4.10 below.

Table 4.10 Inputs to the percentage of exhaled air being re-breathed subsystem

Input port number Input Unit
1 Concentration of exhaled air in the mask | In decimal
2 Breath load g/s

concentration
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Figure 4.10 - Subsystem for Percentage of Exhaled Air Re-breathed

Output 1 1s volumetric percentage of exhaled air being retaken in one inhalation load.

Output 2 is the percentage of CO; in one inhalation.
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4.3 Computational model of thermal dynamic analyses

This model is used to calculate dynamic condensation in HADT when different load of
breath is added and reverse flow occurs. The model also compares the result with the
condensation when breathing is not added and thus flow is steady. Like the fluid and
CO; model, this thermal dynamic model requires fluid dynamic section and lump-delay

subsystems.

This model consists of three main parts. They are ADU and chamber part, lumped
HADT part and mask part. They are to be described in following sub-sections. As
explained in chapter 3, considering all the wall temperatures are much stable when the
airflow temperature is fluctuating and for shortening the model ramping time, the
Simulink™ model uses steady state calculation for all the wall temperatures and the
chamber water temperature. These steady state (constant) wall temperatures are input to
the dynamic fluctuating subsystems for calculating the fluctuating airflow properties.
Thus, all the chamber part, HADT lump parts and the mask part consist of a steady state

subsystem and a dynamic fluctuating subsystem.

The inputs required are listed in Table 4.11 below:

Table 4.11 Inputs to the thermodynamic model

Input block Unit

Breath magnitude ratio

Mask capacity ratio

Human nose in-mask space occupancy factor

Pressure setting c¢cmH,0
Heat element temperature setting °C
HADT tube heating w
Ambient temperature °C
Ambient relative humidity In decimal

The outputs are listed in Table 4.12 below:
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Table 4.12 Outputs from the thermal dynamic model

Output Unit

Steady state outputs
Chamber water temperature °C
Steady state chamber air temperature °C
Steady state evaporation rate kg/s
Steady state chamber air specific humidity Decimal
Steady state air temperature at HADT lump °C
HADT lump wall temperature °C
Gap between lump wall temperature and airflow dew point °C
Mask wall temperature °C
Steady state mask air temperature °C

Dynamic outputs

Dynamically fluctuating chamber air specific humidity Decimal
Averaged dynamic chamber air specific humidity Decimal
Dynamically fluctuating evaporation rate in the chamber kg/s
Averaged dynamic evaporation rate in the chamber kg/s
Dynamically fluctuating chamber air temperature °C
Averaged dynamic chamber air temperature °C
In-HADT flow velocity comparison between steady flow and
fluctuating flow s
Dynamically fluctuating air specific humidity at HADT lump Decimal
Dynamically fluctuating air temperature at HADT lump °C
Dynamically fluctuating condensation/evaporation rate at HADT lump kg/s
Net condensation/evaporation rate at HADT lump in a breath cycle kg/s
Dynamically fluctuating air specific humidity in the mask Decimal
Dynamically fluctuating air temperature in the mask °C
Dynamically fluctuating condensation/evaporation rate in the mask kg/s
Net condensation/evaporation rate in the mask over a breath cycle kg/s
Averaged specific humidity in inhaled air kg/s
Averaged temperature of inhaled air °C

The block diagram of the whole thermodynamic system is shown in Figure 4.11 and the

Simulink™ model is shown in Figure 4.16 and Figure 4.13.
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Figure 4.11 Block diagram of CPAP thermodynamic analyses model
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4.3.1 Thermal section of ADU and chamber part

The ADU and chamber part is created based on sections 3.2, 3.3 and 3.4, chapter 3. This
part is the most complicated. There are two main subsystems in this part. One is whole
chamber steady state subsystem and another is the dynamic chamber-air thermal
balance subsystem. The whole chamber steady state subsystem is mainly to provide the
water temperature to be used by chamber-air subsystem. The dynamic chamber-air
subsystem is for obtaining dynamic fluctuating air flow velocity, chamber air
temperature and specific humidity. The air flow velocity, airflow temperature and
humidity are properties of the airflow provided to the patient through the long HADT
and the mask. These properties will be key factors for the analysis and comparison of
condensation in the HADT and the mask. Details in these two subsystems will be shown

and described later.

The inputs are listed in Table 4.13 below.

Table 4.13 Inputs to the thermal section of ADU and chamber part

Input port
Input Unit
number
Specific humidity of air from HADT due to reverse

1 In decimal
flow

2 Temperature of air from HADT due to reverse flow °C

3 Breath load g/s

4 Heat element temperature setting °C

5 CPAP pressure setting c¢cmH,0O

6 Ambient air temperature °C

7 Ambient air specific humidity In decimal

8 Mask capacity m’

92



Y

Ot

(17

In

In2

¥

Y

Outz

Y

In2

¥

Out

Y

Y

Outd

¥

=D

Int

Otz

Y

Y

R 1.

Outl —

D

autt

Outz

>

D

Outd

Outz

D

Qutid

D

Chambr_air
Centered
(DY HARIC)
Subsystem

7>

In7

Outs

Out

In

-,

Ind

Y

Ot

Outr

2

In2

In

¥

Outh

(57

0.5

Y

Outh

Partion_of_Impact
Chmbr_water_surface
(in_DECIMAL)

b

oty

hale_Chmbr
[Steady)
Subsystem

Figure 4.14 ADU and chamber part subsystem

The outputs are listed in Table 4.14 below.

Table 4.14 Outputs from the thermal section of ADU and chamber part

output port )
output Unit
number
1 Fluctuating specific humidity in the chamber In decimal
2 Fluctuating air temperature in the chamber °C
3 Fluctuating airflow velocity in HADT m/s
4 Fluctuating evaporation rate kg/s
5 Water temperature °C
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6 Steady state evaporation rate kg/s

7 Steady state specific humidity in the chamber In decimal
8 Steady state air temperature in the chamber °C

9 Steady state airflow velocity in HADT m/s

Average of fluctuating airflow velocities in HADT

and the connecting duct

The average velocities of airflow in HADT and the connecting duct are used to calculate

the flow rate in the chamber.

4.3.1.1 Whole chamber steady state subsystem

The Whole chamber steady state subsystem consists of 5 subsystems.

¢ Fluid dynamic section subsystem (for steady flow)

e Temperature of chamber inlet from ADU subsystem
e Water thermal balance subsystem

e Chamber-air steady state thermal balance subsystem

e Chamber air specific humidity subsystem

The “Fluid dynamic section subsystem (for steady flow)” is basically the same as the
one in “Fluid dynamic and exhaled air re-breath model”. The only difference is that the
breath load input to it is always zero thus makes this subsystem always provide steady

flow velocity and steady pressures. The inputs are listed in Table 4.15 below.

Table 4.15 Inputs to the whole chamber steady state subsystem

Input port number Input Unit

1 Heat element temperature setting °C

2 Ambient air specific humidity In decimal
3 CPAP pressure setting cmH20
4 Mask capacity m’

5 Ambient air temperature °C

6 Portion of direct impact area to total In decimal

water surface area
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Figure 4.15 Whole chamber steady state subsystem

The outputs are listed in Table 4.16 below.

Outt

Table 4.16 Outputs from the whole chamber steady state subsystem

output port )
numiber output Unit
1 Temperature of inlet to the chamber from ADU °C
2 Water temperature °C
3 Steady state specific humidity in the chamber In decimal
4 Steady state air temperature in the chamber °C
5 Steady state airflow velocity in HADT m/s
6 Steady state evaporation rate kg/s
7 Temperature of wall 2 and 3 °C

(See Appendix VIII for details of these subsystems)
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4.3.1.2 Dynamic chamber-air thermal balance subsystem

The Dynamic chamber-air thermal balance subsystem consists of 3 subsystems. They

are listed below:

¢ Fluid dynamic section subsystem (for dynamic fluctuating flow)
e Chamber air specific humidity subsystem

e Chamber-air fluctuating thermal balance subsystem

The “Fluid dynamic section subsystem (for dynamic fluctuating flow)” is the same as
the one in the Fluid dynamic and exhaled air re-breath model. The Chamber air specific
humidity subsystem is the same as the one described in Appendix VIII. The differences
are that the iputs are all fluctuating and its input of “specific humidity of inlet” is from
a switch block. The block provides specific humidity of inlet from the blower when
flow direction is from the blower and from the HADT lump 1 when the flow is reverse.
For the Chamber-air fluctuating thermal balance subsystem, it is basically the same as
the steady state chamber-air thermal balance subsystem described in Appendix VIII.
The differences are also that the inputs are all fluctuating and the inlet specific humidity
and inlet temperature are from the blower when flow is positive and from the HADT

lump 1 when the flow is reverse.

The inputs are listed in Table 4.17 below.

Table 4.17 Inputs to the dynamic chamber-air thermal balance subsystem

Input port Input Unit
number
1 Ambient air specific humidity In decimal
2 Specific humidity of air from HADT due to reverse flow | In decimal
3 Temperature of inlet to the chamber from ADU °C
4 Temperature of air from HADT due to reverse flow °C
5 Breath load g/s
6 Water temperature °C
7 CPAP pressure setting c¢cmH,0
8 Portion of impact area to total water surface area In decimal
9 Mask capacity m’
10 Temperature of wall 2 and 3 °C
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Figure 4.16 Dynamic chamber-air thermal balance subsystem

The outputs are listed in Table 4.18 below.

Table 4.18 Outputs from the dynamic chamber-air thermal balance subsystem

output port number output Unit
1 Fluctuating specific humidity in the chamber | In decimal
2 Fluctuating air temperature in the chamber °C
3 Fluctuating evaporation rate kg/s
4 Fluctuating airflow velocity in HADT m/s
Average of fluctuating airflow velocities in
: HADT and the connecting duct s

4.3.2 HADT lump thermal balance subsystem

For each lump, there are two subsystems, one is the HADT lump steady state subsystem

and the other is the HADT lump air dynamic thermal balance and condensation
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subsystem. The HADT lump steady state subsystem is used to provide steady state
HADT wall temperature and steady state airflow temperature at the HADT lump. The
constant lump wall temperature is also output to calculate the dew point so to determine
the steady state condensation. The HADT lump air dynamic thermal balance and
condensation subsystem is to calculate the dynamically fluctuating airflow temperature,
the dynamic condensation/evaporation rate and the transportation delay of the airflow

and its properties.
The inputs are listed in Table 4.19 below.

Table 4.19 Inputs to the HADT lump thermal balance subsystem

Input port number Input Unit
1 Fluctuating airflow velocity in HADT m/s
2 Breath load g/s
3 Temperature of air flowing into the lump °C
4 Specific humidity of air flowing into the lump In decimal
5 Initial in-tube air temperature °C
6 Steady state inlet temperature °C
7 Tube heating power to each lump (1/30 of the total) w
8 Ambient air temperature °C
9 Ambient air specific humidity In decimal
10 Steady state airflow velocity in HADT m/s
11 Chamber outlet steady state specific humidity In decimal

The air flowing into the lump is from its neighbouring lump. When the inspected lump

is lump 1, the flow comes from the chamber.
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Table 4.20 Outputs from the HADT lump thermal balance subsystem
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Figure 4.17 HADT lump thermal balance subsystem

The outputs are listed in Table 4.20 below.

output port )
output Unit
number
1 Net condensation/evaporation rate (over a breath cycle) kg/s
2 Air temperature of outlet from the lump °C
3 Specific humidity of outlet from the lump In decimal
4 Fluctuating temperature of air in the lump °C
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5 Fluctuating condensation/evaporation rate kg/s

6 Steady state temperature of air in the lump °C

7 HADT wall temperature at the lump °C

Temperature gap between HADT lump wall and steady

state air flow at the lump

The two subsystems are shown and described below.

4.3.2.1 Steady state HADT lump full thermal balance subsystem

The steady state HADT lump full thermal balance subsystem consists of three
subsystems. They are the HADT lump wall temperature subsystem, the steady state
HADT air temperature subsystem and the flow dew point and HADT lump wall

temperature gap subsystem.

Inputs to this subsystem are listed in Table 4.21 below.

Table 4.21 Inputs to the steady state HADT lump full thermal balance subsystem

Input port number Input Unit
1 Steady state airflow velocity in HADT m/s
2 Steady state inlet temperature °C
3 Tube heating power to each lump (1/30 of the total) w
4 Ambient air temperature °C
5 Chamber outlet steady state specific humidity In decimal
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Figure 4.18 Steady state HADT lump full thermal balance subsystem

The outputs are listed in Table 4.22 below.

Table 4.22 Outputs from the steady state HADT lump full thermal balance subsystem

output port number output Unit
1 Steady state temperature of air in the lump °C
2 HADT wall temperature at the lump °C

3 Temperature gap between HADT lump oC
wall and steady state air flow at the lump

The HADT wall temperature at this lump will be used in the HADT lump air dynamic
thermal balance and condensation subsystem of the same lump. The Steady state
temperature of air in the lump will be sent to the next lump subsystem as inlet

temperature.

(See Appendix IX for details of these subsystems)
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4.3.2.2 HADT lump air dynamic fluctuating thermal balance and condensation

subsystem

This subsystem contains two subsystems. One is the dynamic fluctuating lump air
thermal balance subsystem and the other is the dynamic fluctuating lump air

temperature subsystem.
Inputs to this subsystem are listed in Table 4.23 below:

Table 4.23 Inputs to the HADT lump air dynamic fluctuating thermal balance and condensation

subsystem
Ir;il;lf:rrt Inputs Unit
1 Fluctuating airflow velocity in HADT m/s
2 Breath load g/s
3 Temperature of air flowing into the lump °C
4 Specific humidity of air flowing into the lump In decimal
5 Initial in-tube air temperature °C
6 Ambient air specific humidity In decimal
7 HADT wall temperature at the lump °C

102



HADT _Lum

p

Condenses
evapaorration
Subsystam
—————————— [T T
— o InZ Ot 1 -—p
:1 | in: Outl
In
2 % | InS Outs
In2
In2 Cut1
ER | In2
In
Cutd
[ | In3
Outz 4
Q,nﬁ 3
——Ind
s ™ g =
InG Cutz
H-| [u]  —{Inf Saturation
W_tube Outs -  SERR]
7 Abs g lin? Otz
In¥
DynamicTubeAir
Balance
with_amitches
Subsystem

Figure 4.19 HADT lump air dynamic fluctuating thermal balance and condensation subsystem

The outputs are listed in Table 4.24 below.

Table 4.24 Outputs from the HADT lump air dynamic fluctuating thermal balance and
condensation subsystem

output port
output Unit
number
1 Net condensation/evaporation rate (over a breath cycle) kg/s
2 Air temperature of outlet from the lump °C
3 Specific humidity of outlet from the lump In decimal
4 Fluctuating temperature of air in the lump °C
5 Fluctuating condensation/evaporation rate kg/s

(See Appendix X for details of these subsystems)
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4.3.3 Mask thermal balance subsystem

The mask thermal balance subsystem is to obtain the air temperature, mask wall
temperature and condensation possibility in the mask. Same as for HADT lump
mentioned before, this calculation is good for predicting whether condensation will
occur under certain given combination of conditions. It is also good for comparison of
condensation between different level of breath load added scenarios when other
conditions remaining the same. The calculated condensation is the condensation rate
when condensation just starts but not the amount of condensate build-up in a certain

period of time.
The inputs are listed in Table 4.25 below.

Table 4.25 Inputs to the mask thermal balance subsystem

hrllil::ﬂf:rrt Input Unit
1 Specific Humidity of airflow from HADT lump 30 | In decimal
2 Temperature of airflow from HADT lump 30 °C
3 Ambient air specific humidity In decimal
4 Ambient air temperature °C
5 Breath load g/s
6 Mask Geometric parameters (multiplex) N/A
7 Average mass flow rate in the mask g/s
8 Steady state airflow temperature from HADT lump 30 °C

104



In1

Y

In1 Out1 -—p
1 % eI Qutz
Outl
] (Inz otz | T
D,ﬁg o
2% (It
Inz o Dutd
75 % (IS @
InS
el Outf
o= | I
(07
Out?
plng  Ous——w (T )
- (In2 Outd
In10
bl ask_Dwynamic
Inft Subsystem
ERE J=(In1
InZ
J=(Inz Outs
Out1 - 5
I(In
(It
InT
(7 3 |15
o= | Inifi outs
otz S
{In7
I {Ing
Ind

M ask_Steady state
FullBalance

Subsystem

Figure 4.20 Mask thermal balance subsystem

The outputs are listed in Table 4.26 below.

Table 4.26 Outputs from the mask thermal balance subsystem

Output port '
Output Unit
number
1 Fluctuating specific humidity of air in the mask In decimal
2 Fluctuating air temperature in the mask °C
3 Temperature of mask wall with heat dissipation °C
4 Net condensation/evaporation in a breath cycle kg/s
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5 Steady state air temperature in the mask (for reference) °C

6 Real time condensation/evaporation rate kg/s

7 Average specific humidity in inhaled air In decimal
8 Average temperature of inhaled air °C

4.3.3.1 Steady state mask full thermal balance subsystem

The steady state mask full thermal balance subsystem is mainly for obtaining the mask
wall temperature used in further calculation. It can also output the steady state air

temperature in the mask for reference.

The inputs are listed in Table 4.27 below.

Table 4.27 Inputs to the steady state mask full thermal balance subsystem

Input port number Input Unit
1 Steady state airflow temperature from HADT lump 30 | °C
2 Length of the triangular plate inner surface m
3 Half width of the triangular plate inner surface m
4 Mask inner height m
5 Average mass flow rate in the mask g/s
6 Length of the triangular plate outer surface m
7 Half width of the triangular plate outer surface m
8 Ambient air temperature °C
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The outputs are listed in Table 4.28 below.

Table 4.28 Outputs from the steady state mask full thermal balance subsystem

output port number output Unit
1 Steady air temperature in the mask (for reference) | °C
2 Temperature of mask wall with heat dissipation | °C

(See Appendix XI for details of these subsystems)

4.3.3.2 Mask air dynamic fluctuating thermal balance and condensation subsystem

The purpose of this mask dynamic thermodynamic subsystem is to obtain the
dynamically fluctuations of air temperature and specific humidity in the mask as well as
the temperature and specific humidity of inhaled air. It contains four subsystems which

will be shown and explained below.
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Figure 4.22 Mask air dynamic fluctuating thermal balance and condensation subsystem

The inputs are listed in Table 4.29 below.

Table 4.29 Inputs to the mask air dynamic fluctuating thermal balance and condensation subsystem

Input port number Input Unit
1 Mask capacity m’
2 Specific Humidity of airflow from HADT lump 30 | In decimal
3 Ambient air specific humidity In decimal
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4 Temperature of airflow from HADT lump 30 °C
5 Breath load g/s
6 Half width of the triangular plate inner surface m
7 Mask inner height m
8 Length of the rectangular plates inner surface m
9 Length of the triangular plate inner surface m
10 Temperature of mask wall with heat dissipation °C

The outputs are listed in Table 4.30 below.

Table 4.30 Outputs from the mask air dynamic fluctuating thermal balance and condensation

subsystem
Output port number Output Unit
1 Fluctuating air temperature in the mask °C
2 Fluctuating specific humidity of air in the mask | In decimal
3 Net condensation/evaporation in a breath cycle kg/s
4 Real time condensation/evaporation rate kg/s
5 Average specific humidity in inhaled air In decimal
6 Average temperature of inhaled air °C

(See Appendix XII for details of these subsystems)
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4.3.4 The auxiliary subsystems
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Figure 4.23 Auxiliary subsystems and their locations

There are several auxiliary small subsystems light-blue coloured in Figure 4.23.

They are listed below:

Breath load average subsystem

Mask geometric parameter subsystem

Ambient relative humidity to specific humidity conversion subsystem

e Average of ambient temperature and chamber air temperature subsystem
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e Average evaporation rate subsystem
e Chamber air average temperature subsystem

e Chamber air average specific humidity subsystem

(See Appendix XIII for details of these subsystems)
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Chapter 5 Experimental Validation

5.1 Introduction

In this chapter, setups developed for the fluid and thermal experimental validations are
described and explained. These include steady fluid, dynamic fluid, steady thermal and
dynamic thermal validations. The dynamic experiments need a dynamically fluctuating
breathing signal which is provided by a lung simulator. Outputs from models will be

compared with experiment results.

5.2 Experimental validation of the fluid dynamic part

This section focuses on the fluid dynamic validation. There are two subsections, one

under steady state flow and the other under patient breathing-added fluctuating flow.
5.2.1 Fluid dynamic model under steady flow

The outputs from this experiment include pressure drop along the HADT, airflow
velocity in HADT and bias vent hole discharge coefficient. All these outputs were
tested over the CPAP pressure setting range. The experimental setup consists of a
HC600 CPAP unit, a HC365 chamber, a flowmeter (NDD Ultrasonic flow sensor) and a
pressure transducer (Honeywell Precision Pressure Transducer PPTOO0IDWW2VA-A)
as well as the softwares for the flow meter and pressure sensor which have been

described in Chapter 2.
5.2.1.1 Pressure drop along HADT

Figure 5.1 is a schematic diagram of experiment setup for testing the pressure drop
along the HADT. The mask is sealed so the air can only go away through the bias vent
holes. A calibrated pressure sensor is used to measure the pressure drop. The thin tube
of the pressure transducer for higher pressure (port P1) is inserted in the HADT near the
chamber and another (port P2) is put right downstream of the HADT. An ultrasonic
flowmeter is located between the downstream pressure measuring point and the short

connecting tube. This connecting tube has the same cross sectional geometry as the
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HADT and connects those upstream sections to the mask. Figure 5.2 shows the

connection and location for the pressure transducer and the flowmetre.

Heared humidifier mask

Bias Tent
- ! « Seal
=

Flowmerer

ADU

FPressure sensor J

PC for data collection and processing
Figure 5.1 Experiment setup for pressure drop on HADT

The recording time of pressure is 40 seconds with 1000 readings (reading interval is
0.04 second). Averages of these readings were used as values of the pressure drop
results at each measured setting. The pressure was converted from cmH,O into Pascals.
The experiment was carried out for two rounds at pressure settings with interval of

1cmH,O over the CPAP pressure working range.

\
7/ Pressure measuring

Figure 5.2 Connections for pressure measuring and flow rate measuring
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The model outputs and experiment results comparison in this pressure drop are drawn in

Figure 5.3. Overall the model gives very good prediction for the pressure drop.
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Figure 5.3 Pressure drop comparison between model output and experimental result

5.2.1.2 HADT airflow velocity

Figure 5.4 is a diagram of experiment setup for testing the airflow velocity in the
HADT. The mask is also sealed and the flowmeter is also located after the HADT and

before a short connecting tube.

O Heated Innmidifier mask
—/’,--'--\,\ Bras lenr Seid
' Seal
--------- + |
ADU Flenvmeter

PC for data collection and processing

Figure 5.4 Experiment setup for air flow velocity in HADT
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The experiment was also carried out for two rounds. The flow rates were converted into
velocity. The experiment results and model outputs comparison are shown in Figure 5.5.

The model also gives very close outputs to experiment results over the range.
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Figure 5.5 Comparison of airflow velocity in HADT between model output and experimental result

5.2.1.3 Pressure vs. Flow rate at bias vent

The bias vent holes are modelled as small Venturi tubes and an average discharge
coefficient of 0.985 is used for them. The experimental setup for the coefficient

validation is shown in Figure 5.6.

Heated humidifier mask

Bias Tent ]
! o— Seal

Pressure sensor

ADU

—

PC for data collection and processing

Figure 5.6 Experimental setup for bias vent hole discharge coefficient
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The flow rate under each pressure setting is considered the same as in the tube airflow
velocity test. The pressure sensor is located at the end of the HADT right before the
elbow. Since the measured pressure here is static pressure, after the stagnant and static
pressure gap compensation is added, the discharge coefficient can be calculated by

converting Eq. (2.27) into:

Cd — mBV
\/2pMaPM (Agy 1)

(5.1)

Py 18 chosen as 1.19 kg/m’ as the temperature and relative humidity is about 22°C and

50% respectively when the experiment was conducted. 71, = O,, “ Py, and Q,, is

considered as the same as the airflow rate through the HADT.

The calculated discharge coefficient based on the experimental results are shown in
Figure 5.7 with a line of 0.985 for reference. The average of the discharge coefficient
over the pressure setting range is 0.9864 which is very close to the Venturi tube’s

discharge coefficient 0.985.
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Figure 5.7 Bias vent holes discharge coefficient comparison between model output and
experimental results

The values of the discharge coefficient at low settings are averagely higher than 0.985 is

probably because the holes are on the outside curvature of the elbow. Therefore, when
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air flowing through the elbow, a centrifugal force is created and increases the pressure
at the outside radius of the elbow thus increases the bias flow and makes the discharge
coefficient greater [45, 63]. On the other hand, when pressure setting becomes greater,
the discharge coefficient decreases to 0.97. This is because when the pressure increases,
the flow rate and flow velocity through the holes also increases. When the velocity is
low, the Vena Contracta [45] may be close to the narrowest point of the holes near the
shrinkage at the edge of the inner surface. However, when velocity increases, the higher
velocity may make the Vena Contracta phenomenon gradually more significant (Figure
5.8). Overall the constant discharge coefficient 0.985 matches well with the

experimental result over the CPAP working range.

Airflow

Figure 5.8 High velocity vena contracta phenomena at bias vent holes

5.2.2 Fluid dynamic model under breathing added fluctuating flow

The fluid dynamic outputs should include pressure fluctuation in the mask and the
dynamic fluctuating airflow velocity in HADT. All these outputs should be tested over
the CPAP pressure setting range. However, due to instruments availability, the
validations have not been fully conducted. The setups for future validation are shown in
Appendix XXI. The already conducted experiments are described and compared with

the model outputs below.
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5.2.2.1 Validation of dynamic fluctuating mask pressure

The setup for fluctuating mask pressure was shown in Figure 5.9.

ADU

Heated humidifier

Lung simulator
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Figure 5.9 The setup for measuring the fluctuating mask pressure

I

Pressure setting {cmH,0)

Y

Experimental result

with neighbourhood

average denoised
curve (hlark)

. - "
ATIASYS
v %

8

Pressure sétting (imHzé)

Time (s)

1 L
0 2 4 6 8 10 12 14

Time (s)

Figure 5.10 Comparison between experimental result and model output of dynamic pressure in
mask (CPAP pressure setting at 12 cmH20)

Figure 5.10 shows that the model predicts the mask pressure fluctuation very well

except that the model gives a less pressure drop during inhalation (the model output is

about 7.3% higher). This may be attributed to two reasons. Firstly, large centrifugal

forces due to higher velocity during inhalation make the bias flow greater than the

model’s prediction which lowers the pressure in the mask. Secondly, the sudden
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expansion from the elbow to the mask, which is not considered in the model, may
induce minor head loss which further lowers the pressure in the mask. The breath load
used in the experiment and the model is shown in Figure 5.11. The input to the lung
simulator was the volumetric flow load which was converted from mass flow rate using

air density of 1.19 kg/nr’.

Breath
mass flow rate (g/s)

Exhalation

—

q

I'hha'lat'ion i

| | | I | 1 |
2 4 g 8 0 12 1 1

Figure 5.11 Normal breath load in mass flow rate (g/s)

5.2.2.2 Validation of CO, re-breathing

Erstich and Milivojevic from Fisher and Paykel Healthcare Co. Ltd. conducted
experiments about CO, re-breathing [64] and the model outputs are discussed and

compared with their results below.

They used FlexFit™ 407 nasal mask with volunteers tested the CO, concentration in
end tidal and in inhaled air. The volunteers breathed “restfully”. By setting the pressure
at a very low level and blocking some of the bias vent holes, they achieved very low
flow rate. When flow rate was as low as 8.9 L/min. the inhaled air started to contain
certain amount of measurable CO,. The average respiratory rate of the volunteers was
11 times/min. when pressure setting was 3 cmH2O and flow rate was 8.9 L/min. the

average CO; in inhaled air is 0.17% [64].
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By adjusting the bias vent area, the model was set to provide very low flow rate under
the pressure setting same as in the experiment. An average nose volume of 32 cm’ [65,
66] is subtracted from the mask capacity since the nose volume is significant comparing
with the capacity of a nasal mask. The breath load is adjusted to 500 ml for average
“restful” breath. The CO, concentration in exhaled air is given as 5%. Based on these
conditions, the model gives 0.252% of CO; in inhaled air. Comparing to the average
experimental result 0.17%, the model prediction is reasonably close considering the
small percentage, the sensitivity of the mask volume and the limited number of objects

which does not represent a statistical average.

5.3 Experimental validation of the thermal dynamic part

This section focuses on the thermodynamic validation. There are two subsections; one is

under steady flow and the other under patient breath-added fluctuating flow.
5.3.1 Thermal dynamic model under steady flow

This experimental investigation was conducted to quantify the steady flow situation and
compare the results with the outputs from the thermal dynamic model. The results
include evaporation rate, the chamber water temperature, in-chamber airflow
temperature and airflow temperature at the end of the HADT near the elbow as well as
observation of condensation in HADT. The experiment is conducted under combination
of different ADU pressure settings, heater plate settings, tube heating settings and
ambient conditions. The experiment was carried out under high ambient temperature,
normal room temperature and low temperature to validate the model’s applicability on a
wide environmental variety. The high ambient temperature and low ambient
temperature conditions were achieved by a big environmental control room (Figure

5.12). The high temperature is at about 33°C and low is at about 14°C.
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i

Figure 5.12 Environmental control room for creating high temperature and low temperature
conditions
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Figure 5.13 Betaview control window
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The experiment setup consisted of a Betaview control software (Figure 5.13), an HC600
CPAP unit, an HC365 chamber. The meter used for measuring the ambient humidity
was a “Humidity and temperature meter HM34C” with relative humidity measuring
ranges of 0 ~ 100%. The meter measuring temperature was a “Fluke 51 II
Thermometer” and a K-type thermal couple. A Sensirion CMOS temperature and

humidity sensor was also used for reference and comparison (Figure 5.14).

Humidity and temperatu_r '

Figure 5.14 Meters used for measuring temperature and humidity

The Betaview control program is designed for bypassing the CPAP control system thus
the machine can be controlled directly from the computer. In this experiment, the

Betaview was used to control the heating element temperature and tube heating power

supply.

All the experiment output recordings started after the CPAP machines had been running
for 1 hour so the system reached steady state. During experiments, it is important to
make sure that the condensation in HADT and the mask does not build up and
significantly narrow the conduit or muffle the bias vent holes. The condensate can be

drained away through the bias vent holes about every 10 minutes.

In real use, the tube heating of CPAP series 600 is coded as automatically controlled for
preventing air flow being over heated which might harm patient’s skin and damage
upper airway. However, for validating the model, the tube heating was set to be 0 W, 15

W and 30 W.
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Table 5.1 shows the combinations of conditions and settings under which the

experiment was conducted:

Table 5.1 Combinations of conditions and settings for steady state thermal validation

T (°C) Pressure Heating ]?lement Tube Heating Setting
Setting
Low(about14°C) | 4 cmH,O 45°C 0w
Normal(about22°C) | 12 cmH,0 55°C I5W
High(about33°C) | 20 cmH,0 65°C 30W

5.3.1.1 In-chamber water temperature

After the whole system reached steady state and the ambient conditions were stable

(when using the big environmental control room for high and low ambient temperature),

water temperature was then measured by putting the thermal couple junction of the

Fluke 51 II Thermometer into the water (Figure 5.15). The temperature was measured

again after about 2.5 hours. The average of the two measurements was considered the

result of the water temperature and was used to compare with the model output.

Meanwhile, the ambient temperature and relative humidity were also measured twice.

One was measured at the beginning of the test and the other at the end of the test. The

experimental results and model outputs are shown in Figure 5.16, Figure 5.17 and

Figure 5.18 with corresponding discussions.

Figure 5.15 Measuring of airflow temperature at chamber outlet
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5.3.1.1.1 Water temperature vs. heating element setting

Figure 5.16 shows the humidifier water temperature when the humidifier heating
element temperature setting changes. It can be seen that when heating element

temperature setting is high, the water temperature is also high.
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Figure 5.16 Comparison of model outputs and experimental results of humidifier water
temperature vs. heating element temperature setting under normal ambient room temperature and
pressure setting at 12cmH,0

5.3.1.1.2 Water temperature vs. CPAP pressure setting

Figure 5.17 shows the water temperature under normal room temperature and
humidifier heating element setting of 55°C. The tests were conducted on different days
and the room temperature and relative humidity level were not exactly the same.
However, still the trend is maintained. It can be seen that when pressure setting is high,
the water temperature becomes lower. This is because the higher the pressure setting is,
the higher the mass and heat convections and consequently the more heat energy is lost

from the water to the air above it.
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Figure 5.17 Comparison of model outputs and experimental results of humidifier water
temperature vs. CPAP pressure setting under normal ambient temperature and heating element
setting at 55°C

5.3.1.1.3 Water temperature vs. ambient temperature

Figure 5.18 shows the water temperature under CPAP pressure setting of 12 cmH,0 and
humidifier heating element setting of 55°C under different ambient temperatures. It can
be seen that when ambient temperature is high, the water temperature is slightly higher.
This is because the higher the ambient temperature is, the higher the inlet temperature
which lessen the heat convection from water to it. The higher ambient temperature also

lessens the heat dissipation from water to the ambient through chamber wall.
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Figure 5.18 Comparison of model outputs and experimental results of humidifier water
temperature vs. ambient temperature under heating element temperature setting at 55°C and
pressure setting at 12cmH,0

It can be seen that the most important factor influencing the water temperature is the

heating element setting and the model predicts the water temperature very well.

5.3.1.2 In-chamber air temperature

The air temperature in the chamber varied from spot to spot. However the air
temperature in the outlet extension tube was very stable and was within the varied
range. Thus the air temperature in the outlet is used to represent the average temperature

of the in-chamber air. The location for measuring it is shown in Figure 5.19.

Thermocouple junction

for air temperature

at chamber outlet
Figure 5.19 Measuring of airflow temperature at chamber outlet
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The comparison of experimental results and model outputs vs. influencing factors are

listed and discussed below.
5.3.1.2.1 In-chamber air temperature vs. heating element setting

Figure 5.20 shows a graph of air temperature in the chamber under ambient conditions

T, =21.9°C, RH_ =64.0% and CPAP pressure setting of 12 cmH,O.

It can be seen that when heating element temperature setting is higher, the in-chamber
air temperature is also higher. This is because the higher heating element temperature
makes the in-chamber water temperature higher and consequently higher heat and mass

convections from the water to the in-chamber air.
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Figure 5.20 Comparison of model outputs and experimental results of in-chamber air temperature
vs. heating element temperature setting under normal ambient room temperature and pressure
setting at 12cmH,0

5.3.1.2.2 In-chamber air temperature vs. CPAP pressure setting

Figure 5.21 shows the values of air temperature in the chamber under normal ambient
room temperature and humidifier heating element setting of 55°C with different CPAP
pressure settings. The tests were conducted on different days and the ambient

temperature and relative humidity level were not exactly the same.
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Figure 5.21 Comparison of model outputs and experimental results of in-chamber air temperature
vs. CPAP pressure setting under normal ambient temperature and heating element setting at 55°C

It can be seen that when pressure setting is high, the in-chamber air temperature is also
slightly high. This is because the higher the pressure setting is, the inlet air temperature
is also higher due to the thermal enthalpy gain from the blower. On the other hand,
although higher pressure setting makes higher flow rate thus higher heat and mass
convection from the water to the air, the high flow rate makes per unit air receives less
convected heat and vapour. These two phenomena work together make the in-chamber

air temperature just slightly tilting up along with the pressure setting.
5.3.1.2.3 In-chamber air temperature vs. ambient temperature

Figure 5.22 shows the in-chamber air temperature under CPAP pressure setting at 12
cmH,O and humidifier heating element setting of 55°C in different ambient
temperatures. It can be seen when ambient temperature is higher, the in-chamber air

temperature is also higher. This is because:

1. The higher the ambient temperature is, the higher the inlet temperature will be.

2. Higher ambient temperature also lessens the heat dissipation to the ambient
through chamber walls (wall 2 and wall 3).

3. The water temperature is also a bit higher which can also contribute to the in-

chamber air temperature.
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Figure 5.22 Comparison of model outputs and experimental results of in-chamber air temperature
vs. ambient temperature under heating element temperature setting at 55°C and pressure setting at
12¢cmH,0

The most important factor influencing in-chamber air temperature is the ambient
temperature. The heating element temperature setting also has a significant influence.

The in-chamber air temperature is very well predicted by the model.
5.3.1.3 Evaporation rate

Evaporation was measured by weighing the loss of water in the chamber. For each
measurement, the first weighing was done after the CPAP ran for about one hour and
the whole system became stable. The second weighing was done after continuing
running for another two hours. The difference of the weights is considered as the

amount of water being evaporated during the time. The error between experimental

. mev—Model - mev—Exp
result and model output is defined as ¢ = - x100% .

mev— Exp

5.3.1.3.1 Evaporation rate vs. heating element setting

Figure 5.23 shows the evaporation rates under ambient conditions, 7, =21.9°C,

RH_ =64.0% and CPAP pressure setting of 12 cmH,O0.
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Figure 5.23 Comparison of model outputs and experimental results of evaporation rate vs. heating
element temperature setting under normal ambient room temperature and pressure setting at
12¢cmH,0

It can be clearly seen that when heating element temperature setting is high, the
evaporation rate is also higher. This is because of higher water surface saturated

absolute humidity as a result of higher temperature setting.

5.3.1.3.2 Evaporation rate vs. CPAP pressure setting

Figure 5.24 shows the values of evaporation rate under normal ambient room
temperature and humidifier heating element setting of 55°C. The tests were conducted
on different days and the room temperature and relative humidity were not exactly the

same. However, the trend is maintained.
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Figure 5.24 Comparison of model outputs and experimental results of evaporation rate vs. CPAP
pressure setting under normal ambient temperature and heating element setting at 55°C

It can be seen that when CPAP pressure setting is high, the evaporation rate is also
higher. This is because higher CPAP pressure setting thus higher airflow rate makes the

forced mass convection rate higher.
5.3.1.3.3 Evaporation rate vs. ambient temperature

Figure 5.25 shows the evaporation rate under CPAP pressure setting of 12 cmH,0 and

humidifier heating element setting of 55°C in different ambient temperatures.
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Figure 5.25 Comparison of model outputs and experimental results of evaporation rate vs. ambient
temperature under heating element temperature setting at 55°C and pressure setting at 12cmH,0

Both the model output and experimental result of evaporation rate have a curve-down at
the normal room temperature in Figure 5.25. This is because the day was very humid
when the normal room temperature test was carried out and the high specific humidity
of inlet reduced the absolute humidity gap which lessened the evaporation rate in that

test.

Inlet temperature may indirectly influence evaporation rate in the way that higher inlet
temperature reduces the heat convection so makes the water to be kept at a slightly
higher temperature. Also the higher ambient temperature can reduce the heat dissipation
to the ambient thus can keep the water a little warmer so to increase the water surface
saturated absolute humidity. However, the ambient temperature is not a significant

factor influencing evaporation.

It can be seen that evaporation rate is significantly related to heating element
temperature setting and CPAP pressure setting and the model predicts the evaporation

rate very well.
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5.3.1.4 Airflow temperature at the end of the HADT

Figure 5.26 Thermal junction couple inserted in elbow to test the temperature of the HADT outlet

As shown in Figure 5.26, the thermal couple junction was inserted into the end of the

HADT to measure its outlet air temperature.
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[
a 50
<
T
—
o
g 40
j= 8
£ *
= *
% 30 *
g
2 —— Model
g
g_ 20 + Exp.
£
Q
e~
3 10
£
<

0]

40 45 50 55 60 65 70

Heating Element Setting (°C)

Figure 5.27 Comparison of model outputs and experimental results of Airflow temperature at
HADT lump30 vs. heating element temperature setting under normal room temperature, pressure
setting at 12cmH,O and tube heating at 15W
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Figure 5.27 shows the wvalues of 7., under ambient conditions 7, =21.9°C,

RH, =64.0% , CPAP pressure setting of 12 cmH>O with 15 W tube heating but

different heating element settings.

Higher heating element setting provides higher in-chamber air temperature. However
the airflow temperature at the HADT outlet is only a bit higher. This is because the
higher temperature airflow from the chamber gives away more heat to the HADT wall

and the ambient. This makes the temperature at the HADT outlet not very different.
5.3.1.4.2 Airflow temperature at HADT lump30 vs. CPAP pressure setting

Figure 5.28 shows the values of T, ,, under normal ambient room temperature and

humidifier heating element setting of 55°C with 15 W tube heating but different CPAP
pressure settings. The tests were conducted on different days and the room temperature

and relative humidity were not exactly the same.
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Figure 5.28 Comparison of model outputs and experimental results of Airflow temperature at
HADT lump30 vs. CPAP pressure setting under normal room temperature and heating element
setting at 55°C and tube heating at 15W

When the CPAP pressure setting was high and flow rate is also high, the in-chamber air
temperature was also a little higher since the airflow gained more heat from the blower.

After flowing through the HADT, this air temperature difference between high and low
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flow rate had been even further increased because faster flow lessened air temperature

change in the HADT.
5.3.1.4.3 Airflow temperature at HADT lump30 vs. ambient temperature

Figure 5.29 shows the values of T, ;, in different ambient temperatures under CPAP

pressure setting of 12 cmH,0, humidifier heating element setting of 55°C with 15 W
tube heating. It is clear that when ambient temperature was high the HADT outlet

temperature was also high. The main reason here is the high ambient temperature keeps
the HADT wall warmer.
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Figure 5.29 Comparison of model outputs and experimental results of airflow temperature at
HADT lump30 vs. ambient temperature under heating element temperature setting at 55°C,
pressure setting at 12cmH,0O and tube heating at 15W

5.3.1.4.4 Airflow temperature at HADT lump30 vs. tube heating

Figure 5.30 shows the values of 7}, under CPAP pressure setting of 12 ¢cmH,O,

humidifier heating element setting of 55°C and normal room temperature. Obviously,

higher tube heating, higher HADT outlet temperature.
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Figure 5.30 Comparison of model outputs and experimental results of Airflow temperature at
HADT lump30 vs. setting of tube heating under heating element temperature setting at 55°C,
pressure setting at 12cmH,0 and normal room temperature

From the data and graphs above, the ambient temperature and tube heating are the most

important factors influencing the airflow temperature at the HADT outlet.
The model outputs match very well with the experimental results.
5.3.1.5 Condensation in the HADT

Condensation in the HADT was checked by observation. The photo below is used to

define the terms describing the condensation severity (Figure 5.31).
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5.3.1.5.1 Condensation vs. heating element setting

Table 5.2 shows the Condensation under ambient conditions 7, =21.9°C, RH = 64.0%,

CPAP pressure setting of 12 cmH,O and no tube heating but with different heating

element setting. It is shown that when humidifier heating element temperature setting is

higher, the airflow humidity level is also higher and generates more condensate.

Table 5.2 Comparison of condensation between experimental results and model outputs vs. heating

element temperature setting under normal room temperature, 12cmH20 CPAP pressure setting

and no tube heating

. Heating ) .
Pressure Ambient Tube El ’ Condensation | Condensation
emen
Setting Conditions heating : (Exp.) (Model)
Setting
Yes No
(Very light in
grooves in
45°C second half
of the
T.=21.9°C HADT)
12 cmH,0 oW (Lump 16)
RH =64.0%
* Yes Yes
55°C After 28cm Starts from
(Lump 5) lump 19
Yes Yes
65°C After 10cm Starts from
(Lump 2) Lump 2

5.3.1.5.2 Condensation vs. CPAP pressure setting

Table 5.3 shows condensation under normal room temperature, humidifier heating

element setting of 55°C and no tube heating but with different CPAP pressure settings.

It 1s shown that when CPAP pressure setting is higher, the condensation becomes less.
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Table 5.3 Comparison of condensation between experimental results and model outputs vs. CPAP
pressure setting under normal room temperature, 55°C heating element setting and no tube heating

Heating ) . .
Tube El ’ Pressure Ambient Condensation | Condensation
emen
heating ) Setting Conditions (Exp.) (Model)
Setting
T =21.6°C Yes Yes
4 cmH,0 RIO-OI A7.3% After 16cm Starts from
» TR0 (Lump 3) Lump 2
Yes Yes
o T, =21.9°C
0w 55°C 12 cmH,0 RE = 64.0% After 28cm Starts from
» =00 (Lump 5) lump 19
T, 6 =21.9°C No No
20 cmH,0
RH_ =39.5%

5.3.1.5.3 Condensation vs. ambient temperature

Table 5.4 shows Condensation under CPAP pressure setting of 12cmH,0O, humidifier

heating element setting of 55°C with no tube heating. It is shown that when ambient

temperature increases, the condensation decreases.

Table 5.4 Comparison and errors of Condensation between experimental results and model outputs
vs. ambient temperature under CPAP pressure setting at 12cmH20, heating element setting at
55°C and 15W tube heating

Heating ) ) .
Pressure Tube Element Ambient Condensation | Condensation
Setting heating : Conditions (Exp.) (Model)
Setting
T =14.4°C Yes Yes
RH, =70.3% After 8cm Starts from
(Lump 2) Lump 1
T, =21.9°C Yes Yes
12 cmH,0 0w 55°C RH —=64.0% | After28cm | Starts from
(Lump 5) lump 19
T, =33.1°C No No
RH_ =23.6%

5.3.1.5.4 Condensation vs. tube heating

Table 5.5 shows the condensation under CPAP pressure setting of 12cmH,0, humidifier

heating element setting of 55°C and normal room temperature. It is shown that when

tube heating power increases, the condensation decreases.
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Table 5.5 Comparison of condensation between experimental results and model outputs vs. tube
heating under CPAP pressure setting at 12cmH20, heating element setting at 55°C and normal

room temperature

. Heating ) .
Pressure Ambient El ’ Tube Condensation | Condensation
emen
Setting Conditions : Heating (Exp.) (Model)
Setting
Yes Yes
ow Starts from Starts from
T =21.9°C Lump 5 Lump 19
12 cmH,0 55°C No No
> | RH, =64.0% 15W
No No
30W

From the experimental observation and model outputs, the higher humidifier heating

element temperature setting generates more condensation. On the other hand, higher

CPAP pressure

condensation.

setting,

ambient temperature and tube

heating decrease the

Overall, the condensation in HADT is determined by its wall temperature and the

airflow humidity. The influences by factors are listed below:

Table 5.6 Factors influencing HADT condensation

Factor Trends condensation
Ambient temperature Increase Less
ambient humidity Increase More
CPAP pressure setting Increase Less
Humidifier heating Increase More
Tube heating Increase Less

Generally the model slightly under-predicts condensation in the HADT. This may be

because:

1. There is a small in-room air movement which is not included in the model. The

in-room air movement can increase thermal convection on the outer surface of

the HADT thus decreases HADT wall temperature and increases condensation.

2. The model also generally gives a slightly lower evaporation rate which will also

reduce the condensation in the HADT.
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3. The corrugated grooves on the HADT inner surface may create partly-dead
space (eddies). Such dead space reduces heat exchange between the internal
airflow and the HADT wall and makes this part of the wall has a lower
temperature (Figure 5.32). This may be the reason why sometimes condensation

can only be seen in the grooves (Figure 5.33).

Airflow s==p

Eddy (dead space)
Temperature in the groove

May be lower than
Calculated tube wall temp. Condensate

Figure 5.32 Temperature in grooves of the corrugated HADT may be lower

Condensate in grooves

Airflow

Figure 5.33 Condensate in grooves

On the other hand, it was observed in experiments that condensation started from lump
2 or lump 3 at several settings but the model predicts condensation starting from lump
1. This may be because the CPAP case was warm and a certain quantity of heat might

conduct to the HADT. Since the model simplifies that there is no axial heat conduction
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along the HADT wall and in the airflow, the actual temperature at the HADT inlet

connecting to the CPAP case can be warmer than that the model calculated.

For steady state flow, the model also provides a condensation prediction by comparing
the HADT lump wall temperature and the dew point of the airflow. Condensation
occurs when HADT lump wall temperature is lower than the dew point. The dew point
prediction is slightly closer to the experiment results than the condensation/evaporation

calculation. This may be due to calculation errors such as in dew point regression.

The objective is to compare condensation between steady flow and breath-added
fluctuating flows. When the ambient conditions and settings are the same, the under-
prediction of condensation applies to both the steady flow and fluctuating flows. For

this reason, the under-prediction may not have effect on the comparison.

Overall the model predicts the thermal performance very well except a slightly lower

HADT condensation rate.

5.3.2 Thermal dynamic model under patient breath added fluctuating flow

For this project, the thermodynamic experiments should be able to get comparisons in
evaporation rate and HADT condensation between steady state flow, normal breathing
and deep breathing with reverse flow. Also due to instrument availability, the
validations have not been fully conducted. The setups for future validation are shown in
Appendix XXI. The already conducted experiments are described and compared with

the model outputs below.
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5.3.2.1 Validation of evaporation rate comparison between steady state and

breath-added flows

Heated humidifier mask Lung simulator
Bras Tent .{_.--1 _—l
_________ _ o -
ADU lﬁ:TI
Heated humidifier mask

Bias ent 4
== i "-I(i

ADU

B N

Figure 5.34 Experimental setup for evaporation rate comparison between steady flow and breath-
added situation

The setup for comparing evaporation rate is as in Figure 5.34. The comparison
experiment needs two CPAPs placed under the same ambient condition and same
settings. One CPAP is connected to a lung simulator and another has mask sealed and
bias orifice connected so to test its steady state evaporation rate. Such comparison
experiment has been conducted by Sun from Fisher and Paykel Healthcare Co. Ltd.
[67]. He set the CPAPs pressure setting at 10 cmH,0O under normal room condition for
4 hours. The lung simulator provided 500 ml normal breath load. The average
evaporation rate in the lung simulator connected CPAP chamber was 9.74 mg/s and in
the bias orifice connected CPAP chamber, it was 9.43 mg/s. The breath-added CPAP
had a 3% higher evaporation rate. The author attributed it to minor leaks in the lung
simulator connected system and concluded that there was no significant difference in

average evaporation between steady state and breath-added situations.

For checking the model, the ambient condition inputs are the same as that of the
experiment and the heating element setting is adjusted at 57°C. The model output steady
state evaporation rate as 9.41 mg/s and the average of the dynamic fluctuating
evaporation rate is 9.36 mg/s. The model gives 0.5% less evaporation rate for the
breath-added situation. This matches well with Sun’s experiment and supports his

explanation.
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5.3.2.2 Validation of HADT condensation comparison between steady state and

breath-added situation

As for the experimental validation of the HADT condensation, a test with human deep
breathing induced reverse flow was conducted. The conditions were as follow: The
ambient temperature was 21.4°C and relative humidity was 55%, CPAP pressure setting
was 4cmH20 and HADT tube heating was SW. When the flow was steady there was no
condensation in the HADT. When the deep breathing was added, condensation was seen

in the last 30 cm of the HADT (Figure 5.35).

Figure 5.35 Comparison of in-HADT condensation between steady state and breath-added situation

As mentioned before, the model under-predicts HADT condensation. For comparing the
observed experimental results with the model outputs, the model is given the same

conditions as of the experiment except the tube heating is given as zero.

Under steady state, the model output condensation/evaporation rate at lump 30 is
1.72x10” mg/s which is considered as just no condensation. When deep breathing is
added, the condensation/evaporation rates at lump 27 to lump 30 become negative. This

means the model gives condensation in the last 23 cm of the HADT.
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The experiment observation showed that deep breathing generated condensation in the
near-mask section of the HADT when there was no condensation under steady flow.
The model also predicted so. Thus the conclusion for the model dynamic validation can
be drawn as: despite the under-prediction of condensation, the model can compare the

results well between steady flow and breath-added situation.
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Chapter 6 Discussion and Conclusions

6.1 Introduction

The outputs from the models validated in chapter 5 are discussed in this chapter. The
discussion is focused on the conditions where reverse flow occurs and the consequent
influence on exhaled air re-inhalation, condensation and humidity level in inhaled air.
For better understanding of the situation, the related phenomena such as fluctuation
amplitude, influences from ambient conditions and mask capacity are also discussed.
The discussion is separated into two sections namely, fluid dynamics and
thermodynamics. For simplification, the models do not include the influence of pressure
setting on breath load. All models use a normal breath load with a 6 seconds breath

cycle [37].
6.2 Fluid dynamics
Reverse flow and re-inhalation of exhaled air are discussed in this section.

6.2.1 Reverse flow

Three factors are considered in this section, the breath load, pressure setting and mask

capacity.
6.2.1.1 Breath load and pressure setting

In general, under normal breathing, there is no reverse flow. However, when the breath
load is increased by 1.5, 2 and 2.5 times of normal breathing under different CPAP
pressure settings, the reverse flow outputs from the model are shown in Figure 6.1. It is
indicated that there is almost no reverse flow at 1.5 times normal breathing. Reverse
flow is cut off at 8§ cmH,O and 13 cmH,0O for 2 and 2.5 times respectively. Overall,
when breathe load increases, reverse flow increases and when the pressure setting

increases, the reverse flow drops.
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Figure 6.1 Reverse flow under different combinations of breath load and CPAP pressure setting

6.2.1.2 Mask capacity vs. reverse flow

The mask capacity in the model is adjustable. However, the model output shows that the
distance of reverse flow is the same when mask capacity changes. This is because of the
assumption of air incompressibility which means the distance of reverse flow is not

influenced by the mask capacity.

6.2.2 Exhaled air re-inhalation

In this section, the breath load, pressure setting, the resulted reverse flow and mask

capacity are discussed with respect to their influences on the exhaled air re-breathing.

6.2.2.1 Exhaled air re-inhalation vs. breath load and pressure setting

The percentage of exhaled air in inhalation vs. combination of breath load and pressure

settings using the nasal mask is shown in Figure 6.2.
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Figure 6.2 Percentage of exhaled air in inhalation under different combinations of breath load and
CPAP pressure setting when using nasal mask

Comparing Figure 6.2 with Figure 6.1, indicates that reverse flow does not definitely
increase exhaled air re-inhalation. When the breath load is 2 times normal breathing,
reverse flow can occur until pressure setting of 7 cmH,O however re-inhalation only
increases slightly when the pressure setting is at the lowest 4 cmH,O. When the breath
load is 2.5 times normal breathing, reverse flow can occur when pressure is as high as
12 cmH,0O but the re-inhalation increase vanishes when pressure setting is above 6
cmH,O. This is attributed to the fact that at the end of exhalation, the exhaling flow rate
tapers to be smaller than the bias vent flow rate, and the air from CPAP resumes moving
toward the mask before the inhalation phase starts. Since inhalation has not started yet,
the airflow can only flow out from the bias vent holes. If the exhaled air in the HADT
has already completely expelled before the patient starts the next inhalation, the airflow
entering the mask will be fully fresh. However if the reverse flow is too far back into the
HADT when the breath load is large and the pressure setting is low, a certain amount of

the in-HADT exhaled air can re-enter the mask and adds to the re-inhalation.

The percentage of exhaled air in the next inhalation drops along with the increase of
breath load. This is because the exhaled air in the mask is a fixed amount which is more

diluted in a larger breath load.
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It can also be seen in Figure 6.2 that when pressure setting is at 4 cmH,O and the breath
load is 2.5 times normal breathing which is 2023 ml for one inhalation, the exhaled air
remaining in the mask consists of 2.07% of the next inhalation. When exhaled air from
reverse flow is added in, it becomes 12.54% of the total volume of an inhalation.
However, since the breath load rarely reaches 2000 ml [68], the reverse flow’s influence

on exhaled air re-inhalation is negligible.

6.2.2.2 Mask capacity vs. exhaled air inhalation

When there is no exhaled air added-in from reverse flow, the re-inhaled air is only that
remaining in the mask. In this case the percentage of exhaled air in the next inhalation is

proportional to mask capacity (Table 6.1).

Table 6.1 Ratio of percentage of exhaled air in inhalation between full-face mask and nasal mask

Exhaled air re-breath Ratio of
Breath load . .
) . (% in inhalation) Full-face/Nasal
(times of normal breathing)
Nasal Full-face Masks
normal 5.17 17.44
1.5 3.45 11.63
3.375
2 2.58 8.72
2.5 2.07 6.98

From this table, if the mask capacity is that of the full-face mask FlexiFit'"'432 (236
ml) and breath load is normal, the percentage of exhaled air in inhalation can reach
above 17% and the volumetric percentage of CO, can reach about 0.87% which is
higher than the eight-hour-time limit but lower than the 15-minute average limit [26].
When reverse flow adds exhaled air to the inhalation, the full-face mask also gives a
higher percentage of exhaled air to the inhalation (Figure 6.3). This means that the mask

capacity is a significant factor influencing exhaled air re-breathing.
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Figure 6.3 Comparison of exhaled air re-inhalation between nasal mask and full-face mask when
there is reverse flow influence

6.3 Thermodynamics

Several terms need to be defined before the discussion. The average specific humidity,
evaporation rate and condensation rate are all considered as the average value over a
breath cycle’s period. In the thermodynamic discussion, the comparison is limited only
between normal breathing and 2 times normal breathing. The term deep breathing will

be used to stand for the 2 times normal breathing.

As shown and validated in chapter 5, when airflow is steady, the evaporation is mainly
influenced by the heating element temperature setting and CPAP pressure setting. The
factors influencing the condensation in HADT are listed in Table 5.6. Beside these,
when breathing is added in, the fluctuation introduces several other factors influencing

the evaporation and condensation which are explained and defined below.

1. When the pressure drop along a conduit fluctuates, the average of the fluctuating
flow velocity is smaller than the steady state flow velocity. This is because the
flow velocity is proportional to the square root of the pressure drop which makes
the pressure-velocity curve concave. This makes the total amount of the

fluctuating flow within a breath cycle also smaller than that of the steady flow
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within the same period. However, when reverse flow occurs, the total amount of
flow, including the positive flow and the absolute value of the reverse flow, is
greater than that of the steady state. This varying total amount of flow in a
breath cycle certainly influences the convections in this period. This is defined
as the absolute flow amount factor: the convections are influenced by the total
absolute amount of flow within a breath cycle which varies due to fluctuation
and reverse flow.

For the heat and mass convections in the chamber and the HADT, the Nusselt
number and mass convection coefficient are proportional to Reynolds number to
a power less than 1. When there is a fluctuation, the average convection rate is
smaller than that of a steady flow at the medium velocity. The larger the
fluctuation amplitude, the more significant is the difference. This is defined as

the convection concavity factor which is depicted in Figure 6.4 below.

Convection rate

Gaps of convection rate
between steady flow and
average of fluctuating flows

Fluctuation range

>
C

Re

Figure 6.4 Explanation of comparison between steady flow convection rate and average convection

3.

rate of fluctuating flow (not to scale)

When the flow velocity is high, the mass and heat convections are also high.
Therefore, in an HADT lump, when the airflow dew point is higher than the
HADT wall inner surface temperature and coincides with a higher velocity, the
condensation rate is also higher. On the other hand, when the dew point is lower

than the inner surface temperature and coincides with a higher velocity, the
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airflow will have a higher potentiality to vaporize water on the surface. This is
defined as the velocity coincidence factor.

4. Since the specific humidity of airflow from the humidifier chamber is
fluctuating, the dew point of the airflow can sometimes be higher than the inner
surface temperature and sometimes lower. In this case the net condensation can
be heavier than that of the steady flow even when the average humidity of the
fluctuating flow is the same as that of the steady flow. This is attributed to the
fact that the condensation rate is 1.2 times the evaporation rate (see Section 3.6).

This can be defined as the condensation-to-evaporation coefficient factor.

These factors will be elaborated on below.

6.3.1 Influence of breathing induced flow rate fluctuation on the chamber

evaporation
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3.5

25 = |

1.5 Deep breath

—4—Steady flow

—@— Normal breath

Amount of airflowin a 6 seconds cycle time (Litre)

Q.5

0 2 4 6 8 10 12 14

CPAP pressure setting (¢cmH20)

Figure 6.5 Comparison of total amount of air flowing through the system in a 6 seconds breathe
cycle time between steady flow, normal and deep breathing added situations

Figure 6.5 shows the total amount of airflow in 6 seconds under steady flow, normal
breathing and deep breathing added flows. It can be seen that the normal breathing flow
amount is slightly smaller than steady flow. The amount is greater for deep breathing
with reverse flow but even smaller when there is no reverse flow. This is because of the

absolute flow amount factor.
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Figure 6.6 Comparison of evaporation rate averaged in a 6 seconds breathe cycle time between
steady flow, normal and deep breathing added situations

Figure 6.6 shows the average evaporation rate comparison between steady state flow
and breathing added fluctuating flows. Without reverse flow, the evaporation rate drops
when breath load increases due to both the flow amount factor and the concavity factor.
When the pressure setting is 4cmH,0O and breathing is deep, reverse flow occurs, and
the average evaporation rate is almost the same as that of the steady flow. This is
because the larger absolute amount of airflow offsets the concavity factor. Overall, deep
breathing plus reverse flow do not significantly increase the average evaporation rate

while deep breathing without reverse flow reduces the average evaporation rate.

6.3.2 Influence of breathing induced flow rate fluctuation on airflow temperature

in HADT vs. different tube heating

Figure 6.7 shows the airflow average temperature along the HADT between the reverse
flow and non-reverse-flow situations with different tube heating. When there is no tube
heating, the temperature of the airflow from the chamber is, in most cases, lower than
that of the reverse flow from the mask. Therefore, when there is reverse flow, the
average air temperatures in the last few lumps are higher than when there is no reverse
flow. However, when the HADT is heated and if the air from the humidifier chamber
has a temperature similar to the exhaled air when reaching the last few lumps, the

difference is of significance. The HADT wall temperature difference in these lumps is
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even less significant. This means that the wall temperature is not significantly

influenced by reverse flow.
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Figure 6.7 Comparison of average airflow temperature in HADT between normal breathing and
deep breathing under different tube heating when pressure setting is 4cmH,0, heating element is at
55°C, ambient temperature and relative humidity at 22°C and 50%

6.3.3 Influence of breathing induced flow fluctuation on condensation in HADT

When normal breathing is introduced, the velocity fluctuation causes the airflow
humidity, temperature and Reynolds number to fluctuate as shown in Figure 6.8, Figure
6.9 and Figure 6.10 respectively. It can be seen that the transport of the fluctuating

humidity is at a varying velocity.
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Figure 6.8 Airflow velocity in HADT under CPAP pressure setting at 4cmH,0O with normal
breathing
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Figure 6.9 Fluctuation of airflow specific humidity in the chamber and at different locations in

HADT under CPAP pressure setting at 4cmH,0, Heating element 45°C with normal breathing

without tube heating when ambient temperature is 22°C and relative humidity is 50% (the pink
horizontal line is the specific humidity of steady flow for reference)
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Figure 6.10 Fluctuation of airflow temperature in chamber and at different locations in HADT
under CPAP pressure setting at 4cmH,0, Heating element 45°C with normal breathing without
tube heating when ambient temperature is 22°C and relative humidity is 50%

When breathing is deep the velocity of airflow in the HADT is sometimes negative

which means reverse flow is occurring. The dynamic fluctuating velocity, humidity and

temperature graphs are shown below (from Figure 6.11 to Figure 6.14).
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Figure 6.11 Airflow velocity in HADT under CPAP pressure setting at 4cmH,0O with deep
breathing
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Figure 6.12 Fluctuation of airflow temperature in the chamber and at different locations in HADT
under CPAP pressure setting at 4cmH,0, Heating element 45°C with deep breathing without tube
heating when ambient temperature is 22°C and relative humidity is 50%
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Figure 6.13 Fluctuation of airflow specific humidity in chamber and at different locations in HADT
under CPAP pressure setting at 4cmH,0, Heating element 45°C with deep breathing without tube
heating when ambient temperature is 22°C and relative humidity is 50% (the light blue horizontal

line is the specific humidity of steady flow for reference)
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Figure 6.14 Enlarged from Figure 6.13 without specific humidity of steady flow
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In Figure 6.14 the blue curve represents the humidity fluctuation in the chamber, the
green curve in lump 15 and the red in lump 30. The plateau in the red curve is the
specific humidity of exhaled air which is assumed saturated at 33°C. The plateau in the
blue curve represents the specific humidity of the portion of air in the chamber when the
air is saturated at the in-chamber air temperature. This saturation occurs about the
reverse flow period when the air flows over the water surface three times. A high
heating element temperature setting increases the chance of saturation. This plateau (the
saturated portion) becomes very narrow peaks in the green curve (lump 15) and the red
curve (lump 30) which means the plateau flows through these lumps at a much higher

velocity.

For the condensation/evaporation graphs shown below, the values of
condensation/evaporation rate are of net condensation/evaporation rate in a breath cycle
for fluctuating flows and averaged to mg per second. When the curve is above 0, it
means there is no condensate remaining over a breath cycle. This may mean that there is
no condensation occurring at all. It may also be possible that there has been
condensation occurring but the condensate can be taken away within a cycle’s time by
oncoming drier portion of the flow. When the curve is below 0, it means there is

condensate remaining and building up.

6.3.3.1 Effect of airflow fluctuation amplitude on in-tube condensation

To analyse the influence of amplitude on condensation, the model is given the
conditions as listed below. A comparison between normal and deep breathing is

conducted under these conditions.

) Ambient | Heatin:

.. Pressure| Tube Ambient ; g

Conditions . 5 relative | element
setting | heating | temperature ... )

humidity | setting

1 45°C
9 cmH,O] 0W 20°C 50%
2 65°C

When the pressure setting is at 9 cmH20, there is no reverse flow even if the breathing

is deep. The condensation rate graphs and related analysis are shown below.
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6.3.3.1.1 Comparison when heating element setting is 45°C
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Figure 6.15 In-tube condensation with normal breathing and deep breathing added fluctuating
flows under conditions of 9¢cmH,0 45°C 0W 20°C&50%

It can be seen from Figure 6.15 that the deep breathing condensation rate curve stays

close to the normal breath one. This maybe attributed to the following reasons:

1. When deep breathing makes the fluctuating amplitude larger, the average
convection rate is even lower due to the concavity factor. This factor pulls the
deep breathing curve towards the horizontal axis. Furthermore, when the
breathing is deep, the velocity drops down to very low in the middle of
exhalation phase which makes a certain portion of air have a much higher
humidity than the average. This portion generates condensation when entering
the HADT and the condensation-to-evaporation coefficient factor plays a role
dragging the deep breathing curve downward further.

2. Drier air during inhalation phase coinciding with higher velocity creates a higher

potentiality of vaporization which brings up the deep breathing curve.

A detailed explanation based on instantaneous condensation graphs is in Appendix

XVII.
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6.3.3.1.2 Comparison when heating element setting is 65°C

Figure 6.16 shows that when the humidifier chamber heating increases to 65°C,
condensate builds up all over the HADT for both normal breathing and deep breathing.
This time, the deep breathing curve stays all above the normal breathing curve. This is
because the greater fluctuation pulls up the deep breathing curve towards the horizontal
axis due to the concavity factor and the higher potentiality of vaporization (the

coincidence factor) which also brings up the deep breathing curve.
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Figure 6.16 In-tube condensation of steady flow, breathing added fluctuating flows under
conditions of 9¢cmH,0 65°C 0W 20°C&50%

If condensation and evaporation occurs alternately, the condensation-to-evaporation
coefficient factor plays a role and worsens the net condensation. The high velocity
coincidence factor increases convections for both condensation and evaporation. The
concavity factor reduces the average convection for both condensation and evaporation.
The final result depends on their combined effect. Overall, without reverse flow, deep

breathing at least does not worsen condensation.

6.3.3.2 Combined effect of fluctuation, reverse flow and humidity on the HADT

condensation

To analyse the combined effect of fluctuation, reverse flow and airflow humidity on

condensation, the model is set under conditions as listed below. The conditions are all
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the same except the ambient relative humidity. This can almost keep all the other factors

constant except the airflow humidity from the CPAP.

.. Pressure| Tube Ambient Amb1'ent Heating
Conditions settine | heating | temperature relative element
& & P humidity | setting
1 20%
2 4 cmH,O| OW 22°C 50% 55°C
3 80%

6.3.3.2.1 Comparison when ambient relative humidity is 20%
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Figure 6.17 In-tube condensation of steady flow, breathing added fluctuating flows under
conditions of 4cmH,0, 55°C, 0W, 22°C&20% (condensation occurs when curve is below zero)

Figure 6.17 shows that the normal breathing condensation/evaporation curve is below
that of the steady flow. The normal breathing induced fluctuation makes condensation
starting in the last lumps of the HADT. This is due to firstly the concavity factor which
drags the curve towards the X-axial, and secondly the condensation-to-evaporation
coefficient factor, especially in the last few lumps. As for the deep breathing curve, the
flow rate fluctuation amplitude becomes much larger. The portion of airflow travelling
at much higher velocity through the chamber gains less humidity. Because of the high

velocity, the dry portion coincides with high velocity in most of the lumps in this case.
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This vaporization potentiality (coincidence factor) overcomes the condensation-to-
evaporation coefficient factor. This can explain why the first section of the deep
breathing curve is significantly above the normal breathing curve and the steady flow
curve. The graph also shows that the second section of the deep breathing curve drops
sharply. This is because the exhaled air with higher humidity reaches these lumps and
flows through these lumps twice. This high humidity reverse flow offsets a large portion
of the vaporization potentiality. A detailed explanation based on the instantaneous

condensation/evaporation rate is in Appendix X VIII.

6.3.3.2.2 Comparison when ambient relative humidity is 50%
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Figure 6.18 In-tube condensation of steady flow, breathing added fluctuating flows under
conditions of 4cmH,0, 55°C, 0W, 22°C&50%

Figure 6.18 shows that when the ambient relative humidity increases to 50%, the

reverse flow induced curve drop is less sharp than that when relative humidity is 20%.

6.3.3.2.3 Comparison when ambient relative humidity is 80%

Figure 6.19 shows the condensation comparison when the ambient relative humidity
continues to increase up to 80%. This time, the HADT wall temperature is always
below the dew point which eliminates the vaporization potentiality. The reason for the
former part of the deep breathing curve staying above the other two curves is that the

highly humid portion coincides with low velocity while the low humid portion

163



coincides with high velocity which make the whole cycle averaged condensation lighter.

It can also be seen that the reverse flow induced curve drop is even less sharp.
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Figure 6.19 In-tube condensation of steady flow, breathing added fluctuating flows under
conditions of 4cmH,0, 55°C, 0W, 22°C&80%

From these figures above, it can be seen that the deep breathing still does not increase or

worsen the condensation even if there is reverse flow.

Comparing these three graphs, a trend can be seen. The deep breathing curve turns
down sharper when humidity difference between the airflow from humidifier chamber
and the exhaled air increases (e.g. when the ambient RH is 20%). If, under some
conditions, the exhaled air can drag the curve down enough to outdo the vaporization

potentiality, then the deep breathing curve can drop below the normal breathing curve.
6.3.3.2.4 The conditions when reverse flow creates or worsen condensation

From Figure 6.20, it can be seen that when the heating element temperature setting is
lowered to 45°C and the ambient temperature drops to 21°C, the second section of the
deep breathing curve drops below the other two curves. It further drops below 0 in the
last few lumps. This means that the condensation worsens and builds up in these lumps.
The reason for it is that the condensation increased by the exhaled air outdoes the

vaporization potentiality in these lumps.
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Figure 6.20 In-tube condensation of steady flow, breathing added fluctuating flows under
conditions of 4cmH20, 45°C, 0W, 21°C&50%

To summarize, due to the coincidence factor, reverse flow alleviates condensation in the
HADT lumps where the exhaled air can not reach. Even for the last few lumps where
the exhaled air can reach, reverse flow does not always create or worsen condensation.
It creates or worsens condensation only when the humidity of the airflow from the
CPAP is much lower than that of the exhaled air and the wall temperature in the last few

lumps is low enough for condensation to occur and build up.
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6.3.3.3 Combined effect of fluctuation and tube heating on in-tube condensation
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Figure 6.21 Tube heating influence on tube condensation under normal and deep breathing
4cmH,0 55°C 22°C&50% (comparison of tube heating between 0W and 15W)

When condensation occurs in the HADT, tube heating can alleviate or eliminate
condensation. However, the tube heating does not significantly change the relative

position between the normal breathing and deep breathing curves (Figure 6.21).
6.3.3.4 Combined effect of fluctuation and mask capacity on in-tube condensation

To analyse the combined effect of fluctuation and humidity of airflow from the CPAP
on the HADT condensation using different sized mask, the model is set under
conditions as listed below. The conditions are all the same except the ambient
temperature. To remove the influence of the ambient humidity, the ambient relative

humidity is given as 0%.

.. Pressure| Tube Ambient Amb1'ent Heating
Conditions settine | heating | temperature relative element
& & P humidity | setting
1 15°C
2 4 cmH,O OW 22°C 0% 55°C
3 29°C
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When using different sized masks, the air temperature and humidity in the mask may
fluctuate with somewhat different amplitudes. With deep breathing, the air from the
mask reverses into the HADT. However, the results from the model show there is no

actual difference in HADT condensation (Table 6.2).

Table 6.2 Comparison of condensation/evaporation in the last lumps of HADT using different size
of masks (cycle-wise net condensation/evaporation amount in mg/s)

Ambient
15°C 22°C 29°C
temperature
Mask type Nasal | Full face Nasal Full face | Nasal | Full face
Lump 28 -0.294 -0.294 0.282 0.282 1.08 1.08
Lump 30 | -0.362* | -0.361* 0.217 0.217 1.02 1.02

6.3.4 Influence of breathing induced flow rate fluctuation on air conditions in the

mask and in the inhaled air

The effects of mask capacity, breath load, fluctuation amplitude and reverse flow on
temperature and specific humidity of in-mask air and inhaled air are discussed in this

section.

6.3.4.1 The effect of mask capacity and breath load on air temperature in the mask and

in inhaled air

Table 6.3 and Table 6.4 show that the changes of breath load and mask capacity do not

significantly influence the average temperatures of air in the mask and in inhalation.

Table 6.3 Comparison of average temperature in the mask using different sized masks with

different breath load
Normal breathing Deep breathing
Mask type Nasal Full face | Nasal | Full face

Average air temperature
. 29.15 28.61 29.27 29.12
in the mask

Table 6.4 Comparison of average temperature in inhaled air using different sized masks with

different breath load
Normal breathing Deep breathing
Mask type Nasal Full face | Nasal | Full face

Average air temperature
29.10 28.58 29.10 29.09

of inhaled air
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6.3.4.2 The effect of airflow fluctuation amplitude on specific humidity in the mask

and in inhaled air

Firstly, the model’s CPAP pressure is set at 9 cmH,0 to consider the influence only
from fluctuation amplitude. The conditions are the same as in sub-section 6.3.3.1. The
average specific humidity in the mask under normal breathing and deep breathing are

shown in Figure 6.22 in comparison.
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Figure 6.22 Average specific humidity in the mask under 9 cmH,O pressure setting without reverse
flow

The average specific humidity in the mask is slightly lower under deep breathing than
normal breathing. This is because the airflow entering the mask from the HADT is
mainly the portion flowing through the chamber at higher velocity thus with less
humidity. During the inhalation phase of deep breathing, the velocity is much higher

and the humidity is lower.

The average specific humidity in the mask includes the high specific humidity of
exhaled air in the exhalation phase. This exhaled air will be mostly expelled before the
next inhalation starts. So the average specific humidity within inhalation is lower than
the average specific humidity in the mask. The average specific humidity within
inhalation under normal breathing and deep breathing are shown in Figure 6.23 for

comparison.
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Figure 6.23 Average specific humidity in inhaled air under 9 cmH,O pressure setting without

The average specific humidity within an inhalation under deep breathing is about

95~97% of that of normal breathing also due to the lower humidity from the chamber

reverse flow

during the deep breathing inhalation phase.

6.3.4.3 Specific humidity in the mask and in inhaled air when reverse flow occurs

To analyse the combined effect of reverse flow and humidity of airflow from the CPAP

on the specific humidity in the mask and in the inhaled air, the model is set under

conditions as listed below.

.. Pressure | Tube Ambient Amb1'ent Heating
Conditions settin heating | temperature relative element
& & P humidity | setting

1 45°C

2 4 cmH,O OW 22°C 50% 55°C

3 65°C

The average specific humidity in the mask under normal breathing and under deep

breathing with reverse flow are shown in Figure 6.24 in comparison.
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Figure 6.24 Average specific humidity in the mask under 4 cmH,O pressure setting

The average specific humidity in the mask is also lower under deep breathing. This is
because when the breath load is twice that of normal breathing, the exhaled air in
reverse flow mostly expels through bias vent holes, and reverse flow does not actually
contribute humidity to the air in the mask. Thus the lower specific humidity with deep

breathing is also only because of the lower humidity airflow from the chamber.

The average specific humidity in the inhaled air under normal breathing and the average

under deep breathing with pressure setting of 4 cmH,O are shown in Figure 6.25.
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Figure 6.25 Average specific humidity in inhaled air under 4 cmH,O pressure setting
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The average specific humidity in an inhalation under deep breathing is about 90% of
that of normal breathing. Comparing to the example under 9cmH,O pressure setting, the
humidity difference is greater here. This is because the pressure setting here is low and
consequently the normal breathing inhalation phase flow velocity is also low. This
allows the humid portion shifts more to coincide with the patient inhalation phase when
reaching the mask (Figure 6.26). Thus under normal breathing, the inhaled air average
specific humidity is even higher compared to that with deep breathing under the same

conditions.
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Figure 6.26 Mass flow rate of normal breathing under pressure setting of 4 cmH,O
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Figure 6.27 Comparison of specific humidity in the chamber and the mask under normal breathing
and pressure setting at 4 cmH,0O

6.3.4.4 Effect of mask capacity on specific humidity in the mask and in inhaled air

The model 1s set under conditions as listed below. The conditions are all the same

except the breath load and mask capacity.

i Pressure Tube Ambient Ambient relative |Heating element
Conditions . . 1 .
setting heating | temperature humidity setting
Value 4 cmH,0O oW 22°C 50% 55°C

Table 6.5 shows that the mask capacity does not have an influence on average specific

humidity in the mask and in inhaled air.
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Table 6.5 Comparison of average specific humidity in the mask and in inhaled air using different

size of masks with normal breathing

Normal breathing Deep breathing
Mask type Nasal Full face | Nasal | Full face
Average

specific
e 0.0266 0.0266 | 0.0255 | 0.0255
humidity in

the mask

Average
ifi
spe.01' 1c' 0.0214 0.0214 | 0.0191 | 0.0191
humidity in
inhaled air

6.4 Conclusions

Based on the discussion above, conclusions are drawn and listed below for the fluid

dynamic study and the thermodynamic study.

6.4.1

6.4.2

Conclusion for fluid dynamic study

Mask capacity does not influence reverse flow.

Reverse flow increases along with the breath load. Reverse flow also increases
when the pressure setting decreases. Overall, the combination of the CPAP

pressure setting and the breath load determines the reverse flow.

Reverse flow does not definitely add exhaled air to the next inhalation unless the
reverse flow is too far back in the HADT. This may occur only when the

pressure setting is at the lowest and the breath load is unusually large.

When there is no exhaled air added in from reverse flow, re-inhalation of

exhaled air is proportional to mask capacity.

When there is no exhaled air added in from reverse flow, the percentage of

exhaled air in inhalation drops along with the increase of breath load.

Conclusion for thermodynamic study

The conclusions drawn for the steady state flow are:

1.

The main factor influencing the chamber water temperature is the heating

element temperature.
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The main factors influencing air temperature in the chamber are the heating

element temperature and ambient temperature.

The main factors influencing evaporation rate in the existing chamber are the

heating element temperature and CPAP pressure setting.

The main factors influencing the air temperature at the outlet of the HADT are

the HADT heating and ambient temperature.

The main factors influencing the condensation in the HADT are all the five
factors: the heating element temperature, CPAP pressure setting, the HADT

heating, ambient temperature and humidity.

Different flow patterns influence heat and mass convections on the chamber
water surface. The larger area the direct impact flow can cover, the larger the

convection rates can be.

The conclusions drawn for the dynamic fluctuation situation are:

1.

Deep breathing does not significantly change the breath-cycle-wise total

evaporation in the chamber.

When breathing induced fluctuation is introduced, the change of condensation is
a combined effect of several factors. Without reverse flow, the deep breathing

induced greater fluctuation amplitude at least does not worsen condensation.

When reverse flow occurs, the condensation occurs or worsens in the HADT
near the mask only when the humidity of the airflow from the CPAP is much
lower than that of the exhaled air and the HADT wall temperature in these lumps
is low enough for condensation to occur and build up. Thus, additional reverse
flow induced condensation may occur when ambient air is dry and cool and the
humidifier heating is also set low. Since deep breathing decreases the average
humidity in inhaled air, it is not proper to reduce chamber outlet humidity for
eliminating the reverse flow induced condensation in the HADT. Increasing tube

heating may be the way to remove this extra condensation.

Tube heating can alleviate or eliminate condensation but does not significantly

change condensation gap between normal breathing and deep breathing.

The overall specific humidity in inhaled air is lower under deep breathing.
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6. The deep breathing and reverse flow do not significantly influence the average

inhaled air temperature.
7. Mask capacity does not influence the thermal conditions in the HADT.

8. Mask capacity does not influence the inhaled air specific humidity and does not

significantly influence its temperature.

6.5 Future work

Through the course of this project, further investigations in specific areas have been

identified for future research and design. They are listed and briefly discussed below.

1. Full range experiment to validate the models” dynamic performance.

2. From chapter 1, by volume, the CO; limit in inhaled air is 0.325% [26] and the
average CO, concentration in exhaled air is 3.7%, thus the exhaled air should
not surpass 8.8% in the next inhalation. Based on the model, the nasal mask
gives 6.16% of exhaled air being re-breathed when breathing is normal.
Considering that the air stayed in the mask is the end of the last exhalation, it
may contain a higher percentage of CO, than the average. Hence, the CO,
concentration may be already close to the limit. Different location of bias vent
holes may influence the mixing process in the mask. It may be good to re-
consider the location of the bias vent holes in future design. A quantitative
analysis of the location influence on mixing and exhaled air re-inhalation may be

helpful for the design.

3. Further investigation in chamber evaporation. Firstly, as analysed in chapter 3,
the direct impact of airflow onto the chamber water surface has much greater
Nusselt number and mass convection coefficient than surface flow. Through a
new design of the chamber, it may be possible to enlarge the water surface area
covered by direct impact so to increase the evaporation rate without increasing
the heating element setting and the water temperature. Secondly, although the
project does not include the chamber water level change in the modelling, the
airflow characteristic velocity in the chamber relates the velocity with the height
of chamber air space. When the water level drops, the bigger air space makes the
airflow velocity in the chamber lower and reduces the convections. A

Computational Fluid Dynamics Analysis considering these factors for a more
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accurate and real flow pattern analysis may be helpful for future design. l.e. a
design which can also compensate for the influence of water level change on

evaporation rate.

. It will be helpful to develop a scheme which would be able to adjust the
humidifier heating inputs so to compensate for the airflow humidity change due

to the change of the pressure setting and the water level drop.

. It will also be beneficial to develop a scheme which will be able to adjust the
heating element setting to offset the breath load induced inhaled air humidity

change.

. A scheme may also be needed for the tube heating adjustment to alleviate the
condensation induced by the above-mentioned humidifier heating adjustments
and reverse flow. This means a higher humidifier heating and a higher tube
heating to cooperatively provide an ideal humidity level without increasing

condensation.

. Usually, the inhaled air has a lower humidity than the average humidity of
airflow from the chamber. This means the majority of the water evaporated is
not utilized but may only increase the possibility of downstream condensation. It
would be ideal to find a way to reduce the humidity fluctuation from the
chamber which could increase the inhaled air humidity without increasing

condensation.
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Appendix I.Regression of the pressure at air delivery unit blower

outlet

This appendix is to show the data process for the relationship of ADU outlet pressure

with its pressure setting and volumetric flow rate.

The pressure readings were taken after the pressure sensor calibration. These data were

corrected to produce stagnation pressure.

Two rounds of tests were done for at pressure settings of 4, 6, 8, 10, 12, 14, 16, 18 and
20 cmH,0. For each setting the ADU outlet actual pressure is tested at different
volumetric flow rate. Due to the flow rate was controlled by valve at the downstream
tube end which was difficult to control the flow rate accurately so the flow rate was
adjusted to approximately -30, -20, -10, 0, 15, 30, 45, 60, 75, 90 and 105 L/min.

Because the pressure sensing orifice is located at the ADU outlet and the air flows

normal to it, a compensation of the gap of static and stagnant pressure was calculated as

[69]:

1 4
P =P  +—[(1+—)pu’
stag static 7 [( Re)p ]

After this compensation and averaging of regressed expression of each setting in each

round, the relationship of outlet pressure vs. flow rate may be regressed as:
P, =au,’ +bu,’ +cu,+d

When pressure setting is at 4cmH2O, the relationship of ADU outlet pressure vs.
volumetric flow rate are measured and recorded below. (Airflow velocity converted

from volumetric flow rate is also included)

First round:
Table 1. 1 First round of ADU outlet pressure
P Measured
Q(L/min) | V(m/s) ' P Compensate (Pa) | P_stag(Pa)
(static) (Pa)
-29.28 -1.69 451.03 1.64 452.67
-20.35 -1.17 435.54 0.79 436.33
-9.55 -0.55 419.21 0.17 419.38
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0.08 0 407.32 0 407.32
15.81 0.91 408.9 0.48 409.38
31.22 1.8 409.33 1.86 411.19
45.44 2.62 395.43 3.94 399.37
60.67 3.49 369.65 7.02 376.67
74.81 431 335.84 10.67 346.51
89.77 5.17 291.29 15.36 306.65
97.75 5.63 264.59 18.22 282.81

Table 1. 2 Second round of ADU outlet pressure

Q(L/min) | V(m/s) P_Measured P Compensate (Pa) | P_stag(Pa)
(static) (Pa)

-30.77 -1.77 450 1.81 451.81
-21.36 -1.23 435.82 0.88 436.7
-9.87 -0.57 421.75 0.19 421.94
0.06 0 406.5 0 406.5
14.44 0.83 408.84 0.4 409.24
29.5 1.7 411.44 1.66 413.1
44.74 2.58 394.71 3.82 398.53
59.57 3.43 371.94 6.77 378.71
74.56 4.29 337.22 10.6 347.82
88.36 5.09 296.6 14.88 311.48
97.26 5.6 267.33 18.04 285.37

By using curve fitting and averaging of the two rounds, the relationship of ADU outlet

pressure vs. airflow velocity in the duct can be expressed as:
P, =-1.1387u;, +3.287%u;, —10.0609u,, +415.40

The tested results and the regressed curve is shown in figure below:
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Figure 1. 1 Tested results and the regressed curve for ADU outlet pressure when pressure setting is
4cmH20

By using the same method, such a 3-ordered expression can be obtained for each of the

tested pressure settings. The coefficients for each pressure setting are listed below:

P, a b C d
4cmH20 | -1.1387 | 3.2879 | -10.0609 | 415.40
6cmH20 | -1.1219 | 3.8749 -9.4252 611.44
8cmH20 | -1.3316 | 5.8853 | -10.4933 | 807.36

10cmH20 | -1.4676 | 7.2633 -9.4144 | 1001.50
12cmH20 | -1.6729 | 9.3706 | -11.9589 | 1187.60
14cmH20 | -1.8456 | 10.7920 | -10.7130 | 1378.05
16cmH20 | -2.1916 | 14.0150 | -14.9430 | 1563.70
18cmH20 | -2.4434 | 15.5360 | -9.6832 | 1748.35
20cmH20 | -2.5066 | 16.9690 | -12.4421 | 1957.05

It is convenient for dynamic simulation modelling to unify them by regressing the

coefficients again as:

a,=—0.0961P,, —0.5932
b, =0.9124P, —12827

¢, =—0.1791P, —8.9763
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d,=95.555P,, +38.95
Where P, is in cmH2O for easy user-input.

So the global expression for the ADU outlet pressure may result in:

P, =(=0.0961P,, —0.5932)v,* +(0.9124P,, —1.2827)v,’
+(~0.1791P,, —8.9763)v,, +(95.555P,, +38.95)

The tested results and the regressed curves are shown in Figure 2.11.
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Appendix II. Regression of the pressure drop on the connecting

duct

This appendix is to show the data process for the pressure drop on the connecting duct.

The relationship of connecting duct flow velocity and pressure drop has been shown by

Eq. (2.13). Choosing friction factor form as:

After a compensation of the gap of static and stagnant pressure, data from experiment
were used to determine the relationship of duct flow velocity and overall pressure drop

from the outlet of the blower to the chamber.

Table II. 1 Test result of airflow velocity and pressure drop in the connecting duct

Test Round A Test Round B

up, (m/s) (P, = F)(pa) up, (m/s) (P, — £ )(pa)
0.9064 2.8911 0.9179 2.9369
1.7402 7.9231 1.7528 7.8076
2.5523 16.5899 2.6246 17.4839
3.4541 29.8144 3.5022 30.6139
4.3338 46.9712 4.3251 46.0076
5.1804 66.7598 5.1966 65.9512
6.0851 91.5251 6.3109 93.1875

Regressing the data gave a=0.1679 and k, =0.4226. The data from experiment and

the fitted curve has been shown in Figure 2.14. So the relationship of velocity and

pressure drop on the connecting duct can be expressed as Eq. (2.15).
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Appendix III. Regression of the air temperature increase after

flowing through the blower

This appendix is to explain the data process of obtaining the relationship between

enthalpy increase and CPAP pressure setting and the corresponding data process.
Repeating the tests under three different ambient conditions as listed below:

e Temperature 10°C and relative humidity 50% for cold and dry condition
e Temperature 20°C and relative humidity 70% for most common room condition

e Temperature 35°C and relative humidity 90% for hot and humid condition

The thermal enthalpy increase is calculated by Eq. (3.2). When under temperature 10°C
and relative humidity 50%, the specific humidity level is d = 0.003761 (kg/kg) and the
result is shown below:

Table III. 1 Airflow temperature and enthalpy increases after flowing through ADU when ambient
temperature is 10°C and relative humidity is S0%

P-set(cmH20) | T,,(°C) | AT, (°C) | AH(J/kg)
4 12.29 2.29 2311.15
6 13.12 3.12 3141.45
8 13.87 3.87 3905.57
10 14.56 4.56 4601.74
12 15.29 5.29 5332.23
14 15.95 5.95 6000.24
16 16.47 6.47 6525.47
18 16.63 6.63 6680.55
20 17.10 7.10 7160.88

When under temperature 20°C and relative humidity 70%, the specific humidity level is
d=0.0101 (kg/kg) and the result is shown below:
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Table III. 2 Airflow temperature and enthalpy increases after flowing through ADU when ambient
temperature is 20°C and relative humidity is 70%

P-set(cmH20) | T,,(°C) | AT, (°C) | AH(J/kg)
4 22.89 2.89 2928.67
6 22.93 293 2969.04
8 23.20 3.20 3239.90
10 23.73 3.73 3780.83
12 24.40 4.40 4460.65
14 25.19 5.19 5262.07
16 25.92 5.92 6002.51
18 26.66 6.66 6746.34
20 27.03 7.03 7129.71

When under temperature 35°C and relative humidity 90%, the specific humidity level is
d =0.03167 (kg/kg) and the result is shown below:

Table III. 3 Airflow temperature and enthalpy increases after flowing through ADU when ambient
temperature is 35°C and relative humidity is 90%

P-set(cmH20) | T,,(°C) | AT,,(°C) | AH(J /kg)
4 3789 | 2.89 2978.92
6 3846 | 3.46 3568.89
8 39.01 401 4140.59
10 39.58 | 4.8 4727.30
12 40.15 5.15 5310.94
14 40.66 | 5.66 5836.77
16 41.00 | 6.00 6197.36
13 4137 | 637 6578.09
20 4144 | 644 6642.78
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The average gained enthalpy is listed below:

AH(J /kg)

T, =10°C T, =20°C T =35°C
P-set(cmH20) Averaged

RH_ =50% | RH_,=70% | RH,_ =90%
4 2311.15 2928.67 2978.92 2739.58
6 3141.45 2969.04 3568.89 3226.46
8 3905.57 3239.90 4140.59 3762.02
10 4601.74 3780.83 4727.30 4369.96
12 5332.23 4460.65 5310.94 5034.61
14 6000.24 5262.07 5836.77 5699.70
16 6525.47 6002.51 6197.36 6241.78
18 6680.55 6746.34 6578.09 6668.33
20 7160.88 7129.71 6642.78 6977.79

The averaged enthalpy gains have been shown in Figure 3.4. Thus the resulting curve
fitting may be expressed by Eq. (3.4). The correlation of R*=0.999 shows excellent fit.
Therefore the temperature of chamber inlet from ADU can be expressed by Eq. (3.6).
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Appendix IV. The corrugated HADT outer surface area

The geometric shape of the corrugation is shown in figure below.

-
- |

WWQ vz
|

LW 0T

Figure IV 1 HADT corrugated outer surface

T

Height of the side ring

Figure IV 2 the height of the side ring of the bead
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The geometric parameters are listed below:

symbol parameter (mm)
[ Pitch length 5.65
[ Bead width 3.2
I Width of the film part 3.35
r Radius of the bead (1/2 of 11) 1.6
h Height of the side ring of the bead 0.75
" Height from HADT centre axis to the top of the side ring of the 104

bead

When the origin of the co-ordinators is as in the figure above, the expression of the

semi-circle is:

=P —(x—=r) +H=\1.6 —(x—1.6)> +104=+/32x-x* +10.4

So the semi-circular revolved surface area is [70]:

32 )
A, :240 1+ (") dx

Where y’:[(3.2x—x2)]/2]' _sz and \/T_ T 22 .56
—x

3xx

\N32x—x* +10.4
Thus A, =27  yy1+(¥)’dx=27J2.56| [ ldx =360.63 (mm?)
J. I V3.2x—x

The area of the two flat rings (see Figure IV 3):
A =2x(mH* —7R})=2xm(10.4* —9.65%) =94.48 (mm’)

The two parts of the film are like two frusta of cones (see Figure IV. 1) and the area can

be calculated as:

A, =2x[x(R, +R)\/( 2y (R -R)*] 2x[7r(1035+965)\/(£) +(10.35-9.65)*]

=205.17 (mm®)
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The total area of the complicated corrugated surface is:

Appa = Ay + A, + A, =360.63 +94.48+205.17 = 660.28(mm*) =660.28 (mm?)

Total
The area of the base cylinder is:

A = 7Dl =19.3x5.657 =342.58 (mm®)

Base—cylinder
Thus the ratio of the corrugated surface area to the base cylindrical surface area is:

Rati0=660.28/342.58=195%
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Appendix V. Regression of dew point
According to the definition in this thesis, the specific humidity is:

Jo_ M m,/m,  AbsoluteHumidity
m,+m, m, /m,+1 14 AbsoluteHumidity

Based on The relationship between temperature and Humidity ratio at Saturation [71],
the corresponding specific humidity at saturation is calculated and listed below along

with the temperature and the saturated humidity ratio:

Table V. 1 Saturated humidity ratio, specific humidity vs. temperature

Temperature |Humidity Ratio at Saturation Specific Humidity at
Saturation
(°O) (kg of vapour/kg of dry air) | (kg of vapour/kg of moist air)

5 0.0054 0.005371

10 0.0077 0.007641

15 0.011 0.01088

20 0.015 0.014778

25 0.02 0.019608

30 0.027 0.02629

35 0.037 0.03568

40 0.049 0.046711

45 0.065 0.061033

50 0.087 0.080037

55 0.12 0.107143

60 0.15 0.130435
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Figure V. 1 Regression of saturated specific humidity vs. temperature

Regress the saturation temperature from 5 to 60°C against specific humidity gives dew

point temperature as expressed by Eq. (3.82) with R? = 0.9974.
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Appendix VI. Relationship regressions between relative humidity,

specific humidity and absolute humidity

This appendix is for explanations of the conversions between relative humidity, specific

humidity and absolute humidity.

VI.1 Conversion of relative humidity into specific humidity

The ratio between partial pressure of any air component to the total pressure is
proportional to the component mole fraction [72]. For saturated moist air, its partial

pressure of vapour can be expressed as:

m, /18.01
RS‘atu = Total
m,/18.01+m, /28.966

Where m, is mass of vapour in the moist air, m, is the mass of dry air in the moist air,

P

o 18 total pressure, 18.01 and 28.966 are molar weight of water vapour and dry air

respectively.

The ratio of saturated vapour partial pressure to the total pressure vs. temperature is

given below [49]:

Temperature ) B! Prora
5 0.008721
10 0.012276
15 0.017051
20 0.02339
25 0.03169
30 0.04246
35 0.05628
40 0.07384
45 0.09593
50 0.1235
55 0.1576
60 0.1994
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This ratio can be regressed against temperature as:

P /P =8.63x107"T°-1344x10°T* +8.784x10'T +4.268x10°

Satu Total

with R? =0.9999 .

Since specific humidity is defined as:

m 18.01P,

d — v — Vapor
m,+m, 28966F, . +18.01F, .
Where . = K, - RH , RH is relative humidity in decimal and:
PDryAir = 28'966(PToml - RS'atu ’ RH)

Thus specific humidity can be expressed by relative humidity as:

_ 18.01(8.63x107T° —1.344x10°T* +8.784x107*T +4.268x107°) - RH
28.966-10.956(8.63x107 7% —1.344x107°T* +8.784x107* T+ 4.268x107)- RH

V1.2 Conversion of specific humidity into relative humidity

Since: RH = ,
m

=(m,/m;)+(m,/m,) and m/m,is the humidity ratio of saturated

vs

air and can be acquired from table 1 and regressed as below:

m /m,= 1.00x10°T> — 3.55x10°T> + 1.03x107°T + 547x10™

On the other hand, Since:

m, m,/(m,+m,) m [(m +m,) d

4

md_(mv+md)_mv 1_ mv 1_d

m, +m, m,+m,

Thus

d/(1-d)
H = “6rr3 52 3 )
1.00x107°T" — 3.55x107°T° + 1.03x10°T + 5.47x10
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VI.3 Conversion of specific humidity into absolute humidity

Absolute humidity is defined as vapour mass in a certain volume which can be

expressed as:

c =2
V
For 1 mole of moist air:
V =831T/P

Thus:

mpP _ (m,+m,)d-P [18.01d +28.966(1—d)ld - P
Y 83IT 8317 8.31T

The unit for C can be g/L or kg/m’ and the latter kg/m’ is used in this project.
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Appendix VII.  Details of the CPAP fluid dynamic section after ADU

outlet

The CPAP fluid dynamic section after ADU outlet subsystem has been shown in Figure

4.5, section 4.2.1.2 and its details are shown below.
VII.1 The connecting duct airflow velocity subsystem

Figure VII. 1 shows the connecting duct airflow velocity subsystem which is created
from Eq. (2.21). The model chooses average chamber air temperature and average
chamber air density for fluid dynamic section to simplify the modelling as mentioned in
chapter two. Chamber air capacity is given as the amount of 206ml as is filled at highest

water level.

Input port number Input Unit
1 Pressure in chamber Pascal
2 Airflow velocity in HADT | m/s

Its output is connecting duct airflow velocity in m/s.

- p{durat
In1 —
P_chmbrpa) Derivative N
2.2001e0 -
MWCRT
[ 2} - +
>< -
In2 ™+
W _tubelmd=)
2.3208e-4 -
2.8034e-4 =
TUBE_c#s_area ot
"Tubedhirbensity DUCT_ois_area V_ducttmis)
(hgém) *TubeAirhensity

thg/mj

Figure VII. 1 Connecting duct Airflow Velocity Subsystem

VIL.2 The chamber pressure subsystem

The chamber pressure subsystem is shown in Figure VII. 2. It is created from Eq. (2.16)

0.8451

D

. Value of 13.36 in block “Duct P/V-coef” is calculated from .
D, ( pPpa )0.1679
D

Da

Inputs to this subsystem are listed below.
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Input port number Input Unit
1 Pressure at ADU outlet Pascal

2 Airflow velocity in connecting duct | m/s

Its output is dynamic chamber pressure in Pascal.

- <l

>
In + .
-
F_ADUoutipa) *:l_’ .
0.235 h -Duﬂ
Ductlength® AirD e nsity Cruct F_chmbrpa)

FiS-coet

1336 _|_>
>

In2
Abs_of 08321
W_d J: =
~uekmis) V_dust
poer_0.8321
| dusidt

L

Drerivative

w1

Figure VII. 2 Chamber Pressure Subsystem

VII.3 The HADT airflow velocity subsystem

Figure VII. 3 shows the HADT airflow velocity subsystem created from Eq. (2.28).

Again, air temperature and density in the mask are simplified as fixed average values.

Inputs are listed below.

Input port number Input Unit
1 Pressure in the mask | Pascal
2 Patient’s breath load | kg/s
3 Mask capacity m’

Its output is HADT airflow velocity in m/s.
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Inz ™
Bire ath w
load_gkats) 33e-d gk (T
¥ Outd
i TUBE_wis_area W_tube(mes)
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|
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226158 -
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BiasWentCoeff

Figure VII. 3 HADT Airflow Velocity Subsystem
VII.4 The mask pressure subsystem

Figure VII. 4 shows the mask pressure subsystem created from Eq. (2.24). Value of 5.63

0.6328

D,
DTI( 77:]1pTa )0.25

Ta

. Inputs are listed below.

i block “Tube P/V-coef” is calculated from

Input port number Input Unit
1 Pressure in chamber Pascal
2 Airflow velocity in HADT | m/s

The output is mask pressure in Pascal.

1 o

1 i »
In1 : + |
density=1.14 * -
P_chmbrpa) |- k4
Out1
197 4
P _mshipa)
Tube_Length™Airlensity
563
Tube
Pl-coef . W | |

D — 1.
InZ
HAbs

075

W_tubelmis)

power_0.75
| durdt

Figure VII. 4 Mask Pressure Subsystem
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Appendix VIII. Details of whole chamber steady state subsystem

The whole chamber steady state subsystem has been shown in Figure 4.15, section

4.3.1.1 and its details are shown below.
VIII.1 The CPAP chamber inlet temperature subsystem

Figure VIII. 1 is the subsystem calculating the chamber inlet temperature. It is based on

Eq. (3.5) and Eq. (3.6). Inputs to this subsystem are listed below.

Input port number Input Unit
1 Ambient air temperature °C
2 CPAP pressure setting cmH20
3 Ambient air specific humidity | In decimal

The output is the chamber inlet temperature from ADU.

m
aea < =s
| »
T_lckas ot
T_Cham b hifow )

¥+ +

T

1 =+ ol S
L .:r[ L
ha 1850 > #
Amb_Spe cHum

Figure VIII. 1 CPAP chamber inlet temperature subsystem

VIIL.2 The CPAP chamber-water thermal balance subsystem

The subsystem is created based on Eq. (3.49). The water thermal balance subsystem is
mainly for producing steady state water temperature with the simplification that the
water temperature does not change along with breath-induced flow fluctuation as long
as all the settings stay unchanged. Another output is evaporation rate under such steady

state which can be used in comparison with breath-induced fluctuating evaporation rate.
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Inputs to this water-centred subsystem are listed below.

hrllil::ﬂf:rrt Input Unit
1 Heat element temperature setting °C
2 Ambient air specific humidity In decimal
3 Pressure in chamber Pascal

A Average of fluctuating airflow velocities in HADT and .
]
the connecting duct

5 Ambient air temperature °C
6 Portion of direct impact area to total water surface area | In decimal
7 Temperature of inlet to the chamber from ADU °C

T_HeatElemeant

)
Setting(C) il
In1
»
Oy L LU > IC
T_Flate Tap(C) | =
|2
Out
| I3 AR _from_plate_to_water
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then_water =| *
{1
Ductve locitymis) ol L
In4 " - 1
outt » | | 2
(3 | Jul P Iniz u
»
& > .
C1R+1/R+1/R)
InG hA_mix_convect
Forion_of Wiater air
Impact_area Subsys_tem il
= ’
pint ot > ' (1)
T_Ambient(C) =" T_walll ’B—.+ T
In5 innert) |” T_waten)
(5 3 2 Out? -
hA_water_wall1 (T/R+T/R+T/R
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{Z ¥ |inz
InZ
SpecHumid Ll
of_ambient Outd i 2
= plina »(2)
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Figure VIII. 2 CPAP chamber-water thermal balance subsystem
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The outputs from this subsystem are:

Output port number Output Unit
1 Water temperature °C
2 Steady state evaporation rate kg/s

This water-centred subsystem contains 5 subsystems which are listed below and

described in sub-sections below.

e Heat element to water bottom second-level subsystem

e Water surface heat transfer second-level subsystem

e Water surface mass transfer (evaporation) subsystem

e Water surface evaporation latent heat calculation subsystem

e Lower chamber wall (wall 1) heat transfer subsystem

VIIL.2.1 Heat element to water bottom subsystem

This subsystem is to produce heat-plate-top temperature and the reciprocal of total

thermal resistance from heat plate to the bottom of water. It is based on Eq. (3.26).

o
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T_HEat_Element
Setting(C)

11.2225

R _af

ceramic_to_plate_top

g
>
+:l—L
>

2
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In2
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In1 7

Out] —| —

In2 u
A/R_plate_water

- ¥

aterButtom

s

Flate_to_

ubsystem

= o
4 + ™ = (1)
> Divide Dutt
Ic T_FlateTop(C)
e * ]‘ outz
(2

e
L

In1
Out1

L
*
|

InZ

&

B
™

ha_circumfConvect

R _from_plate_to_uwater

Figure VIII. 3 Heat element to water bottom thermal balance subsystem

Inputs to this subsystem are listed below:
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Input port number Input Unit
1 Heat element temperature setting °C
2 Water temperature °C
3 Ambient air temperature °C

The outputs from this subsystem are:

Output port number Output Unit

1 Heating plate top temperature °C

Reciprocal of thermal resistance from heating

2 (°C /W)

plate top to water bottom

Both of the outputs will be used for calculating water temperature.

This subsystem contains several sub-subsystems in it. They are for calculating
reciprocals of thermal resistances on the heat plate outer surface and the chamber base
rim surface and total thermal resistance from heat plate to the bottom of the water. They

are shown and explained below.

VII1.2.1.1 Total thermal resistance from heat plate to water bottom

This sub-subsystem is based on Eq. (3.17). Inputs to this subsystem are listed below.

Input port number Input Unit
1 Temperature on chamber base top °C
2 Water temperature °C

The output is the total resistance from heat plate top to water.

0.54 AreafChretlength

g*ChretLength3 FAVRG_ThermalConductty
+ = of_ater_at_S0COMYmC)
"“ » o P(u—) 2 b aa7ed ®
T_chmbr_baze_topiC) P = 025 + -
In1 BVZER +
i water Ra™.25 Out1
-

! | 'l 000954 R_hpTop_water

E L

R_HeatPlateTop_BaseTop
In2

T_wmatan)

Figure VIII. 4 Total thermal resistance from heat plate to water bottom subsystem

of water. It is a

B -Pr
2

\4

There is a polynomial for calculating the coefficient combination

function of chamber base to water interface temperature (see Appendix XV).
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VII1.2.1.2 Subsystem of reciprocal of thermal resistances on heat plate circumferential

outer surface

This subsystem is based on Eq. (3.24). Inputs to this subsystem are listed below:

Input port number Input Unit
1 Temperature on heat plate top °C
2 Ambient air temperature °C

The output is the reciprocal of the thermal resistances on heat plate circumferential

outer surface.

0.59*PlateCircumf
Diamtr*Pi

g*CircumfHeight"3 *AVRGED_air
T_PlateTop(C) *air_R/N2*Pr thermal_Conductvty
In1 (8.389e6) (0.02632)
1 +
o i lul |—plir0.25 4.78¢3
Out1
Ra”0.25 h*A

Figure VIII. 5 Heat plate circumferential outer surface subsystem

VIIL.2.2 Water surface heat transfer subsystem

The water surface heat transfer subsystem is based on Eq. (3.39) but output is the
reciprocal of the resistance. The total mixed Nusselt number is calculated by Eq. (3.38).

Inputs to this subsystem are listed below.

Input port number Input Unit
1 Water temperature °C
2 Temperature of inlet to the chamber from ADU °C
3 Velocity of inlet to the chamber m/s
4 Portion of impact area to total water surface area | Decimal

For the water thermal balance subsystem, it only considers the steady status so to
calculate the stable water temperature as discussed in Chapter 3. The inlet uses the
steady flow from ADU and inlet temperature is also of that. The input 3 is actually the

average velocity of airflow at the outlet of the connecting duct and in the HADT and
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input 4 is the portion of impact area to the total water-air interface area (50%). There is
a polynomial for calculating air kinetic viscosity as a function of the interface film

temperature (see Appendix XVI).
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Figure VIII. 6 Water surface heat transfer subsystem
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VIIL.2.3 Water surface mass transfer (evaporation) subsystem

This water surface mass transfer (evaporation) subsystem is created based on Eq. (3.40).
The mixed mass convection (evaporation) coefficient is calculated based on Eq. (3.44),

Eq. (3.45) and Eq. (3.48).

Inputs to this subsystem are listed below.

Input port number Input Unit
1 Relative pressure in the chamber Pascal
2 Ambient air specific humidity In decimal
3 Velocity of air flowing into the chamber m/s
4 Water temperature °C
5 Temperature of inlet to the chamber from ADU °C
6 Portion of impact area to total water surface area | In decimal

The output of this subsystem is steady state evaporation rate which is required for
calculating the water temperature and can also be used in comparison with dynamic

state evaporation rate obtained from dynamic chamber-air thermal balance subsystem.
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Figure VIII. 7 Water surface mass transfer (evaporation) subsystem
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This subsystem also contains two subsystems:

e Inlet absolute humidity sub-subsystem

e Water surface saturated absolute humidity sub-subsystem

They are shown and explained below.

VIIl.2.3.1 Chamber inlet absolute humidity sub-subsystem

The inlet absolute humidity sub-subsystem is based on Eq. (3.41). The pressure in this

calculation is in kPa and 7 is temperature of inlet to the chamber in K. The conversion

from specific humidity to absolute humidity is calculated and explained in Appendix

VL

Inputs to this subsystem are listed below.

Input port number Input Unit
1 Temperature of inlet to the chamber from ADU °C
2 Ambient air specific humidity In decimal
3 Relative pressure in chamber Pascal
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Figure VIII. 8 Chamber inlet absolute humidity subsystem

VIIl.2.3.2 Chamber water surface saturated absolute humidity sub-subsystem

The chamber water surface saturated absolute humidity subsystem is based on the same

Eq. (3.41). The differences are water temperature instead of airflow temperature and

humidity is the saturated humidity at water temperature. The “RH SpecHumid
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Subsystem” is the same as the one described in section above but with the relative

humidity input always as constant 1. The calculation is explained in Appendix V1.

Inputs to this subsystem are listed below:

Input port number Input Unit
1 Water temperature °C
2 Relative pressure in the chamber | Pascal
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Figure VIII. 9 Chamber water surface saturated absolute humidity subsystem

VIIL.2.4 Water surface evaporation latent heat calculation subsystem

The evaporation latent heat subsystem is created based on Eq. (3.43). Input to the

subsystem is the water temperature.
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Figure VIII. 10 Water surface evaporation latent heat calculation subsystem

208



VIIL.2.5 Chamber wall 1 heat transfer subsystem

This wall 1 heat balance and heat transfer subsystem is created based on Eq. (3.31).

Inputs to this subsystem are listed below:

Input port number Input Unit
1 Water temperature °C
2 Ambient air temperature | °C
.
—— " Nyp
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Figure VIII. 11 Chamber wall 1 heat transfer subsystem

The outputs from this subsystem are:

Output port number Output Unit
1 wall 1 inner surface temperature °C
Reciprocal of natural convectional thermal .
) . . (°C /Wy
resistance on wall 1 inner surface

These two outputs are used in the calculation of the water temperature. Wall 1 inner

surface temperature is used replacing outer surface temperature for calculating outer

surface resistances.

This subsystem also contains two sub-subsystems. The wall 1 inner surface natural

convectional thermal resistance subsystem and the outer surface heat dissipation

subsystem. They are shown below.

209



VII1.2.5.1 Wall I inner surface natural convectional thermal resistance subsystem

This subsystem actually gives out the reciprocal of the Wall 1 inner surface natural

convectional thermal resistance.

Inputs to this subsystem are listed below.

Input port number Input Unit
1 Water temperature | °C
2 Wall 1 temperature | °C
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Figure VIII. 12 Wall 1 inner surface natural convectional thermal resistance subsystem

VIIl.2.5.2 Wall 1 outer surface natural convectional and radiation thermal resistances

subsystem

The subsystem is built based on natural convection calculation. Inputs to this subsystem

are listed below.

Input port number Input Unit
1 Wall 1 temperature °C
2 Ambient air temperature | °C
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Figure VIII. 13 Wall 1 outer surface natural convectional and radiation thermal

VIIL.3 The CPAP chamber-air thermal balance subsystem (steady state)

This steady state chamber-air thermal balance subsystem is to provide steady state in-
chamber air temperature and temperature of wall 2 and wall 3 inner surfaces. The steady
state in-chamber air temperature is used as properties of airflow going into HADT used
in calculating of HADT lump 1 wall temperature. This subsystem is created based on
Eq. (3.64).

Inputs to this subsystem are listed below.

Input port number Input Unit
1 In-chamber air specific humidity In decimal
2 Ambient air temperature °C
3 Ambient air specific humidity In decimal
4 Pressure in the chamber Pascal
5 Temperature of airflow entering the chamber °C
6 Water temperature °C
7 Velocity of air flowing into the chamber m/s
8 Portion of impact area to total water surface area | In decimal
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Figure VIII. 14 CPAP chamber-air steady state thermal balance subsystem

The outputs from this subsystem are:

Output port number Output Unit
1 Steady state chamber air temperature | °C
2 Wall 2 and 3 temperature °C

This subsystem contains 6 subsystems which are listed below and will be described in

following sub-sections.

e In-chamber air specific thermal capacity subsystem

e Chamber inlet specific thermal capacity subsystem

e Water surface convectional thermal resistance subsystem
e Evaporation rate subsystem

e Sharable energy from evaporated water molecules subsystem
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e Wall 2 and 3 inner surface temperature subsystem

VIIL.3.1 Water surface heat transfer subsystem

This subsystem is exactly the same as the one in section VIII.2.2 with the same name.
However, the subsystem here is for calculating the heat the chamber air acquired from
water through surface convection while the subsystem in section VIII.2.2 is for
calculating the convectional heat loss from water to the chamber air through the same

surface.

VIIL.3.2 Water surface mass transfer (evaporation) subsystem

This subsystem is also exactly the same as the one in section VIII.2.3 with the same
name. However, the subsystem here is for calculating amount of vapour gained from
water while the subsystem used in section VIII.2.3 is for calculating the amount of

water lost to chamber air through the same surface.

VIIL.3.3 Sharable energy from vapour calculation subsystem

This simple subsystem provides the amount of energy stored in the evaporated water
molecules which is sharable when the water vapour is mixing with air. Input to this
subsystem is water temperature which is also the temperature of vapour molecules when

escaping from the water.
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Figure VIII. 15 Sharable thermal energy from vapour calculation subsystem

VIIL.3.4 In-chamber air specific thermal capacity subsystem

This subsystem is created based on Eq. (3.2). Input is specific humidity of air in the

chamber. Output is specific thermal capacity of air in the chamber.
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Figure VIII. 16 In-chamber air specific thermal capacity subsystem

VIIL.3.5 Chamber inlet specific thermal capacity subsystem

This subsystem is the same as in section above. The only difference is that its input is

specific humidity of inlet to the chamber.

VIIL.3.6 Wall 2 and 3 inner surface temperature subsystem

This subsystem is created based on Eq. (3.59). Inputs to this subsystem are listed below.

Input port number Input Unit
1 In-chamber air temperature °C
2 Velocity of air flowing into the chamber | m/s
3 Ambient air temperature °C

Outputs from this subsystem

are listed below.

Output port number output Unit
Reciprocal of mixed convectional thermal .
1 (°C /W)y
resistance on wall 2 and 3 inner surface
2 Wall 2 and 3 temperature °C

Output 2 is temperature of the walls with simplifications as wall 2 and wall 3 have the

same temperature and inner surface temperature replacing the wall temperature.
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Figure VIII. 17 Chamber wall 2 and 3 inner surface temperature subsystem

This subsystem contains two sub-subsystems. They are shown and explained below.
VII1.3.6.1 Wall 2 and 3 inner surface thermal resistance subsystem

This subsystem is created based on Eq. (3.61). The output is the reciprocal of the

resistance.
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Figure VIII. 18 Chamber wall 2 and 3 inner surface thermal resistance subsystem

VIIl.3.6.2 Wall 2 and 3 conductive and outer surface resistance subsystem

This subsystem is created for calculating the thermal resistance from wall 2 and 3 inner
surface to ambient air. It is actually based on Eq. (3.62) and Eq. (3.63). Since thermal

conductivity of the chamber wall material Polyethylene is considered constant within
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the working temperature range thus Eq. (3.62) is simplified as a constant value of

0.2205°C /W for the conductive thermal resistance R, .

Chrotlength™3™g 0.594rea/Chretlength
TAVRGED_air TAWRGED_air
T_wallZE3(T) RAVEFr thermal_Conductty
InZ [1.015a7Tmallz [0.02543mallz
+
Jul  +ept0.25 ] + q
L e *»* C Ll T e
Int Ra"0.25 u N e S
T_ambiC) Ciut
45401 Jul {025 w 0.2205 R_sonduct&R_outer
Chrctlength™3™g O.594rea/Chretlength  R_wall2E&3
EAVRGD_air mEAVRGD_air Conduction
2R thermal_Conduchity
[1.015e7 mallz [0.025%2wmal 12

Figure VIII. 19 Chamber wall 2 and 3 conductive and outer surface resistance subsystem

VIIL.4 In-chamber air specific humidity calculation subsystem

This subsystem is created for calculating the specific humidity of air in the chamber. It
is actually a calculation of the mixing of the inlet and the evaporated water vapour. It is

d,-m.+m,

based on Eq. (3.66) i.e.d., = ~. However, when the flow rate is near zero,

me
the calculated specific humidity level from Eq. (3.66) is extraordinarily high. This
makes the result unreal and the model stuck. In fact the change of total vapour amount
in the chamber is far from so significant as the calculated result since the extremity
occurs only when flow rate is very small. To get rid of the influence of such unreal
calculated result, a saturation-control subsystem is placed after this subsystem to curb
the result no more than saturation level. Thus this subsystem contains two subsystems.
One is for calculating the specific humidity of in-chamber air after such mixing and
another following this is the humidity-level curbing subsystem using saturation

controlling. They are shown below.
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Figure VIII. 20 In-chamber air specific humidity calculation subsystem
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Inputs to this subsystem are listed below.

Input port number Input Unit
1 Specific humidity of chamber inlet In decimal
2 Dynamic evaporation rate kg/s
3 Velocity of air flowing into the chamber m/s
4 In-chamber air temperature °C

VIIL.4.1 In-chamber air mixing for specific humidity subsystem

This sub-subsystem is based on Eq. (3.66).
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Figure VIII. 21 In-chamber air mixing for specific humidity subsystem

VIIL.4.2 In-chamber air specific humidity curbing subsystem

This subsystem is for curbing the unreal high specific humidity level from calculation
when air flow velocity is near zero (see Appendix VI for calculation details). Output
from this subsystem is the in-chamber air specific humidity curbed by the chamber air

temperature.
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Figure VIII. 22 In-chamber air specific humidity curbing subsystem
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Appendix IX. Details of steady state HADT lump full thermal

balance subsystem

The steady state HADT lump full thermal balance subsystem has been shown in Figure

4.18, section 4.3.2.1 and its details are shown below.
IX.1 The HADT lump wall temperature subsystem

This subsystem is created for calculating the HADT wall temperature at the inspected

lump. It is based on Eq. (3.80).
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Figure IX. 1 The HADT lump wall temperature subsystem

Inputs to this subsystem are listed below:

Input port number Input Unit
1 Tube heating power to each lump (1/30 of the total) | W
2 Ambient air temperature °C
3 Steady state airflow velocity in HADT m/s
4 Steady state temperature of air in the lump °C

This subsystem contains two subsystems. Details of them are shown below.
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IX.1.1 The HADT lump wall inner surface thermal resistance subsystem
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Figure IX. 2 The HADT lump wall inner surface thermal resistance subsystem

This sub-subsystem is created based on Eq. (3.73).

Inputs to this subsystem are listed below:

Input port number

Input Unit
1 Steady state airflow velocity in HADT m/s
2 HADT wall temperature at the lump °C
3

Steady state temperature of air in the lump | °C

[X.1.2 The HADT lump wall outer surface thermal resistance subsystem

This subsystem is created based on Eq. (3.77).

Inputs to this subsystem are listed below:

Input port number
1
2

Input Unit
HADT wall temperature at the lump | °C

Ambient air temperature °C
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Figure IX. 3 The HADT lump wall outer surface thermal resistance subsystem

IX.2 The steady state lump air temperature subsystem

This subsystem is created for calculating the air temperature in the inspected lump. It is

based on Eq. (3.79). Inputs to this subsystem are listed below:

Input port number Input Unit
1 Temperature of inlet to the lump °C
2 Steady state airflow velocity in HADT | m/s
3 HADT wall temperature at the ump | °C
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Figure IX. 4 Steady state lump air temperature subsystem
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There is a subsystem in it for calculating the HADT lump wall inner surface thermal
resistance which is the same as the one in the HADT lump wall temperature subsystem

above.
IX.3 Flow dew point and HADT lump wall temperature gap subsystem

The dew point and HADT wall temperature comparison subsystem is used for

determine condensation under steady state. The dew point calculation is based on Eq.
(3.82).

Inputs to this subsystem are listed below:

Input port number Input Unit
1 HADT wall temperature at the lump °C
2 Specific humidity of HADT steady state airflow | In decimal
1 +
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2 In +
ol s

J—>+
02,158

Figure IX. 5 Flow dew point and HADT lump wall temperature gap subsystem
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Appendix X.

thermal balance and condensation subsystem

The HADT lump air dynamic fluctuating thermal balance and condensation subsystem

Details of HADT lump air dynamic fluctuating

has been shown in Figure 4.19, section 4.3.2.2 and its details are shown below.

X.1 Dynamic fluctuating lump air thermal balance subsystem

The subsystem contains a one-lump delay subsystem for temperature signal

transportation,

transportation and a dynamic fluctuating lump air temperature subsystem for calculating

two half-lump delay

the fluctuating air temperature in the lump.
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Figure X. 1 Dynamic fluctuating lump air thermal balance subsystem

Inputs to this subsystem are listed below:

specific humidity signal

hrllil:ﬂf:rrt Inputs Unit
1 Temperature of air flowing into the lump °C
2 Specific humidity of air flowing into the lump In decimal
3 Initial in-tube air temperature °C
4 Fluctuating airflow velocity in HADT m/s
5 Ambient air specific humidity In decimal
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6 Fluctuating airflow absolute velocity in HADT m/s
7 HADT wall temperature at the lump °C
The outputs are listed in table below.
output port
output Unit
number
1 Specific humidity of air in the lump In decimal
2 Fluctuating temperature of air in the lump °C
3 Air temperature of outlet from the lump °C
4 Specific humidity of outlet from the lump In decimal

The included dynamic fluctuating lump air temperature subsystem is shown below:
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Figure X. 2 Dynamic fluctuating lump air temperature subsystem
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This subsystem is created for calculating the dynamic fluctuating air temperature in the

inspected lump. It is based on Eq. (3.79).

Inputs to this subsystem are listed below:

Input port number Input

Unit

1 Temperature of inlet to the lump

°C
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2 Absolute value of airflow velocity in HADT | m/s

3 HADT wall temperature at the lump °C

This subsystem contains a sub-subsystem for calculating reciprocal of convectional
thermal resistance on the inner surface of the HADT lump which is the same as the one

in the HADT lump wall temperature subsystem above.

X.2 Dynamic fluctuating HADT lump condensation/evaporation Subsystem

This subsystem is for calculating the dynamic fluctuating HADT Iump
condensation/evaporation and the breath-cycle-wise net condensation/evaporation. The
dynamic fluctuating HADT lump condensation/evaporation is calculated based on Eq.

(3.83).
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Figure X. 3 Dynamic fluctuating HADT lump condensation or evaporation Subsystem

Inputs to this subsystem are listed below:

Input port number Input Unit
1 HADT wall temperature at the lump °C
2 Specific Humidity of air in the lump | In decimal
3 Airflow velocity in HADT m/s
4 Air temperature in the lump °C
5 Breath load (for integration control) g/s
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The outputs are listed in table below.

output port .
output Unit
number
1 Net condensation/evaporation rate (over a breath cycle) kg/s
2 Fluctuating condensation/evaporation rate kg/s

The details of the two subsystems are shown below.

X.2.1 HADT inner surface absolute humidity subsystem

This subsystem is for determine the saturated absolute humidity at the temperature of

the HADT lump wall inner surface. The details for the saturated absolute humidity

calculation is in Appendix VI. The input is the wall temperature at the lump.
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Figure X. 4 HADT inner surface absolute humidity subsystem

X.2.2 HADT lump inlet absolute humidity subsystem

Saturated
AbzHumidity
firall_temp)

This subsystem is to convert specific humidity to absolute humidity for the airflow in

the lump. The details for the absolute humidity calculation is in Appendix VI.

Inputs to this subsystem are listed below:

Input port number Input Unit
1 Air temperature in the lump °C
2 Specific Humidity of air in the lump | In decimal
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Figure X. 5 HADT lump inlet absolute humidity subsystem
X.2.3 Integration for breath-cycle-wise net condensation/evaporation subsystem
This subsystem is for calculating the breath-cycle-wise net condensation/evaporation.
It 1s created based on Eq. (3.87) and Eq. (3.88).

Inputs to this subsystem are listed below.

Input port number Input Unit
1 Fluctuating condensation/evaporation rate | kg/s
2 Breath load (for integration control) g/s

The output from it is a sum of two integrals within a breath cycle which means the net

condensation/evaporation within the same period.
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Figure X. 6 Integration for breath-cycle-wise net condensation/evaporation subsystem
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Appendix XI. Details of steady state mask full thermal balance

subsystem

The Steady state mask full thermal balance subsystem has been shown in Figure 4.21,

section 4.3.3.1 and its details are shown below.
XI.1 Average inlet temperature subsystem

This simple subsystem is to obtain the average mask inlet temperature for steady state
heat balance calculation so the mask wall temperature under breathing-added scenario.

The input is the airflow temperature from HADT lump 30.
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L e
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Figure XI. 1 Average mask inlet temperature subsystem

XI.2 Steady state mask mixing and in-mask velocity subsystem

The “Steady state mask mixing and in-mask velocity subsystem” is to obtain the
averaged absolute values of in-mask volumetric flow rate and characteristic velocity
under breathing-added scenario. The in-mask characteristic velocity is based on

Eq.(3.90).

Inputs of the subsystem are listed below.

Input port number Input Unit
1 Half of Plate 1 inner width m
2 Mask inner height m
3 Average mass flow rate in the mask (absolute value) | g/s

Outputs of the subsystem are listed below:

output port number output Unit
1 Average volumetric flow rate in the mask(absolute value) | m’/s
2 Average velocity in the mask(absolute value) m/s
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Figure XI. 2 Steady state mask mixing and in-mask velocity subsystem

XI.3 Steady state mask thermal balance subsystem

This subsystem contains an in-mask steady state air temperature subsystem and a mask

wall temperature subsystem.

The inputs are listed in table below.

Input port number Input Unit
1 Average mask inlet temperature °C
2 Average volumetric flow rate in the mask(absolute value) | m’/s
3 Length of the triangular plate inner surface m
4 Half width of the triangular plate inner surface m
5 Average velocity in the mask(absolute value) m/s
6 Length of the triangular plate outer surface m
7 Half width of the triangular plate outer surface m
8 Ambient air temperature °C
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Figure XI. 3 Whole mask steady state thermal balance subsystem

The outputs are listed in table below.

output port number output Unit
1 Steady air temperature in the mask (for reference) | °C
2 Temperature of mask wall with heat dissipation | °C

Details of the contained “Mask wall temperature subsystem” and “Steady state mask air

temperature subsystem” are shown below.
XI1.3.1 Steady state mask wall temperature subsystem

This subsystem is to obtain the mask wall temperature. It is created based on Eq. (3.94).
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Figure XI. 4 Steady state mask wall temperature subsystem
The inputs are listed in table below.
Input port number Input Unit
1 Steady air temperature in the mask (for reference) | °C
2 Average velocity in the mask(absolute value) m/s
3 Length of the triangular plate inner surface m
4 Half width of the triangular plate inner surface m
5 Length of the triangular plate outer surface m
6 Half width of the triangular plate outer surface m
7 Ambient air temperature °C

The contained subsystems are shown and explained below.
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X1.3.1.1 Mask outer surface thermal resistance subsystem

The subsystem for outer surface natural convection is shown in Figure XV 1. As
discussed in chapter 3, the outer surface convection is considered as only exists on the

triangular wall since the rectangular side walls are silicon seal and foam insulated.

The inputs are listed in table below.

Input port number Input Unit
1 Length of the triangular plate outer surface m
2 Half width of the triangular plate outer surface | m
3 Temperature of mask wall with heat dissipation | °C
4 Ambient air temperature °C
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Figure XI. 5 Mask outer surface thermal resistance subsystem

X1.3.1.2 Mask inner surface thermal resistance subsystem

The subsystem for outer surface natural convection is shown above. Again the inner

surface convection is also considered as only exists on the triangular wall.
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Figure XI. 6 Mask inner surface thermal resistance subsystem
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The inputs are listed in table below.
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Input port number Input Unit
1 Average velocity in the mask(absolute value) m/s
2 Steady air temperature in the mask (for reference) | °C
3 Temperature of mask wall with heat dissipation | °C
4 Length of the triangular plate inner surface m
5 Half width of the triangular plate inner surface m

XI1.3.2 Steady state mask air temperature subsystem

This subsystem is for calculating the steady state air temperature in the mask. It is

based on Eq. (3.93).

The inputs are listed in table below.

Input port number Input Unit
1 Average mask inlet temperature °C
2 Temperature of mask wall with heat dissipation °C
3 Average volumetric flow rate in the mask(absolute value) | m’/s
4 Average velocity in the mask(absolute value) m/s
5 Length of the triangular plate inner surface m
6 Half width of the triangular plate inner surface m

The subsystem in it is the same as the one in section XI.3.1.2 above.
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Appendix XII.  Details of mask air dynamic fluctuating thermal

balance and condensation subsystem

The mask air dynamic fluctuating thermal balance and condensation subsystem has

been shown in Figure 4.22, section 4.3.3.2 and its details are shown below.
XII.1 Dynamic mixing and in-mask characteristic velocity subsystem

The “Dynamic mixing and in-mask characteristic velocity subsystem” is to obtain the
dynamic fluctuating inlet related parameters: the mask inlet specific humidity, inlet

temperature and the in-mask airflow characteristic velocity.

Inputs of the subsystem are listed below:

Input port number Input Unit
1 Specific Humidity of airflow from HADT lump 30 | In decimal
2 Ambient air specific humidity In decimal
3 Temperature of airflow from HADT lump 30 °C
4 Breath load g/s
5 Half width of the triangular plate inner surface m
6 Mask inner height m
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Figure XII. 1 Dynamic mixing and in-mask characteristic velocity subsystem

Outputs of the subsystem are listed below:

output port number output Unit
1 Specific humidity of airflow into the mask In decimal
2 Temperature of airflow into the mask °C
3 Absolute value of patient’s breath mass flow rate kg/s
4 Characteristic flow velocity on mask inner surfaces m/s

XII.2 Dynamic fluctuating mask air thermal balance subsystem

This subsystem is for calculating the dynamically fluctuating air temperature in the
mask and the average temperature of inhaled air. It is based on Eq. (3.93). The inputs

are listed in table below.

Input port number Input Unit
1 Temperature of airflow into the mask °C
2 Mask capacity m’
3 Absolute value of patient’s breath mass flow rate | kg/s
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4 Length of the triangular plate inner surface m
5 Half width of the triangular plate inner surface m
6 Characteristic flow velocity on mask inner surfaces | m/s
7 Temperature of mask wall with heat dissipation °C
8 Breath load g/s
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Figure XII. 2 Dynamic fluctuating mask air thermal balance subsystem

Outputs of the subsystem are listed below:

output port number output Unit
1 Fluctuating air temperature in the mask | °C
2 Average temperature of inhaled air °C

The mask inner surface convection resistance subsystem is the same as the one in
section XI.3.1.2. The “Inhaled air average temperature subsystem” is shown and

explained below.

The included inhaled air average temperature subsystem is shown below:
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Figure XII. 3 Inhaled air average temperature subsystem

This subsystem is based on Eq. (3.99). The integration is controlled only over the

inhalation phase.

The inputs are listed in table below.

Input port number Input Unit
1 Fluctuating air temperature in the mask | °C
2 Breath load g/s

XII.3 Dynamic fluctuating mask condensation/evaporation subsystem

All the subsystems in it are the same as the ones for HADT lumps. For the foam-seal
part, the input temperature is the air temperature (assumed isolated) and for the

triangular plate, it is the wall temperature. The inputs are listed in table below.

Input port number Input Unit
1 Temperature of airflow into the mask °C
2 Specific humidity of airflow into the mask In decimal
3 Characteristic flow velocity on mask inner surfaces m/s
4 Temperature of airflow into the mask °C
5 Mask inner height m
6 Length of the rectangular plates inner surface m
7 Half width of the triangular plate inner surface m

238



8 Length of the triangular plate inner surface m

9 Breath load g/s

10 Temperature of mask wall with heat dissipation °C
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Figure XII. 4 Dynamic fluctuating mask condensation/evaporation subsystem

The outputs are listed in table below.

output port number output Unit
1 Net condensation/evaporation in a breath cycle | kg/s
2 Real time condensation/evaporation rate kg/s

XII.4 Average specific humidity in inhaled air

This subsystem is based on Eq. (3.100). The integration is controlled only over the

inhalation phase.

The inputs are listed in table below.
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Input port number Input Unit

1 Specific humidity of air in the mask | In decimal

2 Breath load g/s
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Figure XII. S Average specific humidity in inhaled air
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Appendix XIII.

Breaht_magnitude Ratio
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Details of the auxiliary subsystems

Average_bresth_load
Subsystem

oI Out 1

Breaht_magnitude
Ratio LD
-

4
an Normal

1.5 for full face mask
.

ratio_for
Masal_Msh_and

Full_Face_isk Ambiant

RelativeHumidity
in-decimal

e.9.0 5=RH50%
R

P-setting
femH20)

I asi_Geometrlg

LK)

Out?

»int

MASK_Capacity(ma)

N T_avig_of

Ambient
elativeHumidity
in-decimal 18

o2

Amb_and_Chmbi_air
Subsystem

»fint

RH_SpecHumid
inflow_fram_ADU
Subsystam

Yy

T_amb(C)

-

Q_heat_tube()

chmbi_air

specHumidity
(steady)
Display

T_HeatElemnt

specHumidity

setting(C)

E

003333

FecHumT
Saturationfi2

—

1F30_0_far
eachLump(idge

SpecHumid
Saturation

ADU_and H
Chmber| —
Subsystem | 2

Ot

InZ |-

Ot

Outd

s

I |-
+
-
-
In7 |-
-
-+

Qs
Dut?
Ot
Dt
o0

chmbr_air

(dynamic)

F

N

chmbr_air

specHumidity
Awerage
Display

evapor_ate
(steady)

=y

Awrgd_chmbr_evapor_rate
under_fluctuation

T_chmb

real_time

T_chmbr_air
(avig_fluctuated)

u_tube
Stea

specHumidity

Int

0ut1inZ fug——
In?

chmbi_air

Average
evaporation

rate
(Dynamic)

(-

Subsystem

In1

Out 1
In2

shmbr-average
evapor_tate

Subsystem

&

WIEY T_water

In2

Chmbr_air
forerage_temp
am

(mis)
dy

Z_fluctuating

Figure XIII. 1 Auxiliary subsystems and their locations

There are several auxiliary small subsystems light-blue coloured in figure above and

listed below:

Breath load average subsystem

Ambient relative humidity to specific humidity conversion subsystem

Mask geometric parameter subsystem

e Average of ambient temperature and chamber air temperature subsystem

e Average evaporation rate subsystem
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e Chamber air average temperature subsystem

e Chamber air average specific humidity subsystem
Their functions are explained below.
XIII.1 Ambient relative humidity to specific humidity conversion subsystem

The calculation of the conversion is explained in Appendix VI. The inputs to this

subsystem are listed below.

Input port number Input Unit
1 Ambient temperature °C
2 Ambient relative humidity | In decimal
: Piu)
In4 D(Pj =3
TiEd r_Ps=v
- bl ®
- :
RHCin disimal) d=MDVjE_a“
28 8966-158.01 B
28 DBE |+

28.966-10.929RH"r_Psvr

Mualar_weight_of_dne_air

Figure XIII. 2 Ambient relative humidity to specific humidity conversion subsystem
XIIL.2 Mask geometric parameter subsystem

This subsystem is for providing the mask geometric parameters to the mask subsystem.
The input to this subsystem is the ratio of mask type. The ratio is 1 for nasal mask and
1.5 for full face mask. The output 1 is a multiplex output to the mask. The output 2 is

the mask capacity to the fluid dynamic subsystems in the chamber main subsystem.
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Figure XIII. 3 Mask geometric parameter subsystem

XIII.3 Breath load average subsystem

This subsystem is to provide the average breath load to the steady state mask thermal
balance subsystem. The input is the breath load ratio. The ratio is 1 for normal breathing

and 2 for deep breathing.
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Figure XIII. 4 Breath load average subsystem

XIII.4 Average of ambient temperature and chamber air temperature subsystem

This subsystem is to provide an initial temperature for air in each of the HADT lump.
The initial temperature should be somewhere between the stabilized air temperature in
lump 1 and lump 30 over all the condition ranges thus to reduce the temperature

ramping time.
The inputs are listed in table below.
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Input port number Input Unit
1 Ambient temperature °C
2 Steady state in-chamber air temperature | °C
3 Total tube heating power w

T o

Coef

—*(1)

Outi

Figure XIII. 5 Average of ambient temperature and chamber air temperature subsystem

XIIL5S Average evaporation rate subsystem

This subsystem is to provide the average evaporation rate over a breath cycle by

integrating the real time evaporation rate and being divided by the breath cycle time.

The inputs are listed in table below.

Input port number Input Unit
1 Fluctuating evaporation rate kg/s
2 Breath load (for control purpose) | g/s

The output is the averaged evaporation rate in kg/s.

>

Figure XIII. 6 Average evaporation rate subsystem
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t
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XIII.6 Chamber air average temperature subsystem

This subsystem is to provide the chamber air average temperature over a breath cycle. It
can be seen that it is the same as the subsystem above. The only difference is the input 1

is the real time chamber air temperature.
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XIIL.7 Chamber air average specific humidity subsystem

This subsystem is to provide a weighed chamber air average specific humidity over a
breath cycle. It can be used for comparison with the specific humidity under the steady
. . . . . qu Pdt
state for analysis. It is based on the weighed integration:d,,, = J.—d
qpat

The inputs are listed in table below.

Input port number Input Unit
1 Breath load g/s
2 Fluctuating specific humidity in the chamber | In decimal
3 Average of fluctuating airflow velocities in
HADT and the connecting duct s
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Figure XIII. 8 Chamber air average specific humidity subsystem
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Appendix XIV. Steady state thermal-validation experiment result

and model output comparison

The table below shows the combinations of conditions and settings under which the

experiments were conducted:

Table XIV. 1 Conditions for steady state thermal-validation experiment

Heating Element
T (°C) P, Tube Heating Setting
Setting
Low(about14°C) 4cmH20 45°C ow
Normal(about22°C) | 12cmH20 55°C 5w
High(about33°C') | 20cmH20 65°C 30w

The experiments were conducted under normal room temperature, low temperature and
high temperature. The low and high temperatures were achieved in a big environmental
control room. The actual temperature in the room was about 14°C for low temperature

and about 33°C for high temperature. The error between experimental result and model

T, Model ~— T, Exp

output is defined as: ¢ = x100%. It gives how much the model outputs are

Exp

deviating from the experimental results.

XIV.1 In-chamber water temperature

XIV.1.1 Under low ambient temperature

Pressure Ambient Heating Element | T Water | T Water
Setting Conditions Setting (Exp.) (Model) ¢ (error)
T =14.2°C 45°C 39.5°C | 39.33°C -0.43%
4cmH20 55°C 46.1°C | 47.29°C 2.58%
RH, =T71.7% 65°C 54.1°C | 55.01°C | 1.68%
T =14.4°C 45°C 38.5°C | 38.13°C -0.96%
12cmH20 55°C 45.9°C | 45.67°C -0.50%
RH, =70.3% 65°C 53.3°C | 52.94°C | -0.68%
T =14.4°C 45°C 37.6°C | 37.45°C -0.40%
20cmH20 55°C 44.7°C | 44.73°C 0.07%
RH, =70.7% 65°C 52.8°C | 51.74°C | -2.01%
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XIV.1.2 Under normal ambient temperature

Pressure Ambient Heating Element | T Water | T Water
Setting Conditions Setting (Exp.) (Model) ¢ (error)
T =21.6°C 45°C 39.7°C | 39.87°C 0.43%
4cmH20 55°C 48.5°C | 47.80°C -1.44%
RH, =47.3% 65°C 56.5°C | 55.51°C | -1.75%
T =21.9°C 45°C 39.4°C | 38.98°C -1.07%
12cmH20 55°C 46.3°C | 46.44°C 0.30%
RH, =64.0% 65°C 54.5°C | 53.67°C | -1.52%
T =21.9°C 45°C 38.7°C | 37.92°C -2.02%
20cmH20 55°C 45.7°C | 45.18°C -1.14%
RH, =39.5% 65°C 53.4°C | 52.18°C | -2.28%
XIV.1.3 Under high ambient temperature
Pressure Ambient Heating Element | T Water | T Water ¢ (erron)
Setting Conditions Setting (Exp.) (Model)
T, =33.0°C 45°C 40.8°C | 40.74°C -0.15%
4cmH20 55°C 48.4°C | 48.65°C 0.52%
RH, =30.2% 65°C 56.6°C | 56.33°C | -0.48%
T =33.1°C 45°C 39.8°C | 39.45°C -0.88%
12cmH20 55°C 47.2°C | 46.93°C -0.57%
RH, =23.6% 65°C 54.7°C | 54.16°C | -0.99%
T, =32.9°C 45°C 39.9°C | 38.96°C -2.36%
20cmH20 55°C 46.8°C | 46.16°C -1.37%
RH, =29.4% 65°C 53.5°C | 53.10°C | -0.75%
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XIV.2 Chamber outlet air temperature

The air temperature at the outlet is used to represent the average temperature of in-

chamber air.

XIV.2.1 Under low ambient temperature

Pressure Ambient Heating Element | T Ca T Ca
& (error)
Setting Conditions Setting (Exp.) (Model)
T =14.2°C 45°C 21.5°C | 22.84°C 6.23%
4cmH20 55°C 24.4°C | 25.45°C 4.30%
RH, =T71.7% 65°C 26.8°C | 28.57°C | 6.60%
T =14.4°C 45°C 24.8°C | 23.86°C -3.79%
12cmH20 55°C 26.8°C | 25.92°C -3.28%
RH, =70.3% 65°C 28.7°C | 2831°C | -1.36%
T =14.4°C 45°C 25.9°C 25.04°C -3.32%
20cmH20 55°C 28.4°C | 26.88°C -5.35%
RH, =70.7% 65°C 31.0°C | 28.98°C | -6.52%
XIV.2.2 Under normal ambient temperature
Pressure Ambient Heating Element | T Ca T Ca ¢ (erron)
Setting Conditions Setting (Exp.) (Model)
T =21.6°C 45°C 30.5°C | 29.06°C -4.72%
4cmH20 55°C 32.9°C | 31.63°C -3.86%
RH, =47.3% 65°C 35.9°C | 34.68°C | -3.40%
T, =219°C 45°C 30.8°C 30.33°C -1.53%
12cmH20 55°C 32.2°C | 32.37°C 0.53%
RH, =64.0% 65°C 34.1°C | 34.73°C | 1.85%
T =21.9°C 45°C 32.5°C | 31.63°C -2.68%
20cmH20 55°C 33.6°C | 33.47°C -0.39%
RH, =39.5% 65°C 34.9°C | 35.58°C | 1.95%
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XIV.2.3 Under high ambient temperature

Pressure Ambient Heating Element | T Ca T Ca
Setting Conditions Setting (Exp.) (Model) ¢ (error)
T =33.0°C 45°C 35.8°C | 38.67°C 8.02%
4cmH20 55°C 38.0°C | 41.23°C 8.50%
RH, =30.2% 65°C 40.3°C | 44.28°C | 9.88%
T =33.1°C 45°C 39.1°C | 40.12°C 2.61%
12cmH20 55°C 40.0°C | 42.18°C 5.45%
RH, =23.6% 65°C 41.1°C | 44.57°C | 8.44%
T =32.9°C 45°C 40.1°C | 41.34°C 3.09%
20cmH20 55°C 41.9°C | 43.16°C 3.01%
RH, =29.4% 65°C 42.7°C | 45.26°C | 6.00%

The model outputs of in-chamber air temperature match very well with the experimental

results all over the range.

XIV.3 Airflow temperature at the end of the HADT (when tube heating=0W)

XIV.3.1 Under low ambient temperature

Pressure Ambient Heating Element | 7;,5, 1550
Setting Conditions Setting (Exp.) (Model) ¢ (erron
T =14.2°C 45°C 16.9°C | 16.87°C | -0.18%
4cmH20 55°C 18.4°C | 17.28°C | -6.09%
RH, =71.7% 65°C 19.6°C | 17.77°C | -9.34%
T =14.4°C 45°C 19.8°C | 18.71°C | -5.51%
12cmH20 55°C 21.3°C | 19.27°C | -9.53%
RH, =70.3% 65°C 21.8°C | 19.93°C | -8.58%
T =14.4°C 45°C 20.0°C | 19.99°C | -0.05%
20cmH20 55°C 22.1°C | 20.63°C | -6.65%
RH, =70.7% 65°C 23.2°C | 21.35°C | -7.97%
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XIV.3.2 Under normal ambient temperature

Pressure Ambient Heating Element | T, T30

Setting Conditions Setting (Exp.) (Model) £ (error)
T =21.6°C 45°C 24.0°C | 24.67°C | 2.79%

4cmH20 55°C 25.5°C | 25.08°C | -1.65%
RH, =47.3% 65°C 26.8°C | 25.56°C | -4.63%

T =21.9°C 45°C 25.1°C | 26.63°C | 6.10%

12¢cmH20 55°C 27.0°C | 27.19°C | 0.70%
RH,, =64.0% 65°C 27.9°C | 27.84°C | -0.22%

T =21.9°C 45°C 26.1°C | 27.94°C | 7.05%

20cmH20 55°C 27.2°C | 28.58°C | 5.07%
RH, =39.5% 65°C 29.3°C | 29.30°C | 0.00%

XIV.3.3 Under high ambient temperature
Pressure Ambient Heating Element | 7;,;, 1550

Setting Conditions Setting (Exp.) (Model) ¢ (erron
T =33.0°C 45°C 33.8°C | 36.68°C | 8.52%

4cmH20 55°C 343°C | 37.10°C | 8.16%
RH, =30.2% 65°C 349°C | 37.59°C | 7.71%

T =33.1°C 45°C 35.4°C | 38.50°C | 8.76%

12¢cmH20 55°C 36.0°C | 39.07°C | 8.53%
RH, =23.6% 65°C 36.5°C | 39.72°C | 8.82%

T =32.9°C 45°C 37.3°C | 39.61°C | 6.19%

20cmH20 55°C 37.8°C | 4024°C | 6.46%
RH, =29.4% 65°C 38.4°C | 40.96°C | 6.67%
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XIV.4 Airflow temperature at the end of the HADT (when tube heating=15W)

XIV.4.1 Under low ambient temperature

Pressure Ambient Heating Element | T, T30
Setting Conditions Setting (Exp.) (Model) £ (error)
T =14.2°C 45°C 24.5°C 24.61°C 0.45%
4cmH20 55°C 26.1°C 24.97°C -4.33%
RH, ="T1.7% 65°C 27.7°C | 25.40°C | -8.30%
T =14.4°C 45°C 24 .4°C 25.47°C 4.39%
12cmH20 55°C 26.6°C 25.98°C -2.33%
RH, =70.3% 65°C 28.5°C | 26.58°C | -6.74%
T, =14.4°C 45°C 27.6°C 26.14°C -5.29%
20cmH20 55°C 28.5°C 26.74°C -6.18%
RH, =70.7% 65°C 29.8°C | 27.41°C | -8.02%
XIV.4.2 Under normal ambient temperature
Pressure Ambient Heating Element | 7;,5, 1550
Setting Conditions Setting (Exp.) (Model) £ (error)
T, =21.6°C 45°C 31.2°C 32.24°C 3.33%
4cmH20 55°C 31.8°C 32.60°C 2.52%
RH, =47.3% 65°C 33.0°C | 33.03°C | 0.09%
T, =219°C 45°C 31.1°C 33.25°C 6.91%
12cmH20 55°C 32.0°C 33.77°C 5.53%
RH, =64.0% 65°C 32.9°C | 34.36°C | 4.44%
T, =219°C 45°C 31.5°C 33.98°C 7.87%
20cmH20 55°C 32.5°C 34.57°C 6.37%
RH, =39.5% 65°C 33.2°C | 3525°C | 6.17%
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XIV.4.3 Under high ambient temperature

Pressure Ambient Heating Element | T, T30
Setting Conditions Setting (Exp.) (Model) £ (error)
T =33.0°C 45°C 40.2°C | 44.00°C | 9.45%
4cmH20 55°C 413°C | 4436°C | 7.41%
RH, =30.2% 65°C 41.9°C | 44.80°C | 6.92%
T =33.1°C 45°C 413°C | 4491°C | 8.74%
12¢cmH20 55°C 42.6°C | 45.44°C | 6.67%
RH, =23.6% 65°C 42.8°C | 46.04°C | 7.57%
T =32.9°C 45°C 42.5°C | 45.48°C | 7.01%
20cmH20 55°C 43.1°C | 46.06°C | 6.87%
RH, =29.4% 65°C 443°C | 46.74°C | 5.51%

XIV.5 Airflow temperature at the end of the HADT (when tube heating=30W)

XIV.5.1 Under low ambient temperature

Pressure Ambient Heating Element | 7,5, T30
Setting Conditions Setting (Exp.) (Model) £ (error)
T =142°C 45°C 29.2°C | 31.62°C | 8.29%
4cmH20 55°C 31.0°C | 31.96°C | 3.10%
RH, =T71.7% 65°C 31.2°C | 32.36°C | 3.72%
T =14.4°C 45°C 29.6°C | 31.76°C | 7.30%
12¢cmH20 55°C 31.8°C | 3226°C | 1.45%
RH, =70.3% 65°C 33.4°C | 32.82°C | -1.74%
T =14.4°C 45°C 30.2°C | 31.96°C | 5.83%
20cmH20 55°C 31.5°C | 32.53°C | 3.27%
RH, =70.7% 65°C 32.6°C | 33.18°C | 1.78%
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XIV.5.2 Under normal ambient temperature

Pressure Ambient Heating Element | T, T30
Setting Conditions Setting (Exp.) (Model) £ (error)
T =21.6°C 45°C 38.0°C | 39.11°C | 2.92%
4cmH20 55°C 38.7°C | 39.45°C | 1.94%
RH, =47.3% 65°C 39.5°C | 39.85°C | 0.89%
T =21.9°C 45°C 37.4°C | 39.43°C | 5.43%
12cmH20 55°C 38.2°C | 39.92°C | 4.50%
RH,, =64.0% 65°C 38.5°C | 40.48°C | 5.14%
T.=21.9°C 45°C 36.6°C | 39.69°C | 8.44%
20cmH20 55°C 37.0°C | 4026°C | 8.81%
RH, =39.5% 65°C 37.7°C | 4091°C | 8.51%
XIV.5.3 Under high ambient temperature
Pressure Ambient Heating Element | 7;,;, 1550
Setting Conditions Setting (Exp.) (Model) ¢ (erron

T =33.0°C 45°C 47.0°C | 50.65°C | 7.77%
4cmH20 55°C 48.4°C | 51.00°C | 5.37%
RH, =30.2% 65°C 48.5°C | 51.41°C | 6.00%
T =33.1°C 45°C 47.5°C | 5091°C | 7.18%
12¢cmH20 55°C 48.0°C | 51.40°C | 7.08%
RH, =23.6% 65°C 48.3°C | 51.98°C | 7.62%
T =32.9°C 45°C 46.6°C | 51.03°C | 9.51%
20cmH20 55°C 47.9°C | 51.59°C | 7.70%
RH, =29.4% 65°C 48.4°C | 52.24°C | 7.93%

XIV.6 Evaporation rate

The error of evaporation rate between experimental result and model output is defined

m

as: € =
m

ev—Exp

from the experimental results.
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XIV.6.1 Under low ambient temperature

Pressure Ambient Heating m,, (mg/s) | m,, (mg/s)

Setting Conditions Element Setting | (Exp.) (Model) ¢ (erron)

T, =14.2°C 45°C 3.80 3.98 4.74%

4cmH20 55°C 6.05 6.32 4.46%
RH, =T1.7% 65°C 8.29 9.38 13.15%

T, =14.4°C 45°C 5.87 5.42 -7.67%

12cmH20 55°C 8.70 8.45 -2.87%
RH, =70.3% 65°C 12.49 1232 | -1.36%

T, =14.4°C 45°C 6.95 6.31 -9.21%

20cmH20 55°C 10.10 9.74 -3.56%
RH, =70.7% 65°C 14.29 14.09 | -1.40%

XIV.6.2 Under normal ambient temperature
Pressure Ambient Heating m,, (mg/s) | m,, (mg/s)

Setting Conditions Element Setting | (Exp.) (Model) £ (ctror)
T, =21.6°C 45°C 4.08 4.04 -0.98%

4cmH20 55°C 6.54 6.4 -2.14%
RH, =47.3% 65°C 9.08 9.47 4.30%

T, =219°C 45°C 5.41 5.17 -4.44%

12cmH20 55°C 8.47 8.23 -2.83%
RH, =64.0% 65°C 11.90 12.15 2.10%

T =21.9°C 45°C 7.08 6.65 -6.07%

20cmH20 55°C 10.73 10.1 -5.87%
RH, =39.5% 65°C 14.55 1447 | -0.55%
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XIV.6.3 Under high ambient temperature

Pressure Ambient Heating m,, (mg/s) | m,, (mg/s)
Setting Conditions Element Setting | (Exp.) (Model) ¢ (erron)
T, =33.0°C 45°C 4.52 3.99 -11.73%
4cmH20 55°C 6.69 6.37 -4.78%
RH, =30.2% 65°C 9.9 9.45 -4.55%
T =33.1°C 45°C 6.11 5.77 -5.56%
12cmH20 55°C 8.99 8.86 -1.45%
RH,, =23.6% 65°C 12.30 12.78 3.90%
T, =32.9°C 45°C 7.15 6.53 -8.67%
20cmH20 55°C 10.71 10.04 -6.26%
RH, =29.4% 65°C 14.79 14.46 -2.23%

255




Appendix XV.  Regression of temperature related water properties

for Grashof number

The table and figure below show the relevant data for calculating the combined

parameter [SPr/ (vz) for Grashof number of water[49].

T (°C)|B(1/°C)| Pr |v(kg/(ms)|P (kg/m’) | BPr/v* [s*/(m*°C)]

10 0.000073| 9.45 | 0.001307 | 999.7 403592305.4

20 [0.000195| 7.01 [0.001002 | 998 1356058012

30 [0.000294| 5.42 | 0.000798 | 996 2482329972

40 10.000377| 4.32 | 0.000653 | 992.1 3759322930

50 [0.000451| 3.55 | 0.000547 | 988 5223289912

60  [0.000517] 2.99 | 0.000467 | 983.3 6853304818

70 [0.000578] 2.55 | 0.000404 | 977.5 8628569882
1.E+10
9.E+09
8.E+09 |
7.E+09
. 6.E+09
% 5.E+09 |
@ 4.E+09
3.E+09 |
2.E+09
1.E+09 |
0.E+00

0 10 20 30 40 50 60 70 80

Temperature (°C)

Regression gives expression for this combined coefficient of water Grashof number

against temperature as:

m:r =8.643x10°T? +6.895x10'T —2.847x10°  with R*=1.0.
\4
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Appendix XVI. Regression of kinetic viscosity of air

The kinetic viscosity of air against temperature from 0 to 60°C are listed and shown

below [49].

Temperature (°C) | Kinematic viscosity (m’/s)
0 1.338x107
10 1.426x107
20 1.516x107
30 1.608x107
40 1.702x107
50 1.798x107
60 1.896x107
0.00002
0.000018
- 0.000016
-
E 0.000014
E 0.000012
[=]
%‘ 0.00001
(=]
2 0.000008
>
o
'13 0.000006 |
=
* 0000004 |
0.000002
0
0 10 20 30 a0 50 60 70
T(°C)

The regressed expression of air kinetic viscosity against temperature is:

v=933x10°7T+1.33x107° With R2 = 1.0.
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Appendix XVII. In-tube condensation with normal breathing and
deep breathing induced fluctuation under conditions of 9cmH,0O

without reverse flow

0.7

0.6

0.5 |
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03 Normal breath

Deep breath

Condensation {mg/s)

0.2

0.1

0 5 10 15 20 25 30 35

Lump number

Figure XVII. 1 In-tube condensation with normal breathing and deep breathing added fluctuating
flows under conditions of 9¢cmH,0 45°C 0W 20°C&50%

Figure XVII. 1 shows the average condensation rates under normal breathing
fluctuating flow and deep breathing fluctuating flow. It can be seen that basically the
deep breathing curve stays close to the normal breathing one. The explanation based on

instantaneous condensation/evaporation is as follow:

The graphs below show the condensation/evaporation rates of normal breathing and
deep breathing and support the explanation above. In these graphs, when the curve is
below X-axial, it means there is condensation occurring. If the curve is above X-axial, it
means the airflow has a vaporization potentiality. The algebraic sum of the negative and
positive areas between the curve and the X-axial over a breath cycle is the net amount of
condensation/evaporation occurred in the time span. This sum of area is defined as the
net area. It can be seen from the deep breathing condensation/evaporation graph that the
condensation/evaporation rate fluctuates widely. However the net area is almost the
same as that of the normal breathing. This explains why the two curves are close to each

other.
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Figure XVII. 2 Condensation/evaporation rate in lump 1 under conditions of normal breathing,

9¢mH,O pressure setting, 45°C heating element setting, ambient temperature and relative humidity
of 20°C&50%, and no tube heating

25

I
Condensation
rate (mg/s)

} fffff i
| |

] 1

f i

! 1 '

| Y !

. | / ‘

OV :

05 i I i I |

o 5 10 15 20 25 30 35

“ Time (s)®

Figure XVII. 3 Condensation/evaporation rate in lump 1 under conditions of deep breathing,

9¢mH,O pressure setting, 45°C heating element setting, ambient temperature and relative humidity
of 20°C&50% and no tube heating
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Appendix XVIII. In-tube condensation with normal breathing and
deep breathing induced fluctuation under conditions of 4cmH,0 with

reverse flow
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-0.1
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Figure XVIII. 1 In-tube condensation of steady flow, breathing added fluctuating flows under
conditions of 4cmH,0, 55°C, 0W, 22°C&20% (condensation occurs when curve is below zero)

Figure XVIII. 1 shows that the normal breathing condensation/evaporation curve is
below that of the steady flow. The normal breathing induced fluctuation makes the
condensation start to occur in the last lumps of the HADT. This is firstly because of the
concavity factor which drags the curve towards the X-axial, secondly because of the
condensation-to-evaporation coefficient factor, especially in the larger numbered lumps.
Figure XVIII. 2 and Figure XVIII. 3 support the explanation. In these graphs, it can be
seen that for normal breathing, the condensation and evaporation are alternatively

occurring thus the condensation-to-evaporation coefficient plays a role.
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Figure XVIII. 2 Condensation/evaporation rate in lump 1 under conditions of normal breathing,
4cmH,O0 pressure setting, 55°C heating element setting, ambient temperature and relative humidity
of 22°C&20% and no tube heating
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Figure XVIII. 3 Condensation/evaporation rate in lump 30 under conditions of normal breathing,
4cmH,O0 pressure setting, 55°C heating element setting, ambient temperature and relative humidity
of 22°C&20% and no tube heating

When under deep breathing, the flow rate fluctuation amplitude becomes much greater.

The portion of airflow travelling at much higher velocity through the chamber gains less
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humidity. Because of the high velocity, the dry portion coincides with high velocity in
most of the lumps in this case. This vaporization potentiality (coincidence factor)
overcomes the condensation-to-evaporation coefficient factor. This can explain why the
first section of the deep breathing condensation/evaporation curve is significantly above
the normal breathing curve and the steady flow curve. The graph also shows that the
second section of the deep breathing curve drops sharply. This is because the exhaled
air with higher humidity reaches these lumps and flows through these lumps twice. This
high humidity reverse flow crosses off some of the vaporization potentiality. More

details about the real-time condensation are explained below.
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Figure XVIII. 4 Condensation/evaporation rate in lump 1 under conditions of deep breathing,
4cmH,O0 pressure setting, 55°C heating element setting, ambient temperature and relative humidity
of 22°C&20% and no tube heating

The real-time situation related to condensation is more complicated when there is
reverse flow. Figure XVIII. 4 shows the condensation rate in lump 1. During inhalation,
the high velocity coincides with the dry portion of air provides a very high peak of
vaporization potentiality (point A in the graph). Around point B, certain amount of the
air just flew through (some of the portion of A) flows back from bigger-numbered
lumps because of reverse flow. The reverse flow is at a comparatively much lower
velocity thus low convection rate therefore the B point is much lower than point A.
When the reverse flow stops and positive flow resumes, the very short portion of air

between the chamber and lump 1 flows through lump 1 again and forms the small peak

262



at point C. Right after that, here comes the very highly humidified portion of air which
has flown over the water surface for three times because of the reverse flow. This
portion flows on with a very high humidity but at a quite low velocity and forms the
trough D (means condensation). Following this highly humid portion is the air the first
time entering the chamber from the blower and ambient. This portion is drier and makes
the curve returns back to above zero again. Then the next inhalation starts and the high
velocity along with dry air makes a high peak of vaporization potentiality again (replica
of point A). From the graph, it is clear that the overwhelming factor is the vaporization
potentiality created by the coincidence of dry air and high velocity. This can explain
why the first section of the deep breathing condensation/evaporation curve is

significantly above the normal breathing curve and the steady curve.

Condensation ! : : : :
wf rate(mg/s) o — Ab .

Time (s)

Figure XVIII. 5 Condensation/evaporation rate in lump 30 under conditions of deep breathing,
4cmH,O0 pressure setting, 55°C heating element setting, ambient temperature and relative humidity
of 22°C&20% and no tube heating

Figure XVIII. 5 shows the condensation rate in lump 30. At the beginning of a breath
cycle, inhalation drags the drier portion of air flowing through very fast and makes a
high peak of vaporization potentiality. Within this peak, there is a steep gorge (point B)
which represents the very humid three-times-over-water portion travelling through this
lump at a very high velocity. Reverse flow starts right before point C, the small peak of
point C represents the fresh air stayed in the mask now being pushed back into the
HADT. After this “maskful” of fresh air comes the exhaled air with very high humidity
263



which makes the trough D. the reverse flow stops at point E. After this, the positive
flow resumes, the exhaled air in the HADT flows through lump 30 again now at a
higher positive velocity creates a deeper trough around point F. After the exhaled air has
passed, drier fresh air stayed in the upstream lumps during reverse flow phase now
creates the first part of vaporization potentiality before the steep gorge of the new three-
times-over-water portion. This is another cycle’s start. From the graph, it is can be seen
that condensation is mainly because of the exhaled air (Points D and F). However, the
high vaporization potentiality (point A) offsets a significant amount of the condensation
and makes the overall net condensation/evaporation within a breath cycle not very

different from that of normal breathing.
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Appendix XIX. Coefficient and parameter values for natural

convection Nusselt number
The natural convection Nusselt number in this thesis has the form of [47]:
Nu=C-Ra"

The values for C and » for different situations are listed in table below:

Situation C n

Horizontal surface with hotter surface facing up or cooler | 0.54 | 1/4
surface facing down [47]
Vertical surface [47] 0.59 | 1/4

Horizontal cylinder outer surface [55] 1.02 | 0.148
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Appendix XX.

Modelling parameters and constants

Geometric parameters

Blower outlet diameter 19.2 mm
Connecting duct central line
200 mm
length
Chamber average inner diameter 100 mm Lower part
Chamber average inner diameter 98.5 mm Upper part
Chamber wall thickness 1.2 mm
Water level 65 mm Fully filled
Water volume 600 ml Fully filled
Chamber air volume 206 ml Fully filled
Water surface diameter 99 mm Fully filled
Water-chamber base contact
) 107 mm
surface diameter
Chamber top (wall 3) diameter 98 mm
Chamber air part wall height 25 mm
HADT length 1.725 m (1725 mm)
HADT inner diameter 19.2 mm
HADT film outside diameter 19.3 mm
HADT lump wall mass 641 ¢g
Nasal mask capacity* 70 ml
Also width of
Nasal mask mner height 3.5 mm
rectangular plates
Width of nasal mask inner Length of inner
) 6 mm
triangular plate rectangular side plates
Mask wall thickness 1.2 mm

Total bias vent area

1.5264%10° m’
(15.264 mm®)

Nasal mask capacity 70 ml
Full-face mask capacity 236.25 ml
Average nose width 38 mm
Average nose volume 32 cm’
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Fluid properties

Average water thermal

o 0.644 W/m-K At 50°C
conductivity
Specific heat of water 4186 J/kg-:K
Average molar mass of air in
28.61 g/mole
CPAP system
Average air thermal conductivity 0.02575 W/m-K At 30°C
Average specific heat of dry air 1006 J/kg-K
Average specific heat of vapour 1865 J/kg'K
Average specific heat of moist
1035 J/kg'K
air for this thesis

Average air density in the 3

. 1.176 kg/m

connecting duct
Average air density in the
1.14 kg/m’
chamber
Average air density in HADT 1.143 kg/m’
Average air density in the mask 1.14 kg/m’

Average dynamic viscosity of air

1.87x10” kg/m's

Average mass diffusivity of water

molecules in air

2.71x10° m?/s

Prandtl number of air

0.711

Average 3-Pr/v2 for chamber

outer surface

8.639x10° (s*/m*K)

Combined coefficient
B-Pr/v2 for Grashof

number of air

Average -Pr/v2 for in-chamber

air

8.251x10° (s*/m*K)

Average -Pr/v2 for HADT outer

surface

9.998x10° (s*/m*K)

Average 3-Pr/v2 for mask outer

surface

9.971x10° (s*/m*K)

Average B-Pr/v2 for in-mask air

9.045x10° (s*/m*K)

Average air mass in the chamber

2.348x10" kg

Average air mass in one HADT

lump

1.902x107 kg
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Other parameters and constants

Gravity acceleration 9.81 m/s”
Stefan-Boltzmann constant 5.67x10° W/m*K*
Emissivity of high density

0.85
Polyethylene
Thermal conductivity of high
0.48 W/m'K

density Polyethylene

* For full-face mask, the one-dimensional size is simplified as 1.5 times of nasal mask

and the capacity is 3.375 times of nasal mask.
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Appendix XXI. Fluid dynamic and thermal dynamic experiments

setup for future validation

XXI.1 Validation of dynamic fluctuating airflow velocity and reverse flow in

HADT

The setup for airflow velocity and reverse flow in HADT can be as below:

Heated humidifier mask Lung simulator
Bias Vent ,‘,—1—[—' I
......... > —I 1 = [ 1
ADU | Flowmeter m

[

PC for data collection and processing

Figure XXI. 1 The setup for measuring the fluctuating airflow velocity and reverse flow in HADT

The measurement can start after the “breath load” from the lung simulator is adjusted.
The two sections of tube between the chamber and the mask should be the same length
of a single HADT. The NDD Ultrasonic Flow Sensor’s fluctuating reading will be
compared with the model output. When the reading is negative, it means there is reverse
flow. The sum of these negative reading multiplied by the reading interval will be the
experimental result of how far the reverse flow can go. This will be compared with the

output from model.

XXI.2 Validation of CO2 re-breathing

Since CO; is colourless, transparent and odourless, it is difficult to measure or observe
the re-breath of CO, or exhaled air. Smoke can be used to measure the re-breath. The

setup is shown in Figure XXI. 2 below.
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Figure XXI. 2 Experimental setup for CO2 re-breathing validation

There are two separate channels for exhalation phase flow and inhalation phase flow to
guarantee the “exhaled” air has a consistent concentration of smoke. Besides the lung
simulator, the CPAP and the mask, the components of the setup and their functions are

listed below.

Table XXI. 1 Components in CO, re-breathing validation experimental setup and their functions

Component Function

Two flipper valves To direct the flow to the proper channel

Smoke generating chamber | To provide smoke

Smoke mixing chamber To even smoke concentration
Flow meters To check the breath load before measurement
Stable light source To provide light to the photo-detectors

To continuously record the smoke concentration in
Two photo-detectors '
airflow

For providing a stable smoke thickness for next breath
Smoke filter ‘ . '
cycle and for protecting the lung simulator cylinder

The flow meters are used to check the breath load before the measurement is conducted.
Since the exhalation phase channel is different from the inhalation channel, the
inhalation phase breath load and the exhalation phase breath load should be separately
adjusted. The light source and the photodetectors should have been calibrated before

experiment is conducted.
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The lung simulator drives the air. The two valves are controlled by the phase turning of
the lung simulator which keeps in phase between the valves flipping and the lung
simulator direction change. When exhalation phase starts, the valves close the inhalation
channel and let the air only flows through the exhalation channel towards the mask (the

upper part through the two chambers).

The smoked air flows through the photodetector 1, the thickness (concentration) of the
smoke will give reading in the photodetector 1 and be continuously recorded. When
inhalation phase starts, the valves are flipped to close the exhalation channel and open
the inhalation channel. The air flows through the photodetector 2, the thickness of the
smoke (if any) will give reading in the photodetector 2 and also be continuously
recorded. The calibrated reading from the photodetectors will be compared and the

thickness (concentration) of the smoke in the inhaled air can be calculated.

XXI.3 Validation of HADT condensation comparison between steady state and

breathing-added situation

As for the experimental validation of the HADT condensation, the setup can be
designed as shown in Figure XXI. 3. However, the experiment has not been conducted

due to instrument availability.

Heated tube
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Temperature
Bias vent sensor
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,7 |1
—_ Temperature Y L |
—’

Control S

Valve B
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Valve control signal
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»

Figure XXI. 3 Experimental setup for validation of HADT condensation with reverse flow

The whole experiment is to validate the reverse flow’s influence on the HADT
condensation. The purpose of this part of the setup shown above is to obtain an airflow
mimicking the thermal properties of exhaled air. That is a 33°C~34°C and fully
saturated airflow from the lung simulator to the mask. Ideally, there is another CPAP

machine next to it running under steady flow for reference.
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Some of the components are same as those used in CO, re-breathing validation

experiment. The different components and their functions are listed in table below.

Table XXI. 2 Components in dynamic HADT condensation validation experimental setup and their
functions

Component Function
Evaporation chamber To generate a highly humidified airflow
Heated tube To keep the temperature of the airflow

To be adjusted so to obtain the required temperature

T 1 ch. .
emperature control chamber of airflow to the mask

To measure the airflow temperature and give signal to
Temperature sensor control the heating of the temperature control
chamber

The air is heated and highly humidified in the evaporation chamber. The specific
humidity of the outlet from the evaporation chamber should be higher than the saturated
specific humidity at 34°C. The temperature control chamber is adjusted to assure the air
temperature at the sensor 1s 34°C. The airflow temperature all along the way should be
no lower than 34°C so to guarantee the airflow saturation at the temperature sensor. The
temperature control chamber can also work as a mixing chamber so to provide more
stable airflow temperature and humidity under such fluctuating situation. Condensation

may occur along the way, condensate collecting sacks may be needed.
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Appendix XXII. Model user instruction

This appendix is a manual of using the Simulink models. These models require
MATLAB 2006a or later academic version. The simulation time period should be set as

a integer multiple of the breath cycle.

XXIIL.1 The Fluid dynamic and re-breathing model

The input blocks in this model are shadowed. The “normal” patient’s breath load
provided in this model is shown below. The patient’s breath load and the shape can be

adjusted or replaced when necessary.

08 T T T T I I !
Breath : ' : ' . :
mass flow rate (g/s)

04

Exhalation

02f i L

04

=

Inhalation !

as i i | | | i i I

Figure XXII. 1 Patient’s normal breath load

The other input blocks and their values are listed in table below:

Table XXII. 1 Fluid dynamic and re-breathing model input blocks and their values

Input block Value Condition
Pressure setting 4 ~20 cmH,O | Same as CPAP machine pressure settings
0 Steady state (no breathing)
Breath magnitude 0.663 500 ml breath load
ratio 1 Normal breathing
2 Deep breathing
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1 Nasal mask
Mask capacity ratio
1.5 Full-face mask
Human nose in- 0 No nose occupancy (with lung simulator)
mask space . There is nose occupancy (Test on human
occupancy factor breath)

The outputs are Scope or Display blocks which are foreground-colored in blue. They are

listed below:

Table XXII. 2 Fluid dynamic and re-breathing model output blocks

Output Unit Scope/Display
Breath load (gram/breath cycle) Scope
Pressures at ADU outlet, the
Pa Scope
chamber and the mask
Flow velocity in the connecting
m/s Scope
duct
Flow velocity in HADT m/s Scope
Backflow (reverse flow) m Scope
Backflow (reverse flow) distance m Display

Exhaled air level in lumps

Normalized ( 0~1)

30 scopes for each lump

Exhaled air level in the mask Normalized ( 0~1) Scope
Percentage of exhaled air in next '
Percentage Display
inhalation
Percentage of CO, in next )
Percentage Display

inhalation

XXIL.2 The thermodynamic model

The input blocks in this model are shadowed. The patient’s breath load and the shape
can be adjusted or replaced when necessary except change of breath cycle time for this

thermodynamic model.
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The input blocks and their values are listed in table below:

Table XXII. 3 Thermodynamic model input blocks and their values

Input block Value condition
0 Steady state (no breathing)
Breath magnitude 0.663 500 ml breath load
ratio 1 Normal breathing
2 Deep breathing
1 Nasal mask
Mask capacity ratio
1.5 Full-face mask
Human nose in- 0 No nose occupancy (with lung simulator)
mask space . There is nose occupancy (Test on human
occupancy factor breath)
Pressure setting 4 ~20 cmH,O Same as CPAP machine pressure settings
Heat element Same as the machine heat element
45 ~ 65 °C ‘
temperature setting temperature settings
HADT tube heating 0~30W Same as the machine tube heating settings
Ambient )
14 ~33°C Validated range
temperature
Ambient relative 01 0 ~ 1 represents 0 ~ 100% of relative
humidity humidity (e.g. input 0.5 for RH=50%)

The outputs are Scope or Display blocks can be categorized as steady state and
dynamic. The steady state ones are red coloured and the dynamic ones are dark-green

coloured. They are listed below:

Table XXII. 4 Thermodynamic model output blocks

Output Unit Scope/Display
Steady state
Chamber water temperature °C Display
Steady state chamber air _
°C Display
temperature
Steady state evaporation rate kg/s Display
Steady state chamber air specific _
Decimal Display

humidity
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Steady state air temperature at '
°C 30 displays for each lump
HADT lump
HADT lump wall temperature °C 30 displays for each lump
Gap between lump wall '
) °C 30 displays for each lump
temperature and airflow dew point
Mask wall temperature °C Display
Steady state mask air temperature °C Display
Dynamic
Dynamically fluctuating chamber '
s Decimal Scope
air specific humidity
Averaged dynamic chamber air _ '
Decimal Display
specific humidity
Dynamically fluctuating
‘ kg/s Scope
evaporation rate in the chamber
Averaged dynamic evaporation rate _
kg/s Display
in the chamber
Dynamically fluctuating chamber
°C Scope
air temperature
Averaged dynamic chamber air '
°C Display
temperature
In-HADT airflow velocity
comparison between steady flow m/s Scope
and fluctuating flow
Dynamically fluctuating air specific '
Decimal Scope
humidity at HADT lump
Dynamically fluctuating air
°C Scope
temperature at HADT lump
Dynamically fluctuating
condensation/evaporation rate at kg/s Scope
HADT lump
Net condensation/evaporation rate '
kg/s Display
at HADT lump in a breath cycle
Dynamically fluctuating air specific '
Decimal Scope
humidity in the mask

276




Dynamically fluctuating air
°C Scope
temperature in the mask
Dynamically fluctuating
condensation/evaporation rate in the kg/s Scope
mask
Net condensation/evaporation rate '
kg/s Display
in the mask over a breath cycle
Averaged specific humidity in '
kg/s Display
inhaled air
Averaged temperature of inhaled air °C Display

XXII.3 The steady state thermal model

Due to the complexity and size of the thermodynamic model which make the simulation

slow, a steady state thermal model is also provided. The input blocks in this model are

shadowed.

The input blocks and their values are listed in table below:

Table XXII. 5 Thermodynamic model input blocks and their values

Input block Value condition
1 Nasal mask
Mask capacity ratio
1.5 Full-face mask
Pressure setting 4 ~20 cmH,O Same as CPAP machine pressure settings
Heat element Same as the machine heat element
45 ~ 65 °C ‘
temperature setting temperature settings
HADT tube heating 0~30W Same as the machine tube heating settings
Ambient )
14 ~33°C Validated range
temperature
Ambient relative . 0 ~ 1 represents 0 ~ 100% of relative
0~
humidity humidity (e.g. input 0.5 for RH=50%)
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The outputs are Display blocks. They are listed below:

Table XXII. 6 Thermodynamic model output blocks

) Number of the display
Output Unit
blocks
Steady state
Chamber water temperature °C 1
Steady state chamber air oC .
temperature
Steady state evaporation rate kg/s 1
Steady state chamber air specific
Decimal 1
humidity
Steady state air temperature at '
°C 30 displays for each lump
HADT lump
HADT lump wall temperature °C 30 displays for each lump
Gap between lump wall
) ) °C 30 displays for each lump
temperature and airflow dew point*
Condensation/evaporation rate at )
kg/s 30 displays for each lump
HADT lump
Mask wall temperature °C 1
Steady state mask air temperature °C 1

* The condensation predicted by dew point is closer to the experimental observation.
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