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SUMMARY

The convective boundary layer flow over the human body that forms
part of the human micro-environment has been investigated.

This flow has been visualised over the whole body surface using a
schlieren optical system. Techniques are described for measuring the
velocity and temperature profiles within the convective flow over models
designed to simulate the boundary layer over the human body.

The human body has been considered as a series of heatedcylinders
and convective boundary layer theory has been used to determine the flow
profiles and the heat output from these cylinders. These results have
been shown to agree with the measured profiles and with the heat
transfer data obtained by physiological methods. The way in which
clothing modifies the convective flow patterns and the heat transfer is
discussed.

The proposition that the human convective flow may transport
particles from one site to another has been investigated using tracer
particles in the flow of heated models and in a small laminar flow wind
tunnel. The convective boundary layer has been shown to be a powerful
mechanism for the dispersal of particles from the body.

Some air sampling techniques are described and the results of the
sizing and identification of particles from various environments with
special reference to the recovery of particles of skin shed from the body
surface are reported.

The development of an electronic particle sampling device based on a
hot wire anemometer probe is described.

The bellows action of garments in displacing air from non-occluded
openings has been visualised. This effect is discussed in relation to
the way in which garments used in operating theatres may enhance the

dispersal of skin particles to contaminate the surrounding air,



GENERAL NOTATION FOR SYMBOLS OTHER THAN SPECIFICALLY DEFINED

IN THE TEXT
Heat Transfer
Gr Grashof number = gxs/ol(fw"Tﬂ)/T.o
g Acceleration due to gravity.
X Vertical height along a flat plate.
Y Kinematic velocity.
i Local temperature.
Tw Temperature of plate surface.
Tao Temperature of air a large distance from heated plate,
U Flow velocity in x direction.
y Horizontal distance from heated surface.
v Flow velocity in y direction,
P Coefficient of expansion of air (= 1/T ).

Thermal conductivity of air.

Pr Prandtl number (CP}ﬁ/K) - (}54()
'L Viscosity of air.

Cp Specific heat of air.

Re Reynolds number = ug/v

1 Characteristic dimension of system,
q(x) Local heat transfer rate.

Nu Nusselt number,

-3 Stefan-Boltzman constant.

E Surface emissivity.

j; Air density

Le Lewis number = D/e(

Sc Schmidt number = D/y

D Mass diffusion coefficient.

o Thermal diffusion coefficient.

Particle Transport

’.L'I'r\ Micron.

anemometer wire

diameter,



cd
cl

Ut

f

Uo

Ue

o<

Particle diameter,

Particle dynamic shape factor.

Drag force on particle.

Lift force on particle.

Particle drag coefficient.

Particle 1lift coefficient.

Particle terminal velocity.

Shear velocity.

Particle density.

Flow channel depth.

Maximum velocity in flow channel.
Drift velocity due to electric charge.
Collection efficiency of particles landing on a wire.

Particle glideangle - tan =Cl/Cd.



1. INTRODUCTI ON

The skin surface, which is the boundary between man and his
environment, is usually at a different temperature to the surroundings.
It is this temperature difference that permits the body to exchange heat
with the ambient air by conduction, convection and radiation and so help
to maintain a thermal balance. There is a large amount of literature
concerning heat transfer from the human body which involves measurements
using physical and physiological techniques and much of it is explained
and summarised in references 1, 2, 3 and 4. The ways in which the body
may lose heat are radiation, conduction, convection and evaporation and
the work reported in this thesis begins by considering heat transfer by
convection in situations where the body is warmer than the surroundings,
where convection normally accounts for some 30% of the total heat output.

Although the convection heat loss from the body has been calculated
for many years, the formulae used for these calculations have been
mainly derived from empirical methods used in engineering heat transfer
work, These calculations provide values for the overall convective heat
transfer from body and model surfaces but give no detailed information on
the fluid flow fields that form the basis for heat transfer by convection.
Lewis (5) showed that the convection currents that surround the body could
be made visable by using a schlieren optical system. The work reported in
this thesis started after this demonstration of the moving air currents,
and the first step was to make detailed observations of the convective
flow systematically over the entire body. The results of this work are
reported in (6) and the observations were recorded on ciné film. Following
this it was decided to try to describe the convective flow fields
mathematically, to compute the convective heat transfer and to perform
experiments to measure the velocity and temperature profiles found in the
flow near to the body surface. These measurements and calculations form

the first part of this thesis and show that the temperature gradient



between the body and the surroundings may produce a vigorous upward
convective boundary layer flow. Constant temperature hot wire anemometers
have been used for velocity measurements, and small thermocouples have
measured temperature profiles within the boundary layer. Because of the
many difficulties of performing experiments in the flows surrounding human
subjects, models which simulated these conwctive flows have been used and
a simple cylindrical model was constructed for heat transfer measurements,

The human body is then considered as a series of cylinders for the
analysis of velocity profiles and heat output rates using boundary layer
theory, These results are compared to those obtained by methods of
partitional calorimetry.

Following the realisation of the vigour of this convective flow, it
was considered that small particles could become entrained in this boundary
layer to be transported by the air streams from one site to another, Of
particular importance is the proposition that the small particles of skin
that are constantly being shed from the human skin could be dispersed into
the surrounding air., In this way, the convective flow could provide a link
in the chain of airborne infection.

Some preliminary measurements of the bacterial concentration have
shown that there are as many as 4 times the number of micro-organisms in
the human boundary layer than in the ambient air. This is only possible if
particles are shed from the surface or acquired from the surroundings. It
is also possible that there may be dispersal of particles from the boundary
layer to the surroundings. Particles may also be presented to the nose or
mouth and then to the respiratory tract. Droplets which are dispersed in
the expiratory flow to the boundary layer may also enter the surroundings
from the plume of heated air above the head. It was also found from
bacterial counts that when the skin surface just distal to a sampling
nozzle is gently scratched, there can be as much as a tenfold increase in

the number of micro-organisms as in the ambient air,



The transport of skin fragments and other particles of biological
interest in the human convective flow is the subject of the second part of
this thesis. The physical processes involved in the flight of small
particles in air streams are investigated both theoretically and
experimentally, The experimental part of the work involves the
investigation of particle motions in air streams by ciné;photography and
by the observation of particle deposition patterns on solid surfaces.

For particle transport studies a full-sized plastic model of the
human form having an artificial respiratory system was constructed to
investigate particle dispersion and deposition by the micro-environment.
In addition, in order to study the motions of these particles in an air
stream, a small wind tunnel was constructed to simulate the inner part of
the laminar natural convection boundary layer flow.

Following these experiments in controlled flow conditions, which
showed that the convective boundary layer could be a powerful mechanism
for taking particles away from the body surface, it was decided to
investigate and identify typical airborne particles, Consequently, air
samples have been taken both in enclosed spaces and in the outside
environment, and the last part of the thesis reports some of the results
of particle sizing and identification that have been obtained. Neither
the convective boundary layer flow nor the transport of particles by this

layer appear to have been investigated previously.

2. VISUALISATION OF THE CONVECTIVE FLOW AROUND A HUMAN SUBJECT

The surface of the body is usually at a higher temperature than the
ambient air and consequently there is a temperature gradient from the skin
to the surroundings. This means that the air next to the skin becomes
heated by conduction, becomes less dense and increases its buoyancy to
rise; with cooler denser air taking its place. The refractive index

gradient due to the temperature gradient creating the natural convective



boundary layer flow enabled a schlieren optical system to be used to
visualise the flow patterns around the body. Figure 1 shows a diagram of
the particular system that was used at the N.I.M.R. It consists of light
from a bulb focussed with a spherical lens on to a vertical slit. This
slit provides a vertical light source at the focus of a 45 cm diameter
parabolic mirror of high optical quality. The light from this first
mirror is reflected as a parallel beam to a second parabolic mirror some

6 m away. The light from this second mirror is brought to a focus at a
cut-off and the light is finally focussed by a spherical lens to produce an
image at a camera. As long as there are no refractive index changes
within the region of the parallel beam - or the working area of the system
- the light rays travel in straight lines to pass through the central
portion of the cut-off. This cut-off consists of a narrow central band of
gelatin on either side of which is gelatin of a different colour. 1If,
however, a change of refractive index occurs within the working space, the
light will be bent. The effect of such bending is to cause the light at
the cut-off to be deflected from the central band and to pass through the
contrasting coloured gelatin strips. 1If the central band of the cut-off
is made of yellow gelatin and the other bands are of red gelatin, then
undisturbed light rays in the working area show up as yellow, and rays
that are bent due to refractive index changes show up as red. If a human
subject is placed in the working section, then the refractive index
changes within the human micro-environment allow the movement of the
natural convective boundary layer flow to be recorded. In the N.I.M.R.
schlieren system, the mirrors are positioned at a height of some 2 m from
the ground and there is a hydraulic 1ift in the working space. In this
way, the whole of the convective flow over a standing person may be
visualised by raising and lowering the subject on the 1lift, At the
highest 1ift position, the feet will be in the schlieren beam and the face

area is in view with the 1lift lowered. The starting point for the present



investigation is a colour ciné schlieren film which traces the convective
flow systematically over the body surface (7). The schlieren photography
shows that the boundary layer, starting at the feet, detaches itself from
the dorsa and rises vertically. Part of the flow, however, remains
attached to join the flow at the ankle, from where it travels along the
front of the leg, accelerating and becoming thicker as it rises.

As the layer of air, 1-2 cms thick, rises, it passes over the knee
and thigh to the groin., The outer parts of the layer become partially
detached at the convexities. Regions of reversed flow in the outer part
of the layer are also seen. This general flow pattern persists up to the
chest level until, in the region of the shoulder, where the surface is
horizontal, most of the boundary layer breaks away upwards, Stagnation
regions, where the flow is brought to rest, are found in the perineum, the
axilla and under the nasal septum. Figure 2 shows a drawing of this flow
over the vertical body and contrasts this with the horizontal case. When
the flow meets the chin, some air is deflected and crosses the face just
in front of the eye area. The ear deflects some of the air away from the
side of the head to form a small plume, Air that is not deflected at the
chin travels to the nose where part of it is inhaled. From the schlieren
visualisation, the convective air velocity over the face of a naked
standing man can be seen to reach 50 cm/sec and the boundary layer thick-
ness at this position is some 15 cm. The total quantity of air passing

over the head is over 10 litres/sec.

2,1. The Fluid Dynamic Characteristics of the Flow.

The parameter governing the characteristics of the convective
boundary layer flow is the Grashof number Gr = gﬁQLCPw - Te) which is the
ratio of buoyancy forces to viscous forces. Cheesewright (8) gives the
value of Gr for the onset of transition from the laminar flow on a

vertical flat plate as 10q the flow becomes fully turbulent when Gr)-lOm a



For a temperature difference of 18°C between the body and the ambient air,
the flow remains laminar up to a vertical height of 100 cms from the
ground. The next 50 cms are the subject of a transitional flow and fully
turbulent flow is developed at aheight of 150 cms. Figure 3 shows the 3
flow regimes defined in terms of the Nusselt and Grashof numbers, and
Figure 4 shows the variation of Gr with vertical height. For a naked
standing man, the flow is seen to change from a laminar to a transitional
flow at about the level of the navel (100 cms). On a clothed man, the
temperature on the outside of the clothes may have dropped to 2700 and the

flow over the whole body would then be laminar.

3. HEAT LOSS FROM THE BODY SURFACE

In man's thermal environment, radiation, conduction, convection and
evaporation are balanced against an individual's own metabolic heat
production to achieve a constant internal body temperature of 3700 and a
skin surface temperature of from 300 to 33°C. For a naked man standing at
rest in a room temperature of 15°C, the total heat output is about 100
watts, Radiation accounts for 60% of this; water loss from the skin and
by insensible evaporation together with conduction at surfaces in contact
with the skin is responsible for a further 10% and the rest, some 30%, of
the heat is lost by convection.

Thermal regulation depends on the maintenance of a balance between
heat production and heat loss. Such a balance occurs in any physical
system if a steady state is attained and the human body may be regarded as
such a system. In this study, the body skin temperature is taken to be
3300 and no account is taken of the local variations in this temperature
which occur at various sites on the body. In the human body, the heat
balance is maintained to some extent by control of heat production but for
the most part is attained by the regulation of heat loss. The following

table gives values for heat loss by convection, radiation and evaporation



for an adult man averaged over 24 hours. These values for the different
fractions of heat loss by their respective means have been arrived at by a
method of partitional calorimetry. By altering the temperature of the air
and of the walls of an experimental chamber independently of each other,
it was possible to study the parts played by convection and radiation

under varying environmental conditions,

Table 1
Kecals % Total
Insensible water loss
1) By breath 255 11.5
2) By skin 336 15.0
Radiation 890 41.0
Convection 711 320
Tatal ....s 2192 100

Typical Heat Loss for Adult Man in 24 hrs in an Ambient Temperature of
20 C (From 9)

Conduction from the skin to the surrounding air is sometimes considered as
an independent method of heat transfer. With the realisation that a
boundary layer type flow forms part of the human miecro-environment, it is

now seen that conduction is an intrinsic part of the convective heat loss.

3.1, Analysis of Natural Convection from a Flat Plate

Fluid motions that are caused by density gradients created by
temperature gradients are termed natural convection flows as distinct from
forced convection flows in which the fluid flow is maintained mechanically,
Problems in free convection have mainly been solved by 2 methods : a) a
similarity solution of the partial differential equations governing the
flow is sought, which reduces them to ordinary differential equations in
the similarity variables; b) boundary layer equations are satisfied on the

average by replacing them by their integrals across the boundary layer.



For a flat plate, body forces are in equilibrium with the hydrostatic
pressure when there is no temperature difference between the plate and the
ambient air, If the plate is heated, the resultant temperature rise in
the fluid produces a change of body force because of decreased density.
The fluid nearer to the plate is therefore subject to a buoyancy force
which is balanced by the viscous forces and the inertia of the moving
fluid, Some early visualisation experiments on free convection flow under
gravity about an isothermal flat plate were made using a schlieren method
by Schmidt and Beckman (10) in 1930, Ostrach in 1953 (11) considered a
viscous heat conducting fluid and developed asymptotic forms of the basic
equations in laminar flow, and these are outlined in the following section,
For turbulent natural convection from a vertical flate plate there is not
a great deal of reliable, theoretical and experimental data. Griffiths
and Davies(12) measured the local heat transfer rates and temperature and
velocity profiles. These results only agree partially with the semi-
theoretical result of Eckert and Jackson (13 and 14) and the analysis of
Bayley (15). More recently, Cheesewright (16) has presented experimental
temperature and velocity profiles for Grashof numbers between 10° and 10"
which are in reasonable agreement with the existing experimental results.
In the following sections, it is these profiles from Cheesewright that are
used to determine the boundary layer parameters for turbulent flow over

the body.

3.1.1. The Boundary Layer Equations for Laminar Flow.

In the case of the vertical hot plate, the pressure in
each horizontal plane is equal to the gravitational pressure and is thus
constant, The only cause of motion is furnished by the difference between
weight and buoyancy in the gravitational field of the earth. The
equations expressing the conservation of mass, momentum, and heat energy

for a steady laminar flow in the boundary layer reduce to :
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Where g is the acceleration due to gravity, P the coefficient of cubical
expansion (::é;for a gas), T the temperature of the air, T. the tempera-
ture at a large distance from the body and T, the temperature at the wall,

Ostrach defined similarity variables of the form :

7 (&S
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where Ge = 9B Crw‘TnO) x = Grnko-F numbe r
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The substitution of these similarity parameters in the governing equations
lead to the ordinary differential equations in the similarity variable :7
PR AR 90" i =
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The boundary conditions now become :
Fe)=0 = Fe)
T'(0)=0 = H(c0)
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These equations have been solved to give the non-dimensional velocity and
temperature profiles for various values of Pr., and are shown in Figures
5 and 6

3.1.2. The Application of the Solutions of the Equations to Heat
Transfer from the Human Body.

The convective heat transfer from the body to the
surroundings is proportional to the gradient of the temperature curve of
the body | x) = =K (37, = heat transferred per unit time and area from

y e L) (/35)0 P
a plate to the air. At a vertical height 2> this becomes, from the

solutions for the velocity and temperature profiles in laminar natural

convection flow, q/L)(_) —Kc e M-(h 9/ )tru.o *Tao)

whete € = ‘/ 5/‘_\,:. "-T""
For air having Prandtl No. 0.733, (3 9/3.7) = 0.431¢8

The total heat transferred by a plate of length 1 and width b is

@ = 0.508. 4} b. e%c.k('ﬂo_ 00)
The mean Nusselt number defined by & = bk.Nu (Tw :r,o)
becomes Nwm= 0.43% C U} 5 or with the value of ¢ from above
N = 0.437 G+
Where Gr:Grashof Number = (Tw- ‘.b)

\)" Teo

Above a vertical height of 153 cms with the temperature difference between
the man and his environment of IBOC the Grashof number exceeds 10° and the
flow is fully turbulent. It is therefore important to know the velocity
and temperature profiles together with the heat transfer rates in such a
turbulent flow.

The velocity and temperature profiles as measured by Cheesewright for
turbulent flow seen in Figure 7, starting with these profiles, an analysis
similar to the laminar flow case above gives a value for the heat loss
from a vertical plate in turbulent flow of

R, - bk.(Tu-Tw) 2 g (Tw-‘r;,,]""

ol S
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3
and the mean Nusselt number may be defined as N =0°+12 Gx®

From these expressions for heat transfer from laminar and turbulent

flow it is seen that in the laminar case the total heat transfer Q
aF
varies with x and that in the turbulent case Q+ is proportional to
3cmq . In laminar flow, the heat loss from body elements of height 1
3
and breadth b at room temperature is expressed as @, = 0.01 blﬁ* watts
and for turbulent flow Q+ = 0.02 bl’* watts. Further, it is seen from
the velocity profiles that the boundary layer thickness varies with
o015 3 o

' for laminar flow and X for turbulent flow.

An estimate of the convectional and viscous terms in the energy
equation gives the thickness of the velocity boundary layer proportional

I > .
to /Tﬁ? . In laminar flow (17), the ratio of the velocity and
S -

temperature profile thicknesses (fi) is found to be proportional to IJE?
This gives a good physical interpretation of the Prandtl number, and it
is noted that for gases, where Pr. is about 1, the velocity and

temperature thicknesses are nearly the same. For liquids, the thermal

boundary layer is smaller than the velocity boundary layer.

3.2. The Human Body as a Series of Cylinders.

In order that boundary layer theory may be applied to the
determination of the convective heat loss from the body surface, it is
useful to consider the body as composed of a series of separate cylinders,
Figure 8 shows how the body may most obviously be considered as broken
down into six cylinders so as to represent the head, the torso, 2 arms
and 2 legs.

The dimension shown as those taken from a typical subject. The
total surface area for this model is 1.89 m® which compares well with the
average value of 1.8 m* for the skin surface area of a man (1.6 m* for
a woman). The body is further simplified by opening the cylinders to

flat plates and by considering the torso and legs together as one flat



- 12 -

plate. The final set of plates together with their dimensions is shown

below.
e £l ems 30ems 30 cwms
Booy +LEES A A
r® g0 ®”
H cms H
VA Fem

Table 2 shows the convective heat output from the various parts of the

body as computed from section 3.1.2. for T, = 33°C and To = 15°¢.

Table 2 :
Watts % Total
Arm Tl 13.8
Arm 7.9 13.8
Body 35.0 61.0
Head 6.6 11.4
Total 57.4 100

Convective Heat Loss from Body Cylinders

3.2.1., Radiant Heat Output.

Having simplified the human form into 4 plates, it is
now possible to calculate the radiant heat loss to the surrounding air
and to examine the effects of radiation on the convective heat transfer
equations,

Using the Stefan Boltzmann equation for radiative heat transfer, we
have the heat output from each body element given by § = & G-A[OT-:FOT-—QES]
where £ = emissivity = 0.9. (The human skin, whatever its colour, may be
regarded as having an emissity of 0.9 in these calculations),

A = area of plate; & = Stefan Boltzmann Constant; T, = surface

temperature = 330C; T, = temperature of surroundings = 15°C.
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The results for the radiation loss from each body element are shown in

Table 3, and these are discussed later

Table 3 :
Watts | % Total
Arm 22,4 12,7
Arm 22.4 12,7
Body 116 66.0
Head 14.8 8.6
Total 176 100

Radiation Heat Loss from Body Cylinders

3.2,2, Effect of Radiation on Convective Heat Output.

In the convective heat transfer analysis, no account was
taken of the modification to the boundary conditions for the flow
equations that radiation losses at the wall (18). To consider these
effects on the convective heat transfer, we shall assume (a) that
radiation losses form part of an optically thin process, i.e. that the
radiation penetration length is long compared to the boundary layer
thickness, and (b) that air is transparent to radiation., The complete
boundary layer equations are the same as in section 3.1.1., but the

boundary conditions now become

) wan = iy %{s)wm where  GOwall is the heat flux

Boom Hoe body o the flwd and 4O = (G~ Gop) Where
(}wr‘ls the radiaben heat loss

e _é_-_!- = T 4- =
Eﬁj %%, 4+ :SE? CT‘ "-120) ot 55::(3

|

ako Uw=v =0 T—'T.o and U— O as 5_,..00



- 14 -

The boundary layer equations with these boundary conditions have been

solved for Pr = 0.72 to give

qu i [0.4-0'-‘}- = 0.1} S_;_ 5 1 :]
D
2 2 Vs
5 = S & i (5 KV 'x) whan 2¢ = 15 3cm (m\:d- o-f;
< QB Vi 4w¢k~ﬂdhcg)
5, = 0.0%3¢ 5]\“.}\5 N . O - 400
(GTYM'
5, ot X =29 oy = 0.0321 8 Nu = O0.%02
(6_‘.)'/4'
Comparing these values to ML/{G’(‘J“Q‘ = 0.40%F (from ignoringradiation)

we over-estimate the convective heat transfer by 1.7% at 153 cms and 1.3%
at 29.5 cms,
An average value for the overestimation of convective heat transfer

by ignoring radiation effects is therefore 1.5%.
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3.3. Discussion of the Calculated Heat Transfer Rates.

The disadvantage in using theoretical methods to calculate the
heat loss from an idealised set of cylinders representing the body is that
the surface area available in radiation and the vertical height which is
important in convection, both change markedly with body posture.
Consequently, any attempt at a theoretical assessment of heat output over
a long period when changes in the body posture may occur is rendered
difficult., This is because of the need to determine the effective body
area available for heat transfer in the various postures and then
detemining the dimensions of a representative cylinder. Therefore in
these analyses only the 'extended' body position is used to demors trate
the heat transfer calculations and compare these results with
physiological data.

In the convective heat loss analysis, it is seen in section 3.2, that
the total convective heat output may be about 57 watts., When the resting
convective heat loss of 57 watts is converted to an average heat loss for
24 hrs and is expressed in Kcals/24 hrs, we find that the value of 1066
Kecals/24 hrs compares extremely well with the heat loss in 24 hrs due to
convection and insensible evaporation obtained from the partitional
calorimetry methods of 1047 Kcals/24 hrs (19).

Here it should be mentioned that the caleulation of convective heat
loss for the various body cylinders was made for the laminar natural
convection flow, where analysis leads to an expression for the mean
Nusselt number given by N, =+478 Gx%r. As previously stated, laminar flow
exists to a vertical height of 100 cms and fully developed turbulent flow
only from a height of 153 ems. It might be more appropriate therefore to
consider the head cylinder when it is subject to turbulent convective flow.
In this case it has been shown that the mean Nusselt number can now be
expressed as Ny, = .12 me5(20) and if the cylinder representing the head

is considered as having such a flow starting from its leading edge, it can
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be seen that the expression for the heat loss becomes Qt = 6.6 b(x;L;nd
the heat loss from the head now takes the value of 11 watts (compared to
7 watts in the laminar case). In view of the fact that the face and head
are well endowed with sweat glands and discrete regions of varying
temperature, it is doubtful whether such a distinction in the theoretical
analysis is important, since the local temperature variations (and
evaporation) could change the heat output to a greater extent,

When we consider the results for the radiant heat output from the
cylinders, it is important to note that in Table 3 it is assumed that the
whole of the plate surface area is effective in contributing to the heat
loss by radiation. In reality, areas of skin between the fingers, under
the arms, between the legs and under the chin radiate to adjacent skin
areas and not to the environment. The physiological formulas which exist
for the calculation of the entire surface area of the human subject (as
functions of body height and weight) recognise that only a portion of
this area is completely effective in losing heat by radiation. Various
studies in partitional calorimetry show that in the normal 'extended'
position of the body the effective radiating area will be somewhere
between 70% and 85% of the total surface area. Any change from this
posture will result in radiative area reduction,

A more valid comparison between these calculations and the results
achieved by physiological methods is seen when we compare the plate
results with the work of Herrington (21). In this study, a dry heated
model of the human body was used in place of a real subject. Comparison
between these results and those of the flat plates is more realistic than
comparison with the calorimetry results with the human subject because
evaporative losses are absent., The flat plate results are re-calculated
in the correct units for air temperatures of 26.7°¢C (GOOF) and 32.8°C
(BOOF). (The ambient temperature used by Herrington was 32.800 and the

following table shows them to be in reasonable accord with Herrington's
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values.)
Table 4 ;
Total Total Surface Air Hr + He
Plate Area Heat Input Tgmp Tgmp
m2 watts c C} watts/m2
1.80 84 32: 1 26.7 43,3

Herrington's data

1,89 118 32.8 26.7 66

1489 252 32.8 15.6 129

Present data for 2 ambient temperatures

The results of radiation heat loss from the flat plate analysis
agree well with the radiation heat loss obtained experimentally on
cylinders by Herrington (also reported in reference 21). From the above
Table, it is seen that a 10°C change in ambient air temperature results
in nearly a twofold increase of the body heat output by convection and
radiation, Since the main object of this work is to consider convective
phenomena no mere detailed study of radiation losses have been made here,
The importance of evaporation in thermal regulation is demonstrated in
the following Table. At all energy levels greater than the resting energy
output rate, evaporation is by the far the most important heat transfer
mechanism capable of increasing heat loss from the body and its dramatic.
effect is seen in this Table,.

Table 5 :

Resting Rate 40 Kcal/M2/hr

Awake and Resting| 55 Kcal/M2/hr

Light Work 75 Keal/M2/hr

Walking 4 mph 190 Kcal/Mz/hr

Strenuous Work 300-600 Kcal/Mg/hr

Typical Values for the Total Heat Loss from the Body
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The results calculated for the flat plates give the total heat output as
102 Keal/M2/hr from convection and radiation alone in an ambient
temperature of 1500. This correlates with physiological data for the
output in light work and may be considered in reasonable agreement when
account is taken of the fact that varying postures in light work may
exclude much radiative and convective heat transfer areas, which may
change with time.

In concluding this section, it is mentioned that the idealised model
of the equivalent cylinder simply demonstrates that the theoretical analysis
gives the same orders of magnitude as physiological methods in the extended
position but due to the complex and variable geometry of other body
postures, this form of analysis is not appropriate for detailed heat loss

prediction.

3.3.1. The Effect of Water Vapour Within the Boundary Layer.

It is important to assess the change in boundary layer
parameters when water vapour is introduced into the flow from the skin
surface by the mechanism of sweating or insensible evaporation. If we
consider the air surrounding the body to be dry, then in order for the
convective boundary layer to become saturated with water vapour it is
necessary that the secretion rate be such as to saturate the total mass
of the air being convected upwards. For a convective up-flow of 10
litres/sec the maximum quantity of water vapour that the boundary layer
is able to absorb is 0,228 gm/sec (0.82 litres/hr), If we consider a
typical rate of insensible evaporation to be 0.0l gm/sec (i.e. about 1
litre/24 hr period) then it is seen that this is about 1/20th the quantity
of water that the boundary layer is able to absorb before it becomes
saturated.

When water is lost from the body surface, 0.58 Kcals of heat is lost

for each gram that evaporates. This means that in a dry atmosphere, in
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the absence of forced convection, the heat output of a person may increase
by as much as (0.58 x 0,228 x 3600) Kcal/hr, i.e. 475 Kcal/hr, before the
pboundary layer is saturated. Thus the micro-environment has capacity to
absorb evaporated sweat up to very severe exercise rates without the aid
of forced convection if the surrounding air is dry.

I1f we consider the way in which the boundary layer flow could be
modified by the introduction of water vapour, it is necessary to estimate
the change that this water vapour within the air stream produces in the
value of the Prandtl number. The value of Pr for saturated water vapour
at room temperature is 0,96. However, the quantity of water that the air
is able to absorb before it is saturated with the vapour is 0.082 litres
water/litre dry air. That is 8.2% by volume of water in the air/water
mixture. From this an estimate of the value of the Prandtl number for
the saturated air gives the value of 0,74.

In the solutions for the boundary layer equations as outlined in
section 3.1. profiles are only presented for discrete values of the Prandtl
number of 0.73, 1.0 and 10. From these profiles, it may be seen that a
change in value from Pr of 0.73 to 0.74 (a change of 1.4%) produces a
negligible change in the flow parameters (a change of 0.5% in maximum
velocity and of 0.7% in the boundary layer thickness). In all normal
environments, the boundary layer flow may be considered similar in both
dry and humid conditions, and that the flow may be analysed by considering
the Prandtl number to be that for dry air.

In a turbulent boundary layer, the transport of heat is effected by
conduction at the solid surfaces as well as by turbulent mixing; and the
transport of mass is by diffusion and turbulent mixing. The diffusion and
heat-conduction processes are dominant close to the interface and the
turbulent mixing process dominates in the outer regions.

The dimensionless group which is the ratio of the diffusion coefficient

of water vapour into air to the thermal diffusion coefficient is defined
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as the Lewis number Le ( = D/y ).

It may be shown that a number of 2 component gas mixtures including
humid air have a Lewis number nearly equal to 1. For the description of
a mass transfer process, a parameter is often used which is the ratio of
the diffusion coefficient and kinematic viscosity. It is called the
Schmidt number, Sc = &Q. A Lewis number of 1 is equivalent to a Schmidt
number equal in value to the Prandtl number. The usefulness of these
dimensionless groups is summarised as follows : Any relation for a heat
transfer process can be changed over to a relation for a mass transfer
process simply be replacing the Prandtl number in the heat transfer
relation by the Schmidt number and replacing the Nusselt number for heat
transfer by the Nusselt number for mass transfer. The relation for mass

transfer obtained in this way holds for zero or small mass transfer rates.

4. A CYLINDRICAL HEATED MODEL

In order to investigate the micro-environment flow parameters, a model
was designed and constructed to simulate the convective flow conditions
likely to be encountered around the human body.

Figure 9 shows this model which consists of a 5" dia by 5' long
aluminium cylinder mounted below a hollow aluminium casting of the human
head. A long immersion heater was fitted into the base of the cylinder
and the whole model filled with water. The heater was used to raise the
surface temperature of the model to 33°C. To ensure a uniform surface
temperature a small water pump allowed the heated water to circulate freely.
The aluminium surface was painted matt black so that the model could be
regarded as a black body radiator,

The model was used to fulfil 3 functions
a) To assess the sensitivity of the N.I.M.R. schlieren system.

b) To generate a natural convection boundary layer so that the velocity

and temperature measuring devices could be evaluated.
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c) To provide the model head at the top of the cylinder with a known
flow pattern and thus to observe the flow around the head,

In order that the thickness of the boundary layer approaching the
head could be controlled, the model was provided with varying size
sheets of cork lagging so that the boundary layer could be made to
establish itself at any position along the cylinder.

When considering the cylinder as a boundary layer generator at a
temperature of 33°C, the flow remains laminar until Ge = 2 x 10q that is
until x = 100 ems from the leading edge. The transitional flow remains
until Gr = 10° when x = 153 cms, that is to the top of the neck. By
varying the length of lagging on the cylinder, the flow over the whole
model could be made laminar; a condition that simulated the effect of

clothing.

4,1, Description of the Flow over the Heated Cylindrical Model.

The heated cylindrical model was observed using the schlieren
system, and a colour ciné film of the natural convective flow was produced,
Measurements in the boundary layer flow with the thermocouples and
anemometers were also made.

From the schlieren visualisation film the flow along the vertical
cylinder at low Grashof numbers (£ 2 x 107) where the boundary layer flow
was laminar was observed. Although great care was taken to ensure as
little ambient air movement as possible, the natural convective laminar
flow was almost always observed to be unsteady. Large and small eddies
were continually being shed from the cylinder and the extent of the visable
boundary layer was constantly varying. This observation (which coincides
with those of Cheesewright) was confirmed by the presence of an anemometer
probe in the flow. Even when the wire was very near to the hot surface,
unsteadiness was continuously seen on a cathode ray display. As a

consequence of this unsteadiness, any precise observation of the transition
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from laminar to turbulent flow using the schlieren system was not
practicable.

When observing the flow near the neck and over the head of the model,
large eddies were often seen. The outer part of such an eddy would move
in a downward direction and give the appearance of reversed flow.

With no insulation on the model, the flow at head level was seen to
extend some 20 to 25 cms from the model surface.

For both the laminar and turbulent flows, the inner part of the
boundary layer was always very well defined and could be closely observed
as it negotiated the various contours of the head. Only at near
horizontal surfaces (i.e. shoulder, forehead, bridge of nose) did the
local curvature cause breakaway and secondary flows, At all other places
the flow followed very closely the contours of the face. The breakaway
for the vertical plume began to be seen on the model surface at the
hairline on the upper forehead.

The Sensitivity of the Schlieren System

Although the schlieren system is a very elegant way of making the
convective air flow around the human body visible, it is important to know
how much of the flow field may be visualised in any schlieren system.

The sensitivity of the schlieren system and consequently the part of
the boundary layer appearing on a schlieren photograph depends mainly on
the local refractive index gradient at the point of observation together
with the path length travelled by the light beam (22). See fiqwe below.

If we consider a very small segment AB of the wave front of a light wave
which makes an angle © with the y axis., If now at A the refractive index is
n and at B is (n + dn) then after a time At the wave will move to A'B' then

AA' = A.P,/n and BB' = Aﬂ/m-dn
where A 1 is the optical path of the wavefront. Consequently,
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where £ is the angle through which the light ray is bent by the disturbance
and @ is the angle between the direction of the ray and dn/dy. Therefore,
the schlieren method measures the gradient of the refractive index., A
temperature gradient is equivalent to a refractive index gradient since
(n - 1) T = const, (law of Biot and Arago) and dn/dy = (n - 1)/T. dT/dy may
be substituted in the above equation for €

There is a limiting value for this temperature gradient, below which a
given system will not register air movement. Schlieren photographs for
laminar and turbulent flow were made. The value for the vertical height, x,
is the distance from the cork insulation to the position on the cylinder
where the boundary layer thickness is measured. The model surface

temperature was 3300 and the value of x for the laminar case was 10 cms
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giving a Gr = 2.7 x 10° and for the turbulent flow x = 153 cms gave Gr = 10
The extent of the visible air movement was noted on the photographs for
both cases. From the theoretical temperature profiles and a photograph of
= 617 i

the moving layer the mean limiting value of éﬂ for this system was found
to be 0.74%/cm corresponding to the observed extent of the layer.

In turbulent flow air movement may still be seen even when the value
for the temperature gradient is lower than this limiting value,

f < ) 8?7 ;
Such movement is seen each time the limiting value of %5 is

exceeded in the turbulent eddies in the outer regions of the boundary layer.
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5. TEMPERATURE AND VELOCITY PROFILESWITHIN THE MICRO-ENVIRONMENT

The human natural convection boundary flow having been observed with
a schlieren system, and boundary layer theory having been used on idealised
models of the human form to determine convective and radiative heat losses
together with the various boundary layer parameters, the next stage of the
investigation was to develop techniques to measure the flow parameters on
fully contoured human models and on human subjects. The 2 quantities to be
measured were velocity and temperature within the boundary layer, Small
thermocouple thermometers with one junction electronically maintained at a
constant temperature were used for temperature profile measurements, The
welded joint of the thermocouple was made small compared to the boundary
layer thickness so as to obtain a large number of points in traversing a
thin boundary layer.

For velocity measurements 3 instruments were considered. The first
was a fluid jet anemometer that measured the displacement of an air jet by
means of 2 total head tubes placed in the jet with their axes parallel to
the jet nozzle., The assumption being that the total head profile would
simply be displaced by the unknown fluid cross flow (23). The device has
an output of 0.7 ins differential water gauge per foot per second of the
unknown air velocity and is therefore suitable for measuring very small
flow rates, However, the anemometer proved too bulky for a detailed
exploration of the natural convection boundary layer. This instrument
would prove useful for field work where mean flow rates were required,

A method of flow measurement making use of the displacement of a fine
quartz fibre as measured through a reading telescope was considered (24).
This fibre anemometer is suitable for very low flow rates but the
telescope reading apparatus limits the use of this instrument where a
direct line of sight to the fibre is not available. The orbit of the eye
is an instance of an anatomical site where the measurement of the

deflection of the fibre would be inhibited.
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The instrument chosen for the velocity measurement was the constant
temperature hot wire anemometer (25). The bridge circuits and amplifiers
used were DISA 55D05 battery operated anemometers, Because of the high
cost and delay in repairing the wire probes, a probe moulding and welding
system was developed to enable probes of different shapes and sizes to be

made .

5.1. The Hot Wire Anemometer,

The circuit for the constant temperature hot wire anemometer
bridge circuit and amplifier is shown in Figure 10, A Wheatstone bridge
circuit with the hot wire probe as one arm of the bridge forms the basis
of the device. When the wire is cooled by being placed in a moving fluid
stream, the resistance changes and the bridge becomes unbalanced. This
unbalance is sensed by the amplifier which allows the bridge to receive a
greater voltage across it and causes the probe to be heated until its
resistance returns to the original value where the bridge is once again in
balance. Since the response of the amplifier is many thousands of Hertz
the practical limit to the response of the hot wire to velocity fluctuations
is the thermal capacity of the wire itself.

Using 5um dia tungsten wire approximately 2 mm in length on the probe
element and keeping the wire at a temperature of 15000, the frequency

response of the wire is 0(30 KHz).

5.1.1. The Hot Wire Probe.

The probe itself (Figure 11) consists of a moulded epoxy-
resin body, fitted at the end with a small jack plug. Figure 12 shows the
mould from which these bodies were made together with probes at various
stages of manufacture, The prongs of the probe are made of workhardened
nichrome wire, and are approximately 2 mm apart. The 5Pn\dia tungsten
wire is spot welded to the ends of the prongs using a specially designed

micromanipulator (Figure 13) which allows delicate alignment of the probe
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prongs with the wire. Figure 14 shows the circuit diagram of the capacitor

discharge unit which was constructed for welding these small wires.

5.1.2, Probe Calibration.

Because of small differences in characteristics from probe
to probe, it was essential that each probe be calibrated during the course
of an experiment, In order to do this a small calibration rig was
constructed and is shown diagramatically in Figure 15. This consists
essentially of a vertical tube sufficiently long to ensure a fully
developed parabolic velocity profile (100 tube diameters in this case) with
air being drawn through the tube and past an anemometer placed in the flow.
The volume flow rate of the air was determined by a rotameter placed in
series with the calibration tube. With this apparatus, the hot wire
anemometer may be calibrated to velocities as low as 0.5 cm/sec. Figure 16

shows a typical calibration curve for one of these anemometers.

5.1.3. Heat Losses from the Anemometer Wire,

The heat losses from a hot wire in a moving fluid are -

a) Radiation losses,

b) Conduction losses along the probe prongs,

¢) Heat losses near a solid surface,

d) Forced convection losses to the fluid - these being a measure of

the fluid velocity.

In a boundary layer velocity traverse any alteration in these losses as the
wire moves towards the solid wall must be considered in the anemometer
calibration.

Radiation lLosses

Since air is optically thin there is a large radiation penetration
length with respect to the boundary layer thickness., Since also the
absorbtion coefficient = O the radiant heat loss follows the Stefan Boltzman

s
law and is proportional to (1:d = lo ). Heat loss due to radiation is
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therefore constant as the wire approaches a solid wall and the calibration
will not be affected.

End Losses Along the Probe Prongs

The hot wire is constantly losing heat to the probe prongs. These end
losses were calculated by King (26) who showed that the temperature
distribution could be represented by a hyperbolic cosine function., For the
constant temperature wire used in these experiments, the prongs were made
of ni-chrome having a high thermal conductivity. The end losses should
remain constant and independent of the distance of the wire from the wall,
except very near to the wall,

Effect of Changing Ambient Temperature

As the constant temperature wire approaches the heated skin surface,
the temperature of the fluid flowing passed the wire is increasing and the
temperature difference between the wire and the fluid decreases, As a
consequence, the heat transfer from the wire due to forced convection
falls, It is therefore necessary to determine the temperature sensitivity
of the wire by measuring the 'no-flow' output from the wire at different
ambient temperatures in order to correct the velocity output. The assumption
is made here that the calibration curves for different air temperatures
over the range of velocities that we are considering are similar in shape.
The changes in no-flow voltage due to ambient temperature changes is simply
an off-set on the calibration curve and is equivalent to a slightly
different anemometer wire overheat ratio. Figure 17 shows the effect of
different ambient temperatures on the heat loss rate for a typical probe.

Heat Loss When the Wire Approaches a Solid Wall

When the wire is very close to the solid wall, conduction directly
across the air gap will predominate over the natural convective heat loss
of the wire to cause a variation in the anemometer calibration. Figure 18
shows the wire heat loss as the wall is approached., It is seen that at

distances closer than 300Fm the heat loss rate rises steeply. If velocity



~vng.

measurements were to be made on a human subject, it would be very difficult
to measure closer to the skin due to involuntary body movements. Therefore
it was not considered necessary to measure closer to the wall from the

limiting value of y/e=60 shown on Figure 18 (where 1 is the diameter of the

heated wire).

5.1.4. Time-Averaging of Anemometer Readings.

Cheesewright (16) has reported experiments to measure
laminar natural convection velocity and temperature profiles in which the
laminar boundary layer is almost always unsteady. This unsteadiness, which
may be attributed to vertical temperature gradients and velocity
disturbances within the laboratory, was the cause of some observed reversals
of flow. In the present experiments, when the hot wire anemometer output
from a laminar convection boundary layer flow was displayed on a cathode
ray screen, the unsteady nature of the flow was clearly seen. The
introduction of artificial disturbances into the laboratory, outside the
boundary layer, did not appear to affect this unsteadiness. In order to
obtain mean values for the velocity in this unsteady flow, the experimental
technique was adapted so that the hot wire anemometer output could be
sampled 100 times in 200 secs and the resulting outputs averaged to give
the mean output voltage at any point in the boundary layer traverse.

An example of such a time averaged anemometer output is shown in
Figure 19 which is plotted soas to show the frequency of recurring output
voltages over a 200 sec period. From this figure it is seen that the
majority of readings from the output voltage lie in the range (in this
example) 0.720 - 0.705 volts (i,e. maximum change in output of 2%). This
voltage range represents a velocity fluctuation of some 3 cm/sec. However,
this range on the calibration curve (Figure 16) is very nearly
represented by a straight line, and the assumption is made that the
anemometer calibration curve is sufficiently linear over these small

voltage output changes to enable the output voltage rather than the
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equivalent velocity to be averaged. This simplification enabled the
automatically obtained voltage readings to be averaged directly.
In order to estimate the effectiveness of this form of time averaging
a statistical degree of confidence test was applied to the sample.
A
An estimate of the population variance ¢* from the sample variance B
(sum of squares of sample difference from sample average) (27) is given by
Sazupn e .
the relation & = n-1t where n is the number in the sample, i.e. 10 in
this test.
A, -6
The value of 4 ° was 107.7 x 10 .,
In order to carry out a 5% significance test that the population has a
mean value Hw given by the mean of 100 readings (i.e. 0.714), it is

necessary to compute a value for z given by _iL__ﬁiﬂ_ where x is the
cs/J??
sample mean of 0.707.

For this test z = 2.13. From statistical tables [Z| > .96
for 5% significance, which is the case in this example.

The conclusion from this test is that the probability that the true
value fL for the mean of the output voltage lying in the range PL=Ouof:-o%M%
is 95%. This acceptable probability led to the adoption of the simple time
averaging process to determine the bridge output voltage for the results in
these experiments.

5.2, Use of the Hot Wire Anemometer and Thermocouples to Measure
Velocity and Temperature profiles.

Figures 20, 21, 22 and 23 show velocity and temperature profiles
measured in both the laminar and turbulent natural convection boundary
layer on the heated model at various values of the Grashof number., In the
case of the velocity profiles, 100 anemometer readings were time averaged
and the calibration corrected for the temperature variation across the
boundary layer.

Agreement withthe theoretical profiles in laminar flow and the data of

Cheesewright for turbulent flow are seen to be good for both the temperature
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and velocity distributions and these 4 typical experimental curves
demonstrate the viability of the measuring techniques that the first part
of this work set out to establish. Also indicated on Figures 20 and 21 are
the limits of the schlieren visualisation as determined from photographs
using the heated cylindrical model. It is seen that if the boundary layer
is considered to extend to a position where the air velocity is 0.1 that of
the maximum, then the schlieren system allows visualisation of just over
half of the boundary layer thickness,

These results for the temperature and velocity distributions around
the heated model complement the schlieren visualisation of the flow and con-
firm the theoretical calculations from boundary layer theory for laminar
flow.

The maximum velocities that occur within the flow at face level are
shown to be some 50 cm/sec and the extent of the boundary layer at this
level is measured to be around 20 cm, Because the flow becomes turbulent
at 150 cm height, the head is generally in a region of transitional flow
and consequently the flow parameters are difficult to predict., In laminar
flow the velocity and thickness of the layer increase steadily with
height. However, when the flow goes turbulent its nature changes so that
the velocity does not increase so markedly. The energy becomes re-
distributed and the layer becomes much thicker with height with only a
small change in velocity.

From these measurements of the boundary layer extent the volume flow

over the head is calculated to be some 10 litres/sec.

6. THE TRANSPORT OF PARTICLES BY THE NATURAL CONVECTION BOUNDARY LAYER

The second part of this thesis sets out to consider the potential of
the natural convection boundary layer as a transport mechanism for bacteria,
industrial dusts, pollens, skin scales and other particulate debris. The

main area of interest in the application of this work is the role of the
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boundary layer in the transmission of airborne infection by the transport
of particles that may be detached from the skin surface.

Davies and Noble (28) have shown that staphylococci are transmitted
on small rafts of skin shed from the body and report the most common size
for the raft was 13’un dia; each raft may carry about 4 viable microbial
units (29). As the body moves and is rubbed by clothing during exercise,
fragments of skin are constantly being shed from the body with a consequent
cont inuous dispersal of micro-organisms. These may find their way into the
convective boundary layer and thence to some other body site, to the
respiratory tract or to the surrounding air.

It has been found that a complete layer of skin from a man may be
desquamated during the course of one or 2 days (30). It may therefore be
calculated that the number of skin particles of about 13Pmd¢gdispersed per
day is of the order of 10° and the nunmber of bacteria 'riding' on these
particles can be as high as 4 x 10" per day.

An important factor in the determination of the role of the natural
convection boundary layer in autogenous infection and bacterial
desimination from the body is an estimate of the bacterial density
population of the skin, Among ecologists engaged on this problem there are
great variations in methods of measurement with largely varying estimates
for the population of the skin surface. However, it is clear that various
body areas differ significantly in the densities of the populations they
support. Marples (31 and 32) described these differences as '"the sparsely
inhabited desert of the forearm, the more heavily populated tropical forest
of the axilla, and the cool dark woodsof the scalp'". The densest bacterial
populations are found on the face and the neck and in the axilla and groin.
The trunk and upper arms have much sparser populations., Numerical figures
for these regions give the axilla a mean population of 2.41 million
bacteria per square cm.of epidermis. The mean count for the scalp and

forehead being 1.46 million and 200,000 respectively. Counts on the back
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averaged only about 314 per sq cm,

Figures for the number of bacteria per unit weight of scurf, which is
the surface of the epidermis, indicate an average value of about 530
million per gm,

Many methods for spore liberation are encountered in the plant world
(33) which rely on the release of stored energy due to the elastic
properties of plant tissues or of pressure differences within
capilliaries, and it is interesting to speculate whether such mechanisms
exist on the skin., Scanning electron micrographs of the skin (Figure 24)
surface do reveal fibres that appear to be in tension. It has been
thought that the energy release by rupture of such fibres could 'catapult'
keratin flakes away from the skin surface. The results of experiments
reported by Heldman et al (1967)(34) dosuggest a spontaneous release of
particles from arms that were exposed to an air stream in an isolation
chamber, Although such a mechanism may exist, we have not been able to
observe such a release by microscopic observation of the skin surface. The
method of detachment that seems to dominate the release of skin particles
is the abrasive action of clothes and the rubbing of one part of the body
surface against another. This effect may be demonstrated by placing an arm
in a perspex tube and gently rubbing the skin surface. With the use of a
collimated light beam, detached particles may be seen to leave the skin and
travel to the perspex surface by electrostatic attraction. Continuous
gentle rubbing produces a stream of particles that does not seem to
diminish in concentration even after some minutes, Figure 25 shows some
more skin flakes that are nearly detached from the body surface,

To investigate the motions of particles moving in the boundary layer
flow, experiments were carried out in a laminar flow channel which was used
to simulate the veloecity profile found in the inner part of the laminar
natural convection boundary layer. Glass dust particles were injected into

this flow and the numbers that deposited out of the streamline flow,
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together with the numbers travelling the whole channel distance were counted.
The various forces acting on the particles are considered separately and
attempts at particle trajectory analysis are compared to the experimental
results.

Since the natural convection boundary layer is very often laminar over
large body lengths, an analogy is made between these channel experiments and
analysis and the way that particulate debris may be expected to behave in
the microenvironment. The numbers of particles 0(10’) injected into the
channel in any experiment was representative of the numbers of skin flakes
that could be present around the body. As isshown further on, the shear
stresses exerted on the skin by the natural convective flow over the body is
not capable of dislodging skin particles or other small particles. Particles
entering the boundary layer flow from the skin surface may therefore be
dislodged by mechanical friction caused by the rubbing actions of limbs and
clothes.

When the mass flow rate of upward moving convective air above a naked
standing man is considered, the flow is seen to be of the order of 10L/sec
with a maximum velocity of up to 50 em/sec. An application of this work is
found in operating theatre ventilation systems where the total room air is
changed many times each hour, with the sterile make-up air often flowing
downwards from the ceiling. The ventilating air velocity will depend on the
volume of the theatre and the particular geometry of the ventilating system,
but a local downwards velocity of around 20 cm/sec may be encountered at
specific sites. The local downward flow velocity and the upward convective
flow can therefore have comparable magnitudes and the consequent mixing of
these two airflows can be important when considering the local flow

conditions over, say, an operating theatre table.

6,1, The.Motion of Particles in a Viscous Flow,

In the study of particle motion in viscous flow, Jeffrey (35) has
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suggested that particles travelling in a fluid stream "..... will tend to
adopt that motion, which of all the motions possible under the
approximated equations corresponds to the least dissipation of energy."

He follows with the proposition that "for motion in a capilliary tube the
particles will tend to concentrate along the axis of the tube.” Goldsmith
and Mason (36) in carefully controlled.experiments observed no axial
migration with rigid rods and discs in viscous flow. For deformable
particles (blood cells, oil droplets, etc.) the axial migration suggested
by Jeffrey has been observed and analysed.

Owen (37) when considering the axial movement for solid particles in
an air stream, suggests that the only forces tending to displace a particle
from a streamline, in laminar flow, are Brownian diffusion, Magnus forces
due to spin and differential shear forces. He suggests that allof these
foreces can only be of significance for particles less than 0.1 pm
equivalent diameter. The nett conclusions from previous studies
suggests that in a laminar flow, in the absence of gravity of electrostatic
forces (also in the absence of particle collisions and interactions)
particles will not deviate from their initial streamline motion.

In the following sections, an attempt is made to examine the
trajectories of particles in a laminar flow. The application of this is
to estimate the capacity of the natural convection boundary layer around
the human body for dispersing particles from the streamlines into the
surroundings, or transport such particles over the body.

The maximum velocities encountered in the human natural convection
boundary layer are about 50 cm/sec, and over typical body lengths of up to
a metre or so (e.g. leg, arm and body dimensions) the flow may be laminar.
Any particle will be in suspension when the flow velocity is greater than
the terminal fall velocity of the particle. Thus particles greater than
about 80 pm equivalent diameter will fall to the ground and will not concern

us in this analysis. Any particles entrained in the flow where the velocity
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is very nearly equal to the particle fall velocity will have a small nett
vertical velocity. For such particles the time of flight to traverse
body lengths will be significant (smallest time will be about 1 sec) with
the result that any forces tending to displace the particle from the

streamline will have an appreciable time in which to act.

6.1.1. Particle Size and Terminal Velocity.

It is fortuitous that many particles of biological
interest fall into the size range, that when subjected to the velocities
found in the human natural convection boundary layer, have the times of
flight across body surfaces that are outlined above. These particles are
mainly dusts, pollens, skin scales and bacteria and the following table
shows their size, terminal velocity, and Reynolds number (ratio of
inertia to wiscous forces) based on this terminal velocity.

When considering the boundary layer as a transport vehicle for dusts
and micro~organisms, it is possible for particles up to 70 um equivalent
diameter to be suspended and to travel with the flow, Particles greater
than this size have terminal velocities greater than any flow velocity
found over the body and will fall to the ground. However, this size
range contains all bacteria, pollens and many of the skin particles

that the body is constantly losing.

Particle Size Terminal Velocity Particle Re
Bacteria l1pnm- 5pm | 0.5 x 16" - 10" cm/sec | 3.5 x 10° - 3.5 x 10"
Skin Scales | 5 pm - 15 pm 10' - 1 cm/sec | 3.5x10 -1 x 16
Pollens 15 pm - 70 pm 1 - 25 cm/sec 1x 10" - 1.25
Dusts > 100 pm > 50 cm/sec e o T ¢

The ratio X: of the resistance of a particle to that of a spherical

particle the same volume is called the dynamic shape factor of the particle.
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The equivalent particle radius (e is the radius of the sphere with the
same volume as the given particle, and the Stokes or sedimentation radius
fs is the radius of a sphere with the same density and rate of settling.
For spherical particles re = fs but for non-spherical particles )( may be
shown to be '3243? . The value of ]( for oblate and prolate
ellipsoids is respectively 0.69 and 3.42 (39). Thus the values of Te/(s
in these two cases are 1.85 and 0.83. These values are for ellipsoids
having an aspect ratio of 10, This aspect ratio is the largest that is
liable to be encountered in particles of biological interest considered
here. In the above table, it is seen that even if the equivalent particle
diameter changed by a factor of 2 the size range that describes the
particle is still valid.

There are a number of practical difficulties in the determination of
particle size in 3 dimensions under the microscope. The particle sizes
measured in this work is quoted as the average size of the particle
projection in the field of view taking two mutually perpendicular
directions.,

It is appropriate to mention here the effect of particle density on
terminal velocity, and in this section the calculation of the terminal
velocity for spherical particles with various densities is demonstrated.

A particle reaches its terminal velocity when the air resistance plus
the buoyancy of the particle is equal to its weight. For flow at low

Reynolds numbers the Stokes equatfion for the drag D on a sphere is given

by D= 31‘I"L Wwd
and the corresponding expression using the drag coefficient becomes
Co= 24/TRe

Consequently, the 3 component forces acting on the particle are as follows
Co %2 Qo W T d¥a

9"91‘ ds/b

fa 8T d¥%

Drag force

Weight

)

Upthrust
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and the particle is in equilibrium when
3
z 1 =
Cox e foudndy, = 3Ty (fo=Fa)
When the particle is heavy compared with air, the buoyancy forces may be
neglected and the expressiomr for the terminal velocity then becomes
d% - .¢Se

u-t' 3 /IS\U( /g&.)

Considering 3 different values for (gg[nl) of 250, 500 and 100Q we have

250 the particle density is .33 that of water

for :gﬁ@\
5/sa

.fp/f._ =1000 the particle density is 1.3 that of water.

500 the particle density is .65 that of water

The following table gives the terminal velocities for particles with these
density ratios in the size range 0.1 to 100 F.\and this is shown plotted

in Figure 26.

Table 6

Particle

Diameter cm/sec cm/sec cm/sec

pm mm %, = 250 . = 500 5%, = 1000
100 10" 9.35 . 18.7 37.4

10 10°° 9.35 x 10 18.7 x 10°* St d%x-10""

1 107> 9.35 x 10°F 18.7 x 10”4 37.4x 10°°F

0.1 1 9.35 x 10°° 18,7 - 107" 37.4 x 10~%

From Figure 26, it is seen that in the particle size range 5 pm to
50 pm (which includes skin scales) that the terminal velocity for a 5 Jum
dia particle varies fram 0.3 to 0.1 cm/sec as the density ratio goes from
1000 to 250.

In calculations of particle terminal velocity for glass particles
used in flow channel experiments reported further on where the density
atio j’p/'fm = 1200, a good approximation to the terminal velocity is given
by U = d"/200 cm/sec, where d is the diameter of the particle in microns,

In the following section an attempt is made to estimate the magnitudes
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of various forces that may act on small particles in viscous flow.

6.1.2. The Acceleration of Small Particles in Air,

When considering the motion of particles in laminar
channel flow, it is important to know whether the distance in which a
particle is accelerated to its final velocity relative to the fluid flow,
is appreciable with respect to the distance that the particle may travel
along the channel before impact with the side wall occurs, As an example
we may consider a spherical particle of diameter d cms in an air flow of
U cm/sec, with the density of the air being fa and the density of the
particle beingﬁh The particle has a mass m gms, and let the particle
accelerate from rest to (U - uy ) cm/sec at a uniform 'a' cm/sec* in a
distance S em. The drag on a particle in a viscous flow is assumed to be
given by 3%@2 , where Re is the particle Reynolds number. Consequently,
the accelerating force on the particle is given by F = 3%@& sza.U}deﬂQ—
Equating this force F to the (mass x acceleration) of the particle, where

: z 2/ _Bad3 ur
the acceleration 'a' is given by W=2aS we have ke 2. fa L&.'le/+— '?P%':(tis ’u/zs

where SP (1 ﬁiuqn \b_\s 6“\/ﬂd3

P abiel S = f%,a.d/“.‘l?o.

As a typical example of this distance S, we consider a 15 um dia particle
with g7h1= 1600 (i.e. having twice the density of water) in an air flow of
20 cm/sec. The value for Re therefore is 0.2 and S = 100 pm. Consequently
it is seen that the accelerating distances for such particles is

negligible compared to distances travelled along the channel.

6.1.3. Motion of a Rotating Particle in a Velocity Gradient.

Rotation of a particle may arise due to a velocity gradient
such as a shear layer near to a wall, At small particle Reynolds numbers,
rotation causes fluid entrainment adding to the velocity on one side of the

particle and lowering the velocity on the other side. This Magnus effect



=

tends to move the particle towards the region of higher velocity. An
experimental effort to assess this Magnus effect by measuring the 1lift,
drag and rotating speed of small spheres was made by Eichorn and Small

> : = = E/ = dﬂe/
(40) and the following relation between 1lift and drag was obtained /D &Y
where W is the rotational speed and VY the fluid viscosity. Hence for
small particles (rotating once in 1 sec), the 1lift force due to their
passage through a shear layer can be neglected when w is small, since for

-5
a 30 pm dia particle, say, the Lipg 2 10 w

6.1.4, Lift on a Small Sphere in a Slow Shear Flow.

Saffman (41) has derived an expression for the transverse
force on a sphere entrained in a fluid moving with uniform simple shear.
He found that this force was independent of the rotation of the sphere and
was given by -Fg = k}-b 4‘“*'0{1/\]"1 _(alu_/db)"'l-
where u = velocity difference between the particle and fluid =, du/dy =
velocity gradient in the fluid and K = 6.46 -a constant from numerical
integration., We may consider the effect of this force on particles in
the laminar flow channel where the velocity profile is given by U = Umax. x
(1 - 4 y/d*); and therefore du/dy = Umax 8 y/d*. At a typical position
say d/4 from the channel wall, (du/dy) = 2ZUm«x/d and for a channel Re = 200,
Umax = 20 cm/sec. For lycopodium spores 30 pm dia,Ut = 4 cm/sec then L =
6.46 x (30/2x 10 ) [210'¢ where ¢ is the air density. The Stokes
drag Fs of the particle is given by 6“}1uui and the ratio lift force/
drag force = L/D = 3.7 x lcfl. From the analysis of the photographic
motions of particles in a following section, it is seen that this force is
too small by about an order of magnitude to sustain the observed motions

and is therefore regarded to be of second order importance.

6.1.5. Thermal Precipitation - Radiometric Forces.

Small particles in air where there is a temperature

gradient tend to move in the direction of the lower temperature. The
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precipitating force results from the decrease in concentration and velocity
of the gas molecules along a temperature gradient. Thermal precipitation
accounts in part for the blackening of cold walls above radiators and for
the pattern of dust deposits on celings, This kind of precipitation is
employed in some particle sampling apparatus.

A number of thermal force equations have been proposed and an idea of
the order of magnitude of the velocity associated with a temperature
gradient may be obtained (42) from W= '_C_’r.*: dde where U is in cm/sec and
the temperature gradient dT/jx is in degrees absolute/cm. In the human
natural convection boundary layer the maximum value of the temperature
gradient is about 4°C/cm and the maximum velocity of a small particle down
this gradient U is § x ldq'mm/sec. This velocity is negligible when
correlated to the time of flight of particles, either in the following
channel experiments or in the natural convective flow and only becomes

significant for particles in the submicron range.

6.1.6. Brownian Motion of Particles.

The mass of microscopic particles is so small that they
are driven about in air by the buffeting action of the gas molecules.
Under equilibrium conditions, the vectorial sum of the molecular impacts
are zero; it is the oscillating motion that these impacts cause that is
known as Brownian motion.

The Einstein equation relating the mean square displacement of a

particle undergoing Brownian motion and the time interval between 2

. ) -y TRTE
successive observations is % 3Ty N
23
R = gas constant N = Avagadro number = 6.06 x 10 mole/gm molecule
T = absolute temperature t = time interval
r = particle radius i air viscosity.

If we consider the displacement due to Brownian motion of a freely falling

stream of particles of minimum size 15 pm dia, then particles down to this
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size would be expected to land within a circle of diameter 2x in falling

through vertical distance h. Then from the Einstein equation x = K JR
-4

where k = 0,704 x 10 . This small value for k shows that deviation of

such particles in free fall due to Brownian motion would be very difficult

to detect experimentally as the horizonhldistances moved are very small,

6.1.7. Aerodynamic Lift Force.

The force on an irregular shaped particle resulting from
the motion of the particle through the air may'be inclined to the path
direction. Imai (43) has produced an expression for the ratio of Cl/Cd
for a 2-dimensional inclined elliptic cylinder of several aspect ratios.
The magnitude of this ratio Cl1/Cd for a particle of aspect ratio 10 and
having an equivalent diameter of 30 pm (giving a value of Re based on the
terminal velocity of 0,08) may reach a maximum value of 0.1, This 2-
dimensional analysis is applied as it gives similar values for Cl/Cd as
available estimates for the 3-dimensional case (56)

The derivation of these values for Cl/Cd is indicated in Appendix 2 for
the 2-dimensional case and expressions are developed for the trajectory of
such a particle in a laminar channel flow. The deposition concentration
of particles along the laminar flow channel walls have been evaluated for
various flow rates., These calculations are also outlined in Appendix 2
and the results are shown in Figures 27, 28 and 29.

It is known (39) that non-spherical particles may move at an angle ©
from the line of action of resistance of the fluid., For ellipsoids of
revolution (44) it has been calculated that the angle © increases as the
ratio P of the major and minor axes of the ellipsoid increases., For
oblate spheroids the maximum value of 6 is 4.6 at P =2 and 9.4 at B = 10
and for prolate ellipsoids it is 3.9 at B = 2 and 10.4 at B = 10. When
the value of Re > 0.05 - 0.1 the motion changes. Elongated particles try

to align themselves to balance the fluid resistance and the nett
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gravitational force. This tends to be the position where longest edges are
perpendicular to the direction of the motion,

As the Re increases, the trajectory of a freely falling particle
deviates further from the vertical the larger the particle. Experiments
with coal ash in still air conditions (45) Qgave the average deviation for
800 pm dia particles in falling 100 cms of 0.45 cms. At higher Re, the
path of the particles becomes spiral or zig-zag.

As particles orient themselves across the flow direction their
mobility (vel/force) parallel to the flow direction becomes less than in
the perpendicular direction, so that while settling they slip sideways or
glide (46), For Re < .1, i.,e, dia d < 20 pm this lifting phenomenon was

not observed,

6.1.8. Summary of the Magnitudes of Forces on Particles,

The magnitudes of the forces discussed in the previous
sections is expressed by the ratio of the sideways force (L) to the weight
or drag (D) of the particle.

For example used in the calculation of the following table is for
30 um dia particle having a density equal to that of water and in a
temperature and velocity gradient similar to those found in the human
convective boundary layer.

Table 7.

Force Ratio L/D
-5

Magnus Force 10

Force due to -3

differential shear (Saffman) X320

Thermal Precipitation 1.8 x 10°*

Brownian Force 5 x 10"

Aerodynamic Lift Force 107"
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6.2. The Theory of Electrostatic Effects on Particle Motions.

The existing theory and technology concerning the behaviour of
particles in an electric field, derives in the main, from consideration of
electrostatic precipitators used in the purification of contaminated gases
(47). In these devices, 2 distinct physical processes take place: the
charging of the particle and its subsequent transport to the collecting
electrode. However, in considering the behaviour of particles due to
electric processes in the natural convection boundary layer or in the
laminar flow channel there was no active charging of the particles by
a dominating electric field, The particles may be charged during their
motion through the air, or be charged before beginning this motion,
Consequently, any theoretical treatment based on precipitator theory can
only be a guide to the processes in the physical phenomenon.

In an electric field, when a particle is uncharged, ions collide with
it and charge it until the repulsive action exerted on approaching ions
balances the force due to the field. Charging then ceases. It is assumed
that diffusion of the ions and particles is neglected, and that the
attractive 'mirror' force between a particle and an approaching ion, due
to induction, is negligible. It has been shown that these assumptions are
justified for sufficiently large particles for which the charging is very
rapid, For small particles of less than .5 pm dia, the neglected factors
become important. For large particles, the drift velocity of a charged
particle of radius 'a' obeying Stoke's law is expressed as Ue= K&IL:Q/EH}L
where Kg is a constant dependent on the particle dielectric constant, Io
is the field charge and I the particle charge. It is seen that for these
particles the velocity is proportional to particle radius and to the
product I Ig.

For a field strength I = I, = 10 electrostatic units (3000 volts/cm)

the theoretical particle velocities are shown below (48).



Table 8
Particle Radius pm Velocity cm/sec
100 885
10 88.5
1 8.85
ik .885
All sizes 2.8

The above discussion considered that the particles were spherical, and
therefore that the charge could be assumed to be uniformly distributed
over the particle surface area. In attempting to determine the motion
of the irregular glass dust particles used in the following channel
experiments, the fact that the particles can have very small radii of
curvature can give rise to a high asymmetrical point charges and lead to
unpredictable particle motions.

In the case of the vertical upward laminar channel flow, we may

consider the deposition on a side wall due to an electrostatic field

giving a particle a sideways drift velocity expressed as U, = Ke d.
W flow -
7 / oy = W—Wg
B /de
2% "
7/ *;F Vi dg/dt = ue.
7/ W . dx/ -
/ — e % . .
g PR Y oy /u Ue and for o parabelic profile
v (T e A veloaty profite where W= Ug (1= 4Y342)
2 Ve
/7
|- -
W - Rd* Y °(_ ,/Dl) E uo(l-4‘i7b;)-kd"

u,e =ked
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The distance along the channel that a particle goes from the injection
point before landing on a side wall,

B/a 2z 2
X = Wo (1_4.Y/D:.)—Ied 0‘.3 -fm«\ whan ca
Ke c

o

Aty { W, - U
Y/D i /kgd ’./3 ‘Z?..

Differentiating with respect to the particle diameter d

dY/D = - .&. -+ L

_d-; 3Ked? Ke 2

E S
From an initial particle distribution N(d) given by N({d) = Ae"1ibd

the number of partiecles landing on unit area of a side wall is given by

= -8d”
N - NQ:() S'td)/gc‘%) = Ae |
Uo _+'E__
3Ke dz 2Ke
2 -Bd?
TP ] Sorbhe U tdbie
(*/p) 2Uo +3U¢

If we consider an electric field able to attract a 5 pm particle to the
side wall a distance x/d = 50 from the injection point after a time of
flight of 4 secs (corresponding to a channel Re of 105 as in the particle
experiments) then the value of Ke to achieve this deposition should not be
less than 400, Figure 30 shows the deposition concentration along a
vertical side wall for this value of Ke, The maximum deposition is seen
to occur at a value of x/D of 5.

Electrostatic + Gravity Effect in a Horizontal Channel

L0 i s e Ue
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Consider roof deposition where Ue 3 Ut

dx/dt = U, dy/dt = (Ue - Ut) Ut = kd” Ue = Ke d

dy/dt & o (1_ 4-9/‘62) _F-Qr —;Furo.bolic Profq‘lse

Ue —We
Uo (1= 4%z )

Distance to point of impact x on upper wall of channel is given by

% f"" Ue (1= 47%0) oy
) U‘L?——'u":)

du/dy =

; o Mo .
3 X/D = /‘3 (ue —LLE.) _-F-f‘ﬂw\ whic

deo) L [ Tue B~ 3¢%)
ded) 3d Uo

Number concentration of deposited glass dust particles per unit area on

channel roof is given by

NN S@%S'(x/b)

-8d*
d

f.Q -‘\_J'-'-A 3d

e () - 30%)
Uo

When applied to the following channel experiments without an impressed
electric field and evaluated for a channel Re of 200 based on Uo, the value
of Ke capable of causing the largest particle to move upwards is Ke = 3000,

In this case X/D = 10.9 for a 2 pm dia particle and X/D = 1.59 for a 40 Pm

particle. Therefore in such a theory there is no roof deposition at
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X/D > 10.9 if the largest particles are allowed to reach the roof.

Table 9
Particle Diameter pm X/D for Deposition Position
2 1949
S 4,64
10 2,54
20 1.64
30 1,92
40 1.59

Electrostatic - Gravity Effect + Channel Inclination

The following analysis is for roof deposition in the inclined channel.
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From the expression for X/D, it may be seen that the same small values
for X/D occur for large particle sizes as in the horizontal channel,
Thus the deposition patterns that would be expected if the electrostatic
effect could simply be described as in this theory are seen to be
different to those obtained in the flow channel., In the experiments, a
size distribution showing both large and small particles deposited is
observed for all values of X/D.

The following sections describe some experiments which attempt to
assess the charges that the particles used in the flow channel experiments

were carrying.

6.3. Floor Deposition in Channel Flow under Gravity.

In laminar channel flow, the depsition pattern on the bottom of
the channel is considered for a parabolic velocity profile. 1f we consider
a particle in such a flow, moving at the local horizontal fluid velocity
U and falling vertically with terminal velocity Ut where Uo is the
maximum velocity at the centre of the flow.

W= Us (1~ +V.z/p=)
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and the distance from injection to the position of the point of impact

along the channel is given by :

o2
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Considering an interval C/p along the channel at a distance x/D from
the injection point., The number of particles landing in this small
distance S(z/D) will have diameters between d ond Ld + Sd)

-8d4*
When the number of the injected particles is given by Ae then the
number of particles of size interval Sd landing on unit length in channel
of unit width (number density/unit area) is given by
-
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For the non-horizontal case when the flow is inclined at an angle © to the

vertical and the fluid flow is upwards.
U flow

>e/ d%’t = = u{; Gs &
> Ue5n6 oan '
,,/’///‘ CiHth e el SIS T d

(U-UgCan ®)
x*
Yug
(5 Q ':F'O"GLJ‘C U‘Glhélk'b —'Pno-Fﬂ-Q
. Ue S

dy/
dx l}‘o(\"z‘ﬂjég)'—'tlg1$s Eﬂ

The distance x along the channel to the particle landing position is given

)
by /2

o (1= *¥7%2) —u, Gs® dy
0 Ue Sh®

) Uo _ Ue @s®
o = Al su® [3 — ]

X @

From whence




_50_

Differentiating with respect to the particle diameter 1

d%) . —2uo
d) 3d U SinE"

As before, the number of particles landing on unit area of the bottom

channel wall is given by

T - @) T ey

e Lo I% I 3
e N= he™ () e

Figure 31 shows this distribution plotted for glass dust for the

horizontal channel., The variation of distribution with channel inclination
@ is also found from this relation for any fixed value of x/D, Figure 32
shows this distribution (together with an experimental result) for a
channel x/d of 4 in a flow with Re of 105 based on the maximum Velocity.
For channel inclinations greater than 300, the rate of deposition remains
nearly constant with increasing inclination, whereas the floor deposition

increases rapidly as © goes from 0o to 200.

T PARTICLE TRANSPORT EXPERIMENTS - INTRODUCTION

Since the convective flow over a naked man generally remains laminar
up to aheight of 100 cms, and in the clothed condition may remain laminar
over the whole body length, some experiments were made to determine the
motions of small particles in such a laminar flow. To this end, a laminar
flow channel was constructed and isshown in Figure 33 (49), This consists
of 2 parallel glass sides and is fitted with a contoured aluminium entry
section. The channel depth was 1.5 (but could be varied) cm so that the
values of QhVHBD,“M for fully developed Poiseuille flow could be of the
same order as is encountered in the laminar natural convection boundary:
layer, i.e. duﬁ#s = 0(100) sed’ . 'The Poiseuille flow was fully developed

after a distance L' giveﬂ by L' /2= 0.058 Re where Re = channel Reynolds
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number and D the channel depth. Thus after about 25 cm for a channel Re
of 300 the flow was fully developed (50). After about 25 cm the parabolic
profile was fully developed to represent the inner part of the laminar
natural convection boundary layer to a thickness just beyond the position
where the maximum velocity occurs, By studying the behaviour of particles
in this channel, some idea of how particles may behave in the thermal
boundary layer can be inferred. At the top of the channel, a filter was
arranged to collect particles that travelled the whole channel length
without being deposited. Beyond this point a vacuum pump was fitted with
a variable speed control so that a whole range of laminar flow rates

could be studied.

Just below the filter, a hot wire anemometer was sited so that the
velocity distributions across the channel could be measured. The developed
parabolic profile was measured for 2 Reynolds numbers and is shown in
Figure 34. The anemometer was situated 85 cms from the inlet to the
channel and as a precaution against unsteadiness in the flow caused by fan
motor fluetuations, the velocity readings were time averaged. In the event
a thick paper filter placed at the top of the channel was used which

completely eliminated these fluctuations.

7.1. Surface Shear Stiresses.

In all particle transport phenomena studied here, both in the
human natural convective flow and in the experimental flow channel, it is
observed that whenever a particle lands on a surface it will not be removed
again by any shear stresses arising from the fluid motion. It is possible
to speak of a fluid threshold velocity and to define it by the wall shear
velocity Uy at which particle motion at a wall starts due only to the
fluid shear stress.

Bagnold (51) performed experiments with sand grains to determine the

value of Uy at which the movements of various sizes of sand grain began.
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Figure 35 shows this threshold velocity plotted against the grain diameter.
The grain size is drawn on a square root scale, and it is seen that for
large grains the threshold velocity is proportionai to JTE As the
particle size begins to fall, a critical diameter is reached where the
shear velocity needed for movement becomes a minimum. For air, this
critical diameter is seen to be 80 pm, and for particles smaller than this,
fluid velocity has to be larger before movement may take place. The

square root relation between the shear velocity and particle diameter holds
for particles down to 80 pm dia. The shear velocity needed to initiate
movement of such a particle is 15 em/sec. For a 10 pm dia particle, this
velocity is seen to have risen to 32 cm/sec. The density of soft keratin
is 0.6048 gm/cc, but for hard desquamated keratin this rises to 1.325 gm/cc.
However, the results of Bagnolds experiments may be used to give an idea

of how skin scales as well as glass particles may behave on a solid surface,
since the threshold velocity, proportional to the square root of the
particle density, would be overestimated by a maximum of 1.4 times.

From the boundary layer analysis for convection along a vertical flat
plate, it is found that the maximum values for L‘lu@m‘in the flow about a
human body will not exceed 100 seéd. The shear velocity is defined byilt={§%
which may be written as |V d.U/db since I"/“-(du/dgﬁ end /‘/g’ =V
The corresponding maximum value of Ug encountered in the natural convection
flow will be about 4 cm/sec.

For the laminar flow channel in Poiseuille flow the value of (du/d5)
at the wall is given by ‘+Unfp where D is the channel depth, and once
again the maximum value for(d&[qg) is 0(100)sec ' at Upax ©f 40 cm/sec
(the eriterion by which the channel described in the following sections was
designed) and the values of the wall shear velocity are again about 4
cm/sec.,

Since, from Bagnold's results, the minimum value for Uy at which

movement of 80 pum sand particles (with gﬁ?;~2coo ) occurs is 15 cm/sec, it
a
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is seen that the values of wall shear are too small to effect any movement
of 5 pm to 50 pm diameter from surfaces on which they land. This
conclusion is supported by observation in the following channel flow
experiments, and also by the work of Corn and Stein (52) who found that
air velocities of some 5 x 1OP cm/sec were required to move 30 pm dia
glass beads from a flat surface, and in these experiments the value of Ugp

was about 60 cm/sec.

7.1.1, Van der Waals Forces,

Small particles are known to adhere firmly to any surface
on which they land., Forces causing such adhesion to smooth clear surfaces
(non-electric forces) are those which act between the molecules of the
surfaces in contact. They are the same type as those involved in surface
tension and the tensile strength of materials. Such attractive forces are
known as Van der Waals forces. The magnitude of such a force between 2
molecules is given by F = A/c* where )\ 1is a constant and r is the
separation of the centres, For 2 spheres effectively in contact (assumed
to be separated by h==5£ ) the force of attraction has been found to be
F =TY=;\%1/2+L\‘ [—%%] where o, and d, are the sphere diameters, 9

L
the number of molecules/cc The term 1T'k{v1 is of the order of ldql
or lcfm. For a sphere in contact with a plane surface, the equation
becomes F = Ad dﬁnes where A is a constant equal to 2T x the total
surface energy of the sphere. 1If a quartz particle is suspended upside
down from a plate, the gravity force W is mq-= qs| r'/aﬂgds and the Van der
Waals force has been found as 212d. The particle will stick to the plate
if F is greater than W; that is, if d is less than 0.46 cms. For any
natural particle of this size, contact between sphere and plate would be
imperfect due to the roughness of the surface, so that in fact the sphere
would fall off. However, as the particle sizes become measurable in microns,

the irregularities become less important and better adhesion is possible.
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The attractive force becomes so great that it is impossible to remove small

particles from a plate even by vigorous shaking (53).

7.2. Size Distribution of Particles Used in the Flow Channel Experiments.

In a preliminary experiment in the flow channel, it was found
that small glass dust fragments behaved in a similar way toskin scales and
that their morphology and size were, in many respects, similar. Because
skin scales are not easily obtained in usable quantities, it was decided
to use the glass dust fragments for experiments within the flow channel.
Ballotini were chosen because they would have similar physical
characteristics to glass dust, except for their shape. Being spherical,
they would not experience an aerodynamic 1ift force acting at right angles
to the drag force (other than second order forces due to shear gradients
as discussed in 6,1.8,) As a control shape, spherical glass ballotini were
also used in the channel, These particles are shown in Figure 36, Within
the flow channel, these p#rticles did not produce a health hazard.
However, for any particle experiments in free convection flows where the
particles would be liberated into laboratory air, it was considered necessary to
producé particles which would be non=toxic and non-antigenic. Such
particles were subsequently produced by Lees and Brighton and the process
is fully described in Reference (54). The particles they produced were
harmless and behaved in a similar way within the flow channel to the glass
dust and skin scales.

In order to estimate the numbers of sizes of the glass particles
introduced into the flow, a particle size énalysis was carried out on
representative samples of the 2 materials. These analyses were performed
on a Coulter counter by the manufacturers of the counter, Figures 37 and
38 give these results plotted as particle diameter versus cumulative
percentage weight for the glass dust and the ballotini. TFor glass dust it

is seen that 95% by weight of the particles lie in the 5 pm to 50 pm range
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with only 5% larger than 50 pm which are not liable to be transported in
the boundary layer., For the ballotini we see that only 6% are smaller
than 25 pm.

Figures 39 and 40 are histograms showing the actual numbers of
particles in 1 méﬁ;he 2 samples of each size interval,

In this analysis, as previously discussed in section 4.1.1., the term
'equivalent diameter' for the particle is the diameter of a sphere of
equal volume to that of the particle considered., Except in the case of the
ballotini, this will not be exactly the same as an equivalent diameter

based on a sphere having the same terminal velocity as the particle. The

curve for the size distribution of the glass dust may be represented by

- 0029 dt
N = 6Gooo €

This particle analysis enables us to determine the numbers of particles
injected into the flow in the channel flow experiments. For all these
tests, the length of powder in a capilliary tube was 8 ecms and 13% by
weight of the particles actually travelled in the flow, The analysis for
glass dust gives the number per mg in the 5 pm to 50 pm range as 2,66 x 10°
and for the glass ballotini 8.3 x 103.

From weighing the 8 cm length of capilliary tube filled with the 2
samples, the average numbers of particles 'flying' are as follows

Glass Dust 1.2 x 10% particles

Glass Ballotini 4 x 10’

particles.

The length of 8 cms of filled capilliary was chosen as it gave depositions
that were not too great to be counted under the microscope. Also, these
depositions were large enough to give densities of particles at various
sites that allowed a reasonable number to be counted in traversing the

channel wall with a microscope magnification capable of recognising

particles as small as 5 Fm equivalent diameter,
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7.2.1. Method of Injecting Particles into the Flow.

In all of the channel experiments the method of particle
injection was the same. The particles were injected at 3 equally spaced
positions across the channel width. A capilliary tube was filled with a
given length of glass powder (8 cms in most cases) and this quantity was
injected at each of the 3 positions across the channel.

A preliminary test of weighing the particles in the tube before
injection and of catching and weighing the powder that 'fell out' at the
inlet to the channel gave a value for the weight of particles that
entered the air stream. In all tests with the glass powder, it was found
that 12-13% by weight of the total number of particles injected entered

the air stream,

7.2.2. Method of Counting Deposited Particles.

Before each particle deposition experiment the 2 channel
walls were thoroughly cleaned and examined under the microscope for any
dust deposits. The side walls of the channel were marked on the outer
surface with a longitudinal centre line and transverse lines for varying
values of L/D along the channel. These values for L/D are shown along the
abscissa in all the deposition graphs. At each counting position, the
microscope was traversed from the centre line on the glass wall to the
outer edge. The diameter of the circle in the field of view was 630 pm
and the traverse distance across the channel side was 50 mm. The total
area thus surveyed in one traverse across the wall was 31.5 mm*,
Consequently, the graphs of particle deposition versus wall site show the
density of particle deposition scaled to 30 sq mm for convenience.

The microscrope was provided with a 16 mm focal length objective and
a X10 magnification eyepiece. The microscope lighting and the speed of
traverse of the wall surface were such as to make the identification and

counting of particles smaller than about 5 equivalent diameter impracticable,
pm P
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Therefore the observed and counted deposited particles fall in the size

range 5 Jum to 50 pm.

7.3. Channel Deposition Results,

The first experiments made with the laminar flow channel using
glass dust particles gave the deposition on the near wall of the channel
in the vertical case and floor deposition for angles of inclination down
to 600 to the vertical., Figure 41 shows this deposition. The greatest
number of particles land nearest to the injection point, and the numbers
decrease with increasing values of x/D. Nearest to the injection point,
the numbers counted, of 0(2000) represent the practical limit of particle
density ‘observations with the microscope power available, Greater numbers
were impracticable to count.

Figure 42 shows the deposition at various values of x/D for the bottom
surface at different channel inclinations. There is a marked maximum
deposition for angles of inclination varying from about 350 to 45° to the
vertical. Once again the numbers deposited at any site are fairly large.
The channel Re in these 2 experiments was 100 based on the maximum velocity
in the channel, the flow direction was upwards, and the particles were
injected at the base of the channel.

For experiments with the channel vertical, Figure 43 shows the glass
dust deposition with upward flowing air for 2 values of the Re, Near to
the injection a large number of particlesdeposit, this falls steadily to
x/D of about 28 and then rises to maximum value, before falling again as
the end of the channel and the filter are approached. It was in this
experiment that a maximum deposition position was first noticed. The
reasonably large numbers of particles that deposited near to the injection
point is ascribed to the velocities imparted to the particles in the
capilliary during injection with their consequent projection across the

flow to the channel walls. This phenomenon is assumed to be more pronounced
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with ballotini than with the glass dust because of their much greater exit
velocity from the injection tube giving rise to an increased rate of
injection. The change in Re from 150 to 500 only served to change the
position of this maximum deposition from x/D of 40.2 to 44.4, with the
numbers of particles remaining substantially the same. Figure 44 shows,
for a Re of 140, the size distribution spectrum of dust particles deposited
at 3 values of x/D along the channel, It is seen that this is essentially
the same as the distribution of the injected particles. In all of these
experiments, particles smaller than 5 pm equivalent diameter were not
counted through the microscope at the magnification used, they were
indistinguishable from dust and surface imperfections in the glass.

In order to assess the particle deposition that may have been caused
by secondary flows within the channel, the aspect ratio of the channel
section was changed. To do this, the channel depth was changed; Figure 45
shows deposition when a false bottom was fitted to the channel giving it
a depth of 0.833 cms instead of the original 1.5 cms. Here it is seen
that a maximum deposition occurs just before x/d = 34.4 with a flow Re of
170, The standard method of particle injection of 8 cms length of glass
powder in a capilliary tube at each of 3 positions across the channel at
mid-depth was modified, and Figure 46 shows the effect of having the
capilliary tube offset from the centre of the channel depth by a distance
D/4, The deposition of the wall remote from the injection position gives
maximum deposition at x/D of 38, whereas a maximum occurs at x/D of 25
on the wall nearest to the capilliary tube. When injection is at 3
positions in a plane normal to the channel sides, the deposition on the
wall opposite to injection is about twice as great as on the wall by the
injection tube. Maximum deposition occurs in both these cases when x/D
is 48, These results are shown in Figure 47.

Ballotini were used in the vertical channel at various values of Re

for both upward and downward flow. In all these cases, very few ballotini
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were deposited on the side walls (max. of 20 at any one station) and these
were either clusters (and therefore non-round) which separated on impact
or were deformed spheres., It appeared that no truly spherical single
ballotini were deposited.

The experiment of changing the aspect ratio of the flow channel which
produced little change in the depos ition for glass dust indicates that
secondary flows had little importance on the particle deposition pattern.

Following these experiments in the vertical flow, glass dust particles
were used as the channel was tilted at an angle 6 to the vertical for
angles all the way down to the horizontal. In all of these tests the counts
were made on the upper surface or roof of the chaanel. TFigures 48 and 49
show this roof deposition for the 1.5 cm deep channel for 2 values of the
Re with upward flow, It is seen that the maximum deposition position is
rather better defined for the lower Re. The result in Figure 50 shows that
on the roof of the channel there is maximum deposition at a given value of
x/D at an angle varying between 20° and 40° to the vertical. Deposition
on the roof and floor of the channel at inclination were therefore
similar in this respect.

When the 0.833 cm deep channel is used at inclination, Figure 51 shows
2 values of x/D with high deposition, but these peaks are not so pronounced
as in the deeper channel.

With downward flow, Figure 52 shows that no marked roof deposition with
glass dust occurred at any angle when the channel depth was 1.5 cm, whereas
with the narrower channel more marked maxima are seen at values of x/D
between 40 and 44 as shown in Figure 53.

The results for the channel in the horizontal position are shown
separately., Figure 54 shows the deposition for 2 valuesof Re with the
1.5 em deep channel and Figure 55 the deposition with the narrower section.
These 3 plots show a considerable reduction in the numbers of particles

deposited from the cases with less inclination to the vertical, and there
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is no very clear maximum, except in the test with the narrower channel.

Experiments with ballotini in both the upward and downward flow,
and at the 2 channel depths showed that no deposition at all occurred on
the channel roof at angles of inclination greater than 20O to the vertical.

Deposition experiments on the channel floor with ballotini were made
with the channel horizontal and inclined at 20o to the vertical. Figures
56 and 57 show the total deposition of all sizes of particles plotted
against X/D. The total number deposited is seen to fall with distance
from the injection position, 1In these particular experiments, only truly
spherical discrete particles were counted.

Figures 58 and 59 give the size spectrum of the deposited ballotini
on the channel floor at several values of X/D and it is seen that there is
a range of sizes that are deposited at each value of X/D.

In all the above experiments, the relative humidity in the test room
was 35%; this value remained constant because of remoteness from the
outside air, and the constant temperature maintained by the central heating.

Figure 60 shows the effect of change of humidity on particle
deposition. The solid line on the graph shows deposition in the narrow
channel with downward vertical flow at a R/H of 35% (this curve also
completes the family of curves for dry air deposition). Wet blotting paper
was put on both sides of the channel inlet section to increase the relative
humidity of the air to some 70% to 80% (as determined from a rough
evaporation rate based on the change in weight of the blotting paper with
time) and the dotted line in this Figure shows this deposition. For the
more humid air, there is a slight reduction in the numbers of deposited
particles, but the maximum deposition position of x/D of 42 is not altered.

As an extension to the experiments with air moving in the channel,
particles were dropped into it in the absence of any air flow both in the
vertical case and at 200 to the vertical. In the case of ballotini, no

particles were deposited. For the glass dust, however, the numbers deposited
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in the vertical case were of the same order as when the air was flowing

in the channel (Figure 61). The maximum deposition point was displaced

to a value of x/D of 28. At 20o to the vertical, glass dust particles
were still found on the roof of the channel, the counts being very low

(of the order of 20 at any position). It must be emphasised here that
such small counts of glass dust are not as reliable as those of 0(100)
because of the difficulty of distinguishing the glass particles from dust
deposited from the air during counting (such a distinction is not difficult
when using ballotini). In this experiment, the vertical falling distance
was amaximum of 80 cms and the lateral displacement 0.75 cms. Particles of
all sizes of irregular glass dust deposited on the vertical channel wall
with the range of Re from 0,01 - 0,45 indicating that the mechanism of
gliding and rotating can influence the trajectories of smaller particles
than put forward in (46) and discussed in section 4,1.7,

The motions of a large number of glass dust particles (only a very
small proportion of those injected) were observed as they moved in the air
flow., For these particles their motions could be classified as either
a) oscillatory, b) spiral, or c¢) vibrating.

One class of oscillating particles would move upwards with the stream
then slightly sideways, to a region of lower velocity. This then allowed
them to fall downwards whilst at the same time moving out again to a
faster region of the flow and to begin to move upwards once more. The
amplitude of this motion varied from a fraction of a centimetre to more
than 20 cm, but appeared to be constant for any particular particle.

Spiral motion gave the impression of the particle screwing itself along
in the flow direction but showing no deviation from the general flow
direction. Many particles were seen to travel with the flow and at the
game time to vibrate in a plane normal to the flow. The period for this
vibration was as small as ,02 sec and the amplitude was of the order of

several particle diameters. The nett effect of this vibration did not
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displace the particle towards either channel wall. With suitable
édjustments to the flow rate, particles with any of these motions could
be retained in the field of view for as long as 10 minutes. These
particle motions were observed using lycopodium spores and other
irregular shaped particles. These motions were not observed using

spherical glass ballotini.

7.3.1. Changes in Channel Wall Material.

In order to estimate the possible electrostatic effects
due to the channel wall material on particle deposition, various materials
were substituted for the glass in one of the tunnel side walls. These
materials were perspex, aluminium, and Fablon. Figure 62 shows the
numbers of glass dust particles deposited at the various stations along
the vertical channel for these different wall materials. The perspex
wall gave rise to a deposition near to the injection point an order of
magnitude greater than with any of the other materials and the deposition
pattern at the other positions along the wall were not in accordance with
the patterns nor the other materials. The perspex used in this test was
not rubbed for several hours before the experiment; nevertheless, its
electrostatic charge was obvious from the effect it had on body hairs
after a few minutes with the air flowing through the tunnel. It is noted,
when using the perspex wall, that the same deposition pattern was seen on
the opposite glass wall. This suggests that electrostatic induction (the
imparting of a charge to the moving particle, thus causing it to be
attracted to the glass surface) as well as simple attraction by the perspex
plays a part in this deposition mechanism.

Glass ballotini were used in a similar test (Figure 63) with the
vertical channel. The total number of particles deposited a long way from
the entry was much lower than with the irregular shaped glass dust.

However, the same result of greatly increased deposition on the perspex
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wall (with the attendant deposit on the glass wall opposite) was seen again,

7.3.2. Extra Experimental Procedures.

Following a discussion with C. N. Davies, 2 further
experimental procedures were used. As a simple test as to whether or not
glass dust and ballotini were differentially charged before being injected
into the flow channel, the capilliary tube was filled with a mixture of
the dust and ballotini, Equal weights of the 2 powders were thoroughly
mixed together and this mixture was injected into the channel when it was
vertical and when inclined at 200 to the vertical. At 20° inclination, no
ballotini were deposited on the top channel wall. There was no noticeable
change in the deposition patterns when the mixture or the dust alone are
injected. The conclusion from this test must be that if electrostatic
deposition is significant, then there is no 'charge sharing' between the
glass dust and the ballotini before injection and dispersal in the fluid
flow.

An investigation was also made into the possibility that some of the
glass particles, especially the ballotini, were not adhering to the top
surface on the channel on arrival but were bouncing away from it,
According to N. A, Fuchs (39) a particle will stick to a surface if the
component of its approach velocity normal to the surface does not exceed
(30/d) em/sec where d is the diameter of the particle in microns with a
density close to that of water., For the larger glass particles, this
normal velocity would have to exceed one cm/sec to allow the particle to
bounce. The top wall of the channel was coated with a thin solution of
oil in carbon tetrachloride so that any particles arriving at this surface
would become embedded in it with no chance of any rebound. Tests were made
with the channel vertical and then inclined at 200 with both the dust and
ballotini. No ballotini were deposited at 200 and only the few deformed

or clustered spheres deposited in the vertical position. With the glass
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dust, the observed patterns of deposition were similar to those shown in
Figures without the oiled surface. From this test, it is
concluded that in all of the particle deposition experiments any particles
that arrived at the upper channel surface,when it was clean and dry,
adhered to it and that there was no loss of particles, either dust or

ballotini, due to bounce.

7.3.3. The Landing of Particles on the Channel Walls.

When particles of glass dust were injected into the
vertical channel with the air flowing upwards, it was possible to observe
some particle motions with the microscope mounted halfway along the channel.
The channel flow rate was reduced so that most of the larger particles
moved upwards at only 1-2 cm/sec. Even this low velocity was too great to
observe in detail the motions of particles that travelled straight to the
filter under the microscope. However, observation with the naked eye could
not reveal anything but straight line motion for such particles.

In all of these observations there was no evidence of any spin about
either a horizontal or a vertical axis for any of theobserved particles.

No visual evidence is available for any motion, other than a straight line
trajectory, for particles travelling straight to the filter (or to the side
walls).

When the channel was horizontal, none of these 3 classes of motion
could be observed and once again it was not possible to focus on to
particles traversing the whole length of the channel. In the vertical
case it was never possible to watch a particle land from the flow. The
particles that did land appeared in the field of view so guickly as to
give no time to focus on them as they approached the wall,

During the course of a long observation of the top channel wall in
the horizontal case, not a single particle was observed during the final

approach and landing on the wall despite the use of a number of different
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microscope magnification combinations. Nevertheless, when the top channel
was removed and a normal particle count made, the familiar deposition
pattern was seen,

Using the vertical channel, a part of the wall in the field of view
of the microscope was thoroughly cleaned. With a maximum channel flow
velocity of 10 cm/sec a time of 4 secs elapsed after particle injection
before particles deposited at 30 cm from the injection point were seen
through the microscope. This simple test suggests that the deposited
particles travel straight to their deposition site and are not those which
perform any of the special motions described previously which would
require a much longer time in which to deposit. (These oscillating
particles were easily recognised and have never been observed to deposit).

An experiment was performed to try to make a number balance between
the injected particles and those deposited on the side walls and at the
filter for the channel inclined at 20° to the vertical, The following
results were obtained

For the capilliary tube used

Weight of empty tube 6500 mg
Weight with 6.2 cm of powder 6620 mg

Weight of powder 120 mg

This gives a calibration for the capilliary tube, at the packing density
used in all of these experiments of

19.4 mg of powder per cm of tube,
The total length of powder injected at the 3 positions in the channel was
22 cm, giving a weight of 425 mg.

Original weight of clean filter 1000 mg

Final weight of filter 1030 mg

Weight of particles on filter 30 mg

A graphical integration of the deposition of particles on both the upper
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and lower channel walls taken from Figures 42 and 48, gives

Number of particles deposited on top surface 1,08 x 104
Number of particles deposited on bottom surface Bl X 105-
Total number of particles deposited - approx. 6 x 10°

This represents a deposition of 0.5% of the particles entering the stream,
and since from a previous experiment it was known that 13% of the injected
particles actually 'fly' (the rest drop out of the inlet section) we
should expect (13% - 0.50)%, i.e. 12.5% of the injected particles to reach
the filter. That is, 12.5% of 425 mg = 52 mg deposit on the filter.

In the experiment to determine the particle balance, 30 mg of the
powder reached the filter, and this was 0.58 times that which would be
expected from subtracting a graphical integration of the numbers of deposited
particles from the number that entered the flow. As there is less than a
factor of 2 between the expected and actual weights on the filter, the
experiment can be said to be reasonably satisfactory in confirming a particle
balance since graphical integration is a relatively inexact method for

particle number determination.

7.4, The Motions of Particles in Laminar Channel Flow.

The oscillatory and spiralling motions of lycopodium (Figure 64)
particles in the flow channel have been recorded on ciné film, From this,
a frame by frame analysis was made to give a plot of the serial positions
of the particles, Typical results for this are shown diagramatically in
Figure 65, These results were made with the channel vertical with a flow
Re of 150, and the particle Re, based on the terminal fall velocity, was
0.1. A representative particle oscillating amplitude as taken from this
diagram is 1500 pm for a particle of diameter 30 jm and density 0.621 gm/cc.
The weight of the particle is then 8.63 x ]ifi;ms wt and the frequency of
the oscillation 2 cycles/sec. When the particle motion is assumed to be

simple harmonic under the action of a force F (1ift force say) that is
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proportional to x, the distance from the central position of the motion,

and equal to A
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If the weight of the particle is w, then the equation of motion is

wié/ﬂz—,\x e 5;+>~5/u.x=o

and the solution to this differential equation is given by
3 = ACssnt + BSiant whaa n*= 33/ ond the
“pariod of wskion is 1= 200
The period for the particle motion was 3 sec and hence A= X lcf-?
The maximum force on the particle occurs when x = 750 pm and this force
is then 8.25 x ldd’gm wt, Hence the ratio of the sideways force F to the
weight W was L/W =2 10
If we take this analysis one stage further to consider the particle to be
under the action of a constant force f (lift force) in the direction of x

]
increasing, and of a force X x = F' proportional to the distance of the

particle from O, and acting in a direction towards x = O
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Then the equation of motion becomes wx/a = F'lo X
[
ot % +n*(2-b) =0 whire ©=F/) ad n = |x%
When the amplitude of the motion is 2a the body is in equilibrium at x =a,

and oscillates about x = O with a period 2TW/n = % sec, i.e. n= 4T = 3/
w
' -3
ond A=1-38 X106, When o = F50um

F' = I1.64x o ®

The ratio of Max force F' : . -2
is again = 10

Weight W
From this result, it is seen that the motion observed in the flow channel
may be initiated and sustained by either a changing aerodynamic 1lift force

(changing due to particle rotation say) where the ratio of the 1lift to drag
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is 0(162) or by a constant (electrostatic) force with a second varying
opposing force (aerodynamic, shear flow force,etc.) where this opposing
force is again 0(10°) x the weight of the particle.

7.5. Particle Deposition when an Electric Field was Applied to the
Channel.

In order to assess the behaviour of glass dust particles in an
electric field, some experiments were made in the laminar flow channel when
inside sections of the walls were covered with a conducting layer which
could have various voltages applied.

Both of the inside channel walls were covered with a 13.5 cm length
of 30 pm thick plastic sheeting which was lightly coated with aluminium,
This aluminium coating allowed the plastic sheet tobe an electric conductor,
but was thin enough to allow visual observation of the inside of the
channel. Thin wires were taken from these conducting surfaces to the
outside of the channel and ?ere attached to an electrical power supply.

In this way the plates were charged to various voltages to create an
electrical field through which particles that were injected into the flow
would pass., The particle deposition on the conducting part of the channel
was determined by particle counts under the microscope as in the previous
experiments. Glass dust particles and lycopodium spores were used in these
experiments with the channel vertical.

Figure 66 shows the average particle (glass dust) deposition at
various values of X/D when the wall under examination was subjected to an
increasing positive and negative voltage.

Figure 67 shows the particle deposition concentration along the length
of the channel for various voltages up to a maximum of + 350 v and 250 v
a/c, and Figure 68 is a similar curve for lycopodium spores. From these
results the maximum deposition at any voltage was found when the plate
voltage had a negative sign and that this deposition was fairly constant

along the charged surface, The implication of this result is that the
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predominant charge on any of the particles that were charged was positive.

The deposition for the maximum negative voltage attainable (350v) was
some 60 x greater that when the plates were uncharged. Since some 0.5%
of injected particles deposit with uncharged plates, this means that some
40% of the upward moving particles carry positive charges large enough to
cause deposition in a field strength of 230 v/cm (i.e. channel depth 1.5 cm
and applied voltage 350).

The deposition on the plate when it was negatively charged was about
20 x the zero charge deposition. From this it may be estimated that some
1, of the glass particles carried a negative charge sufficient to cause
deposition in a field of 230 v/cm. This result implies that about 50% of
the particles carry no charge, or one that requires a greater field
strength to cause deposition on the channel walls. With the plates charged
to + 250 volts, a similar pattern of deposition occurred. In this case,
only 7% carry a sufficiently large positive charge to cause deposition and
some 35% a negative charge. In this case, some 90% of particles are
undeflected in such a field strength of 167 v/cm.

When the particles in the channel were subjected to an alternating
field of + 167 v/cm of a frequency of 50 Hertz, the deposition is
indistinguishable to that when the plates are uncharged. The application
of an a/c voltage, if the time in which the voltage changes sign is of the
same order or longer than the relaxation time of the particle (0(10°) sec
for a 15 pm dia particle) means that the particle vibrates due to the
electric field and this would not be expected to exert a nett deflection
on the particle., The alternating field effectively cancels any electrostatic
deflection and the experimental results in Figures 67 and 68 support this
supposition, Visual observation of the particles when the plates were
supplied with + and - voltage and an alternating voltage, showed that the
spiralling and oscillating motions of the particles observed when the plates

were uncharged still occurred.
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The conclusion to the experiments in the channel flow must be that
some deposition is caused by electrostatic forces (for instance in roof
deposition when the channel is tilted past the glide angle of the
particle) but that other farces including aebdynamic 1ift force contribute
to the observed motions. These channel experiments enable us to visualise
the effects of such aerodynamic forces that may cause deposition but are
insensitive in completely distinguishing them from electrostatic effects
which may be similar in magnitude in frequency of occurrence on the
particles.

The results in Figure 68 for deposition of lycopodium spores in an
electric field show similar patterns to the glass dust. The predominant
charge found on the particles is positive (present on some 10% of the
particles); negative charges appearing on only 2% of particles.
Qualititavely this agrees with experiments carried out by Gregory (55) who
found that over 80% of fresh spores of different kinds carried positive
charge, The small numbers of spores carrying charge in these experiments
may be due to the fact that the particles had been stored in a closed
bottle for a long period, whereas the spores in Gregory's experiments were

newly liberated from the sporating plants.

7.6. Discussion on Particle Motions Observed in Channel Experiments,

In trying to correlate the experimental channel deposition results
with a theoretical analysis, a combination of forces causing particle motion
is possible, Consideriﬁg the floor deposition in a horizontal channel due
to gravity alone, for glass dust, it is seen in Figure 69 that for a value
of x/d greater than 5, the deposition falls rapidly. However, when this
curve is compared tothe experimental one for floor deposition, it is seen
that at large values of x/D there are always more deposited particles than
expected. Moreover, the theoretical deposition allows only a single

particle size to deposit at any value of x/D; this size decreases with
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increasing x/D. The experimental results give the distribution of particle
sizes to be similar throughout the channel length.

When considering the directions and magnitudes of the various forces
acting in the horizontal flow, it must be concluded that the only force
powerful enough to cause roof deposition is some form of electrostatic
force. The analysis for electrostatic deposition alone on the upper
surface, on the assumption that the electrostatic drift velocity is
proportional to the particle diameter, again does not allow for the
deposition of large particles at large values of x/D, Although the
dominating force for deposition on the roof must be electrostatic, the
charging on irregular shaped particles is more likely a function of the
small radii of curvature found, than on a mean equivalent diameter based
on the terminal fall velocity. The results from the deposition in vacuo
(see Appendix 3)
suggest that such charges are acquired during motion through the air, and
are not present on the particles at injection., Consequently, it is not
possible to base a deposition analysis entirely on the assumption of a
drift velocity as a function of the equivalent diameter, This idea is
further borne out when we consider the analysis of roof deposition in the
horizontal channel due to an electrostatic drift velocity great enough to
allow the largest particle to reach the top surface. The electric field
described by the value of Ke has to be so large that all but the very
smallest particles (i.e. less than 1 Pm) are deposited on the top surface
when x/D = 10 and the larger particles deposit before x/D is 2.

In the vertical channel, where gravity effects provide a relative
velocity, Ut, with respect to the particle, electrostatic deposition will
again give maximum deposition for the largest particle at x/D of about 5.
Once again, in such an analysis there is no possibility of large particles
remaining in the flow for long channellengths, In assessing the

feasibility of aerodynamic lifting forces being responsible for the

deposition in vertical flow, no such rigid size limitation along the channel
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exists. This is because the value of x/D at which a particle lands, does
not solely depend on its diameter (which determines Ut) but is also a
function of the angle at which it enters the flow, which in its turn
determines the glide path the particle assumes relative to the flow. This
being the case, large particles may possibly take up a steep glide angle
and deposit on the wall at large x/D; conversely, small particles could
have a shallow glide angle and deposit near to the injection point.
Assuming that equal proportions of the total numbers of particles entering
the flow at all angles from O to T /4 the possibility of deposition at any
wall site is dominated by the glide angles taken up by the particles and
less by the size distribution of those injected. The proposition that
lifting forces cause particle deposition is discussed in Appendix 2 to
preclude roof deposition when the channel angle © to the vertical exceeds
(approx. 40), however experimental deposition occurs at all angles down to
the horizontal.

Since the basis for aerodynamic lift force normal to the fluid flow
relies on relative velocity between the particle and the fluid (the terminal
velocity Ut in vertical flow) any phenomenon causing such a relative
velocity will create 1ift forces to modify particle trajectories and create
the observed deposition patterns. Although roof deposition due to
aerodynamic lift forces is only possible for a small range of channel
inciinations, floor deposition can be modified by this forcérgil angles
down to the horizontal. This is because there will be a component of Ut
acting parallel to the flow, and opposite to it for upward flow. The
situation becomes further complicated by the action of any electrostatic
forces transverse to the flow which can also cause relative velocity in
the flow direction. Such an interaction of forces in similar or opposing
directions could account for the roof deposition not correlating with a
simple electrostatic drift velocity analysis.

A further complex motion that could modify the pattern of deposition
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is apparent when the interaction between particles is considered. In the
discussion,particle collisions are assumed not to occur since the
suspension of injected particles is not sufficiently closely packed.
However , in any injected cloud of particles, the interparticulate spacing
could be of the order of a few particle diameters such that the particle
wakes could interact. The result of this would be that the drag of the
particle would be different to the Stoke's drag. If this drag changes at
a faster rate than the particle relaxation time, then the local relative
velocity between the particle and the fluid could cause aerodynamic 1ift
affecting the deposition pattern.

In all of the particle experiments, only a very small proportion
(0.5% of those injected for the experiment at 200) of particles deposited
out of the flow in the channel lengths used,

Therefore, the efforts at analysis have been directed at looking at
the relatively few particles that leave the streamline flow. The effects
that cause particle deposition could also be regarded as those that allow
the particles to remain for longer periods in the flow than would be
expected by sedimentation alone. With the channel vertical, the spherical
ballotini were not observed to cross the flow streamlines and with the
channel inclined there was no ballotini deposition on the channel roof.
However, the floor deposition of ballotini (Figures 57 - 59) shows that
there is a similar size distribution amongst the deposited particles at
several values of X/D. If the ballotini simply settled towards the floor
under gravity with termal velocities proportional to their diameter, there
would be single sized particles at each value of X/D; small particles would
travel the longest distance and large particles would deposit at small
values of X/D.

Aerodynamic 1lift forces cannot be responsible for determining the
effective Ut of the floor deposited ballotini, and this effect could be due

to electrostatic forces and a combination of rotation and shear forces.
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However, this effect is not observed in vertical flow where the particle's
drag and weight act in the same direction.. The transport of particles in
a laminar channel flow would seem to be a complex process involving
aerodynamic 1ift due to particle drag and relative velocity together with
electrostatic 1lift forces both playing a part in inhibiting as well as

causing particle deposition,

7.7. Particle Deposition from a Turbulent Flow.

The human natural convection flow over a naked subject in room
temperature remains laminar up to a height of 100 cms and only becomes
turbulent after 150 cms. With a clothed subject, as has already been
indicated, the flow may well be laminar over the whole body height.
Because of the predominance of laminar flow conditions the work reported
in this thesis mainly deals with laminar flows. Nevertheless in this
work some account of the behaviour of particles in a turbulent flow is
necessary. Owen (56) says that "..... in general the transport of fine
solid particles from a turbulent gas stream to an adjoining surface is
achieved principally by turbulent diffusion in which particles acquire a
motion in response to the fluctuating gas velocities in their immediate
neighbourhood., But very close to the wall, within the so called viscous
sub-layer, the turbulent fluctuations are evanescent and some additional
process is required to enable a particle to achieve the final motion needed
to make impact with the wall.,"

The final part of this motion to the wall surface has been thought to
have been caused by particles being 'convected' to the wall from the region
of energetic turbulent motions outside the viscous sub-layer by the
occasional eddy that encroaches on it. Added to this, all of the forces
that have so far been considered for laminar flow will also influence the
last part of themrticle motion. To achieve an estimate of particle
deposition from the turbulent convective boundary layer the expression

given by Owen for the number of particles N deposited in unit time on unit
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area of the wall from a stream in which the concentration of particles by
number is qo of

N= KUcYo?
Here k is a constant estimated to be of the order of 10 '
Up is the friction velocity and &= wt 1;'0 which is a measure of
the ratio of the relaxation time of a particle,'t' is the characteristic
time of an eddy in the viscous sub-layer and is related to the particles
and flow properties by

=

&£ = I/lg Qr/&(l&rd/\))
in which uoadj% are respectively the densities of the gas and the
particulate material and d is the particle diameter. Using the expression
of u.t:"\) MA_"} for the frietion veloecity

N= Kol (K)o ()™ o sec”

As an example, we consider the total volume flow over the face in 1 sec of
10 litres to contain 10'B particles. This number is representative of the
numbers of skin particles that may be found around the body and is also

similar to the number of particles used in the flow channel experiments.
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When the numbers of particles that would deposit from the flow on to an
area equivalent to that of one of the flow channel walls is calculated
(i.e, 500 sg cm) the total number deposited is seen to be extremely
low at around 17.
This analysis for turbulent flow deposition is intended only to
indicate the order of magnitude for particle deposition, and it is seen that

such deposition due to turbulent diffusion is very small when compared to
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deposition due to sedimentation or electrostatic attraction which has
already been discussed. Fuchs (39), who reviews the literature on this
process, which is rather limited, indicates that the work of Alexander and
Coldren (57) for flow in horizontal ducts implies that diffusive deposition

plays a small part in the wall deposition of particles.

7.8. Aerobiological Implications,

The results of studying the transport of particles in the laminar
flow channel are useful in assessing the motion of particles in the human
boundary layer. Bacteriological air samples show that human microenvironment
contains more micro-organisms in a given volume than the ambient air. This
is important in the consideration of the cross infection process associated
with the convective boundary layer, This higher number of particles can
result either from contamination from the skin surface or from the outside
air., If particles are able to cross streamlines in the boundary layer flow,
then the volume particle concentration of particles in the flow past the
nose and mouth may be higher than the concentrations in the ambient air.
The fact that particles are able to travel considerable distances, even
when the flow is over an inclined surface, without being deposited is again
a potential hazard to the respiratory system. Of particular interest in
this respect is the flow under the chin, For a fully clothed man wearing
a tie, schlieren visualisation shows that the horizontal velocity under
the chin will probably not be lower than 4 cm/sec and any debris travelling
in the flow at this point would have to move for some 5 cms horizontally
before moving upwards again, The results from the particle experiments
suggest that in this distance the gravity effect on the particles may be
less than expected by sedimentation under gravity alone and hence the
particles could remain in the flow until they are again able to travel
upwards and subsequently reach the respiratory tract. Similarly, the same

is true of regions such as the shoulder, where the convective flow tends
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to break away upwards when reaching the horizontal surface, from the
surface deposition could be less than expected.

In any particular channel experiment the number of particles injected
into the flow was of 0(103) which compares well with the numbers of skin
particles that may be present around the body. Although the numbers of
particles depositing on the side walls of the channel (roof or floor
deposition) were large and of the 0(10‘) to (10%) they were a small
proportion of the numbers injected. Since the numbers of pathogenic
organisms required at any body site for infection to begin may vary in
every case,this number of particles,if pathogenic and depositing from the
convective flow, could prove significant bacteriologically.

In view of the large numbers of particles available for transport in
the human boundary layer and the fact that they are able to move large
distances in such a flow suggests that the boundary layer, ending in the
plume with a mass flow of up to 10 L/sec with velocities up to 50 ecm/sec,

is a powerful mechanism for local environment contamination.

8, PARTICLE SENSING ANEMOMETER

The hot wire anemometer has been adapted for use as an instrument for
detecting the presence of particles in the laminar flow channel, in the
convective boundary layer of humans and heated models and in dusty
environments (58, 59).

When a particle lands on the heated wire, the wire rapidly loses heat
to the particle. The voltage output associated with this heat loss is
distinguishable from that due to velocity fluctuations. The waveform has
a very steep slopewhich reaches a peak and then dies away exponentially.
The peak voltage associated with an impact from a 30 Pm dia particle in a
10 cm/sec airstream is 0(300 mv). When the particle hits the wire there
may also be a 'strain gauge' effect on the wire but this is assumed to be

small since the presence of particles has also been detected using a hot
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film probe where this effect is negligible. With suitable electronic
filters, the signals due to particle impacts can be discriminated from
turbulence signals in the anemometer bridge and displayed on a storage CRO
and an electronic counter, At the same time, a tone from a loudspeaker
indicates a particle impact. Figure 70 shows the deposition of particles
on a b pm dia wire and block diagrams and electronic circuits for the

sampler are shown in Figures 71 and 72,

8.1. Efficiency of the Sensing Anemometer.

In order to assess the efficiency of this form of sampler, it is
necessary to calculate the ratio of the number of particles deposited on
the wire to the number of particles, the centres of which would have passed
through it if they had moved all the time in straight lines. To find this
efficiency, the outermost trajectories for which the centres of the
particles still collide with the wire must be determined. Let h denote the
distance from the outermost trajectory to the centre line of the flow at
an infinitely large distance from the body, then for a cylinder 37 = h/R
where R is the cylinder radius. For purely inertial deposition 37 depends
only on the particle stop distance. The ratio of thisstop distance to a
characteristic dimension of the system (wire radius) is called the Stokes
number. The collection efficiency for particles on a cylinder (39) has
been calculated, but no allowance is made for the interception (bounce)
effect of the boundary layer. Figure 73 shows this collection efficiency
plotted against the Stokes number. In the case of the sampler described
here, and considering a 20 pm dia particle hitting a 5 pm dia wire, the
efficiency is seen to be about 98%. The sampler may be calibrated by
comparing the electronic counter output with the impacts seen on a ciné
film made at the same time. This calibration gives an overall efficiency
of some 40% which is accounted for by the interaction effect, the boundary

layer, and the fact that there is a minimum electric signal required to
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trigger the counter., This magnitude of the signal due to an impact will
be a function of the geometry of the particle contact with the wire, and

the thermal conductivity of the particle.

8.1.1., Sensitivity of the Sampler in an Unsteady Airstream.

The heat loss from the heated wire may be expressed by
"R = (A+BJUL) (Re"Re)fo, — o
When the wire is in a turbulent or unsteady airstream with mean velocity
E and fluctuating component u, the resulting wire current I will be
similarly composed of mean value 1 and change, or offset i, These mean
values will be related by
T*R, = (A+B[T) (RoRa) o, — b
To find the relation between u and i we use a) and b)
(1+1) Ry = (A+BIT) (RoRe) /2,
In addition to the cooling caused by the fluctuating turbulence, consider
the impact of a droplet of mass m and specific heat Cp, then
(i + L)Z'Rm = (A+‘B.lﬁ+u )LQ"’:Ro)/“Ro"_ (N C—P(euo -~ 9,,) -
where m is the mass of aerosol per unit time landing on the wire,

Using of = temperature coefficient of resistivity we have
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Let the voltage fluctuation, iR be expressed as e = 5, u + Slﬁ where S,

!
and S, may be considered as sensitivities. It is desirable to make S,

and S, /S, large.
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B is proportional to the wire diameter and length and indirectly proportional
to ol , Therefore for large overheat ratios, large stream velocities, small
wire lengths 1 and low values of ¢ the chances of discriminating particle

impacts will increase.

8.2. Use of the Particle Sampler.

The sampler has been used to plot the particle distribution in
the channel flow at various inclinations. Figure 74 shows a typical
distribution using 30 pm dia aerosol droplets with the channel inclined
at 20o to the vertical. The position of maximum particle concentration is
seen to be displaced from the channel centre towards the channel floor due

to the particles sedimenting under gravity.

The sampler has been incorporated into a sampling nozzle shown in



- 81 -

Figure 75 and Figure 76 shows particle counts in a reasonably clean
environment with the sampling nozzle placed in the boundary layer of a
heated cyl}ndrical model. With the model at room temperature, the volume
concentration of particles was about 2.9 x 103 per litre. When the model
is heated this rises to around 6 x 103 particles per litre. The slopes of
the curves over 3 hours were consistently different. This experiment
indicates that either the boundary layer has a concentrating effect or
that the concentration in the corridor changed between the 2 tests, but
remained constant during each 3 hour period.

Figure 77 shows the decay in concentration of a cloud of aerosol
particles 0(30 pm dia) over a period of one hour. In this experiment, the
sampler and pump were placed at floor level in a still room and the aerosol

cloud was injected into the room air.

9, A FULL SIZED HEATED MODEL OF THE HUMAN FORM

It was decided to investigate movement of particles in the boundary
layer flow over a full sized heated model of the human form.(60). This
model was made of glass reinforced plastic and was fitteq with a water pump
and heater, as shown in Figure 78. In order to assess the transport of
particles to the respiratory tract, the model was made to 'breathe'. A
detachable nose could be fixed to a series of pipes embedded into the head,
At the end of these pipes was a reciprocating air pump that gave variable
tidal volumes and breathing rates similar to those found in the human.

Just inside the nose, a removable wire grid was arranged to capture
particles. A hot wire anemometer was also incorporated to monitor the
respiratory cycle and detect particles entering the nose, This breathing
system is shown diagramatically in Figure 79 and Figure 80 shows the
reépiratory cycle as recorded by the hot wire anemometer and displayed on
a storage CRO. In this figure, the tidal volume was 600 cc and the

respiratory rate was 18 cycles/min. Figure 81 shows a schlieren picture
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of the expiratory pattern at this tidal volume, This Figure also shows a
'hollow rake' positioned next to the nose. When carbon dioxide is passed
through these tubes the stream deflections of the carbon dioxide can be
noted. In this way, the breathing zones may be defined and the region
from where the inspired air is drawn established. Using this technique,
it may be seen that the whole of the inspired air is taken from the
convective boundary layer. It is also seen that there is little chance
that the expired air could be re-inspired.

9.1. Observations on Particles Moving in the Convective Flow of the
Heated Model.

Preliminary flow visualisation experiments were made using
lycopodium spores and with the nares of the model blocked. The particles
were injected into the boundary layer flow using a small glass capilliary
tube attached to a mechanical vibrator (Figure 82). The particle motions
were recorded photographically. It was observed that at sites such as the
abdomen and chest, some of the particles behaved very much as those in the
laminar flow channel. They did not deposit but performed oscillating and
spiralling motions for a considerable time (up to one minute) at distances
the order of 200 pm away from the body surface.

Particles mainly deposited on the upper surfaces of inclined areas,
i.e. the bridge of the nose, the forehead, shoulders, and crown of the
head., Under the nose, where the nares were solid, the particles did not
deposit but remained in the flow to move with the streamlines. This
observation implies that in order for particles to enter the respiratory
tract they have to be 'sucked' in during the inspiratory period of the
respiratory cycle.

In the region of the orbit (with the model eyeball at the same

temperature as the surroundings) no particles deposited.

9.1.1. Observations with the Model 'Breathing'.
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From the observations of particle behaviour in the laminar flow
channel and from the experiments in the previous section showing that the
particles could cross streamlines in the convective boundary layer, it
was important to determine whether there was any difference in particle
concentration in inspired air with the model hot and cold. In order to
assess environmental contamination level, experiments were made in a busy
corridor at the NIMR. Sampling wires 100 P dia were stretched across the
nares and the respiration pump operated for consecutive periods of 3 hours,
first with the model cold and then with it at skin temperature. At the
end of the experiments, each wire was photographed under the Tessovar
microscope and the particle deposition determined. This experiment was
repeated several times with various levels of activity in the corridor
(therefore with different degrees of air contamination), and the maximum

value of the ratio Particles entering the nose - model hot
Particles entering the nose - model cold

was 2. In some experiments, this ratio was 1, with no measurable
difference in deposition., This ratio was never found to be less than 1.
The numbers of particles in the size range 5 - 50 pm that entered the nose
in these preliminary experiments were between 100 - 200 particles/litre
(2800 - 5600 particles/cu ft). A more complete understanding of the
streamline crossing mechanism of the particles would be of help in any
future work on this particular aspect of particle movement within the
microenvironment,

9.1.2, Experiments on the Release of Particles from the Surface
of the Heated Model.

In order to simulate the abrasive action of clothing, a
system for liberating particles from the skin surface was devised., A large
cotton 'bandage' was soaked in light magnesium carbonate solution and
wrapped around the heated surface of the model man where the water

evaporated to leave the bandage impregnated with the fine powder. A stiff
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brush, attached to a reciprocating arm driven by a crank on an electric
motor was positioned so that the bandage could be gently scratched. In
this way, a controlled number of particles could be liberated into the
convective boundary layer. Figure 83 shows this mechanism. Considerable
concentrations of particles were collected in the nostrils and in the plume
of the model when particles were liberated from the surface for periods up
to 2 hours.with the model breathing. This demonstrates that for particles
to enter the respiratory tract rather than simply divert with the flow at
the nares, it is necessary for them to be 'sucked' in during inspiration.
When this experiment was repeated without the simulated breathing cycle,

there was no deposition on the wires at the nares.

10.THE MOVEMENT OF PARTICLES THROUGH FABRIC AND THE BELLOWS ACTION OF CLOTHING

Although the insulating properties of ordinary clothing gives rise to
a smaller temperature gradient between the outside of the garment and the
surroundings, there is still a large enough temperature difference to create
a convective boundary layer which is able to 1ift all but the largest
particles within the flow., The way in which particles may move through
fabric is demonstrated by placing an ordinary cotton surgical gown over the
heated model that has the artificial skin attached, as in Figure 84, The
temperature on the outer surface of the gown is about 24°C (a drop of 10°%¢
from the body surface temperature), Figure 85 shows the weave of this cloth
which has holes some 60 pm square. With gentle movement of the gown similar
to that which may be caused by moving about, particles are seen to come
through the cotton to be entrained and move upwards, in the convective
boundary layer that establishes itself on the outer surface of the gown.

Efforts to identify, and methods of controlling, by specially designed
clothing, sources of infection in operating theatres showed bacteriologically
that organisms shed from the surgeon's body could penetrate gown materials

and escape from the openings in the fabric, (Charnley 61). Bethune et al
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1965 (62), Bernard et al, 1965 (63). It was shown by Blowers et al, 1965
(64) that when a subject was clothed in a one-piece polythene suit which
was practically impermeable to particles, but which had the bottoms of the
trousers open, then the resulting contamination reached half of that from
a standard operating suit. In these experiments, the apertures at the
waist, neck and arms were found to be less important sites for the escape
of skin organisms.

Schlieren observation of the openings around clothing shows that any
movement of the subject results in large quantities of air being 'pumped'
out of these openings by the bellows actions of the clothes. Figure 86
shows a schlieren picture and a drawing of the way in which stagnant air
may build up and spill over on to the outside of the gown surface., A
similar pumping action is seen with loosely fitting surgical boots and
trousers where particles may be blown out to be dispersed by the boundary
layer, as shown in Figures 87 and 88. A general principle for protective
clothing design therefore should be that all openings be occluded and that
loose garments be 'tucked' in., In an operating theatre, the surgical gown
would best be replaced by tight fitting occluded trousers. Schlieren
photography shows that during respiration the expired air is expelled as
a well defined jet of air which may reach as far as one metre from the body.
The object of a surgical mask is to reduce the chance of expired droplets
reaching a site where infection may be caused. When a subject wears a
surgical mask in a schlieren beam, the expiratory pattern is completely
changed., Expired air still penetrates the mask material, but on a much
reduced scale (65 and 66). Violent expiration may still project air up
to % metre from the nose but in general, the 'zone' of expiration only
extends some 10 - 15 cms in front of the mask, and because of the high
filtration efficiency of the mask, this particular route for infective
materials is restricted. Nevertheless, the expired air must be carried

away from the nose and most of it is diverted upwards to leave the mask in
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a nearly vertical direction through the openings next to the orbit.
Figures 89 and 90 show diagramatically the differences in the expiratory
air patterns. The jets of air that do escape through the mask openings
are seen to join with and be carried away by the general convective upflow

over the face,

e 1 5 SOME EXPERIMENTS CONCERNING DUST SAMPLING

Microscopic examination of house dust and dust found in corridors and
laboratories revealed that the majority of the debris examined - some 70%
to 80% - was decomposed organic material, mainly skin scales, many of them
covered with micro-organisms, An Anderson mini-sampler was used to sample
the dust in various environments. This device is shown dismantled in
Figure 91, The instrument was clipped to a lapel so that the air sample
could be taken in the micro-environment, In early summer, pollens as well
as skin scales and grits were collected. The result of a particularly
interesting experimental sample is shown in Figure 92. Thissample was
obtained during a journey on the London Underground Northern Line between
Hampstead and Morden, Many of the stations on this line are hazy with dust
which appears to be soot or carbon. The debris collected on the sample
plates was examined under the microscope and about 80% found, once again,
to be decomposing skin scales and other heavily contaminated organic
material. The rest of the sample was composed of fine carbon and larger
soot. Most of the organic material in the sample was black., This colouring
is not explained by the particles landing on the tunnel side walls to
become black and then re-entering the air due to the shear stresses acting
when a train displaces air in the station, because the levels of shear stress
are generally too small to dislodge settled particles. The most likely
explanation of this colouring was suggested by P, H., Gregory at Rothamsted.
This was that the particles attached to each other by electrostatic action

to form filaments composed of skin scales and carbon particles, with the
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skin becoming black by contact with the carbon. The filaments would grow
out some distance from the wall surface and would therefore be able to be

broken by air movements caused by trains and passengers.

11.1. The Sampling and Sizing of Airborne Particles.

During the early Summer of 1972, samples were collected with an
Anderson Mini Sampler from the air of living rooms and a garden in a
rural district. At the same time, a Royco Model 215 Particle Monitor was
used to determine the concentration levels and particle size distributions.

Figure 93 shows a micrograph of some of the particles from the sample
of garden air. Although there were a lot of pollens present and particles
of soot and ash, many of the particles are identified as being pieces of
skin, some having micro-organisms attached. The samples both indoors and
outside were remarkably similar in composition (other than there being
more pollens outside). At present it is not possible to identify skin
squames as originating from humans or animals. There is no reason to
suppose that much of the skin debris could not have come from animals.

The concept that so much of the airborne contamination originates from
humans and animals has implications in the field of plant pathology where
these particles may land on plants or crops.

The results from the Royco particle monitor showed that there were
consistently more particles in room air than in the outside air, Figure
94 shows the comparison between house and garden., It may be seen that
the garden air was a little cleaner than a class 100,000 clean room.
Figure 95 shows the consistency of the particle concentration levels in
garden air on 4 different days. The largest change in concentration
levels is seen to occur in particles greater than 5 pm dia and this size
includes many of the pollens present in the air during the period of the
test,

in an effort to measure the concentration of the larger particles
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(around 10 pm and greater) and correlate this with the general pollen
level as given daily by R.R. Davies, this size range of particles was
monitored hourly on 2 occasions. Figure 96 shows the variation in
concentration on a day when the pollen count was very high at 250,
During the period of this test when the count reached a high peak in the
evening, one of the occupants of the house reported a severe hay fever
attack resulting in bed rest until the particle count reduced, This
subject was unaware of the high particle counts during this 4 hour period.
Figure 97 shows a similar experiment performed the following day. The
general concentration level was much reduced and the pollen count,
although high at 89, was lower than the day before.

The particle concentration level increase in a small enclosed room
after the entry of a subject was measured. The subject first remained
still and then began to walk around and figure 98 shows this change in
concentration of several particle sizes during a half-hour period. The
greatest increase in concentration is seen with the larger particles.
During this period, the number of particles larger than 5 pm dia increased
by 4 times, whereas the concentration of 0.5 pm dia particles just doubled.

Figure 99 shows a similar increase in concentration of the larger
particles when the subject remained seated and removed and then replaced
his clothes during a 40 minute period. In this case the larger particles
increased in concentration between 3 and 5 times, and the smaller particles

increased their concentration by less than 1.5 times,

Concluding Remarks

The convective boundary layer around the human body has been discussed
and the way in which this flow gives rise to convective heat transfer has
been investigated The use of hot wire anemometers and thermocouples to
measure the convective boundary layer velocity and temperature profiles has

been described. These boundary layer velocity and temperature profiles
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have been measured around heated models that were designed to simulate
the human convective boundary layer flow. Measurements in vivo have not
been attempted in this study although the techniques for measuring
velocity and temperature which have been developed would
be suitable for this application with further development.

Measurements within the flow around the heated models have shown
that the convective boundary layer flow in the extended position can have
velocities of up to 50 cm/sec and a thickness at face height of some
15-20 cm, The plume of hot air above the head extends for some 1.5
metres, and the total mass flow over the head is about 10 litres/sec.

The convective boundary layer flow has been shown to be more vigorous
than had generally been appreciated before these studies, Many textbooks
concerned with the physiology of heat transfer have hitherto described
the convective flow as a very thin layer or film of moving air, and the
heat loss by convection has also been underestimated (by as much as 50%)
in some texts (é7), Change of posture modifies the convective flow and
the boundary layer becomes less vigorous as the vertical height of the
body decreases. Generally, the local convective heat transfer increases
with descreasing boundary layer thickness. This is because the temperature
gradient from the body to the surroundings becomes steeper in a thin air
layer (with higher q = kdT/dY).

If the heat loss from the head alone is considered, then it is seen
that in the 'extended' position the head may be surrounded by a thick
boundary layer flow which affords a degree of thermal insulation because
of the shallow temperature gradient and lower value of kdT/dY. Studies of
the heat loss from the head have shown that this heat loss may be
a surprisingly high proportion of the total heat loss from the body (up to
20% of the total). However, these results were obtained using a

calorimeter which was placed over the head. Thus the head was isolated
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from any convective influences from the lower body amd this could account
in some part for the high heat output rates measured. This configuration
would be representative of the heat loss from the head in the lying down
position when there is no flow from beneath the head.

The heat loss from the head by convection for various body postures is
the subject of a continuing study.

The convectiw flow remains laminar for a height of about 100 em until
the Grashof number reaches 2 x 10* and becomes turbulent after 150 cm when
the Grashof number exceeds 10°

The human body has been considered as a series of 5 cylinders and the
heat loss by convection from these cylinders has been analysed using
boundary layer theory. For the body in the extended position, these
calculations are in reasonable agreement with convective heat output data
from partitional calorimetry methods. The convective heat transfer for the
naked body in a comfortably warm room at about 20°C is about 30% of the
total heat loss. The way in which clothing modifies the conwective heat
loss by reducing the temperature difference between the skin and
surroundings is dis aussed in Appendix 1 . However, it is interesting to
note that in the expression for the Grashof number, the temperature
difference term appears to the first power, whereas the vertical height is
to the third power, From this it may be seen that the convective flow
parameters are not very sensitive to changes in the surrounding temperature.
The heat transfer varies with x4 but only with (T, - Te )i. Thus a
doubling of the temperature difference, which is quite a drastic
environmental change, only alters the Nusselt number by a factor of 1.2.
1f the vertical height of the subject halves, due to posture changes, this
produces a change in Nusselt number of 1.7 times.

The proposition that the convective boundary layer flow can transport

particles from one site to another has been validated. Particles up to

about 70 jm equivalent diameter are able to be lifted upwards by this flow,
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These particles may enter the flow either from the body or clothing
surface or be entrained from the surrounding air. Once in the flow they
may either be presented to the respiratory tract for inspiration or
dispersed to the surroundings from the plume of air above the head.

The motions of small particles have been investigated in a flow
channel. This channel simulated the velocity profile found in the
convective flow next 1o the skin surface and allowed the particle motions
to be studied over distances similar to those found on the body. Most of
the particles were shown to travel large distances within the channel
although some were shown to be deposited from the flow on to the channel
walls., Once these particles landed it was shown that they would not be
re-entrained by the shear stresses produced by the flowing air. The forces
acting on such particles to cause deposition have been examined in detail
and it has been shown that aerodynamic 1lift forces and electrostatic
effects account for some of the observed phenomena.

Particles have been observed moving in the convective flow over a
heated model of the human form and these observations coincide with those
made in the channel flow. This heated model has also been used to visualise
the way in which particles that are detached from the skin surface may pass
through the weave of garments and travel upwards in the flow.

The way in which the bellows actions of garments may enhance the
dispersion of particles from non-occluded openings has been visualised in
the schlieren optical system, with special reference to garments used in
operating theatres. It is hoped that this work will complement the
bacteriological studies in this field by providing some understanding of the
physics of particle dispersion by these garments,

The thickness of the boundary layer of some 15 cm at face height implies
that interaction between the convective flows of 2 people will occur when
their skin surfaces are as much as 30 cm apart. Such separation distances

do not constitute crowded conditions and this interaction of flows provides
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a possible mechanism for cross infection within enclosed areas.

The interaction of the convective flows around 2 heated models was
observed in the schlieren system as the separation distance of the models
was increased. The exchange of air between the 2 convective flows was
clearly visible and was seen when large rolling eddies were present, up to
a separation distance of 50 cms.

The desquamation of skin particles is the main source of contamination
in industrial clean rooms and in operating theatres, The movement of such
particles by the convective flow within the micro-environment must be taken
into account in the design of protective clothing for use within such
environments.

The boundary layer also provides a path for particles that could
result in the start of autogenous infection downstream of a rubbed or
scratched site, The last part of this thesis reports the recovery of skin
particles from enclosed spaces such as houses, factories and the outside
air even in rural areas.

Various air sampling techniques have been used in this study to sample
airborne particles. Results are reported which show the spectrum size
distribution of airborne particles in various environments. These
experiments have shown that the contamination of enclosed living areas is
about an order of magnitude higher than the contamination of outside air in
rural areas, Microscopic observation of these particles indicates that the
majority of particles in living areas are skin scales and that they are
also found in large numbers in the outside air.

These results show that man is an important source of pollution within
the environment. The proposition that skin particles and their associated
micro-organisms form a normal constituent of the atmosphere will
subsequently be investigated.

These results, together with a study of the micro-environmental flows

of humans and animals have application in the study of the transmission
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of general airborne infection and in the transmission of plant pathogens.
The extension of the use of the hot wire anemometer as a particle sampler
together with the associated electronic circuits has also been described,
This device has found application in counting tracer particle concentration
levels within enclosed areas and in testing the efficiency of ventilation
systems.

For a still man almost all of the air that is inspired has been shown
to have travelled over the body surface in the boundary layer and the
humidity gained (although not sufficient to change the boundary layer
parameters) may be such as to ensure efficient humidification of the lungs.
Some aspects of humidification of the respiratory tract are discussed in(72)
Of particular interest is the flow in the orbit. The eyeball may be pushed
forward as a result of the inflammatory processes within the orbit, or as
an associated feature of the disorder of exopthalmic goitre. This protrusion
of the eyeball, which may be of the order of 2-3 mm would put the eyeball
in the path of the fast moving air in the boundary layer. This, together
with the disturbances associated with the eyelashes, puts the eyeball in a
position where drying out of the eye's lubricating fluids becomes enhanced
and possibly lead to sight degeneration and ultimate blindness, A simple
prophylactic measure that suggests itself is to allow the patient to wear
tight-fitting goggles in order to isolate the eyeball from the convective

flow.
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Remarks on the Effects of Clothing

Although this study is mainly concerned with the convective flow over
the naked body, a few remarks about clothing design and the convective flow
are appropriate here. Any mechanism that slows down the convective boundary
layer will consequently reduce the heat transfer rate., If this velocity
reduction is carried to the extreme of stopping the flow altogether, then
heat transfer will only occur across the air gap by conduction, The thermal
conductivity of air is lower than any normal clothing and it is therefore
warmer to wear several layers of a thin loose-fitting garment than something
thick and tight-fitting. In this way, there will be layers of stationary
air between the garments providing good thermal insulation, String vests
are an example of boundary layer velocity inhibition., The coarse mesh of
the vest provides pockets of local circulation cells and reduces the
convective velocity. These unlikely looking garments thus prove to be very
warm, As a corollary, anything which speeds up the flow of air past the
skin surface (i.e. forced convection) will increase the heat loss rate.
Desert tribesmen's robes are an example of garments providing this action,
They act as bellows to drive air past the skin surface faster than the
natural convection velocity. Consequently, the heat transfer rate is
increased and these robes are very efficient cooling garments in hot
climates,

Evaporation, being such an important method for heat loss from the
naked body, the design of clothing must take account of this variable
regulation process. The thermal conductivity of most clothing is low
(although not as low as air alone) and hence any heat loss changes that the
body metabolism requires must come from evaporation that must not be
inhibited by the clothing. Thus, it is essential that the clothes next to
the sweating skin surface are not impervious to water and do not stop the
evaporation of the secreted sweat. The reason why plastic undergarments

are not acceptable is that the sweat secretion creates a damp interface
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between the garment and the skin with the attendant interruption of the heat
regulation processes of convective and evaporative heat loss.

Normal indoor clothing may produce a temperature difference between the
skin and the outer surface of the garment of from 500 to BOC depending on
the tightness of the garment and the thermal conductivity of the material.
It is interesting to note that if the temperature on the outer surface of
the garment is reduced to IOOC, then the height at which the natural
convective flow becomes fully turbulent, based on a Gx of 10”, is 187 cms,
compared to 153 ems for the naked man., Transition from the laminar begins
at a Gx of 2 x 10q when the height above the ground is 122 cms for the
clothed man which is 22 cms greater than for the naked man. Thus it is
seen that the boundary layer may remain laminar over the whole body surface,
The heat loss by convection for a clothed person (ordinary 'indoor' clothing)
when the temperature difference (T, - To ) is reduced to 5°C is about 25%
of the heat loss for the naked man, which reduces the convective heat output
to 14-16 watts, The maximum velocity in the convective flow for the naked
man at the transition height of 153 cms is 30 cm/sec; with clothing this
reduces to a value close to 22 cm/sec. Thus the convective flow pattern may
be established over a clothed body to produce velocities which may only be

some 25% lower than for the naked man.
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Lift and Drag on a Particle in Viscous Flow

For a settling particle, any departure from sphericity may produce
additional 1ift forces. Owen (§6) guide by the analysis of slow flow
about spheroids (Happel and Brenner 1965) gives an expression for this
extra 1ift. When Wed/\) << | the extra 1ift on a particle with small
eccentricity e and an incidence with respect to Ut is of the order of
Hiltde} The value for L/D in laminar flow is about eF@iﬁgfg\D The
eccentricity of an oblate spheroid is €= G'ﬁﬁﬁf)ﬁ'where b and a are the
polar and equatorial radii, For a particle with aspect ratio 5, in a
laminar flow where Uy = 4 cm/sec this value L/D is about 0.4.

Imai, in presenting a method for solving Oseen's equation for the flow
past an inclined 2-dimensional elliptic cylinder gives values of Cl/Cd of a
similar magnitude to the estimates for the 3-dimensional case. This analysis
for the 2-dimensional case is outlined below and the results are used to
estimate the trajectory of a particle subjected to a 1ift and drag force.

For the flow past an inclined 2-dimensional elliptic cylinder at an
angle of incidence o« gives analytical expressions for the 1ift and drag

coefficients as follows

Co=l 25-) -Gs2xX _ TR [s*+L (1—2Ces 2K — Gos 4¢)S
Tf 2> 4D >

-l (A4 SCos 2¢ - FCs4x) + L (L (30+ 23 Gs 2
24 P [

— 10 Cos 4K — 3 Gs 6x)S = L (14 + 21 G 20¢ 4 6Gos 4 ..c,“o?z
12

Mdc LT Sin 20 | 1R (2874 (14 Gs2)s 41 (2 - Gos 2%)
R TR A i+ 3
+ L E_L (5+4Cos 2% + Cos 4X)S +3L(Q+ |ocu2x+&a4«)}
D (2

hete D= 48~ 2(1+Ces2)

S = ln(l_a)—x
R
X = 0.573721 fora flat plate



APPENDIX 2 - (2)

Figure 100 shows from the results of Imai, values of Cl/Cd versus angle
of incidence for 2 values 6f Re. If we assume the same form of solution
for 3-dimensional particles using values for Re based on the terminal
velocities of the particles, it is seen that for Re = 1, Cl/Cd varies from
0.25 to 0.18 for angles of inclination ranging from 180t0 720. That is, a
28% variation in glide angle for 60% of all angles of particle inclination.
We therefore define an AVERAGE particle to be one that has an angle of
inclination (assumed constant throughout the trajectory) between 180 and
72° with an Re based on the terminal velocity of 0.0l to 1.0.

Taking a mean value for the inclination of the average particle of 450

we have, to a first approximation, values for Cl and Cd as follows
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The following table shows some maximum values of the glide angle of the

d ¥'Ci :
particle =tan éofor various particle sizes, and an angle of inclination of
“74 The particles in the flow move along the channel at an angle +n;|cl/tb

relative to the flow,



APPENDIX 2 - (3)

Particle Size Re cl/cd Glide Angle X
0.1 pm 3.50 x 10° 0.0266 1°%31°
1 pm 3.50 x 10°® 0.0328 153"
5 pm 4,37 x 10* 0.0534 3% 3
15  pm 1.18 x 107% 0.0825 4°43"
70  pm 1.20 0.3318 18°21"
90 pm 2,55 0.6652 33°38"
100  pm 3.50 1.131 48°31"

Trajectory of a Particle with Lift and Drag Forces

For a particle moving in a uniform laminar flow, its motion will be at
an angle '“/2.“,3’ = tan C°/C;_ to the flow, with a velocity (for vertical
upward flow) of Uy in the flow direction. This assumes that the only forces
affecting the particle motion are the stokes drag and an associated
aerodynamic 1lift force. The assumption is also made that for any particle
this glide angle X remains constant during the time of flight of the
particle.

In a small time dt the particle moves a distance dx in the flow

direction, and a distance dy across the flow: where

dys = (W-U ond dxr = (U- W) tun
=i A (_U:t-) ¥
where U is the focal flow velocity.

If the particle is moving in a channel of width D, and begins its
motion from the centre of the channel, then the total distance X,, moved
along the channel in the flow direction before impact with a side wall is

D
given by f’f’u____u.,)-\-mk dy e X.y = (U=Ue) . 4unX
5 We D We 2
for uniform flow,

Similarly, if the channel flow has a parabolic velocity profile, with

a maximum velocity U, where ub = W (V- 4'5"/‘{)2) we have

d = Uo (1=4uU%.)-Ut and d ek !}
gét ( > ) s %éb_. jz}a\x
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The distance Xg moved by the particle before impact in this case is

e Tonx (1= Ayr) — Tan x| dy
We ot
o
“From which )(17 = Foa ¥ E_«_: =3
D 3 e

I1f the particles are in an air stream moving vertically downwards, then
the values for the distance moved before impact in uniform flow and in
Poiseuille flow are respectively .{-ot' w\;fuem ond 'Pcvqboric. #lmﬂ‘)

Xup =(U+Ue) +onX 1 Xp [Uo 4._%__] +on )
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A similar analysis can be applied to particles not injected in the centre of

the channel, but at a point distant D/4 from one side wall,

/ /
S / For Poiseuille flow the distance a
/] /
B ] l /A particle travels before hitting either
] % / wall A or B is given by
7 /
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The Concentrations of Deposited Particles

It is now possible to begin 1 consider the deposition concentrations
along the sides of a channel from a given initial number of injected
particles with a known size distribution. We assume that the particles in
this given size range are equally distributed, when injected, over angles

ot ny
of incidence between O and + 4
Initially, we shall consider the motion of the particles injected into

a Poiseuille flow at the centre of a channel of depth D. From above we have

_2(_2 .—._rmh’ uﬂ —_3_-.
D = Ue ¥ 2
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where U, is the terminal velocity of the particle, given by U, = kdl, k
being a constant related to the density of the particle, and § being the
particle diameter. The -ve sign denotes upward flow, and the +ve sign
downward flow. The above equation (from Imai) can be re-written as
XD/ = 2z~ [U_?. :._é»
D 28m2x | Ue vl

where ©A is the angle of incidence of the particle, S = In b -ﬂ>§e_ubkm{ ¥o
=

is the Euler constant.
The number of particles between diameters d & (d + $d) and having an
angle of incidence between o and @(4—8&0 is given by
Iy N(d) Sd. S«
4 NU) 8d.8%p,,
where N(d) is the number distribution of the injected particles.
Let Sii be the number of particles landing on unit area of a wall of unit
width. Then the number landing in a channel length Sfﬁb)is given by
e L T ) sd LT
Sn = V2 N©@) *%ew) *V s
; = d¢ —_—
This may be integrated with respect to ®X to give " as 'F(Jﬁ% where YL
is the total number of particles landing on a wall., i.e.
o
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For a uniform velocity profile, as in the entry section of a flow channel
a similar expression for the number concentration becomes
ey ) d. i 2 o
o @s-0)Uyye+ 2(Myy T )

These expressions have been numerically evaluated for a series of Re and for

various flow configurations. (Figures 27, 28, 29) where the distribution
—.o0294"

of the particles is expressed by 6000 e for the glass dust particles

used in the flow channel experiments,

Limitation of the Theoretical Treatment

The deposition due to any lift forces acting on the particle has been
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treated theoretically in the previous sections only for the cases where the
flow is vertically upwards or downwards, If the flow is at an angle B8 to the
horizontal, then a falling particle will have a downward velocity of Uy and
a horizontal velocity of U./tany¥ relative to the flow as in the diagram

below,

Flow ditechon

The particle will ogl; move to the upper wall of an inclined channel if the
normal component to the flow (LeCst X Sim &> Ue G3 © e x> (8o X6
As an example; for a 15 pm dia particle (X = 85029') there will be no
deposition on the upper surface of the channel due to 1lift for particles of

0(15 Fm) when the inclination of the flow is greater than 40 to the vertical.
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Particle Deposition in Vacuo

In the discussion of the results from the channel deposition experiments,
it is necessary to consider the effects of any electrostatic forces acting
on the particles. G.M. Hidy, when considering the kinetic theory of
aerosols (#|) says ""The capability of small particles for becoming charged
is well known ..... The present theory for electrical effects in aerosols
stems largely from classical electrostatics ..... many aspects of charging
and electrical interaction in (atmospheric) clouds have not yet been
explained. Because of many uncertainties in the details of this interaction,
electrostatic influences have often been invoked arbitrarily to explain
deviation in aerosol behaviour from expected observations, It may well be
true that the electrical effects contribute to these deviations, but
considerably more careful research usually is needed to verify such
conclusions.”

In the experiments with the vertical glass channel, it is necessary to
try to determine the magnitude of any electrostatic effects leading to
particle deposition so that the relative magnitude of any aerodynamic
mechanism causing deposition on upper surfaces at channel inclinations less
than & to the horizontal may be assessed.

In an effort to determine the relative parts played by electrical and
aerodynamic forces on particle deposition, some experiments were carried out
in an evacuated vessel., A flat glass plate was suspended in a long
evacuated glass tube, and glass dust and ballotini were allowed to fall past
this plate from a horizontal distance away of one em., The air pressure in
the glass tube was reduced to around 3 mm mercury so that any aerodynamic
effects were much reduced. Particle motion, other than in a vertically
downward direction was then only possible by electrostatic forces or undamped
sideways velocities given to the particles during the injection process. In
order to minimise this latter effeet, the particles were kept in a vertical

rubber tube which was sealed with 2 clamps during the time of evacuation of
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the vessel. When the bottom clamp was released, the particles fell through
a vertical tube at the bottom of which a small hole allowed only a small
proportion of the particles to pass into the glass vessel. This injection
tube was designed as a screen to give a collimated beam of particles that
could fall past the glass plate. In practice, perfect collimation was
never achieved, since collisions between particles in the injection tube,
together with slight vibrations of the whole system produced undamped
sideways motions which would cause the beam of particles to fill the tube
section at about 14 M from the injection level,

Figure 101 shows the deposition of particles on to the glass plate
for the best attainable collimation in vacuo and this is
contrasted to the deposition in the same system with the air present. For
X/D » 35 in vacuo the effect of the beam spread is seen to be significant,
whereas for X/D < 35 very few particles are seen to be deposited. The
experiment for particles falling in air shows the same deposition pattern as
in the channel experiments and correlates well with Figure 42; the values of
X/D for maximum deposition in the 2 cases being about 25. When ballotini
were used in this experiment, the beam spreading caused the same deposition
as for the glass dust in vacuo, but as in the channel experiments with air,
only clustered and deformed particles deposited.

The deposition pattern for glass dust is therefore seen to be different
for vacuo and air, but the only definite conclusion to the experiment is that
the deposition pattern exhibiting a maximum value in air relies on the
presence of the air., It therefore seems probable that if the attraction of
particles by the glass due to a residual charge on the glass particles alone
is mainly responsible for the deposition process (as assumed by Owen in JFM
39,pt.2,pp.407-432) then the presence of air is essential to the charging
phenomenon, This is supported by the result given in section 7.3,2, where
glass dust and ballotini were mixed together and afterwards showed no change
in their individual deposition patterns., Here it would seem that any
electrostatic charge differences were brought about after injection and were

therefore due to the passage of air past the particles.
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Flow Patterns and Particle Deposition in a Glass Model of the Trachea
and Bronchi

Since the deposition pattern in the laminar flow channel has been
studied with the air flow in a downward direction, it was considered of
interest to look at the deposition pattern in a model trachea and first
bronchi with the flow alternately upwards and downwards.

The flow in the respiratory system is being studied by other workers
so that no more than a few pilot experiments have been carried out, and as
a consequence the conclusions drawn are limited.

For breathing rates of up to about 30 L/min the flow in the trachea
may be laminar, at greater flow rates it is always turbulent, at least as
far as the first bronchi. Breathing rates in the resting state will give
laminar flow in the trachea. A simple glass model of the trachea and first
bronchi was constructed and isshown in Figure 102. Two anemometer positions
are shown and a vacuum pump was arranged to achieve either upward or
downward flow with the model in the vertical position, With downward flow
(inspiration) the velocity profiles in both the trachea and first bronchi
are shown in Figures 103, 104 and 105, The trachea profile is simply
developing Poiseuille flow, but the flow in the bronchi is more complex.

At the lower Re of 825 (based on velocity in the trachea) there is a fast
moving jet near to the inner wall; at the higher Re of 1073 jets are seen
at both walls with relatively low velocity in the centre of the bronchi.
The mean velocity in the bronchi being half that in the trachea, Smoke
tests showed the separation bubbles occurred on the outer wall at the bend
and at the stagnation point in the region of the carina causing a complex
and unstable 3-dimensional flow pattern, The flow could be seen at times
crossing from the trachea walls to the inner walls of the bronchi just
downstream of the carina.

These profiles and observations were subsequently confirmed by the
work of Schroter & Sudlow (73) who are undertaking a complekflow description

using a similar glass model. In view of this, no further work was undertaken



APPENDIX 4 - (2)
to establish a more complete picture of the flow,

Figure 106 shows the deposition of glass dust on the walls of the model
for the vertical position in both upward and downward flow, For downward
flow the particles were injected at the top of the trachea, and for upward
flow the injection was at the base of one of the first bronchi. The
inclined surfaces leading to the carina at the inlet to the bronchi were
subject to the greatest deposition of the order of 3000 particles/mm* with
both directions of the flow and also when ballotini were injected. There
was once again no evidence of ballotini deposition on the upper surfaces of
the bronchi, or in the vertical trachea in either flow direction except for
a few deformed particles and some clusters., It should be added here that
the particle counting method used for the flat glass channel sides was used
in a modified form for this trachea model. However because of the curvature
of the glass, and the need to track the microscope very near to the model to
achieve adequate magnification, this simple method was far from ideal. For
detailed work on particle deposition in such a model, a more sophisticated
counting technique needs to be evolved that allows observation of the
complete circumference of any cross-section through the model,

The only conclusion drawn from these experiments is that significant
glass dust deposition was noted on the model walls in both the trachea and
first bronchi in laminar flow with the model vertical and in both

inspiratory and expiratory flow.
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Dust samples from Northern Line
between Morden and Hampstead
June 21st 1971. Run time 1 hour
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Concentration levels in garden air for particles greater

than 5um. dia.
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Particle concentration increase in a small room

after subject enters and slowly walks around.
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Variation of particle concentration levels during__

various activities in a small room. Vol. 450 cu. ft
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