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Fig. 1. Section of the medical ward floor showing the ventilation system and the fixed
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air. Most of the general patient areas are designed to have between five and seven
air changes per hour. In order to reduce the movement of air between rooms the
system was designed to maintain the corridors at a slightly higher air pressure than
the patient rooms. This pressure difference was controlled by adjustable flap valves
on the extracts.

The area chosen for investigation consists of three subdivided medical wards. A
plan is given in Fig. 2. The six-bed patient rooms are situated on the perimeter of
the building. The ward corridor and hospital street are both continuous around the
hospital and between them are situated the ancillary rooms. All the rooms have
hinged doors (approx. 2 m. x 1 m., with an additional leaf for moving large objects)
and there are double doors in the corridors which separate the ward units from
each other and from the core of the building, which contains all means of vertical
communication. The patients in Ward A are female, Ward B contains high de-
pendence male and female patients and Ward C male patients only. There are
single patient rooms attached to both Wards B and C. Throughout the investiga-
tion, no attempt was made to alter the normal routine of the hospital but rather to
observe it under normal operational conditions. A preliminary report has been
published by Lidwell & Brock (1973).

METHODS

The air-transfer measurements were made by gas-tracer techniques using the
method described by Foord & Lidwell (1973). Either freon 12, freon 114 or BCF
wasg liberated from a portable disperser placed at the desired source position. The
concentration of this tracer in an air sample taken at the recipient position was
determined using a peak-height calibrated electron-capture detector. In order that
all three tracers could be used simultaneously from different source positions, a
2 m. column containing 209, squalane on a celite base preceded the detector
and separated the different tracer-gases in the air sample. The concentration of
each tracer-gas in a single sample was then easily measured.

Although there were slight variations in particular circumstances, the general
mode of use was to release a tracer-gas continuously at a known, constant, rate at
the source position. At least one hour was then allowed for equilibrium conditions
to become established. After this period, air samples were taken at all recipient
sites and the concentration of the tracer-gas in each was measured. Knowing both
the rate of dispersal of the tracer-gas and the equilibrium concentration at each
recipient site, the transfer index* to each of the sites was calculated (Lidwell, 1960).
The ratio of the transfer index to the room containing the source, to the transfer
index to another room is equal to the relative concentration of the tracer-gas in the
two rooms.

Conditions in the hospital were never entirely stable during any period of
measurement so that no true equilibrium could be attained. During the first series
of measurements, between March and June 1971, a representative selection of sites

* The transfer index is numerically equal to the equilibrium concentration divided by the
rate of dispersal.
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was chosen and sample tubes laid from these rooms through the inter-floor space
back to the central office containing the gas analyser. A suction system was
installed allowing a sample to be taken from any chosen room containing a
sampling tube. Samples from any one particular site were repeated until a con-
stant average concentration was obtained. This was taken to be the equilibrium
concentration,

During the second series, between June and August 1973, integrating gas
samplers were also used. Each of these consisted of a 50 c.c. glass syringe barrel
held vertically and stoppered with a PTFE (polytetrafluoroethylene) bung
through which passed a piece of 0-3 em. 0.D. stainless steel tube reaching to near
the bottom of the barrel. The barrel was filled with water which escaped at a
constant rate through a hypodermic needle (05 mm. 1.p. x 38 mm. long) attached
to the nozzle. The air sample entered via the steel tube and was held in the barrei
until analysed. The size of the needle was such that it took approximately 1 hour
to obtain a complete air sample. The concentration of the sample therefore repre-
sented the average concentration during the sampling hour. In each series, each of
the three tracer-gases was used in turn in each room so that three different deter-
minations of the transfer of air from each room were made. This randomized any
effect of possible differences between the tracer-gases and between one time and
another.

Because of the relatively high concentration of tracer-gas within the source
room and because of concentration variations within this room it was difficult to
obtain accurate and representative air samples. On most occasions, therefore, the
ventilation rate of the room was determined. Following measurements of con-
centration during liberation of the tracer-gas, the decay of concentration of tracer
within the source room was measured, after liberation of gas had ceased, by
taking samples at known times either by using the centralized sampling system or
by using a glass syringe to collect the air samples. From the rate of decay, the
ventilation rate in the source room was determined and the transfer index calen-
lated knowing the size of the room (Lidwell, 1960).

Hospital ventilation and aclivity monitoring

It was important to measure the actual ventilation within the hospital before
examining its effect upon air transfer. The most important characteristics of each
room for this purpose were the ventilation rate and the flow of air through the
doorway. The former was measured using the tracer methods already described.
Regular estimates of the flow of air through the doors between the patient rooms
and the corridor were made by determining the relative pressure of the room,
whilst the door was closed, with respect to the corridor using a highly sensitive
pressure transducer (Shaevitz PTD-3G). By comparison with a previously estab-
lished calibration curve obtained with a direct reading anemometer (Foord, 1973),
this provided a quick and rcasonably accurate method for determining the air-
flows on a routine basis. The air flows through the doorways at any time and the
directions of airflow in the corridors were naturally strongly dependent on whether
individual doors were open or closed. In order to keep track of the situation in this
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Fig. 3. Observed room ventilation rates. (A) Series 1, March~June 1971. (B) series 2,
J um;—August 1973. The rooms are shown spacod linearly along the horizontal axis.
Horizontal bars show mean values for each room.

respect magnetically operated switches mounted on the doors of those patient
rooms with fixed sampling points, and on the passage doors, were wired back to an
indicating and recording panel in the central office. Records were kept of the
average time during which doors were open and care was taken to avoid con-
centration measurements during uncommon combinations of door openings which
had been found to affect the results significantly.

RESULTS
Ventilation rates and doorway airflows

F:igs. 3 and 4 give the results of the measurements. The ventilation rates for the
patient rooms usually lay between five and seven air changes per hour. Although
the original design concept specified that air should flow from the corridor inito all
the patient rooms this was not realized when the building was first brought into
use. As can be seen from Fig. 4A the flow was generally in the opposite direction,
especially in the rooms at the South end of the section studied. This was partly due
to the unfinished state of the building but principally because of unexpectedly
high air resistance in the grilles over the exhaust ports in the rooms and corridors.
During the later part of the investigation these grilles were replaced by others with
& lower air resistance and this together with some adjustments to the air-supply
system produced the near balance condition shown in Tig. 4B,
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the doorways. (A) Series 1, March—June 1871. (B) series 2, June-August 1973.

Table 1. Average conditions of the rooms in each ward during

Room no.

each series of air-lransfer measurements

Number of rooms
Volume of rooms (m.?)
Ventilation rate (air changes/hr.)

Pressure relative to
corridor (door closed) (mm. H,0)

Corresponding outflow through
doorway (m.3[sec.)

Room temperature (° C.)

Temperature difference with
eorridor (° C.)

Proportion of time room doors
were open (%)

Number of movements (per hour) of
persons through patient-room door-
ways, in either direction

Ward A Weard B

A

(m?*./sec.)

Net air flow through doorway

Net air flow through doorway
(m?.[sec.)

—

Series 1 Series 2  Series 1  Series 2

(i1 4
137 144

6-0 50 66 65

+0-656 +0-17 +0-23 +0-10

+0-130 4 0-055 +0-0656 +0-035

Approximately 22:5

*04
56 93 95 100
Approximately 40

' g
Series 1  Series 2
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Table 2. Room-to-room transfer indices (I median values + 5, sec.fm.®
10

Loecation of

{-"—-‘_____‘
Source Roecoiver
Ward Ward Seories 1 Sorios 2
A A 0-88 l 2:96 l
B B 2-55 8.p. 1'75 3-39 s.p. 0-94
c c 291 ) 318 |
A B 214 1-61
B A 0:82 2-86
B C 1-82 0-85
C B 0-62 s.p. 0-70 1-34 s.p. 159
A C 1-32* 0-30*
C A 0-44* 0-64*
Between single rooms (a) 324
b) 2:97
(c) 2:41

For transfers between the single rooms:
(a) for both rooms doors open,
(b) for the average situation (doors open 619, of the time),
(¢) for both doors closed.

* All values between Wards A and C are uncertain owing to the fow positive results and the
necessary extrapolation, the figures are probably over estimates.

The standard deviations are increased in some cases by the grouping together of measure-
ments with widely differing values, e.g. from transfors in opposite directions along the
corridor.

The figures in the table give the median values of the logarithms to the base 10 of the
observed transfer indices + 5, e.g. the logarithms of the median transfer index from rooms in
Ward B to those in Ward A was 0-82—5 = 5-82 and the value of the transfer index was
therefore 6-0 x 10-% sec./m.>.

Table 1 gives the average conditions during those periods when air transfer
measurements were made. It will be seen that most doors were open most of the
time. This was true also of the corridor doors. The only exception was that the
patient room doors were shut for about 40 9, of the time in ward unit A during the
first series of measurements.

Room-to-room air transfers

The recorded transfer indices between different room combinations were ex-
amined for the different ward-to-ward combinations. Many of the transfer indices
were below the limit of measurement by the equipment but in the ward combina-
tions in which there were sufficient measurements the distribution was approxi-
mately logarithmic-normal. Thus the log-median of each ward-to-ward combina-
tion was found by graphical means by plotting the points on logarithmic-
probability paper. It appeared that in either series the standard deviations for the
ward-to-same-ward combinations were similar as were the standard deviations for
the ward-to-different-ward combinations. An average standard deviation was
assumed in each case and used to determine the medians. The assumption of the
same standard error allowed the determination of median values for combinations
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Table 3. Ward-to-ward averaged relative source-lo-recipient room
tracer-gas concenlralions

Series 1 Sories 2
Room contnining r A N = == =
source in Ward A B C A B C
Recipiont room in
Ward: A 58,000 58,000 > 200,000 520 550 >96,000 A
B 3,100 1,100 110,000 11,000 150 19,000 B
Cc >21,000 5,800 930 > 240,000 55,000 280 C

The method of calculation by which these figuros aro dorived is illustratod by the following
oxample. Consider transfer from a room in Ward B to a room in Ward C during serioes 1. Tho
average ventilation rate in rooms in Ward B was 6-5/hr. (Table 1) and the average room
volume 144 m.®. Honee the transfer indox into room B was 3600/(6-5 x 144) = 3-8 qoc.,'m.’.
The transfer index to rooms in Ward C (Table 2) was anti log (1-82—5) or 66 x 10-% sec./m.2,
The ratio of the concentration in the source room in Ward B to that in the receiving room in
Ward C was therefore 3-85/(66 x 10-%) = 5800.

where very few of the observations showed measurable levels of transfer. The
estimated log-medians together with the average standard deviations used are
given in Table 2.

Tt is necessary to qualify some of the figures. In both series the values of trans-
fers from Ward A to Ward C and vice versa are probably only upper limits as they
were based upon & small number of measurements and a considerable degree of
extrapolation. It should be remembered that series 1 had only a selection of rooms
in which air samples were taken. In general these rooms were sufficiently repre-
sentative so that the results may be compared directly with those of series 2 in
which all rooms were used. Unfortunately, for structural reasons, both sample
rooms in Ward C were situated towards the end of the ward nearer to Ward B;
corrections for this would reduce the average values of transfers between Wards A
or B and Ward C.

From the figures in Table 2 and from the values of the transfer index to the source
room derived from the ventilation rate, transfer index = 1f(ventilation rate x
room volume), the relative concentrations of tracer-gas in source and recipient
rooms were found. These are given in Table 3.

Comparison of the results from each series shows significant differences. The
average reduction in concentration from a source room to another room in the
same ward was at least 1000-fold during series 1 when the majority of the rooms
had a marked positive pressure and very much greater within Ward A where the
pressures were substantial and the doors were closed more often. This fell to
between 150 and 500 during the approximately balanced conditions of series 2. In
both cases the greater outflow of air from the rooms of Ward A than from the
rooms of either of the other two wards was shown to have a significant effect in
reducing the transfer of air between the rooms of that ward.

The transfer of air to the rooms of other wards varied considerably but was
usually much less than the transfer within a ward except for transfers from rooms

Infection in an air-conditioned hospital. 1 23

in Ward A during series 1. A significant difference between the series was the
predominant direction of air transfer from a ward. In series 1, it is clear that there
was a preferred direction of transfer from Ward A to Ward B and, possibly, to
Ward C. In contrast series 2 shows that there was a preferred transfer direetion
from the rooms of Ward C towards Ward B and then to Ward A. This is discussed
in more detail below.

Components of air transfer

The above analysis has been carried out on data which were grouped according
to the ward units, specifically for the purpose of comparison with bacteriological
and clinical data. This will be discussed in a later paper. Such grouping to some
extent obscures the patterns of air movement which were observed. A more detailed
analysis will now be attempted.

The transfer of air between two rooms can be considered to take place in three
stages. There is the transfer from the room into the communicating corridor, there
is the transfer along the corridor and finally the transfer into the recipient room.
These stages were considered in terms of the relative concentration of a tracer-gas
being liberated continuously under equilibrium conditions. If C' represents the
concentration of tracer-gas and the subscripts 8, 1, 2 and R indicate the positions
source room, corridor immediately outside source room, corridor immediately
outside recipient room and recipient room respectively then

— T e e

Values of Cg[/Cp, are those given in Table 3. Using the notation of Lidwell (1972)
this equation may be written:

The air transfers between a room and the corridor immediately outside the door,
corresponding to the factorsa’ and a”, and along the corridor, corresponding to the
factor o, were each examined in detail.

Air exchange between a room and the corridor

The movement of air through a doorway has two components. There is a net
airflow (F') which is caused by the difference, if any, between the air supplied to
and exhausted from the room and there is an exchange airflow (X') which is caused
by general turbulence, temperature differences, movement of persons, etc. The
magnitude of this is equal in both directions through the doorway. In a room
which has a strong positive or negative pressure the net airflow will dominate. In a
room which is in balance only the exchange flow will be present. At Greenwich
situations existed which ranged from a near balanced system to a moderately
pressurized system. Fig. 5 shows a general picture of a room and corridor situation
indicating the relevant ventilation parameters. It follows that

: Veg+u
o = 03101 = E‘:‘__—: 3 and «" = CEICR = —ﬂi;g:‘ﬂn
R

3
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Fig. 6. Goneralized plan of a room and adjoining section of corridor showing the
variables used in calculating transfer by air movements. Vg, Effective rate of air
supply to section of passage immedintely outside room door; v;, rate of supply of
ventilating air to room; u, outflow of air from room to passage; v, inflow of air to
room from passage. Net airflow through doorway, F = u~wv. Exchange airflow
X = u or v whichever is the smaller.

where Vg = effective rate of supply of air to the region of corridor immediately
outside the source room door; v, = rate of supply of ventilating air to the
recipient room; ug = average total outflow of air from source room to corridor
{=F +X for positively pressurized room and =X for a balanced or negatively
pressurized room); and v, = average total inflow of air from corridor to recipient
room (=X for balanced or positively pressurized and =F+X for negatively
pressurized room).

Owing to the difficulty of obtaining representative air samples from any
particular part of the corridor it was almost impossible to measure a’ and a”
directly. Instead, values of % and v were found which corresponded to different
values of F, the excess flow. This allowed the exchange flow X to be calculated.

A tracer-gas was continuously released at a known constant rate within a
source room and the situation allowed to reach equilibrium. To measure u, the
flow through the doorway and out of each floor-level extract within the room was
measured, using the pressure transducer and a direct reading anemometer. The
tracer-gas concentration from samples taken at the extracts were also measured.
The quantity of tracer-gas passing down the extracts was then calculated, sub-
tracted from the quantity being released and this gave the quantity passing out
through the door. Knowledge of the tracer-gas concentration within the room then
allowed the gross outflow of air, %, through the doorway to be determined. To
measure v, there were two stages. As above, the net flow through the doorway was
measured and the concentration of the tracer-gas within the room determined.
The extracts were then sealed off in order to create conditions in which all the air
entering through the ceiling diffusers left via the doorway. With such a large rate
of outflow there was negligible exchange flow. After allowing sufficient time for
equilibrium to be established, the outflow through the doorway and the con-
centration of tracer-gas within the room were again measured. Since the tracer-gas
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Fig. 6. Exchange airflow through the open doorway of six-bed patient room. The
doorway was approximately 1 m. wide x 2 m. high.

concentration is inversely proportional to the total ventilating air entering the
room, their ratio under the two conditions gave the ratio of the two ventilating
volumes. However, under the latter conditions, the ventilating air was only that
from the ceiling diffusers and in the former had the addition of that which entered
through the doorway, v, which could therefore be calculated.

Having obtained « and v for & range of values of ¥, X was calculated in each
case and is shown plotted against F' in Fig. 6. As would be expected the value of X
was at & maximum, about 0-09 m.3[sec., near F' = 0, i.e. when the room was in
balance and was reduced as F increased falling to a very small value when F
exceeded 0-1 m.%/sec. Since these results were obtained under the naturally pre-
vailing condition during which both the ventilation and room use fluctuated, with
persons entering and leaving the room at random intervals, there was considerable
scatter in the results.

It is also important to note that the above values were obtained with minimal
temperature differences between room and corridor. The numerical values for the
exchange airflow are comparable with those of Whyte & Shaw (1972) at their
lowest temperature difference, 0-1° C., although they do not give these explicitly
in their paper. That our figures appear to be slightly lower than theirs may be a
result of the incomplete mixing within the patient rooms at Greenwich, leading to
a zone of lower concentration just within the door of a source room. This would result
in a lower estimate of the exchange outflow, assessed from the tracer carried out
and the average room concentrations. The data of Whyte & Shaw show the greatly
increased values of air exchange to be expected at higher temperature differences.
It is likely that there was always a small amount of exchange even when F
exceeded 0-1 m.3[sec., caused by the entry and exits of persons, but the method
described was not sufficiently sensitive to measure it. The average of 40 exits or
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entries per hour which was observed would lead to an exchange of approximately
0-005 m.%sce. if cach passage through the door led to an exchange of 0-5 m.?
across it (Lidwell, 1972). The value observed here when F exceeded 0-1 m.3[sec.
was certainly less than this. The value of 0-5 m.? was derived from observation
made when there was little excess airflow through the doorways and it is possible,
or likely, that the volume exchanged is much reduced when there is an appreciable
flow velocity through the open doorway.

«* can now be calculated since all the variables are known. The volume of
ventilating air within a room calculated from the ventilation rate is the gross
value, including that entering through the doorway, i.e. v;+v. The values calcu-
lated agreed reasonably well with those found from the few satisfactory experi-
ments carried out to determine a” directly.

o' however could not be calculated without a knowledge of Vg, the effective
rate of supply of air to the corridor. The few experimental values of &’ available
suggested that Vg varied in a range from 0-3 to 1-5 m.3sec.

Air transfer along corridors

Although it was not possible to obtain representative corridor air samples
because of unstable and non-uniform flows, it was possible to study the transfer of
air along the corridor by looking at the transfer between two rooms and allowing
for the effects of transfer between the particular source and recipient rooms and
the corridor.

If we put

a" = (Vg +ug)/[(Ves+is)
then
v woom_ Vestug Vigt+vrp Ve ttus _ Ve +us vip+vr

a=a'a".a =———— == rm—— =
Ug YR Vis+us Ug Y

Values of ¥ can then be calculated for transfers from a source room to any recipient
room, &, g, ¥ and v being known, and are equivalent to the effective diluting
air-supply rate in the whole corridor between source room and recipient room.
These values have been plotted graphically, and the results, averaged for each ward
unit, are shown in Fig. 7. The lowest values, estimated directly outside a source
room, correspond to values of Vg and these lie between 0-25 and 0-60 m.3/
sec. Theoretical calculations in a later paper (Lidwell, 1975) lead to estimates of
'V s between 0-22 and 0-34 m.?[sec. The two series do not differ greatly although
the directions of air movement along the corridors have changed completely. This
was probably a consequence of changes in the hospital elsewhere rather than the
alterations to the ventilating system in the wards under study. The value of a”
varies between about 3 and a little over 100 per 10 m. of passage length with an
average of about 10 (the individual rooms are spaced approximately 6-5 m. apart).
The substantial differences between the two series already noted, e.g. in Table 3,
derive principally from the room to corridor pressure differences, and the conse-
quent differences in the movements of air between the rooms and the corridors.
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Fig. 7. Dilut:ion of tracer-gas along the ward corridor. (A) Series 1, March—June
1971, (B) series ?. June—~August 1973. The arrows show the direction and the figures
above the magnitude (in m./sec.) of the drift velacity along that part of the corridor.

'_l'hc figures in br:_loketa below the arrows give the corresponding diffusion constanta
in m.2[sec. (soe Lidwell, 1975). One room spacing was approximately equal to 6:56 m.

CONCLUSIONS

Provided the ventilation conditions are reasonably well known, the above
results provide a means of assessing the likely air isolation between two rooms
having a communicating corridor. Fig. 8 has been constructed in this way to show
the effect of varying the rate of airflow through the doorways. The values used are
those found in Greenwich hospital but similar rates of ventilation are likely to be
found in other mechanically ventilated buildings. It will be seen that, with open
doors, the degree of isolation improves as the airflow through the door increases,
reaching a maximum value at net airflows of about 0:1-0-12 m.3/sec. The maximum
level reached is slightly higher for inward flow than for outward flow since the
effective ventilation in the corridor was greater than that in the patient rooms.
Clinical considerations also favour negatively pressurized rooms if, as at Green-
wich, the system includes single patient rooms which may be used to isolate
infective patients. As the net airflow is increased above 0-1-0-12 m.3[sec. the
effectiveness of the isolation appears to decrease slowly. This is a consequence of
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Isolation factor, a".a

[[1] = 1 1
01 00 01

Into room Qut from room

Net air flow through doorway, F (m®./sec.)

Fig. 8. Relative tracor-gas concentrations in source and receiving rooms opening off
the same section of passage. : _ »
The vertical scale gives the equilibrium concentrations in the sourco room divided
by that in the receiving room, i.e. &’ &”. If the rooms are so?amt.od by a length of
corridor then the values given must be multiplied by the dilution along the corridor,

a’”’.so that @ = o’ a” ',

Curves aa have been calculated for. open doors with & minimum exchange mm?
the doorway (z), due to movement of persons at 40 movements per hour, of 0-:005 m.?/

sec. ) . 5
Curves bb have been similarly calculated sssuming a minimum exchange o

0-001 m.3/sec. i W
Curves cc are calculated for closed, but leaky, doors with a minimum exchange of
0-005 m.3[sec. and curves dd for closed (leaky) doors with a minimum exchange of

0-001 m.3/[sec. .
The ahr{pe of the curves dd is dependent on the way in which the exchange flow,

X, falls as the excess flow, F, increases. As F tonds to zero some exchange may tak'o
place through gaps across the doors so that the maximum value of @ reached is
uncertain and may be less than that shown.

The values are calculated from the formula

_ (Ves+us)(vir+ vR)
- VR.US

a o , 800 toxt.

where Vs is taken as 0-3 m.3[soc., v, as 0-2 m.3[sec., us and vy are dot'iuced from
the data of Fig. 6 but assumed not to fall below the minimum values of z given above.

the increased outflow of contamination from the source room while the residual
exchange due to passage of personnel in and out of is assumed constant. Although
there is evidence to suggest that this exchange may be about 0:56 m.? for-each
passage through the doorway when there is only a small net airflow through -1t. the
data obtained from the patient rooms at Greenwich suggests that the value is less
than this when the airflow velocity through the doorway exceeds 0-05-0-06 m./sec.
‘Two sets of curves are therefore shown in Fig. 8, one for a constant residual

Infection in an air-conditioned hospital. 1 29

exchange of 0-005 m.3[sec., corresponding to an exchange of 0-5 m.? for each of the
40 entries or exits per hour, and the upper curve for the isolation values resulting
if the residual exchange is assumed to fall to 0-001 m.3/sce. at a net flow of 0-1 m.3/
scc. If it were to be assumed that it continued to fall beyond this net flow velocity
then the degree of isolation might remain constant or even continue to rise at
higher net flow velocities.

If patient room doors can be kept closed improved isolation can be obtained, as
indicated by curves ¢ and d in Fig. 8. The gaps around the doors will usually allow
any difference betwecn air supply to and extract from the rooms to pass between
the room and the passage, so that the improvement is only appreciable if the net
flow is small, i.e. less than 0-01-0-02 m.3/sec. Since at these low net flows isolation
is poor if the doors are left open and may be much reduced by even small tempera-
ture differences, it may be better to compromise at net flow values of 0-1-0-12 m.3/
sec. However, if the doors are close fitting and some form of pressure relief openings
can be provided in the rooms so that when the doors are closed more of this net
flow passes through these openings and no more than 0-01 m.3/sec. passes between
a room and the passage then high degrees of isolation can be reliably maintained
(Lidwell, 1975).

The corridor also plays a large part in the isolation of rooms. It is easily possible
to achieve in a corridor a relative dilution of three-fold for every room space,
about 6-7 m., the two rooms are apart, the average value at Greenwich was five-
fold, so that the total isolation between the two rooms is multiplied by this factor
for each interval.

These figures are derived from a consideration of the median values of the
transfer index between rooms. As is clear from the values of the standard deviation
given in Table 2 transfer was a very variable process apparently dependent on
random events. Transfers on individual occasions might be 100-fold greater than
the median values.

The work described above relates only to the transfer of air and tracer-gases (or
gaseous contaminants) totally via the air between the rooms of a fully mechani-
cally ventilated building. It shows that a dilution of at least 1000 times between
rooms in the same ward and many times this between rooms further apart, is
easily possible under suitable ventilation and typical conditions of use. In con-
sidering the significance of these figures in relation to the airborne transport of
infective material it is necessary to take into account the differences due to the
particulate nature of this. These are discussed in detail in the following papers
(Foord & Lidwell, 1975; Lidwell, 1975). Particle loss by sedimentation during the
process of transport from room to room increases the ratio of source room to
recipient room concentrations by between 5 and 20 times according to the distance
between the rooms concerned.

Our thanks are due to the Hospital Administration for their willingness to allow
us to carry out these studies, to the Hospital Engineer and his staff and to the
Engineering Division of the Department of Health and Social Security who helped
us with the many technical problems which arose and last but not least, to the
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Nursing Staff and the paticnts of the wards concerned for their eheerful tolerance
of our curious antics, which undoubtedly at times caused them some incon-
venience.
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Airborne infection in a fully air-conditioned hospital

1I. Transfer of airborne particles between rooms resulting from
the movement of air from one room to another

By N. FOORD axp O. M. LIDWELL
Central Public Health Laboratory, Colindale Avenue, London NW9 5HT

(Recetved 8 January 1975)

SUMMARY

Experiments were conducted simultaneously with gas and particle tracers to
determine the relative loss of particles between source and recipient sites in the
hospital ward units. The magnitude of this loss could be accounted for by the
assumption of sedimentation from well-mixed air masses during the time required
for movement between source and recipient sites. As a consequence of this loss the
degree of isolation between patient rooms for airborne particles was between 4 and
25 times greater than that for gaseous contamination, which reflects the actual
transport of air between the rooms.

The design and construction of portable spinning-disk particle generators
suitable for field studies is discussed.

INTRODUCTION

A technique has been described (Foord & Lidwell, 1972) for measuring the air-
borne transfer of particles of bacteria-carrying size between sites within a hospital.
Potassium iodide particles are produced from a solution using a spinning-disk
generator. The number of particles reaching another position are assessed by
sampling the air through a membrane filter, developing the collected particles with
palladium chloride solution and counting the subsequent, easily observable brown
spots. Since it is possible to detect a single potassium iodide particle by this
method, it has the maximum possible sensitivity for a particle tracer. We have
used this technique to study the extent of particle transfer occurring as a result of
the movement of air between rooms in the hospital wards studied in the previous
paper (Foord & Lidwell, 1975). We have also designed and constructed spinning-
disk particle generators which are more convenient for the purpose than those
previously available.

There are many advantages in using a spinning-disk generator for particle
production, the most useful, perhaps, being the uniformity of particle size, but high
rotational speeds are necessary to produce large numbers of particles with settling
rates as low as 5 mm.[sec. (1 ft./min.), which is approximately the median value
commonly found for airborne bacteria-carrying particles (Noble, Lidwell &
Kingston, 1963).
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APPARATUS
Design of a conveniently portable spinning-disk generator

The ecarliest spinning-disk generators employed air-driven rotors (e.g. May,
1949) of around 2+5 cm. diameter driven at speeds up to 60,000 rev./min. It is not
always easy to maintain stable operation of these and the associated equipment
for the compressed air supply is heavy and bulky and often noisy.

Electric motor drive affords the possibility of a simpler device if sufficiently high
speed motors are available. Lippmann & Albert (1967) describe an instrument
using & motor designed for operation on a 400 Hz supply at 24,000 rev./min.
which could be run up 60,000 rev./min. by raising the supply frequency to 1000 Hz.
An apparatus of this type is made by the Environmental Research Corporation,
Minneapolis, Minnesota, U.S.A., but is very noisy, inefficient at generating par-
ticles with equivalent particle diameters above 6 gm. and the motor bearings have
a relatively short life.

Walton & Prewett (1949) proposed the following formula for the primary
droplet size produced by a spinning-disk:

T
w*D’
where & = droplet diameter, 7' = surface tension of the liquid, @ = rotational
speed, p = liquid density, D = disk diameter, and K is a ‘constant’. Since the
final airborne particle of potassium iodide is produced by evaporation of a solution
of this salt the dry particle diameter is given by

d = 0216 V/(alp’).8,

where @ is the weight percentage of the salt in the solution and the density of the
dry particle is p’. A settling velocity of about 5 mm.[sec. corresponds to a diameter
of about 7 um. for a particle of potassium iodide, which has a density of about
3g.[om.3,

By increasing the disk diameter and by the use of 809, alcohol as a solvent,
which has a lower surface tension than water, it is possible to reduce the rotational
speed required for the production of primary droplets of a suitable size. It was also
found experimentally that the value of K diminished as the rotational speed was
reduced. This made possible the use of rotational speeds as low as 24,000 rev./min.

=K

Mains driven spinning-disk generator

The design of this generator was along similar lines to that referred to above.
A cross-section of the apparatus is shown in Fig. 1. The disk was 30 mm. diameter
and made from stainless steel. It was driven by an a.c. synchronous motor (Globe
Industries Inc., type FC) run from a 110 V. variable-frequency power supply. The
speed of the disk was usually 45,000 rev./min., for which a power-supply frequency
of 800 Hz was required. A blower provided an airflow of about 500 1./min. to
disperse the particles. It also drew a small bleed of air from the vicinity of the disk
through the motor housing. This enabled the small satellite particles formed to be
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Fig. 1. Sectional view of the mains driven spinning-disk airborne-particle generator.

(A) General view. (B) Detail of spinning-disk assembly.
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removed, as their inertin was insuflicient to carry them beyond the effect of this
small bleed into the dispersion airstream as in the case of the larger particles. This
air bleed also provided cooling for the motor, but care had to be taken to ensure
that the flow was as low as possible to reduce the risk of particles or liquid entering
the motor bearings. A collar, made from PTFE (polytetrafluoroethylene) and
fitting round the motor shaft, also helped to prevent the entry of corrosive
material. Considerable sound proofing was included in the design. The solution was
fed by a peristaltic pump at 1 ml./min. from a needle, the height of which above the
disk was adjusted hydraulically. The primary droplet produced was about 32 gm.
diameter and by using a 49 solution of potassium iodide in 809, alcohol a
particle of about 7 gm. diameter was produced. This apparatus performed con-
sistently and satisfactorily; its main disadvantage was the large size. Together
with its trolley and mains-driven variable-frequency generator, it stood about
1-6 m. high, 0-7 m. wide and 0-4 m. deep and weighed 40 kg. ‘

Battery driven spinning-disk generator

At the expense of some of the refinements of the mains-operated model, a fully
portable instrument which measured no more than 25 x 25 x 30 em. high and
weighed less than 2-5 kg., including five U2 batteries, was constructed. A diagram
of this apparatus is shown in Fig. 2. The disk was enlarged to 36 mm. diameter and
made from aluminium coated Melinex about 0-1 mm. thick to reduce weight. It
was driven by a nominal 2 V. d.c. motor overrun at 4-5 V. at a speed of about
25,000 rev./min. (Portescap Escap 156 type 050/110). Although there was an air-
circulating fan to disperse the generated particles, there was no provision for the
removal of the satellite particles. This was satisfactory for our purposes, as suitable
collection and detection techniques ensured that the smaller particles did not
interfere. No sound insulation was needed as the motor was inherently quiet. The
solution was fed at about 0-75 ml./min. through a 0-56 mm. .D. needle from a
syringe with a small controlled air bleed. The syringe was held centrally above the
disk by an adjustable clamp. The use of & battery-fed d.c. motor meant that the
disk speed was slightly variable and the primary droplet diameter might vary
between 40 and 50 gm. This required solutions of between 1 and 2%, potassium
iodide in 809, alcohol to produce particles with settling rates about 5 mm./sec.
(1 ft./min.).

An even simpler version of this generator (Fig. 2B) was made by dispensing
with the air-distribution fan. This left an extremely small and compact apparatus.
However, in order to avoid loss of particles by local sedimentation it was necessary
either to hold it high above any horizontal surface so that the particles mixed with
the air before settling out or to provide an external fan or to place it in a moving
air stream. The last is often conveniently available near an air-supply inlet in an
artificially ventilated building.

Performance of the particle generators

Results with both generators showed that it was easier than suggested by the
formula of Walton & Prewett (1949) to reduce the disk speed and still produce
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Fig.2. Sectional views of battery-operated spinning-disk airborne-particle generators.
(A) With fan to disperse the particles produced. (B) Simpler design without fan.
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Table 1. Observed values of K for three different spinning-disk generalors running at differ,
speeds and spraying absolute or 80 9, alcohol at between 0-75 and 1 ml.[min.

Concentration oft Particleu.
potassiumn iodide generated

Primary droplet

Disk speed Disk diameter diameter

Generator (rev./min.) (cm.) (pem.) K solution (%) min,
Envirco* 60,000 2:5 28 654 5 ca. 1 x 107
Mains driven 45,000 30 32 4-9 4 T1% 101
Battery operated 24,000 3-6 41 3-8 1-5 2.7x 107

* The ‘Envirco’ generator was that used by Hambraeus & Sanderson (1972). K was calculated fi
the formula of Walton and Prewett given in the text, taking the density of absolute alcohol as 0-8 g./em,
and the surface tension as 22 dynefem.

+ Concentration required to generate partiocles with a settling velocity in still air of about 5 mm.|

particles of the required size. Provided that the slightly greater dispersion in size
of the generated particles and the additional satellite particles could be tolerated,
the battery-operated model was ideal for use in the field. The noise, even without
sound-proofing, was perfectly acceptable. However, it was only after extensive
field use in conjunction with gas tracers, that it was possible to determine the
efficiency of the generators. This was the number of particles actually generated
compared with the total possible number calculated from the amount of
solution supplied. In the case of the mains-operated model, about 759, of the
material sprayed eventually formed 7 gm. diameter potassium-iodide particles
whereas with the simplest battery-operated model, this figure might be as low as
40 % unless carefully placed in a suitable air stream.

The discrepancy between our results and the formula for primary droplet size is
a consequence of variation in the ‘constant’ K with disk speed as well as with the
liquid used. The variation is such that it partly nullifies the consequences of the
reduction of speed. A comparison of values of K determined for the above two
generators and for the commercial generator used by Hambraeus & Sanderson
(1972) in a similar manner but running at a speed of 60,000 rev./min. is given in
Table 1.

This variation in K has not been fully explained. Walton & Prewett (1949) give
extensive data for a wide range of liquids sprayed from a disk whose speed was
varied over two ranges from 300 to 6,000 rev./min. and from 18,000 to 100,000
rev./min. It was noted that the average value of K for the former group was 3-3
whilst that for the latter was 4-5. Using a suitable model of drop formation from a
disk, a value between 3 and 4 may be deduced, suggesting that Walton & Prewett’s
formula fails at high speeds. A possible reason may be that the liquid is unable
to acquire the full rotational speed of the disk at high speeds and this leads to
the increase in the effective value of K. The speed at which this breakdown oceurs
probably depends upon the liquid sprayed and its rate of feed on to the disk.

Although it was possible to take advantage of this phenomenon to reduce the
disk speed necessary to produce primary droplets of less than 45 pm. from 809,
alcohol without correspondingly increasing the disk diameter, the effect may not
extend below 20,000 rev./min. At this speed K is probably approaching its mini-
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mum and constant value. There is nothing to indicate what might be its maximum
value.

METHODS
The transfer of airborne particles relative to the transfer of uir

The technique referred to above using the electrically driven spinning-disk
generator was used to study the transfer of airborne particles in the occupied
hospital. Air transfer measurements were made simultaneously using the tracer-
gas techniques described in the preceding paper (Foord & Lidwell, 1975).

The most important way in which the transfer of airborne particles differs from
the transfer of air is the settling of particles on surfaces under the influence of
gravity and, if there is no resuspension and if the air is well mixed, this difference
will be a function of the time taken for transfer (called here transit time). The
relation between the transfer index (as defined by Lidwell, 1960) for a particle
tracer compared with that for a gas tracer, would then be of the form:

Transfer Index (particle) = e~57. Transfer Index (gas),

where § is an effective ventilation rate due solely to particle sedimentation and
T is the transit time.

The effective ventilation rate S, under these conditions, should be equal to sfh,
where s is the settling rate of the particles in question and % is the height of the
area concerned. The purpose of these experiments was to measure simultaneously
the transfer index between a source and a recipient position with both particle and
gas tracers and to compare the transfer of particles relative to that of the gas tracer
in relation to the transit time.

Experiments in the hospital

A suitable source room was chosen and one or, more usually, two recipient
rooms or other positions. A particle generator and a gas-tracer disperser were
placed in the source room as close together as possible. Liberation of potassium
iodide particles and of halogenated hydrocarbon tracer-gas was carried out
simultaneously at constant rates, which in the case of the gas tracer was known.
The total liberation time was usually 10 min.

At representative positions in the source room and the recipient room or at any
other recipient position, integrating particle samplers and gas samplers were
placed which operated throughout the liberation of tracer material and for the
following 50 min., approximately. This time was long enough to ensure sampling
of all tracer reaching the sampling positions. There were usually eight particle
samplers in the source room placed ecither on the floor or on other suitable sur-
faces. These consisted of 2-5 em. diameter Millipore filters in suitable holders and
particles were collected solely by sedimentation. In recipient rooms there were
usually two particle samplers and, necessarily, only one at a particular recipient
position. These consisted of centripetal samplers which had an effective sampling
rate of 0-00167 m.3/sec. (100 L./min.) and again collected particles on to 25 cm.
diameter Millipore filters (Foord & Lidwell, 1972). As close as possible to each of
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the particle samplers was placed a gas sampler. This consisted of a glass syringe
barrel which collected an air sample by the displacement of water with which it
wag filled. The needle through which the water escaped was of such a size that
the maximum sampling time was approximately one hour (Foord & Lidwell,
1975).

After the liberation of tracer material and the full sampling period, the
samplers were removed for analysis. The filters from the particle samplers were
each developed in palladium chloride solution and the brown spots counted to
determine the number of particles collected. From cach of the collected air
samples, a sample was taken and analysed by the gas chromatographic/clectron-
capture-detector gas analyser and the concentration of the tracer-gas in each was
found.

The particle and gas transfer indices were then computed as follows:

Transfer Index, by definition, = éL C.dt,

where ¢ is the quantity of tracer material liberated, C is the concentration of
tracer material at the recipient position at time £.
The transfer index measured by the gas tracer then becomes:

Ct
Tl =

where C is the tracer-gas concentration of the integrated sample collected at the
recipient position, ¢ is the length of sampling period, ¢ is the volume of gas
liberated.

The transfer index for the particles is given by:

n
T-I-puucle - _Z-._ﬁ’

where n is the number of particles collected at the recipient position, Z is the
sampling rate and N is the total number of particles generated.

Since the efficiency of the generator varied, N could not be found directly but
had to be deduced from the results of the samples collected within the source
room.

The concentration of particles in the air of a room after generation had ceased
diminished exponentially with a decay constant given by

k = R+sfh,

where R is the ventilation rate of the room height, &, and the particle settling
rate is 8. k was estimated by taking a series of samples in sequence. R was
measured by following the decay of the gas-tracer concentration and, by sub-
tracting this from k, s/k and hence s were determined. If »’ is the number of
particles settling per unit area of room then

n' ,
= —‘;-(‘U +8F},
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Table 2. Constants of the system wsed lo determine particle transfer indices

Mains driven Battory oporatod
Room height, & (m.) 2475 275
Floor aroa, F (mn.?)* 47 47
lk—R = &fh (hr1) 75 94
s (mm.[soc.) 57 72
I (m.3fsoc.) 0-27 0-34

The battery-operato:dl genorator was usod in the majority of tho experitnonts.
* Actual 52 m.2, 10 9% doducted to allow for poor mixing near walls and door.

where v’ is the total volumetric rate of air supply to the room and F its floor area.

The determination of s for the particles used in this investigation is given in
Table 2. On all but two occasions the battery-operated generator was used giving
particles whose settling velocity averaged around 7 mm./sec. This is slightly, but
not significantly, greater than the value of 5 mm./sec. (1 ft./min.) quoted above
as the median value for airborne bacteria carrying particles (Noble et al. 1963).
Values of »’ and v" were determined on each occasion, the latter from the gas
concentration found in the integrated gas samples and the volume of tracer-gas
liberated, i.e.

' q
v = —67‘ ’

where the symbols used are as above and (" is the tracer-gas concentration of the
integrated sample collected within the source room. v’ is, of course, numerically
equal to the reciprocal of the transfer index from the source to the sampling
point in the source room.

Usually, the eight samples within the source room were averaged to find the
best estimate for the total output from the particle generator. If a recipient room
contained two recipient positions these were averaged and a single value obtained
for the transfer index between the source and any recipient room or position.

The particle-to-gas transfer index ratio was the transfer index found using a
particle tracer divided by that found using a gas tracer.

To measure the time of transit only the gas tracer was used. At the recipient
position, a series of air samples were taken manually with a glass syringe at
intervals during the liberation and subsequent sampling period. These samples
were then analysed and the concentration of tracer-gas in each was determined.
These concentrations were plotted against time and a continuous curve repre-
senting the tracer-gas concentration was drawn. From this, the time at which the
cumulative time integrated concentration reached half its total was found
graphically, £, and this was taken as the transit time. The mid point of the
dispersal period was taken as the time zero.

RESULTS

The results are shown in Fig. 3 where the transit times of 30 transfer com-
binations are plotted against the corresponding values of the particle-to-gas
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0-01

Transit time, 15 (min.)

Fig. 3. The particle[gas transfer index ratio, 7, as a function of the transit time
between source and receiving site. The transit time is taken from the middle of the
period of dispersion up to the time when one half of the material eventually trans-
ferred, tg,, has reached the receiving site. The full lines show the two regression
lines, the correlation coefficient is —0-67 which corresponds to a probability of less
than 0-001, the interrupted line is the best fitting theoretical curve, see text.

transfer index ratio, y. Transit times were found within the range from 10 to 56
minutes and all the transfer index ratios were less than 100 %,. The linear corre-
lation coefficient between the transit times and the logarithms of the transfer
index ratios is —0-67, which is significant to beyond the 0-1 9, level.

The simple model proposed earlier for the relation between transit time and the
ratio of the transfer indices assumes a single value for the transit time but, as is
clear from the method described above for estimating this, both gas and particles
reach the recipient room over a considerable period of time and the extent of
sedimentation will have varied correspondingly.

In general,

Y = T.Lparucte/T-Logas = J‘w C.e"‘s‘.dt/ I:C’.dl.
0

A simple function which can be used to approximate to the distribution of arrival
times for the gas tracer is
C = bir.e o,

where 7, a and b are constants. The equation is then easily integrated to give

aﬂ+1

Y = a+ayn
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Relative concentration

1-0 2:0 30
Time, normalized

Fig. 4. Concentration time curves for transfer of gas tracer from source to recipient
site. All the curves have been normalized to the same total area above the base-line
and to make the time for transfer of one half of the material, ¢;,, equal to unity. The
family of curves with n = 1, 2, 3 or 4 are derived from the function C = bt"e—,
where a and b are constants and C is the concentration reached at the receiving site
after time ¢. The heavy curve shows an experimental result.

with a time to the maximum value of C, ¢y, = nfa and a time to the 509,
transfer point, i, approximately equal to (n+0-6)/a. Hence

v = (n+0-6)"[(n 4 0-6 +Stg)"+. (1)

The values of ¢ derived from this equation do not differ greatly from those
calculated from the simple form y = ¢S4, if § in this equation is taken as
0-7 s/k, so long as y is greater than about 0-025 and = lies between 2 and 4.

Fig. 4 shows the function ¢*.e together with a typical plot of the gas con-
centration reaching a recipient room. This it will be seen does not differ greatly
from the curve for » = 3. It will also be seen from the curve drawn in on Fig. 3
that the relation between ¥ and (g, is reasonably well represented by the curve

o 20}
Y=86+T1ty’

with £;, expressed in hours (see equation (1) above).

The value of S of 7-1/hr. in this expression, calculated to give the best approxi-
mation to the experimental data, corresponds to a particle settling velocity of
7-1x 2-75[/3-6 = 5-4 mm.[sec. which is close to the experimentally determined
settling velooities of 5:7 or 7-4 mm./sec. Although there is no reason for the
algebraic form of the function employed above, the solutions are very insensitive
to the precise function assumed so long as these follow the general shape of an
initial delayed rise in concentration followed by an approximately logarithmic
decay. The results therefore confirm a relation between the ratio of the particle
and gas transfer indices and the transit time which is in conformity with loss of
particles by settling in a well mixed system during transport from source room to
the receiving site.
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Fig. 5. The particle/gas transfer index ratio, 7, and the particle loss factor, as a
funotion of the distance between source and receiving rooms. The full lines show the
two regression lines, the correlation coefficient is —0-59 which corresponds to a
probability of less than 0-003. The broken line is caleulated from the ventilation
data by the method deseribed in the following paper (Lidwell, 1975).

The points in Fig. 3 show considerable scatter. Some of this can be accounted
for by errors in the method. It was impossible to liberate the particles and tracer-
gas at exactly the same position and it was not easy to ensure identical liberation
periods. The mixing of the tracer materials with the air of the room was not
perfect or even the same for the two tracers. Positioning of the samplers within
the source room was not always as representative as could have been desired and
occasionally a sampler had to be omitted for various reasons. The total sampling
period for all the samples could not always be made identical. There were also the
usual statistical errors associated with random sampling of discrete numbers of
particles.

However, although these factors will have accounted for some of the variation
it does not seem likely that they account for all of it. There are a variety of
varying processes which may also have contributed. Impaction may have
occurred from turbulent air movements. Resuspension of particles can be brought
about by activity and was shown to occur during bedmaking. The most probable
variable factor, however, was the irregular movement of the air masses as & result
of human activity and external wind pressures. It is encouraging'that the average
effect of all the variables was such that the simple model proposed gives an
adequate overall quantitative picture.

Transport of airborne particles between rooms

The experiments described above also gave some direct estimates of the
fraction of particles transported by air movement from the source rooms to other

LS
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Table 3. Ward to ward averaged relative source lo recipient particle concentrations

_ Particlo cone. ratio
Ward unit S———

P s, |
= A == - Averngo spacing  Particlo loss  Series 1 Sories 2
Sourco room  Rocoiving room (rooms) factor (% 10%) (% 10%)
A A 2:0 45 260 2:3
B B -7 40 4-4 0-6
C Cc 2:3 50 4-6 14
A B 45 6-3 19-5 69-3
B A 4-5 6-3 365 35
B C 8-0 11-2 > 66 616
C B 80 11-2 1200 213
A C 12:5 22-4 > 470 > 5000
C A 12:5 22-4 > 4500 > 2000

The particle loss factor is defined in the text. The spacing between rooms was approxi-
mately 6:5 m.

rooms in the wards studied. The number of these observations however was too
few to provide an overall evaluation similar to that given in the preceding paper
for gas-tracer transport. In addition to their limited numbers the observations
were not representative of the possible room to room transfers.

There was, however, a reasonably good correlation between the ratio of the
particle and gas transfer indices, v, and the separation between the source and
receiving rooms. The data are shown in this way in Fig. 5. The points show a
similar degree of scatter to those showing the relation between ¥ and the transit
time in Fig. 3 and the correlation coefficient is —0-59, which is significant to
beyond the 0-3 9%, level. By allowing for the ratio of the transfer indices of par-
ticles and gas into the source room, comparisons may be made between the
transfer of particles and gas expressed as the concentrations of these in source
and receiving rooms.

Y= T-I-partlele = IT'I'psrticle} x (CRICS)Dnrticle
T'I'ua T-I'm BOUrCe room (CH{OS)SSB ’

where C is the concentration and the suffixes R and S refer to receiving and source
room respectively.

A scale of (Cp/Cs)gas/(C'r/Cs)particre Which may conveniently be called thé particle
loss factor is given in Fig. 5.

From the regression line for particle loss factor on room separation, values of
the particle loss factor corresponding to the average separation between rooms in
the different ward units have been deduced and are given in Table 3. These vary
between about 4 and 5 for rooms in the same ward unit to over 20 for rooms in
the most widely separated ward units. Combining these with the values for the
sourcefrecipient gas concentrations given in Table 3 of the preceding paper
(Foord & Lidwell, 1975) leads to the values shown for the source/recipient particle
concentration ratios in Table 3.
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DISCUSSION

The loss of particles relative to the volumes of air transferred between rooms
appears to conform reasonably well with the simple picture of loss by sedimenta-
tion from relatively well mixed air masses during the time required for the
transport. The effect of this on particle transfer relative to gas transport is
substantial and still further increases, for airborne particles which approximate in
settling velocity to the median size for airborne particles carrying bacteria, the
already high level of isolation between rooms found for gaseous contamination
and confirms in this respect the preliminary report of Lidwell & Brock (1973).

Our thanks are again due to the Hospital Administration for their willingness to
allow us to carry out these studies, to the Hospital Engineer and his staff and to
the Engineering Division of the Department of Health and Social Security who
helped us with the many technical problems which arose and last but not least to
the Nursing Staff and the patients of the wards concerned for their cheerful
tolerance.
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Airborne infection in a fully air-conditioned hospital

III. Transport of gaseous and airborne particulate material
along ventilated passageways

By 0. M. LIDWELL
Central Public Health Laboratory, Colindale Avenue, London NW9 5HT

(Recetved 8 January 1975)

SUMMARY

A mathematical model is described for the transport of gaseous or airborne
particulate material between rooms along ventilated passageways.

Experimental observations in three hospitals lead to a value of about
0:06 m.%[sec. for the effective diffusion constant in air without any systematic
directional flow. The ‘constant’ appears to increase if there is any directional flow
along the passage, reaching about 0-12 m.%[sec. at a flow velocity of 0-04 m.[sec.

Together with previously published methods the present formulae make it
possible to calculate the expected average amounts of gaseous or particulate
material that will be transported from room to room in ventilated buildings in
which the ventilation and exchange airflows can be calculated.

The actual amounts transported in occupied buildings, however, vary greatly
from time to time.

INTRODUCTION

A model for assessing the behaviour of an isolation unit comprising a series of
rooms opening off a common space has been described previously (Lidwell, 1972).
This model was based on the assumption of effectively complete mixing of the air
in the several rooms and in the common space with which they communicated.
Although this model gave a reasonably good account of the performance of a small
burns unit with six patient rooms (Hambraeus & Sanderson, 1972) it was clear that,
even in the comparatively short length of the passage way concerned, about 32 m.,
there were large differences in concentration at different distances from the source
of airborne particles entering it. The ward corridor in the part of the hospital
studied in the preceding papers was about 100 m. long and any assumption of
uniform mixing would clearly have been absurd. A mathematical treatment of
diffusion along a ventilated passageway has therefore been developed and applied
to this and other situations. Diffusion in this context is transport by any process
which follows the diffusion law, that the rate of transport, whether of gas or some
property of the medium, across a surface is proportional to the gradient at that
point.
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i x x+8x
d!
A2 =t kA( C 3x)
- dx
Origin Air movement, velocnl.y P
| ——p
pAC—t> +—> pA(C+ .8x)
|
+WC dx
vy 1 * v+u—
C; Passage
B

Room

Uy IJ'1+ v—u

Fig. 1. Caleulation of transfer of a tracer along a passage. (A) The quantities of
materiel entering and leaving a thin transverse element situated at distance z from
the origin. (B) Exchange with a room which communicates with the passage. The
symbols are defined in the text.

AIRBORNE TRANSPORT ALONG A VENTILATED PASSAGEWAY

The model assumed is pictured in Fig. 1. By considering the gain and loss of
madterial for a section of passage of length 8z we obtain at equilibrium the following
identity:

ac , &c ac
ka2 1940 = ka5 + 55 05) +94(0+ 7 - du) 4 WOBR,
whence kAi:i + pA O+WG =0,
&0 p dC W
or Fr i i =)

where C is the concentration at distance z from the source (considered as a thin
plane across the passageway), A is the cross-sectional area of passage, k is the
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diffusion constant and p represents a uniform movement of the air along the
passageway'. The lateral loss from the passage, per unit length, I is made up of:

(1) Ventilation into the passage, v,, where v, is the rate of ventilation to the
passage per unit length.

(2) Sedimentation (of particles) onto the floor of the passage, sD, where s is the
velocity of sedimentation of the particles and D is the width of the passage.

(3) Loss due to exchange of air with rooms along the corridor, %', where

w=u e
vy +8F +v’

summed over all the rooms opening onto the passageway and expressed per unit
length of passage, where u = the rate of airflow out from a room into the passage,
» the rate of airflow into the room from the passage, v,, is the rate of air supply to
the room and F its floor area.

Hence
uY
= —_——— '
W =v,+8D+u e e (2)
(expressed per unit length of passage).
The solution of equation (1) is of the form
ClCy = K,em*+ K,em™%, (3)
where O, is the value of C at the origin, K, and K, are constants and
W. o'\ »
m = [z de) 4 &)
w p‘
and J{kA 4k‘) " (3B)

Since C/Cy = 1 whenz = 0, K, + K, =
* By considering the model as depicted in Fig. 1B then, for the passage,
WO, = Cylvg+u—v)—Cru+C.8D+C, v
= Cp(vg+u+8D)=Cru
and for the room
vC, = Cr(v;+v—u)+Cru+CgrsF
= Cgl(v,+v+sF),
where Cg is the concentration in the room.

uv

whence we, = (,',{u'-f.u.}.gpj_m,c’
uv
or W = D4y——
EC Ry



48 O. M. LipwELL

1-0
03 |- \*\

) ] \

o o \—4\
003 —

! 1 1 | 1
it 1 2 3 4 5
xy/(WikA)

Fig. 2. The concentration gradient produced along passages of finite length closed at
the end. The curves are derived from equations (3) and (5) in the text. The underlying
straight line from which the individual curves deviate as the ends of the respective
passages are approached corresponds to C[C, = e-=V W IkA) (e text).

LONG PASSAGEWAYS
For a passage of infinite length (and uniform conditions)

C—>0 as z—-

and we have K,=0 K,=1.
& s )
Hence ClC, = exP(“J(%"‘ﬁ'z)"’%)- (4)

SHORT PASSAGEWAYS

If the passage in one direction from the origin is of finite length, a, then equating
the quantity entering this to that lost gives the identity

-kA(E) =f°wc.dx.
dﬂ? 2= 0

Equation (3) then leads to the relation
—kA(m, K, +my K,) = WK, e™ Zmy + K, €™ %[m,]5.

Since there can be no uniform movement of air along a passage with a closed end

B < P
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Hence
— Al WEA)(K,—K,) = J(Wkd)(K et VWVikd) K, ¢-a VOrik))
e ‘\/(WkA)(Kl_Ks)

and K, eaVWika) = K, g-a VOrkld) (5)

while, as before,
K.+K, = 1.

In Fig. 2, C[C, is shown as a function of 2,/(W[kA) for various values of
a(W[kA). It can be seen from this figure that C[C, departs substantially from
e~ 2VWIkA) only at distances less than ,/(W/kA) from the end of the passage and
that for values of @ > 1-5 ,/(kA/W) the terminal value of

C - 2008‘-0 \/(TYH:A).

CONCENTRATION AT THE ORIGIN

For purposes of calculation the material entering the passage from the source
room is assumed to be evenly distributed over a plane section of the passage at the
origin, = 0. The amount moving in the downwind direction is then

dc,
"“‘(E)x-u*f"“c"

and the amount moving in the upwind direction is

dC,
—IcA(—-?) —pAC,,
dx o p o

where C, is the concentration in the downwind direction and C, that in the up-
wind direction.
Equating these to the amount of material entering the passage .

ugCg—v5Cy = —Cokd{(m, Ky+myK,),+(my Ky+my Ko)p},
where ug is the rate of airflow out from the source room into the passage, vg the

rate of airflow into that room from the passage and Cg in the concentration in the
source room. Hence

C kA Y
-éf = —a[(lel-l-msz)a'l' (m1K1+m2K2)b+ﬁ

If the passage is long in both directions K, = 1, K; = 0 and from equations
3A and 3B

e = - (et T+ ma =~ J(ie+Bn) -2

Cs 2kA W p* Ug
o ==l G i) ) (6)

4 HYG 75
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Table 1. Transport of airborne particles along the passage in @ burns wnil

Distance from source

room, z (in m.) ClCy aJ(Wikd) JOV [kA)
- 10 Entry end — —
- 75 0-221 2-4 0-24
0 (1-00) = =
+75 0-089 70 0-32
+15:0 0-055 4-25 0-19
+22 Inner end

The values of a,/(1¥/k4) have been estimated from the data g'ivcn in Fig. 2 by chom;ing
that curve which intersects tho given value of C[C, at the appropriate value of za, whorc a is
the distance from the source room to the end of the passage in the direction concerned.

In a previous paper (Foord & Lidwell, 1975a) estimates were made of a-notional
ventilation rate to the passage, treated as if there were complete mixing within it.

On this basis
Cs _ Vestus
Cy i Ug '

where Vgg is the notional ventilation rate in relation to the part of the passage
immediately outside the source room door. Then from equation (6)

Vs = 2kA{A/(lej+ff%) ;qu]—us. (1)

COMPARISON WITH OBSERVED DATA
For these calculations the suffixes S and R are used to denote quantities relating
to the source and receiving rooms respectively. C, is the concentration in the
passageway immediately outside the source room and C, that outside a receiving
room at distance x along the passage.

1. Uppsala burns unit
The results obtained for transport of airborne particles between the room and
along the passage of this unit have been described (Hambraeus & Sanderson,

1972). ' .
From the data given, IV can be estimated as the sum of the corridor ventilation

and sedimentation (exchange with the rooms was negligible). Hence

1100

- 1 0005%3 = 0:025 m.%/sec./m.
5600 <33 T 0008 % Bmfpen)

W

The data for the passage concentrations are given in Table 1 from which an
average value for /(W[kA) can be estimated as 0-25/m. The cross-sectional area
of the passage was approximately 8 m.? and hence

k = 0-025/(8 x 0-25%) = 0-050 m.*/sec.

Infection in «an «wir-conditioned hospital. 111 51

1-0

0-3

C/Cy

01

0-03

001

1 1 1 | 1 1 1 1
8 4 0. 4 8 12 16 20
Entry end Distunce from source room (m.) Inner end

Fig. 3. The variation in concentration of particle tracer along the passage of the
Burna Unit at tho Uppsala University Hospital (Hambraeus & Sanderson, 1972).
The full lines show the calculated curves. The experimentally observed values are
indicated by open circles.

From Table 2 in the paper cited
ug = 17/3600 = 0-0047 m.3[sec.

As there was no uniform airflow along the passage, which was closed at both ends,
p = 0 and, since v, was small, equation (6) leads to

Os ,

o = 2 J(Wkd)fug = 42:5.

0
This compares well with the value of 45 given in Table 1 (line 2) of the same paper.
By using equation (5) values for K, and K, along the passage in both directions

can be calculated and the concentration profile along the passage deduced. This is
shown in Fig. 3. .

2. Greenwich District Hospital
Transport of tracer gas

The variations of C[C, along the passage in both directions from source rooms in
different positions in the ward units studied are shown in fig. 7 of a preceding
paper (Foord & Lidwell, 1975a). As the passages were relatively long the formula
of equation (4) has been used for purposes of computation and the values of
(d In C[dz) are given in Table 2. From equation (4) it can be immediately seen that
the product of the values (¢ In C/dz) in the two directions, i.e. upwind and down-
wind (p negative and positive respectively), is equal to W[kA. Similarly the
difference of these two values is equal to pfk. Values for Vg have then been

42
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ES
(m.3[sec.)
obs

cale.

P
(m./sec.)

[k
(m 1)

k

(m.*/sec)

dInCldz
W kA
(m™2)

A->C C—>A

v
(m.?[sec.)

Table 2. Transport of tracer-gas along ward corridor

w N
(m.%[sec./m.) (m.3[sec.)

Series 1

0-30
0-30
0-25

0-33
0-26
0-25

0-036
0-016
< 0-001

0-40
0-22
0-00

0-090
0-074
0-088

0-062
0-061
0-058

0-12
0-16
0-24

0-52
0-046 0-38
0-070 0-24

<0-0056

0-140
0-100
0-080

0-0446
0-0359
0-0315

<R O

Series 2

0-36
0-35
0-60

0-22
0-28
034

0:002
0-019
0-031

en in the text. Values of W were calculated according to equation (2). All values of IV, u, » and

003
019
024

0-064
0-099
0-131

0-070
0-042
0-030

0-25
0-13
0-33

0-28
0:32
0-092

0-040
0057
0-062

0-092
0-091

0-081

0-0356
0-0322
0-0316

pand Vgg(cale.) have been obtained as described in the text. The values of Vgg (obs.) are

. Two values of (d In O/dz) are given, for transport from end A of the ward area towards end
derived from the data of Fig. 7 (Foord & Lidwell, 1975a).

i

1V

.

The symbols have the meaning g

(d In C/dz) are averaged for each ward un
C and vice versa. A = 8 m.2 Values of k,
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Table 3. Calculation of the particle loss factor for transport
between rooms in Greenwich District General Hospilal
Quantity Serios 1 Series 2
« (m.3fsec.) 0-107 0-088
v (m.3[sec.) 0-039 0-053
v, (m.3[sec.) 0-205 0-195
P (m.[sec.) 0-017 0:017
k (m.2[sec.) 0-077 0-098
{ S A ) i A 3]
Gas Partiole Gas Particle
W (m.3sec./m.) 0-036 0-054 0-033 0-051
—d In CJdx (average for two 0-266 0-316 0-223 0-269
directions)
dfdz (logye ™) 0-116 04137 0-097 0-117
o’ 35 4-1 48 56
a" 62 13-9 47 10-3
— ~— J | ‘\( 2
dfdz (logye(0yfet,')) 0-021 0020
log;e (tz;la:) 0-063 0-067
log;o (ctpfoty) 10-350 0-340
log, o (particle loss factor)/m. 0-413+0-021x 0-407 4+ 00202

log,, (particle loss factor)/room
interval, (X) = 6-6 m.

04134 0-130X 0:407+0-136X

The symbols are defined in the text. Values of u, v, p and k are taken from Table 2 averaged
over all the ward units. Values of v, are derived similarly from those given in Table 1 of a
previous paper (Foord & Lidwell, 1975a), by equating v, +v(1—1[a’) to the product of the
ventilation rate and the room volume. v,, the ventilation to the passage, was at the rate of
about 0-014 m.3/sec./m. In addition to the exchange of air between patient rooms and the
passage, which can be calculated from the values of 4 and v given above there was also
exchange between the passage and the service rooms which opened off it. No measurement of
this was obtained but from the number of these rooms and their ventilation arrangements an
estimate of 0-008 m.?[sec. per metre of passage length was made and this has been included in
u’ when calculating the values of W by means of equation (2). d In C/dz can then be caloulated
from equation (4).

o’ = Cs[C, s obtained from equation (6) anda” = C.[Cr as given by Fig. 1,i.e. (v; + v+ sF)v,
The sedimentation rate for the particles, s, has been taken as 0-006 m./sec., see Foord &
Lidwell (1975b). D, the width of the passage was 2:8 m., 4, its cross-sectional area, 8 m.* and
F, the floor area of a patient room, 47 m.3, see Foord & Lidwell (1975b).

calculated according to equation (7). The results of these calculations together with
the appropriate values of W, » and v are given in Table 2. )

Comparison of particle and gas transport

In a previous paper (Foord & Lidwell, 1975b) the effects of particle loss during
transport between rooms in the ward units has been discussed. Good correlation
was obtained with the transit time. In addition the particle loss factor was also
correlated with the distance apart of the two rooms (fig. 5 in that paper).

The value of W, equation (2), includes a term for loss by sedimentation. It is
therefore possible to deduce the difference in transport between gas tracer and
particles which would be expected on the basis of the model proposed in this paper.
Using the known values of air supply to patient rooms and passage and the
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previously estimated values for air exchange between these rooms and the passage
the concentration gradient along the passage can be calculated from equation (4).
The particle loss factor’ has been defined carlier (Foord & Lidwell, 1975b) as

(CSI CR)rlarl:elc’ (CS[ CR)gas = aparuclc[ans'

This can be broken down into three components

{Gslcu)p . (cx]CR)p : (Cﬂlcz}p - CX.,; a’l-' ap .
(Cslcn]g (CJ:IGR):: (Coloz)y 05; “; “3'

Equation (4) gives estimates of ¢ InC[dz for both gas and particle tracers. The
difference between the two values, with change of base, then gives log,, (xp/ay)
per unit length of passage. Values of a, and a;, can be obtained from equation (6).
The values of aj and «, follow directly from the relationship shown in Fig. 1 since

a” = C,JCgr = (v+8F +vg)[vp.

The results of all these computations are given in Table 3 together with the values
of the particle loss factor derived from them. The logarithms of these values are
shown as a function of the distance along the passage between the rooms or as a
function of the number of rooms apart for the Greenwich inter-room spacing of
6:5 m. This is compared with experimental data in fig. & of the previous paper
(Foord & Lidwell, 1975b). It will be seen that the calculated values indicate a
somewhat higher particle loss factor than that deduced from the experimental
data but the variability in the data is much greater than the discrepancy. On the
basis of both the experimental and the calculated results it would seem that a good
approximation to the particle loss factor is given by the relation:

particle loss factor = 0-30+0-1 1X,

where the source and recipient rooms are X rooms apart (1 room interval = 6:5 m.).

3. Isolation unit St Mary’s Hospital

Some measurements with the particle tracer, not reported elsewhere, were made
in the isolation unit described by Williams & Harding (1969). This consisted of
two groups of patient rooms, each group opening off a ventilated lobby area,
linked by a passage about 45 m. long. There was a perceptible movement of air
along the passage from west to east. The width of the passage was 1-8 m. and the
ventilation supply small. Hence, W = 0:005 x 1-8 = 0-009 m.3[sec./m., being the
loss due to sedimentation of the particles.

Measurements of the variation in particle concentration along the passage were
made in both directions and led to the following values:

] ) si s

(d “0_) = 0:092, in the east to west direction,
@z )gw

(d In C) = 0-253, in the west to east direction,
dx W—E

hence W[k4 = 0-0233 and p/k = 0-161.

P
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Fig. 4. Values of the diffusion constant in passagoes in relation to the overall velocity
of air movement along the passage. The circles give the values obtained from the
obervations made at the Greenwich District General Hospital. Open circles, series 1;
filled cireles, series 2. The triangle is derived from observations made in the Uppsala
Hospital and the square from those made at St Mary's Hospital, London.

Since the cross-sectional area of the passage, 4, was 5-5m.? this gives
k = 0:070 m.?/sec. and p = 0-011 m.[sec.

DISCUSSION

The model proposed is able to give a coherent picture of the transport of both
gas and particle tracers along the ward corridor in the Greenwich Hospital. The
data from the other two situations are too limited to give any confirmation of the
value of the method taken individually. It is, however, worth noting that the air
drift velocities deduced are rcasonable in magnitude. The highest value is 0:036
m.[sec. (approximately 7 ft./min.) which is consistent with the fact that all the air
movements were below the velocities measurable by normal anemometry.

The values for the ‘diffusion constant’ from the several determinations have
been plotted together in I'ig. 4 against the value of the air-drift velocity. There
appears to be a consistent relation between the two quantities, the ‘diffusion
constant’ rising from about 0-06 m.2/sec. in still air to double that value at a drift
velocity of about 0-04 m./sec.

Although the consistency of these results is notable it must be emphasized that
the variability of the experimental observations from which they have been
deduced was very high so that the possible errors of interpretation are considerable.
However, taken with the methods developed earlier (Lidwell, 1972) the present
work does give a basis for estimating the extent of transport of gases or particles
between rooms in ventilated buildings along passage ways of substantial length,
e.g. up to 100 m. or more. When or if such calculations are made it must be borne
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in mind that the actual transfers which take place will almost certainly vary by
large factors from time to time. The variations will probably lead t.o an. approxi-
mately log-normal distribution of the amount of transferred material w.:th stand-
ard deviations up to 2:0 or more (logarithms to base 10). The calculations made
here relate only to the median values of such transfers.
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SUMMARY

Groups of patients with lepromatous and tuberculoid leprosy and hospital
staff from six leprosaria in East Africa and ‘non-confact’ groups of villagers or
staff from general hospitals have been skin tested with 10 reagents. These were
prepared by ultrasonic disintegration from M. tuberculosis, M. duvalii, M.
chelonei and 7 other species identified in the Ugandan environment. Comparisons
were made of the percentages of positive reactors in each study group for each
reagent. The ‘specific’ defect of lepromatous patients was found to apply to a
variable extent to six of the species tested, but not to M. tuberculosis, M. avium
or M. ‘A*’. The defect applied most noticeably to M. nonchromogenicum and
M. vaccae, suggesting that they are more closely related to M. leprae than are the
other species tested. The reagent Chelonin produced unexpected and anomalous
results in the lepromatous group. It is suggested that this was due to an unusually
slow clearing of Arthus’ reaction.

INTRODUCTION

It has long been recognized that a deficiency in immunity is associated with
lepromatous leprosy and it has more recently been demonstrated that a degree
of this deficiency also occurs in tuberculoid patients (Bullock, 1968). Studies on
leprosy contacts have shown that the lymphocytes of healthy people may trans-
form markedly in the presence of whole leprosy bacilli (Godal & Negassi, 1973),
indicating that subclinical infection occurs and probably conveys some degree
of protection. Whether the immune deficit present in the disease is a predisposing
factor in its development, or the result of the infection, remains uncertain. It has
been suggested that the macrophage of the lepromatous patient is inherently
unable to destroy leprosy bacilli (Beiguelman, 1967). Alternatively the apparent
macrophage defect may reflect the absence of a circulating clone of thymic (T)
lymphocytes reactive to the leprosy organism. In polar cases of lepromatous (LL)
leprosy this clone may never have existed; it may have been totally ablated by
antigen overload or its activity may have been suppressed perhaps in a manner




