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Engineering controls can be used to reduce the spread of

airborne infectious disease, particularly tuberculosis (TB),

in high-risk settings. This article evaluates published data on

the ef® cacy of upper-room air ultraviolet germicidal irradi-

ation (UVGI). A three-zone representation of a TB patient

room equipped with a germicidal UV lamp is developed.

The lamp irradiates the upper-room zone and inactivates

airborne mycobacteria; the unirradiated lower-room zone

also contains a near-® eld zone surrounding the TB patient.

Infectious particles are generated in the near-® eld zone and

transported throughout the room by air ¯ ow between zones.

Each zone is independently well-mixed; the whole room,

however, is not well-mixed. The three-zone model is applied

to a previously published study of UVGI against airborne

mycobacteria in a test room. Based on the estimated slopes

of the semi-log concentration decay curves for viable my-

cobacteria, and on the assumption that the test room was

essentially well-mixed, the published study reported that

UVGI provided 10 to 25 equivalent air changes per hour.

However, when the same decay curve slopes are interpreted

in the context of the three-zone model, UVGI is seen to be

far less effective in reducing exposure intensity near the

TB patient. Near-® eld exposure intensity is relevant because

health care workers are usually in close proximity to the

TB patients they attend. In general, the interpretation of

concentration decay data depends on the speci® c model of

room air mixing that is assumed appropriate. It is recom-

mended that tests of the ef® cacy of UVGI and other con-

trol devices against airborne microorganisms be based on

steady-state concentration measurements rather than con-

centration decay measurements, because the former mea-

surements do not require inferences based on a particular

model.

Keywords Tuberculosis, Ultraviolet Germicidal Radiation, Multi-

Zone Modeling

Many infectious diseases are spread through the air, includ-

ing viral diseases such as measles and bacterial diseases such

as tuberculosis (TB). TB has recently reemerged as a serious

public and occupational health problem,(1±5) although there is

evidence that TB incidence may have stabilized in some U.S.

cities.(6, 7) Infection can occur when a susceptible person inhales

as few as one respirable particle (termed a droplet nucleus) carry-

ing viable Mycobacterium tuberculosis (M. tb).(8) Persons who

become infected with M. tb and who do not undergo antibi-

otic prophylaxis have a 10 percent lifetime risk of developing

active disease.(9, 10) Given the increased incidence of multi-drug-

resistant TB, which is associated with increased morbidity and

mortality, primary prevention of disease transmission has as-

sumed greater importance.(10±12)

To control TB transmission, strategies that reduce the genera-

tion and transport of M. tb aerosol, as well as programs that iden-

tify and treat infectious individuals, need to be implemented. For

TB patient isolation rooms, the Centers for Disease Control and

Prevention (CDC) recommend a ventilation rate of at least six air

changes per hour (ACH, h
¡ 1),(10) of which at least two are out-

side air.(13, 14) Isolation room exhaust air must be either directed

outside the building or passed through a high-ef® ciency particu-

late air ® lter prior to recirculation. The isolation room should be

under negative pressure relative to adjacent areas. The CDC also

recommends that, where feasible, the air-exchange rate be in-

creased to ¸ 12 ACH by modifying the ventilation system or by

using auxiliary means. Many isolation rooms currently receive

less than 6 ACH,(15) and renovating facilities to achieve rates of

6±12 ACH can be expensive. Thus, there is interest in auxiliary

means to remove viable M. tb from room air; these include the

use of upper-room air ultraviolet germicidal irradiation (UVGI).

Commercially available germicidal lamps are low-pressure

mercury vapor lamps emitting an almost monochromatic radi-

ation of wavelength 254 nm.(14) The optimal wavelength for

inactivating microorganisms ranges from 250±270 nm, depend-

ing on the microorganism.(15) For TB control, UVGI is used in

two con® gurations: ventilation duct irradiation and upper-room
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air irradiation.(14) For upper-room air irradiation, the lamps are

suspended from the ceiling or attached to the walls; the bottom

of the lamp is usually shielded to direct radiation in the horizon-

tal and upward directions. The objective of this con® guration is

to inactivate M. tb in the upper part of the room while minimiz-

ing radiation exposure to persons in the lower part of the room.

If the room is relatively well-mixed, inactivation of M. tb in the

upper zone effectively reduces the viable M. tb concentration in

the lower zone.

The ® rst observation of the ef® cacy of upper-room air UVGI

to control airborne infection was by Wells in 1934.(16) Since

that time there has been little systematic investigation of UVGI,

and the few studies conducted in full-sized rooms have shown

that ef® cacy varies widely. One study reported that upper-room

air UVGI achieved substantial inactivation of mycobacteria in

the range of 10 to 25 equivalent ACH depending on the total

power of the UV lamps.(17) This study is described in more detail

subsequently. Another study conducted in a hospital waiting

room found that upper-room air UVGI reduced the concentration

of airborne colony-forming units by only 14±19 percent.(18, 19)

Anecdotal evidence also suggests that UVGI is effective. For

example, Stead and colleagues investigated an incident in which

159 employees were exposed for an 84-day period to a patient

who had cavitary TB and persistently positive sputum smears.(20)

There were no documented conversions of tuberculin skin tests.

The authors attributed this favorable experience to the use of

UVGI. The isolation rooms at this hospital, however, were pro-

vided with ventilation of 15 ACH and the operating room where

the patient underwent a lobectomy had 48 ACH.

In this article we examine the ef® cacy of upper-room air

UVGI for controlling TB transmission in rooms that may not be

well-mixed. We describe two alternative multi-zone models. We

then apply a three-zone model to evaluate published data from a

study in which aerosolized M. bovis were exposed to upper-room

air UVGI, and the decay in the viable M. bovis concentration was

subsequently measured.(17) We demonstrate that for an imper-

fectly mixed room, the traditional interpretation of concentration

decay data can lead to overestimating the effective contaminant

removal rate and underestimating the steady-state concentration

in the near ® eld of the emission source. Near-® eld exposure in-

tensity is especially relevant because health care workers are usu-

ally in close proximity to the TB patients they attend. Therefore,

the published viable M. bovis concentration decay data could

easily have been misinterpreted to overestimate UVGI ef® cacy.

MULTI-ZONE MODELS

The Two-Zone Model
A TB patient room is conceptually divided into an upper and

lower zone (Figure 1).(21) Air within each zone is presumed per-

fectly mixed, but the air ¯ ow between the two zones is limited.

The air-exchange rate between the upper and lower zone is de-

noted b ; the upper and lower zone volumes are denoted VU and

VL . The UV lamp irradiates and inactivates only the airborne

M. tb in the upper zone. The TB patient (the emission source) is

located in the lower zone.

The exact form of the solution equations for this model de-

pend on the zones in which the supply and exhaust points for

mechanically supplied air (HVAC system) and in® ltration air

(doors and windows) are located. In Figure 1, all air enters and

exits the room via the lower zone, but locations of air entry and

exit points will differ from room to room. The solution equa-

tions describing the M. tb aerosol concentration (#/m 3) in the

upper and lower zones, CU and CL , as a function of time have

the following general forms:

CU (t) = d 1 ¢ e
k 1 ¢ t

+ d 2 ¢ e
k 2 ¢ t

+ d 3 [1]

CL (t) = d 4 ¢ e
k 1 ¢ t

+ d 5 ¢ e
k 2 ¢ t

+ d 6 [2]

The parameters k 1 and k 2 (min
¡ 1 ) depend on the values of:

(i) the zone volumes VU and VL (m3); (ii) the room air sup-

ply/exhaust rate, Q (m 3/ min); (iii) the interzonal air-exchange

rate, b (m 3/ min); (iv) the natural die-off rate constant for M. tb

in air, k1 (min
¡ 1 ); and (v) the UV-induced inactivation rate con-

stant for M. tb in air, k2 (min
¡ 1 ). The values of the coef® cients

d 1 through d 6 depend on the same parameters, as well as the vi-

able M. tb emission rate, G (#/ min), and the initial mycobacteria

concentrations in the upper and lower zones, CU,0 and CL,0 . In

realistic scenarios, the parameters k 1 and k 2 will be real, distinct,

negative numbers. Therefore, as t gets large, the terms e k 1 ¢ t and

e k 2 ¢ t go to zero, and the steady-state concentrations in the upper

and lower zones, CU,SS and CL,SS , equal the parameters d 3 and

d 6 , respectively.

Proponents of upper-room air UVGI believe that the inter-

zonal air-exchange rate is substantial in most rooms,(22) in which

case b is substantially greater than Q. Given this condition, the

two-zone model usually predicts that CL,SS
»
= CU,SS . In other

words, the room behaves as if it were perfectly mixed, even

though it has two distinct zones. The strategic advantage of such

behavior is that if UVGI has a substantial M. tb inactivation rate

k2 , then UVGI applied to the upper zone effectively reduces the

viable M. tb concentration throughout the lower zone.

FIGURE 1

A schematic representation of a two-zone room. VU and VL are

the upper zone and lower zone volumes (m3 ). Q is the total

room supply/exhaust air rate (m3 / min), with all air supply and

exit points in the lower zone. b is the interzonal air-exchange

rate (m 3/ min).
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Once emission ceases (G = 0), equations of the same form as

(1) and (2) describe the M. tb aerosol concentration in the two

zones, except that the coef® cients d 3 and d 6 equal zero; also, the

four remaining d coef® cient values differ from the case when

G > 0. The values of the parameters k 1 and k 2 remain the same

because they do not depend on the emission rate or the initial

M. tb concentrations in the different zones.

The Three-Zone Model
An alternative, physically plausible model for a TB patient

room equipped with upper-room air UVGI is a three-zone model.

The room is conceptually divided into an upper zone and a

lower zone, but a near-® eld zone located within the lower zone

contains the patient (Figure 2).(23±25) Air within each zone is

presumed perfectly mixed, but the air exchange between the

upper and lower zones, and between the lower and near-® eld

zones, is limited. The upper/lower zone air-exchange rate is de-

noted b 1 , and the lower/near-® eld zone air-exchange rate is de-

noted b 2 . The volume of the near-® eld zone is denoted VNF .

The UV lamp irradiates only the airborne M. tb in the upper

zone.

The exact solution equations depend on the zones in which

the supply and exhaust points for mechanically supplied air

(the HVAC system) and in® ltration air (doors and windows)

are located. In Figure 2, all air enters and exits the room via

the lower zone, although this need not be the case. The general

equations for the M. tb aerosol concentration as a function of

time in the upper, lower, and near-® eld zones are as follows:

CU (t) = x 1 ¢ e
k 1 ¢ t

+ x 2 ¢ e
k 2 ¢ t

+ x 3 ¢ e
k 3 ¢ t

+ x 4 [3]

CL (t) = x 5 ¢ e
k 1 ¢ t

+ x 6 ¢ e
k 2 ¢ t

+ x 7 ¢ e
k 3 ¢ t

+ x 8 [4]

CNF (t) = x 9 ¢ e
k 1 ¢ t

+ x 10 ¢ e
k 2 ¢ t

+ x 11 ¢ e
k 3 ¢ t

+ x 12 [5]

FIGURE 2

A schematic representation of a three-zone room. VU , VL , and

VNF are the respective upper zone, lower zone, and near-® eld

zone volumes (m3 ). Q is the total room supply/exhaust air rate

(m3/ min), with all air supply and exit points in the lower zone.

b 1 is the air-exchange rate between the upper and lower zones

(m3/ min). b 2 is the air-exchange rate between the lower and

near-® eld zones (m3/ min).

The k values depend on the zone volumes (VU , VL , VNF ),

the ventilation characteristics of the room ( b 1 , b 2 , Q), and the

inactivation rate constants (k1 and k2 ). The values of the x co-

ef® cients depend on these same parameters, as well the M. tb

emission rate and the initial M. tb concentrations in the three

zones. In realistic scenarios, k 1 , k 2 , and k 3 will be real, distinct,

negative numbers. Therefore, as t gets large, the terms e k 1 ¢ t , e k 2 ¢ t ,

and e k 3 ¢ t go to zero, and the steady-state M. tb concentrations

CU,SS , CL,SS , and CNF,SS are equal to the respective coef® cients

x 4 , x 8 , and x 12 .

It happens that CNF,SS is strongly in¯ uenced by the term G/ b 2 .

This in¯ uence is evident in the following approximation:

CNF,SS
»
=

(k2 ¢ VU + b 1)

[k2 ¢ VU ( b 1 + Q) + b 1 ¢ Q]
¢ G +

G

b 2

[6]

Equation 6 assumes that k1 ¿ k2 ,which is reasonable for M. tb as

will be discussed. The equation also assumes that all air supply

and exit points are in the lower zone, a situation which likely

pertained in a test room study that will also be described. If b 2 is

relatively small compared to the upper/lower zone air-exchange

rate b 1 , the room will not behave as if it were well-mixed, and the

strategic advantage of upper-room air UVGI will be diminished.

One consequence is that the M. tb aerosol concentration near the

patient will be signi® cantly greater than elsewhere in the lower

portion of the room.

For comparison with CNF,SS , Equation 7 describes the

steady-state M. tb concentration in a well-mixed (single-zone)

room, denoted CWM,SS , with an equivalent air supply rate de-

noted QE :(23)

CWM,SS =
G

QE

[7]

Once M. tb emission ceases (G = 0), equations of the same

form as (3)±(5) describe the decay in aerosol concentration in

the three zones, except that the coef® cients x 4 , x 8 , and x 12 equal

zero, and the values of the other x coef® cients differ from the

case when G > 0. As with the two-zone model, the values of the

parameters k 1 , k 2 , and k 3 do not depend on the M. tb emission

rate or initial concentrations in the different zones.

The three-zone model is now applied to a study by Riley,

Knight, and Middlebrook which investigated the ef® cacy of

upper-room air UVGI against aerosolized M. bovis bacteria.(17)

This study, which is more than 20 years old, still provides the

best experimental data on the use of UVGI against airborne my-

cobacteria in a real-world setting.

THE M. bovis ROOM STUDY

The Three-Zone Model of the Test Room
Riley and colleagues released viable M. bovis BCG aerosol

into a test room, and created a presumably uniform room con-

centration by using a fan to mix up the room air. Once aerosol

release ceased, they measured the concentration decay of viable

M. bovis, with and without upper-room air UVGI, at a sampling
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point 0.8 m (32 in) off the ¯ oor near the center of the room.

As described, the total room volume was 64 m3 (2260 ft3 ), with

¯ oor dimensions of 18.4 m2 (198 ft2 ) and a ceiling height of

3.5 m (11 ft 5 in).

On the ® rst test day, one 17-watt (W) lamp was operated

with the UV tubes facing the ceiling and baf¯ ed to prevent ra-

diation below the edges of the lamp ® xture. In this con® gura-

tion, the irradiated upper-room zone nominally extended down

0.61 m (2 ft) from the ceiling, so the theoretical upper zone

volum e VU was 11.2 m3 (396 ft3). On the second and third

test days, a 29-W lamp was operated, in addition to the 17-W

lamp. This 29-W lamp was operated with the UV tubes fac-

ing the ¯ oor and baf¯ ed to control the downward inclination

of radiation. For the second and third test days, the irradiated

upper zone nominally extended down approximately 1.65 m

(5 ft 5 in) from the ceiling; the theoretical upper zone volume

VU was 30.4 m3 (1073 ft3 ). No mechanical ventilation was op-

erating in the room during the experiments, and the door to the

room was sealed. However, air in® ltration/ex® ltration was pos-

sible through one (or more) windows which presumably were

located in the room’ s lower zone. Note that a room diagram

was not provided, and measurements of air ¯ ows, air speeds,

air temperature, humidity, and UV radiation intensity were not

taken.

Consider a hemispherical near-® eld zone 1 m (3.3 ft) in ra-

dius around the M. bovis aerosol generator; the latter was likely

placed on a table or the room ¯ oor (Figure 2). The hemisphere

geometry also represents the potential near-® eld zone around a

TB patient lying on a bed, and 1 m approximates the distance be-

tween a health care worker and the patient. The near-® eld zone

volum e VNF is 2.1 m3 (i.e.,
2
3 p r3 ), in which case the remain-

ing lower zone volume VL is 50.7 m3 for the ® rst test day, and

31.5 m 3 for the second and third test days.

To assign interzonal air exchange values, assume that the av-

erage random air speed in the test room was 3 m/ min (10 fpm),

which represents relatively still air.(27) In a multi-zone model,

it is assumed that air moves into a given zone through half

the interzonal surface area, and moves out of the zone through

the other half. Therefore: b 1 = 9.2 m2 £ 3m/ min = 28 m 3/ min

(990 cfm), and b 2 = 3.1 m2 £ 3 m/ min = 9.6 m 3/ min (340 cfm).

In the b 2 calculation, it is assumed that the base of the hemi-

sphere lies on a physical surface (table, ¯ oor, or bed), in which

case its surface area is not available for air ¯ ow. Therefore, b 2

is the product of the average air speed and half the surface area

of a hemisphere ( p r2 ). For the assumed upper and near-® eld

zone volumes, the magnitudes of b 1 and b 2 are substantial with

respect to the number of air exchanges per unit time. That is,

b 1/ VU ranges from 0.94 min
¡ 1 (second and third test days) to

2.5 min
¡ 1 ( ® rst test day), and b 2 / VNF is 4.6 min

¡ 1 .

The three-zone model is formulated from a material bal-

ance applied to the number of viable M. bovis in each zone

of the room. The following set of differential equations de-

scribes the rate of change of the viable M. bovis concentration

with time in the respective upper, lower, and near-® eld zones,

with ongoing emission at constant rate G into the near-® eld

zone:

dCU

dt
=

b 1

VU

¢ CL (t) ¡
[(k1 + k2 ) ¢ VU + b 1]

VU

¢ CU (t) [8]

dCL

dt
=

b 2

VL

¢ CNF (t) +
b 1

VL

¢ CU (t)

¡
(k1 ¢ VL + b 1 + b 2 + Q)

VL

¢ CL (t) [9]

dCNF

dt
=

G

VNF
+

b 2

VNF

¢ CL (t) ¡
(k1 ¢ VNF + b 2 )

VNF

CNF (t) [10]

In the above equations, k1 is the rate constant for the natural

die-off of M. bovis in air and k2 is the rate constant for the UV-

induced inactivation of M. bovis. Based on data for M. tb sum-

marized by Hopewell,(26) it is estimated that k1 = .00235 min
¡ 1

.

Given Equations 8±10, Appendix 1 presents general expres-

sions for the rate constants k 1 , k 2 , and k 3 , and for the coef-

® cients x 1 through x 12 , that apply to the general solutions in

Equations 3±5.

Reported Data and Inference
Table I summarizes the data reported for the three test days.(17)

The slopes of the observed semi-log concentration decay curves

were given in terms of equivalent room air changes per hour

(Eq ACH). Consider the ® rst test day. The reported slopes were

2 Eq ACH with UV lights off, and 12 Eq ACH with one

17-W UV light on. Based on this difference, Riley et al. inferred

TABLE I

Three-Zone model Parameters for the M. bovis UVGI

room study

Day 1 A Day 2 B Day 3 B

Reported Eq ACH, UV off 2 2.5C 4

Reported Eq ACH, UV on 12 21 37

Required k2 value (min
¡ 1) 1.28 0.80 1.95

CWM,SS (#/m 3) with UV on G/12.8 G/22.5 G/39.5

based on reported Eq ACH

CNF,SS (#/m 3) with UV on G/5.3 G/6.0 G/6.8

based on reported Eq ACH

CNF,SS/CWM,SS 2.4 3.8 5.8

CL,SS (#/m3 ) with UV on G/11.6 G/15.7 G/23.4

based on reported Eq ACH

CU,SS (#/m3 ) with UV on G/17.6 G/29.4 G/72.9

based on reported Eq ACH

CNF,SS/CU,SS 3.3 4.9 10.7

A One 17-W UV light ® xture was operated on the ® rst test day.
B One 17-W and one 29-W UV light ® xture (supplying a total of

46 W) were operated on the second and third test days.
C The Eq ACH with UV lights off was reported as an estimate of 2

to 3 Eq ACH. The midpoint value of 2.5 Eq ACH was chosen for this

analysis.
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that UVGI with one 17-W ® xture added 10 Eq ACH. Given a

perfectly mixed room volume of 64 m3 , 12 Eq ACH represents

QE = 12.8 m3/ min, and given that bacilli are emitted at constant

rate G, the steady-state concentration at all points in the room,

CWM,SS , would equal G/ 12.8 according to Equation 7.

Based on the three-zone model with the previously posited pa-

rameter values for the ® rst test day (VU = 11.2 m3 , VL = 50.7 m3 ,

VNF = 2.1 m 3 , b 1 = 28 m 3/ min, b 2 = 9.6 m3 / min, k1 = .00235

min
¡ 1

), and with Q = 2 m3 / min (which produces an observed

slope of 2 Eq ACH with UV lights off), an observed slope of

12 Eq ACH with UV lights on requires that k2 = 1.28 min
¡ 1 .

Table I lists the k2 values for the three test days required to re-

produce the reported Eq ACH values with UV lights on. As will

be explained, k2 was computed using an iterative procedure. As

will also be described, the computed k2 value depends on the

posited average random air speed, but is similar whether one

assumes a two-zone or three-zone model.

For the posited room conditions pertaining on the ® rst test day

with k2 = 1.28 min
¡ 1

(which produces the observed slope of 12

Eq ACH), the three-zone model predicts the near-® eld steady-

state concentration to be G/ 5.3, which is 2.4-fold greater than

the estimate CWM,SS = G/ 12.8 for the same test day based on

the well-mixed room assumption. That is, if a room is not well

mixed, CWM,SS underestimates the steady-state bacilli concen-

tration near the source. For the three test days under analysis, the

ratio CNF,SS / CWM,SS ranges from 2.4±5.8 (see Table I). Again,

the three-zone model predicts higher concentrations near the

FIGURE 3

The decay in the viable M. bovis concentration according to the three-zone model, where the initial concentration is 100 per

m 3 in all three zones. Model parameter values are as follows: VU = 11.2 m3 , VL = 50.7 m3 , VNF = 2.1 m 3 , Q = 2 m 3/ min,

b 1 = 28 m3/ min, b 2 = 9.6 m 3/ min, k1 = .00235 min
¡ 1

, k2 = 1.28 min
¡ 1

.

source than would be predicted using the Riley et al. decay

curve slopes and the well-mixed room assumption. Limited air

¯ ow between zones also signi® es that the steady-state bacilli

concentrations will differ by room location. For example, again

consider the ® rst test day. Given the previously posited param-

eter values with UV lights on, the three-zone model predicts that:

CNF,SS = G/ 5.3, CL,SS = G/ 11.6, and CU,SS = G/ 17.6. This

3.3-fold range in concentrations re¯ ects a room that is, of course,

not well-mixed.

The following question arises: Shouldn’ t the lower effective

ventilation rate in the near-® eld zone be re¯ ected in the slope of

the semi-log decay curve at this same position? For example, on

the ® rst test day, shouldn’ t the observed slope in the near-® eld

zone be considerably less than 12 Eq ACH? The answer is, not

necessarily.

Consider the set of three-zone model decay equations cor-

responding to the ® rst test day with UV lights on, but starting

from an initial uniform room concentration of 100 per m 3 (this

concentration is a convenient value that does not correspond

to the actual M. bovis concentrations). For the parameter val-

ues discussed previously, Figure 3 shows the predicted semi-log

decay curves in the three zones. Although the initial portions

of these curves are nonlinear, they are transient and easy to

miss. After a short time, all three curves appear as straight lines

with the same slope. The value of this slope corresponds to the

least negative k parameter (termed the dominant k parameter) in

Equations 3±5.(23,28) If by convention, j k 1 j < j k 2 j < j k 3 j , then for
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the three zone-model parameter values posited for test day one,

k 1 = ¡ 0.20 min
¡ 1

, k 2 = ¡ 4.06 min
¡ 1

, and k 3 = ¡ 4.87 min
¡ 1

.

The actual decay equations are as follows:

CU (t) = 72.5 ¢ e
¡ 0.20 ¢ t

+ 24.9 ¢ e
¡ 4.06 ¢ t

+ 2.6 ¢ e
¡ 4.87 ¢ t

[11]

CL (t) = 103.9 ¢ e
¡ 0.20 ¢ t

¡ 2.8 ¢ e
¡ 4.06 ¢ t

¡ 1.1 ¢ e
¡ 4.87 ¢ t

[12]

CNF (t) = 108.6 ¢ e
¡ 0.20 ¢ t ¡ 25.2 ¢ e

¡ 4.06 ¢ t
+ 16.6 ¢ e

¡ 4.87 ¢ t
[13]

In the above equations, the exponential terms involving k 2

and k 3 effectively disappear after two minutes, in which case all

three trajectories appear as simple exponential decays

governed by the dominant rate constant, k 1= ¡ 0.20 min
¡ 1

(= 12 Eq ACH).

The UV-Induced Inactivation Rate Constant
The k2 values in Table I were computed in the context of

the three-zone model as follows. Consider the reported decay

slopes for the ® rst test day of 2 Eq ACH with UV lights off,

and 12 Eq ACH with UV lights on. Given the set of parameter

values previously described, setting Q = 2.0 m3 / min with UV

lights off (k2 = 0) reproduced the reported slope of 2 Eq ACH.

Alternative k2 values were then inserted into the expression

for k 1 (see Appendix 1) until k 1 = ¡ 0.20 min
¡ 1 (= 12 Eq ACH)

was obtained.

The curve labeled ª 3 m/minº in Figure 4 shows how the

Eq ACH value varies with k2 . By inspection, 12 Eq ACH

FIGURE 4

The observed number of equivalent air changes per hour as a function of the UV-induced M. bovis inactivation rate constant

k2 (min
¡ 1 ) according to the three-zone model. The relationship is shown for average random air speeds (m/ min) of 1.5, 3, and

15. Other model parameter values are as follows: VU = 11.2 m3 , VL = 50.7 m 3 , VNF = 2.1 m3 , Q = 2 m3/ min,

k1 = .00235 min
¡ 1 . The values of b 1 and b 2 vary with the average random air speed.

corresponds to k2 = 1.28 min
¡ 1 . Figure 4 depicts two other

curves generated in a similar manner except that the assumed av-

erage random air speeds were 1.5 m/min (5 fpm) and 15 m/min

(50 fpm). For these latter air speeds, 12 Eq ACH corresponds

to k2 = 2.12 min
¡ 1

and k2 = 1.00 min
¡ 1

, respectively. The dif-

ferences between the three curves demonstrate that the posited

average random air speed affects the k2 value inferred from the

reported decay slope; the required k2 value decreases as the

average air speed increases. This result is intuitively reason-

able. The parameter k 1 depends on the interzonal air ¯ ows b 1

and b 2 , which in turn depend on the average random air speed.

As the air speed increases, the effect of UVGI in the upper

zone is more rapidly transferred throughout the room. Given

that k 1 represents a clearance rate, a higher air speed value re-

quires a lower k2 value to achieve the same ® xed rate of clear-

ance. However, k2 is expected to approach a limiting value as

the air speed becomes large and the room becomes perfectly

mixed.

For air speeds of 1.5, 3, 7.5, and 15 m/min, Table II lists

the three-zone model k2 values required to reproduce the re-

ported decay slopes for each test day with UV lights on. Table II

also lists the k2 values computed in the context of the two-

zone model that reproduce the reported slopes. For the two-zone

model, it was assumed that k1 = .00235 min
¡ 1

, VU = 11.2 m3 ,

and VL = 52.8 m 3 on test day one, and VU = 30.4 m3 and VL =

33.6 m3 on test days two and three. The value of b depends

directly on the average random air speed. Table II shows there is
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TABLE II

UV-Induced inactivation rate constants k2 required to reproduce the reported viable

M. bovis concentration decay curve slopes A

Test day Model 1.5 m/min 3 m/min 7.5 m/min 15 m/min

Day #1, 12 Eq ACH Two-Zone 2.10 1.28 1.06 1.00

with UV on B Three-Zone 2.12 1.28 1.06 1.00

Day #2, 21 Eq ACH Two-Zone 1.19 0.79 0.69 0.67

with UV onC Three-Zone 1.22 0.80 0.69 0.67

Day #3, 37 Eq ACH Two-Zone Ð E 1.91 1.32 1.23

with UV on D Three-Zone Ð E 1.95 1.33 1.23

A The k2 values are computed for both the two-zone and three-zone models. The assumed values

of the other model parameters are described in the text.
B One 17-W UV light ® xture was operated. With UV lights off, the reported decay curve slope

was 2 Eq ACH.
C One 17-W and one 29-W UV light ® xture were operated. With UV lights off, the reported

decay curve slope was estimated as 2 to 3 Eq ACH; the midpoint value of 2.5 Eq ACH was used
for this analysis.

D One 17-W and one 29-W UV light ® xture were operated. With UV lights off, the reported
decay curve slope was 4 Eq ACH.

E No value of k2 could be found that reproduced the reported decay curve slope of 37 Eq ACH.

little difference between the k2 values based on these alternative

multi-zone models.

In the same paper reporting the M. bovis test room data, Riley

et al. summarized laboratory data on the UV susceptibility of

different organisms.(17) Airborne M. bovis were subjected to UV

doses of 126 or 510 l W ¢ sec/ cm2 over a 6-second period in a

specially designed apparatus. Ef® cacy was expressed in terms

of a metric Z:

Z =
ln(N0 / NUV )

Dose in l W ¢ sec/ cm2

where N0 is the viable colony count without UV exposure, and

NUV is the viable colony count after receiving the UV dose. For

two different cultures of M. bovis, Riley et al. reported Z values

averaging .0025 and .0037; the speci® c dose associated with

each value was not speci® ed. Based on a total of 26 tests, the

overall average Z value for M. bovis was 0.0031.

It can be shown that the inactivation rate constant k2 is equal

to the product Z ¢ I, where I is intensity ( l W/ cm2) and k2 is

based on the time unit sec
¡ 1 . Although Riley et al. did not mea-

sure UV intensity in their test room, as explained in Appendix 2,

we estimated average UV intensity in the upper-room zone to be

30 l W/ cm2 on the ® rst test day, and 41 l W/ cm2 on the second

and third test days. Therefore, on test day one, k2 should have

been 5.6 min
¡ 1

[(.0031 cm2 / l W-sec)(30 l W/ cm2 )(60 sec/

min)]; in comparison, Table II shows the model-derived k2 value

is 1.3 min
¡ 1 (for an air speed of 3 m/min), which differs by 4.3-

fold. On test days two and three, k2 should have been 7.6 min
¡ 1

[(.0031 cm2 / l W-sec)(41 l W/ cm2 )(60 sec/ min)]; Table II

shows the model-derived k2 values are 0.8 and 1.9 min
¡ 1 (for

an air speed of 3 m/min), which differ by 9.5-fold and 4-fold,

respectively. In summary, the k2 values derived from the

multi-zone models and test room data are less than, but within an

order of magnitude of, the k2 values predicted from the labora-

tory data. Given the uncertainties in modeling room geometries

and air ¯ ows, and in estimating average UV intensity in the

upper-room zone, we believe the two sets of k2 values agree

reasonably well.

CONCLUSIONS AND RECOMMENDATIONS
Figure 3 and Equations 11±13 indicate that a room can be

poorly mixed, yet the slopes of the semi-log concentration decay

curves at different points in the room can be close in magnitude.

Moreover, the estimated slope of the observed semi-log decay

curve cannot properly be converted to an equivalent ACH value

at the measurement location unless room air is known to be

well-mixed.(23) Note that the preceding analysis does not prove

that on the ® rst test day the concentration decay in the test room

adhered to a three-zone model as described by Equations 11±

13, or that the relative steady-state concentrations varied among

three zones as described in Table I. Rather, the analysis demon-

strates that Equations 11±13 are consistent with the reported

data (other than the value of the initial room concentration), in

which case the inference that upper room air UVGI added 10

Eq ACH throughout the test room is not established by these

same data. Analogous statements apply to the reported Eq ACH

values on the other two test days. In general, the interpretation

of concentration decay data depends on the speci® c model for

room air mixing that one assumes is appropriate; the decay data

per se do not validate a particular model.

The preceding analysis has two implications for testing the

ef® cacy of upper-room air UVGI, and of other control devices

such as in-room air ® ltration units, in reducing viable M. tb con-

centrations. First, the test should be based on the steady-state
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concentrations with and without the control device in operation,

and should not be based on inferences drawn from the slopes

of concentration decay curves. The measured steady-state con-

centrations are direct observations and do not require inferences

based on a particular model of room air mixing. Second, steady-

state concentrations should be measured at different points of

interest in a room, including in the near ® eld of the contaminant

source. These different measurements directly assess the degree

of air mixing in the room and the magnitude of the near-® eld

effect. An example of these kinds of measurements are the ef® -

cacy tests conducted by Miller-Leiden and colleagues of in-room

® ltration units and dilution ventilation.(29)
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APPENDIX 1

General Solutions for the Three-Zone Model Equations
Consider the set of differential equations de® ned by Equa-

tions 6±8 in the main text. By adding the trivial expression

dG/ dt = 0, the system of four equations can be written in the

matrix form as follows:

é
êêêë

C
0

U (t)

C
0

L (t)

C
0

NF (t)

G
0
(t)

ù úúúû
=
é
êêë

¡ a b 0 0

c ¡ d e 0

0 f ¡ g h

0 0 0 0

ù úúû
£

é
êêêë

CU (t)

CL (t)

CNF (t)

G

ù úúúû
[A1]
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where: a =
[(k1 + k2 ) ¢ VU + b 1 ]

VU

, b =
b 1

VU

, c =
b 1

VL

d =
(k1 ¢ VL + b 1 + b 2 + Q)

VL

, e =
b 2

VL

, f =
b 2

VNF

g =
(k1 ¢ VNF + b 2 )

VNF

, h =
1

VNF

For convenience, the 4 £ 4 coef® cient matrix on the right-hand

side of Equation A1 is denoted A . The general solutions to these

equations are of the form:

é
êêë

CU (t)

CL(t)

CNF (t)

G

ù úúû
= a 1 ¢ e

k 1 ¢ t ¢ X1 + a 2 ¢ e
k 2 ¢ t ¢ X2 + a 3 ¢ e

k 3 ¢ t ¢ X3

+ a 4 ¢ e
k 4 ¢ t ¢ X4 [A2]

where k 1 through k 4 are the eigenvalues of matrix A , X1 through

X4 are the corresponding 4 £ 1 eigenvectors, and a 1 through

a 4 are scalar coef® cients that depend on the concentrations in

the three zones at some reference time, say, t = 0. Note that

Equation A2 applies only if the four eigenvalues are real, distinct

num bers.

The eigenvalues and eigenvectors of matrix A can be found

by standard linear algebra techniques. One eigenvalue will be

k = 0, which is denoted here as k 4 . For realistic room scenarios,

the remaining eigenvalues k 1 , k 2 , and k 3 will be unique negative

numbers. By convention, let j k 1 j < j k 2 j < j k 3 j . The expression

for these parameters are as follows:

k 1 = ¡ 2 ! (a + d + g)2 ¡ 3(ad + ag ¡ bc + dg ¡ ef)

9

£ cos(
h + 2 p

3 )¡
a + d + g

3

k 2 = ¡ 2 ! (a + d + g)2 ¡ 3(ad + ag ¡ bc + dg ¡ ef)

9

£ cos(
h + 4 p

3 )¡
a + d + g

3

k 3 = ¡ 2 ! (a + d + g)2 ¡ 3(ad + ag ¡ bc + dg ¡ ef)

9

£ cos(
h

3)¡
a + d + g

3

where:

h = cos
¡ 1

æ
ççççè

[2(a + d + g)3 ¡ 9(a + d + g)(ad + ag ¡ bc + dg ¡ ef) + 27(adg ¡ aef ¡ bcg)]/ 54

! ((a + d + g)2 ¡ 3(ad + ag ¡ bc + dg ¡ ef)

9 )
3

ö
÷÷÷÷ø

When the corresponding eigenvectors are determined and sub-

stituted into Equation A2, the matrix expression becomes the

following set of four equations:

CU (t) = a 1 ¢ e
k 1 ¢ t

+ a 2 ¢ e
k 2 ¢ t

+ a 3 ¢ e
k 3 ¢ t

+ a 4 [A3]

CL (t) = a 1 ¢
k 1 + a

b
¢ e

k 1 ¢ t
+ a 2 ¢

k 2 + a

b
¢ e

k 2 ¢ t

+ a 3 ¢
k 3 + a

b
¢ e

k 3 ¢ t
+ a 4 ¢

a

b
[A4]

CNF (t) = a 1 ¢
f( k 1 + a)

b( k 1 + g)
¢ e k 1 ¢ t

+ a 2 ¢
f( k 2 + a)

b( k 2 + g)
¢ e k 2 ¢ t

+ a 3 ¢
f( k 3 + a)

b( k 3 + g)
¢ e k 3 ¢ t

+ a 4 ¢
ad ¡ bc

be
[A5]

G = a 4 ¢
adg ¡ aef ¡ bcg

beh
[A6]

The coef® cient a 4 is completely speci® ed by Equation A6. If

G = 0, a 4 = 0. If G > 0, a 4 = [beh/ (adg ¡ aef ¡ bcg)]G. The ex-

pressions for a 1 , a 2 , and a 3 depend on specifying a set of ini-

tial value conditions, for example, CNF (0), CL (0), and CU (0).

However, the expressions are cumbersome and are not pre-

sented here. By comparing Equations 3±5 in the main text with

Equations A3±A5, it can be seen that:

x 1 = a 1 , x 2 = a 2 , x 3 = a 3 , x 4 = a 4

x 5 = a 1 ¢
( k 1 + a)

b
, x 6 = a 2 ¢

( k 2 + a)

b
,

x 7 = a 3 ¢
( k 3 + a)

b
, x 8 = a 4 ¢

a

b

x 9 = a 1 ¢
f( k 1 + a)

b( k 1 + g)
, x 10 = a 2 ¢

f( k 2 + a)

b( k 2 + g)
,

x 11 = a 3 ¢
f( k 3 + a)

b( k 3 + g)
, x 12 = a 4 ¢

ad ¡ bc

be

APPENDIX 2

Point Source Summation Calculations of UV Intensity
The point source summation (PSS) method(1) was used to

calculated the light intensity distribution within the M. bovis

test room. In this method the UV lamp is approximated as a

series of co-linear point sources of radiation. The total intensity



326 M. NICAS AND S. L. MILLER

at any point in the room is computed by adding the contribution

of each point source:

I(r, Z0) =

N

S
n= 1

S/ N

4 p ( r2
+ Z2

n
)

[A7]

where: I is intensity ( l W/ cm2); r is radial distance from the
UV lamp (cm); Z0 is distance along the width axis of the room

which we assumed was parallel to the lamp (cm); N is the total

number of individual lamp elements (note: the number of di-

visions is arbitrary); S is the total lamp power available ( l W);

Zn = Z 0 ¡ [(L £ n)/ N], for n = 1, 2, . . . , N (cm); and L is the

lamp arc length (cm). For the M. bovis test room experiments,

we assumed the lamp length was L = 76.2 cm, and we divided

the lamp into N = 76 elements.

Equation A7 assumes complete transmittance of UV irra-

diation through air. Although the effects of dissipation and

FIGURE 5

(a) A side view of the upper-room zone irradiated by the

17-W lamp on test day 1. The M th radial line originating at the

UV lamp represents a plane of length rM and width 430 cm.

The M th radial plane was conceptually rotated through an

angle h M to form a sector of a circle. (b) A three-dimensional

view of the room (not drawn to scale) with only the 17-W lamp

operating, which is the con ® guration pertaining to test

day 1.

absorbance are accounted for in this model, re¯ ection and refrac-

tion are not included. Ignoring re¯ ection is a reasonable assump-

tion because UV irradiation is not re¯ ected ef® ciently by most

surfaces. For example, laboratory measurements of the frac-

tion of 254 nm radiation re¯ ected by different types of surfaces

showed that the least re¯ ecting was unpainted wood at 3.2 per-

cent, and the most re¯ ecting was stainless steel at 19.5 percent.(2)

Another possible source of error in Equation A7 is the estimate

of the lamp power, which strongly depends on surface temper-

ature and lamp age.(3) Reported power values are only accu-

rate for the speci® c set of conditions under which they were

measured.

In the present application, the irradiated upper zone was di-

vided into many different two-dimensional planes radiating out-

ward from the lamp to the room walls (Figures 5 and 6). The

vertical height of the irradiated upper zone corresponds to that

reported in the Riley et al. paper: 0.61 m for the ® rst test day and

FIGURE 6

(a) A side view of the upper-room zone irradiated by the

29-W lamp on test days 2 and 3. The M th radial line originating

at the UV lamp represents a plane of length rM and width

430 cm. The M th radial plane was conceptually rotated through

an angle h M to form a sector of a circle. (b) A three-dimensional

view of the room (not drawn to scale) with both the 17-W and

29-W lamps operating, which is the con® guration pertaining

to test days 2 and 3.
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1.65 m for the second and third test days. The ¯ oor dimensions

of the test room were 5.8 m £ 3.4 m; however, because it was not

clear how the UV lamp was oriented, we assumed a square room

con® guration (4.3 m £ 4.3 m) with the same ¯ oor area, 18.4 m2 .

Thus, the width of each radial plane equals the assumed width

of the upper zone, 4.3 m (14 ft). The length of each radial plane,

r , equals the radial distance from the lamp to the wall. I(r, Z0)

was calculated at 1-cm increments within each radial plane.

Note that on test day 1, the 17-W lamp was suspended 0.61 m

down from the ceiling and baf¯ ed to prevent irradiation below

the horizontal but permit irradiation through a 180
±

arc above the

horizontal. Therefore, the entire upper zone cross-sectional area

shown in Figure 5 was irradiated. On test days 2 and 3, a 29-W

lamp was operated in addition to the 17-W lamp. The 29-W lamp

was mounted to the ceiling and baf¯ ed in a manner to permit

irradiation toward the room walls but not below 1.65 m from the

ceiling. Therefore, only the outer wedges (the two right triangles)

of the upper zone cross-sectional area shown in Figure 6 were

irradiated by this lamp.

To obtain the average UV intensity in the irradiated upper

zone, a volume-weighted average intensity was computed as

follows:

ÅI =

M

S
h= 1
[

rh

S
i= 1

w(h, i)

A (
430

S
j= 1

I(h, i, j)

430 )] [A8]

w(h, i) =
( h h)i2

2
¡

( h h )(i ¡ 1)2

2
, for i = 1, . . . , rh [A9]

A =

M

S
h= 1

rh

S
i= 1

w(h, i) [A10]

where M is the number of radial planes comprising the up-

per zone volume, rh is the length (cm) of the h th radial plane

(h = 1, . . . , M) extending from the lamp to the wall, and h h is

the angle (radians) through which the h th radial plane is concep-

tually rotated to form a sector of a circle. The quantity A is the

sum of the sector areas associated with the M radial planes. The

number of planes was chosen such that A was within 3 percent of

the irradiated cross-sectional area. For the 17-W lamp on day 1,

we used 24 planes which yielded A = 2.65 m2 , compared to an ir-

radiated cross-sectional area of 2.62 m2 (0.61 m £ 4.3 m) for this

day. For the 29-W lamp on days 2 and 3, we used 16 planes which

yielded A = 3.45 m2 , compared to an irradiated cross-sectional

area of 3.54 m 2 for these two days; the latter area corresponds

to the outer wedges (the two right triangles) in Figure 6.

To explain the logic of Equation A8 brie¯ y, for each radial

distance i out from the lamp along the hth radial plane, UV

intensities at 430 points (1 cm apart) across the width of the

plane were calculated according to Equation A7. These 430 in-

tensities were averaged, as represented by the summation term

indexed by j in Equation A8. This ª width-averageº UV inten-

sity was assigned to an area w(h, i) computed by Equation A9.

The quantity w(h, i) is the area of a sector bound by the hth

radial plane, a radial plane separated by angle h h , an arc of ra-

dial distance i out from the lamp, and an arc of radial distance

i ¡ 1 out from the lamp. In turn, the area w(h, i) was weighted

by the total irradiated area A. Summing the products of the re-

spective width-average UV intensities and sector area weights

across all radial distances within a plane and all radial planes

yielded the average UV intensity ÅI in the irradiated portion of the

upper zone. Because width-average UV intensities were used,
ÅI is inherently a volume-weighted average.

For test day 1, the reported lamp power was 17 W and the

assumed upper zone vertical height was 0.61 m. However, all

lamp power is not output as UV-C, and we assumed that only

30 percent of the lamp power was output as UV-C,(4) or S = 0.3 £

17 W = 5.1 W. This resulted in an estimated average intensity

of 30 l W/ cm2 in the irradiated upper zone on test day 1.

For test days 2 and 3, a 29-W lamp was operated in addition

to the 17-W lamp, and the upper zone vertical height was 1.65 m.

The average intensity in this upper zone due to the 17-W lamp

was 11 l W/ cm2 , which is the product of 30 l W/ cm2 (estimated

for test day 1) and the fraction 0.37 of the upper zone volume

irradiated by the 17-W lamp on test days 2 and 3. That is, the

upper zone cross-sectional area on days 2 and 3 was 7.1 m2

(1.65 m £ 4.3 m), but the 17-W lamp irradiated only 2.62 m2 of

this area (0.61 m £ 4.3 m).

For the second lamp with reported power of 29 W, we as-

sumed that = 0.3 £ 29 W = 8.7 W. This resulted in an estimated

average intensity of 30 l W/ cm2 in the upper zone on test days 2

and 3 due to the second lamp; this estimate accounts for the par-

tial irradiation of the upper zone due to this lamp (see Figure 6).

By assuming that the intensities due to the 17-W and 29-W lamps

were additive, the estimated average intensity in the upper zone

on test days 2 and 3 due to both lamps was 41 l W/ cm2 .

The highest intensities occur nearest to the lamp, and the in-

tensity decreases proportional to 1/ r away from the lamp. To

illustrate, for the 17-W lamp (assuming 70 percent lamp power

attenuation), the estimated intensity 1 cm away from the lamp’ s

center was 16,500 l W/ cm2 , whereas the intensity 61 cm away

from the lamp’ s center was 97 l W/ cm2 . Due to incomplete

air mixing within a typical room, many airborne bacteria may

never reach the areas of highest intensity nearest the lamp. A

better understanding of room air ¯ ow is needed to determine the

fraction of bacteria exposed to levels of UV irradiation needed

to inactivate them.(2) One approach to investigating the actual

UV exposure of airborne bacteria is computational ¯ uid dynam-

ics modeling. The latter can account for indoor air and particle

movement, and can provide more detailed information on ¯ ow

® eld and particle concentration distributions.(5,6)
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