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ABSTRACT 
ASHRAE Research Project RP-531 has demon­

strated the feasibility of recirculation from industrial dust 
collectors to reduce energy requirements of ventilation 
systems. 

This paper expands the mathematical modeling 
work of RP-531 to show how recirculation affects both 
particulate and gas phases. 

The results signal that air quality problems can 
very readily be encountered when collector air, ade­
quately cleaned of particulate, is recirculated. 

INTRODUCTION 
The problem of indoor air quality in the office envi­

ronment has been of considerable interest to ASHRAE 
since reductions in outdoor air ventilation rates and 
tight buildings have been instituted in the marketplace 
to conserve energy. Indeed, since 1986, ASHRAE has 
been holding major indoor air quality conferences each 
spring (ASHRAE 1986, 1987, 1988, 1989b). 

In the office environment, the subtleties of air 
freshness and the percentage of persons finding the air 
quality acceptable, plus the physiological effects of the 
presence of many constituents in very low concentra-
tions, are all of interest. . 

Poor air quality can produce headaches, dizzi­
ness, drowsiness, fatigue, nausea, and eye and respi­
ratory irritation. In addition to discomfort these symptoms 
may indicate the presence of agents producing serious 
long-term health effects. 

limits (STEL), or ceiling values (C). (For discussion. see 
ACGIH 1988.) Thus, if one monitors the identifiable 
contaminants and controls them to established guide­
lines, there is assumed to be safety in the workplace. 

Recirculation from industrial dust collectors poses 
the threat of greatly increased concentrations of previ­
ously unknown or unsuspected harmful agents, partic­
ularly in the gas phases. 

This paper reviews the fundamental ventilation 
mass balances of RP-531 and recasts them in ratios that 
are applicable to both the particulate and gas phases. 

DISCUSSION 

Modeling of Factory Floor 
For purposes of illustration, Figure 1 shows a 

somewhat simplified model of a factory floor space. 
Ventilation effectiveness and contaminant stratifica­

tion are not addressed, although it is recognized that '1 
large factory spaces these are a major concern. WhatiS 
considered, however, is local control capture efficiency 
for the removal of dust and process off-gassing. 

To calculate the contaminant concentration in a 
working space where contaminant Is being generated. 
removed, or added by hood and air flows (i.e .. suppi1 
air, return air, and outdoor air makeup), it is necessal 
to consider the mass balance of a model factory llOOt 
as shown schematically in Figure 1. The rate of changl 
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Figure 1 Simplified model of factory floor will~ 

recirculating system 

The problems of the industrial environment are 
considerably different from those of the office. While the 
office environment often consists of a variety of low­
level contaminants, not all of which may be known, the 
industrial environment. owing to the nature of either the 
process or operation, has had obvious and identifiable 
contaminants. These are regulated via the Occupa­
tional Safety and Health Administration (OSHA) to stan­
dards promulgated by the National Institute for 
Occupational Safety and Health (NIOSH) and the 
American Conference of Governmental Industrial 
Hygienists (ACGIH). Concentration limits, or threshold 
limit values (TLV), are broadly divided into three kinds: 
time-weighted averages (TWA), short-term exposure 
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ass. of contaminant in the control volume, V 
r:'r..ic....,1111 tiy the dotted line in Figure 1 ), is then 

.. · - -- - - I 

(1) 

wt1ere 
c

0 
= outdoor air contaminant concentration 

c = room contaminant concentration 
V = room volume 
Q

0 
= outdoor air supply flow rate 

QR = recirculated airflow rate 
E = system filter efficiency (for gas phase or 

aerosol) · 
= E1 + E2..:. E1 x E2 

£1 = primary filter efficiency 
£2 = safety filter efficiency · 
£0 = outdoor supply air filter efficiency 
M = contaminant generation rate 

=time 
e = hood capture efficiency 

Rearrangement and integration of Equation 2, a 
first order ordinary differential equation, with initial con­
taminant concentration of Ci, results in the following: 

or 

C( t) = Cs+ ( C1- Cs) e<-tlTl (3) 

C(t)-Cs = eHITl 
Cr-Cs 

(4) 

where 

M[(1-e)+ e( 1-E) (OR) J+ Co Oo( 1-Eo) 
Cs = ( Oo+ OR) (5) 

Oo+EOR 

(6) 

T = time constant, the time required to reach 63% 
of steady state from any change in contami­
nant emission rate due to the change in pro­
duction process or intermittent operation. 

The steady-state contaminant concentration, as ex­
pressed by Equation 5, can be considered as the ratio 
of total contaminant entering the space and the total 
effective dilution air. Similarly, the time constant, T, is 
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the ratio of the total system volume to the total effective 
dilution air and is a measure of the responsiveness of 
the designed recirculation system to the change in the 
plant operations. · 

The above equations, and other forms of them 
adapted for specific ventilation systems and filter 
placement, have had wide publication in air quality 
papers; Table E-1 of ASHRAE Standard 62-1989, "Ven­
tilation for Acceptable Indoor Air Quality," being one of 
them (ASHRAE 1989a). 

Equations 5 and 6 can be evaluated for various 
contaminants (gases or various size fractions of 
aerosols). Other items, such as settling of large parti­
cles, diffusional loss of small aerosols to the walls, or 
ventilation effectiveness, can be added but, for trend 
analysis, it is preferable to work with Equation 5. 

Equation 5 may be simplified to examine prob­
lem boundaries (0% hood capture efficiency, 100% 
recirculation filter efficiency, etc.). This has been done 
in Table 1. 

TABLE i 
Bounding Expressions for Workspace Concentrations 

from Equation 5 · · 

A 100% efficient filtration in recirculation air loop (perfect filter): 

C 
. . . M( 1-£) + QoCo( 1-Eo) 

s,£=1 
· · .··· Oo+ OR 

B. 0% efficient filtration in recirculation air loop : 

M[{1-£)+£ QR ]+OoCo(1-Eo) 
C Qo+ OR 

s.E=O 
Oo 

C. 100% hood capture efficiency (perfect hood): 

D. 0% hood capture efficiency: 

E. Negligible outside air contribution: 

M[(1-£)+e(1-f) QR ] 
C (Oo +OR) 

s.Co(1-Eo)=0 Q 
o+ EQR 

F. Recirculation prohibited (toxic gas or aerosol): 

The principal concern of this paper is what hap­
pens to low concentrations of gas-phase contaminants 
when recirculation is accomplished with a very efficient 
particulate collector. 



TABLE2 
Threshold Limit Values for a Few Typical Contaminants 

Contaminants 

Welding fumes: 

Threshold Limit Value 
CTH, TWA 

aluminum •5000 µgfm3 
oop~r 100' 

Silica, crystalline 50-100' (there are 4 types) 
Beryllium 2.0 ' 
Arsenic (organic compound) 500' (ceiling) 
Carbon black 3500 ' 
Antimony compound (asSb) 500' 
Lead under court remand 
Cadmium fume 100' (in rulemaking) 
Chromium 500' 
Copper fume . 100' 
Oil mist (mineral) 5000 ' 
Cotton dust 100 µg/m3 
Ammonia (transitional limit) 50 ppm 
Benzene · 10 • 
Chlorine dioxide 0.1 • 
Fluorine 0.1 ' 
Formaldehyde 3 • 
Hydrogen cyanide 1 O • 
Hydrogen sulfide 20 • 
Nickel carbonyl 0.001 ' 
Nitrogen dioxide (ceiling) 5' 
Sulfur dioxide 5 ' 
Toluene 100 ppm 

•As determined from breathing zone air samples. 

Agency 

OSHA 
OSHA 
OSHA 
OSHA 
OSHA 
OSHA 
OSHA 
OSHA 
OSHA 
OSHA 
OSHA 
OSHA 
OSHA 
OSHA 
OSHA 
OSHA 
OSHA 
OSHA 
OSHA 
OSHA 
OSHA 
OSHA 
OSHA 
OSHA 

eff!ci_ency actually increases the factor, multiplying 
ex1st1ng shop floor gas concentrations in the recirculat­
ing system. 

In the industrial working environment. acceptable 
contaminant levels on the shop floor have been estab­
lished by various government agencies (OSHA, 
NIOSH, ACGIH). Therefore. the work space contami­
nant levels, Cs, should be compared against whatever 
threshold values, C1h, are set by these agencies for the 
specific contaminant involved. To this end, Equation 9 
is rewritten as 

_s_ = M 1 + QR/ QQ 
cth c,h( Qo + OR) 1 + E QR/ Oo 

. [( 1 - E) + e( 1 -E) ORI a; ] 
1 + 0R/0o (15) 

The value .as expressed by Equati~n 15 can be 
determined for the system with known hood capture 
efficiency and filter efficiency for many species of con­
tan:inants with different thresh()ld limit values. Equation 
15 1s calculated for typical assumed system filter and 
~ood capture efficiencies in Figure 7. As long as C5/C1h 

1s less than 1, the plant's working environment is in 
c~!T'pliance _with government regulatioris for the spe-
c1f1c contaminant generation rate in_ the figure. ., . 

Some of the threshold values are listed in Table 2 
for illustration. For example, for a plant designed with 
makeup air and recirculated air flows of 1000 cfm and 
5~00 cfm and system filter and hood capture efficien­
cies of 99.9% and 90%, respectively, · the maximum 
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Figure 8 System response time 

total contaminant generation rate allowable In the plant 
for the specific contaminant with a threshold value cl 
3.5 µg/m3 is 6 mg/min(= 0.001x(1000+5000]. Iran 
Figure 7). At a higher generation rate, shop floor CQt). 

centration of the contaminant will exceed the threshdd 
limit value (i.e., C5/C1h > 1.0). 

In many industrial plants, the production pn> 
cesses are intermittent and the contaminant generalietl 
rate is not constant. In order to evaluate the responsM­
ness of the control system in cleaning up a sudden 
release of the contaminant, Equation 4 is plotted in Ag­
ure 8. For any system, the time constant can be call» 
lated and the time needed to lower the shop nocr 
contaminant level below safe levels may be estimalld 
from the figure. 

CONCLUSIONS 
1. If the existing hood capture efficiency iS hlgll 

before the installation of an air recirculation system. fll 
gas-phase contaminants on the shop floo< snit 
increase by several orders of magnitude after 1nsfllll­
tion of an air recirculation system with a high-effldl'Q' 
dust collector. 

If there is no hood prior to the installation d-' 
recirculation system with a dust collecto~. ttte.~ 
phase contaminant lever on the shop floor will go­
a factor equal to the ratio of -the air recirculatia'? 
and the fresh outdoor air supply rate plus <>!" 
ORIO~+ 1 ). . ~ . . . ' ,. 
. · ··" 2. Good hood design Is important. tor Im 
the shop floor environment. However. if sysNtefll,.,.""""" 
ciency (either for particulate or gas-phaoodse 
nants) is very low, the improvement in h 
efficiency will not result in a better working e~r 
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3. Fo~·a perfect ?Ollector {e .. g., .efficiency> 99%), 
f8(:lrculation rate is Immaterial (1.e.~ for any QR/Q0 

~but the working environment can be Improved by 
1 orders of magnitude by improving the hood 

re efficiency. ' • t ; • ·.----4 In general, the shop floor contaminant level can 
6t exp.ressed by the ratio of the net contaminant ad di­
pk> the shop floor environment and the net effective 
d98ll dilution air. Since the efficiencies of the hood and 
98' vary with different species of contaminants 
cgaseous or particulate size fractions), the overall per­
trmance of the installed air recirculation system can 
tie obtained by weighted summation or integration of 
1' the contaminants involved .. 

• = . ,,.. ': e~ 
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DISCUSSION 

M. Belovlcz~ Principal Mechanical Engineer, ·Metropolitan 
Water Reclamation District of Greater Chicago, IL: Would the 
concentrations of smaller particles tend to increase? · 
~.R. Raber: Col!ector efficiencies at smalier particle sizes in the 
respirable range ( - .035 microns) tend to be low until a cake is 
built. Thus concentrations of respirable sizes will increase more 
than the larger sizes, even for the same filter. 
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