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Comparison of Emission Models
With Computational Fluid Dynamic
Simulation and a Proposed
Improved Model

Understanding source behavior is important in controlling exposure to airborne contaminants.

Industrial hygienists are often asked to infer emission information from room concentration

data. This is not easily done, but models that make simplifying assumptions regarding

contaminant transport are frequently used. The errors resulting from these assumptions are not

yet well understood. This study compares emission estimates from the single-zone completely

mixed (CM-1), two-zone completely mixed (CM-2), and uniform diffusivity (UD) models with the

emissions set as boundary conditions in computational fluid dynamic (CFD) simulations of a

workplace. The room airflow and concentration fields were computed using Fluent 4. These

numerical experiments were factorial combinations of three source locations, five receptor

locations, three dilution airflow rates, and two generation rate profiles, constant and time-

varying. The aim was to compute plausible concentration fields, not to simulate exactly the

processes in a real workroom. Thus, error is defined here as the difference between model

and CFD predictions. For the steady-state case the UD model had the lowest error. When the

source near-field contained the breathing zone receptor, the CM-2 model was applied. Then, in

decreasing agreement with CFD were UD, CM-2, and CM-1. Averaging over all source and

receptor locations (CM-2 applied for only one), in decreasing order of agreement with CFD

were UD, CM-1, and CM-2. Source and receptor location had large effects on emission

estimates using the CM-1 model and some effect using the UD model. A location-specific

mixing factor (location factor) derived from steady-state concentration gradients was used to

build a more accurate time-dependent emission model, CM-L. Total mass emitted from a time-

varying source was modeled most accurately by CM-L, followed by CM-1 and CM-2.

Keywords: airborne contaminants, computation fluid dynamics, emission models

A
dvances in computing capability now al-
low numerical modeling to perform a
greater portion of the work in many
technical fields, including occupational

health. Even simple models generally are imple-
mented on a computer, and the availability of
inexpensive, user-friendly computing power has
led to increasing application of mathematical
models by industrial hygienists. Models may be
empirical, deterministic, or contain elements of
both. Although empirical models are built on
real data, their application may be limited to the

specific situation in which the data were collect-
ed. Simple deterministic models can be applied
in a variety of situations, but the fit to any single
scenario depends on the model assumptions. A
deterministic model can be no better than the
scientific laws from which it is built. The physics
of simple mass balance models is sound, when
their assumptions are valid, but the transport
processes in occupational environments are more
complicated than these models assume.

Accuracy of simple, deterministic mass-bal-
ance models for estimating emissions has only
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FIGURE 1. Plan view of the actual room, showing monitoring
and source locations

FIGURE 2. Simulated formaldehyde concentration field in units
of parts per million at BZ height for the floor source location
(indicated by the black square), at the moderate ventilation rate

begun to be systematically investigated for realistic scenarios, al-
though their performance in idealized, hypothetical situations has
been assessed.(1) Comparison with experimental measurements of
spatial and temporal concentration distribution is one means to
evaluate models. An alternative method of generating a concen-
tration field, C(x,y,z,t), is computational fluid dynamics (CFD),
the numerical solution of the fundamental equations that describe
fluid behavior, here applied to the transport of a gas-phase con-
taminant in air. CFD is itself a deterministic model, mainly. How-
ever, a good CFD model, which typically contains some empirical
features, captures the relevant physics(2) of contaminant transport,
generating plausible concentration fields that provide meaningful
comparisons to simple deterministic models. As other researchers
continue to demonstrate good agreement between measured con-
centration fields and fields simulated using CFD,(3,4) the potential
of CFD as a means of simple model evaluation becomes evident.
The effectiveness of this approach stems from the relative ease with
which variables such as room shape and supply air inlet velocity
can be changed and detailed spatial concentration information
obtained.

Three (deterministic) mass balance models have been widely
applied: the one-zone completely mixed model, the two-zone
completely mixed model, and the uniform hemispherical diffusion
model.(1,5–13) For convenience these will be referred to as CM-1,
CM-2, and UD, respectively. A fourth mass-balance model is pro-
posed here, CM-L, that combines workable ideas from CM-1 and
CM-2.

The models are applied here to an embalming room that has
been the subject of earlier studies by Stewart et al.(14) and Bennett
et al.(5,6) Plausible concentration fields are resolved by using CFD
to simulate the room airflow in realistic conditions. This work is
meant to show how the emission predictions of CM-1, CM-2,
CM-L, and UD compare with the emission information used in
the CFD simulations. It will be demonstrated that the perfor-
mance of these models depends on the conditions in which they
are applied.

METHODS

CFD
Software and User Interface

The numerical simulations were performed using the commercial
CFD software, Fluent 4 (Fluent, Inc., Lebanon, N.H.). The geom-
etry setup, grid formation, numerical solution, and graphical display
of results were handled by Fluent 4 without using separate geome-
try/grid formation or solution display/manipulation software.

Geometry and Grid Formation

The three-dimensional room simulation, including the worker and
objects, was constructed using a uniform grid of 10,400 rectan-
gular cells, 16.6 3 17.1 3 15.4 cm. Figure 1 is a plan view of the
actual room, showing monitoring and source locations. ‘‘CEA In-
let’’ refers to the intake location of the TGM-555 toxic gas mon-
itor (CEA Instruments, Emerson, N.J.) that sampled formalde-
hyde at 1-sec intervals in the study by Stewart et al.(14) The
‘‘monitoring’’ locations in the simulation corresponded to those
in Stewart et al., except that the embalmer’s breathing zone here
was assumed to be stationary to characterize a very frequent em-
balmer location in the room. The exhaust concentration estimated
by CFD also was considered in this analysis. The area station 1
(A1), area station 2 (A2), and CEA locations were at a height of

1.97 m, breathing zone (BZ) at 1.46 m, and exhaust at 0.257 m.
Three source locations were chosen for the placement of contam-
inant inlet cells, ‘‘floor,’’ ‘‘pump,’’ and ‘‘table.’’ These were based
on Stewart et al.’s observations that embalming fluid spills, mix-
ing/preparation of embalming fluids, and application of formal-
dehyde-containing products to the thoracic and abdominal cavities
were followed by increases in room formaldehyde concentrations.
The black squares shown in Figures 2 through 4 indicate the
source locations. Heights for the floor, pump, and table sources
were 0.000, 1.20, and 1.03 m.

Numerical Solution
Fluent 4 uses the control volume method.(15) The basic compu-
tational element is a small volume or cell. Whereas the Navier-
Stokes equations (fundamental conservation equations that de-
scribe fluid motion) apply to a fluid continuum, the control
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FIGURE 3. Simulated formaldehyde concentration field in units
of parts per million at BZ height for the pump source location
(indicated by the black square), at the moderate ventilation rate

FIGURE 4. Simulated formaldehyde concentration field in units
of parts per million at BZ height for the table source location
(indicated by the black square), at the moderate ventilation rate

volume method adapts these equations to a set of grid points.
These disctretized equations are written for each cell in terms of
the neighboring cells.(16) Using f as a general variable to represent
mass, momentum, or energy, the continuum form of the general
conservation equation in Cartesian coordinates is, (16,17)

] ] ] ]
(rf) 1 (ruf) 1 (rvf) 1 (rwf)

]t ]x ]y ]z

] ]f ] ]f ] ]f
5 G 1 G 1 G 1 S . (1)f f f f1 2 1 2 1 2]x ]x ]y ]y ]z ]z

When this partial differential equation is discretized in the control
volume method, it becomes,

f (A 2 S ) 5 (A f ) 1 S (2)O OP i P i i C
i i

where i 5 N, S, E, W, F, B (or north, south, east, west, front,
back), relative to the grid point P.(18) The A’s are convective and

diffusive flux coefficients between cells, and SC and SP are the com-
ponents of the linearized source term, Sf5SC 1 SPf.(16,18)

The starting point for the calculation is an explicit value (pro-
vided by the user) of the solution variables at a boundary of the
computational domain, for example, the air velocity and turbu-
lence parameters over the face of a ceiling diffuser. Initially, the
gauge pressure was set to zero in each cell.

The solution proceeded through the following steps.
(1) Solve Equation 2 for each velocity component by substi-

tuting that component for f, using the current pressure field.
These are the conservation of momentum equations that update
the velocity components.

(2) Solve a ‘‘pressure correction’’ equation to adjust the pres-
sure and velocity fields so that conservation of mass is achieved
locally.

(3) Solve Equation 2 for the kinetic energy of turbulence, k,
and the eddy dissipation rate, e, using the new velocity field.

(4) Check the solution for convergence. If yes, stop. If no,
repeat the process, starting at step 1.

This process is the SIMPLE algorithm of Patankar and Spal-
ding.(17–19) The converged solution for the flow field was then used
as the starting point for the contaminant concentration calcula-
tion. The user provided the contaminant mole fraction at the ceil-
ing diffuser (zero) and the contaminant source inlet (0.5 for the
steady-state simulation; the true generation rate function in Figure
5 converted to mole fraction for the time-dependent simulation).
The SIMPLE algorithm was applied again. However, two new
steps were added between steps 3 and 4: (1) Solve the contami-
nant conservation equation and update the concentration field,
and (2) update the density and viscosity of the fluid, based on the
concentration.

Separating the clean flow field and contaminant calculations in
this way allowed a steady-state, clean airflow simulation to be used
as the starting point for the time-dependent contaminant source
calculation, for computational efficiency.

Physical Modeling: Turbulence and Chemistry
Turbulence was handled through the k-e model, with standard
wall functions.(20,21) The empirical constants for the model were
set at their standard values, which are the default settings in the
commercial CFD code. The grid spacing in the boundary layer
near the room walls and the other surfaces was consistent with the
assumptions of the standard wall functions. Because the simula-
tions were performed under isothermal conditions, buoyancy was
not included in the turbulence model. A description of this tur-
bulence model is provided in the Appendix.

The contaminated room air was modeled as a two-component
mixture of air and formaldehyde. Concentration was treated as a
volume fraction. The average temperature of the room air during
the embalming experiments (72.78F) and the molecular weights
of formaldehyde and air were used with the gas law to compute
the density. The mixture density was computed by the CFD code
as a field function that depended on the concentration at each cell
location. The fluid viscosity was assumed to be constant and was
set at the viscosity of air at the average temperature during the
embalming experiments.

Boundary Conditions
The airflow distribution from the ceiling diffuser was characterized
experimentally. These results were then used as CFD boundary
conditions, like the methods developed by Nielsen.(22,23) A prelim-
inary investigation determined that inlet flow distribution has a
crucial influence on the flow in the room as a whole. Zhang et al.
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FIGURE 5. True generation rate function and simulated concentration at the BZ, CEA, and exhaust locations

also reports this influence.(24) To that end the supply portion of
the ventilation system was reproduced in the laboratory. Velocity
measurements at 24 points near the diffuser were used as bound-
ary conditions in the simulation. These measurements are found
in Bennett.(25) A fan drove flow through the same diameter and
type of flexible duct and out of the same type and size of ceiling
diffuser. Importantly, the lengths and angles of the ductwork were
reproduced, so that the loading of the diffuser was replicated.
However, the relative loading was kept constant across the three
ventilation rates in the simulation, with the velocity profile scaled
to fit the ventilation rates. Turbulence quantities were also speci-
fied. The turbulence intensity was assumed to be 10% at the inlet,
and the turbulence length scale was set at 3.81 cm, the separation
between vanes of the diffuser, using the idea that an eddy can be
no larger than the flow boundary allows.(26) Because turbulence is
generated and dissipated by flows, its specification at flow bound-
aries is less important than the specification of a conserved quan-
tity, such as mass flow rate. Therefore, some arbitrariness in the
turbulence boundary condition is acceptable. The simulations
were performed under isothermal conditions.

Simulations were performed for both constant and time-vary-
ing emission rates, yielding steady-state and time-dependent so-
lutions. For the steady-state case a nominal contaminant genera-
tion rate was arbitrarily chosen, because only relative concentration
affects model performance. In the time-dependent case an esti-
mated generation rate function from earlier work was adopted.(5)

This generation rate function, shown in Figure 5, corresponded
to a work task that contributes highly to formaldehyde exposure
during embalming, the application of osmotic gel. As with the
steady-state rate, the selection of the time-dependent rate function
was somewhat arbitrary and serves only as an example of the effect
of a time-dependent concentration field on model prediction. The
shape of the function affects model performance, making the
time-dependent portion of this analysis more applicable to gen-
eration rate functions of this form.

Verification and Validation
The authenticity of CFD solutions can be decomposed into two
areas, verification and validation.(27) The American Institute of
Aeronautics and Astronautics defines verification as ‘‘the process
of determining that a model implementation accurately represents
the developer’s conceptual description of the model and the so-
lution to the model.’’ Validation is defined as ‘‘the process of de-
termining the degree to which a model is an accurate represen-
tation of the real world from the perspective of the intended uses
of the model.’’(27, pp. 11–15) The following are the specific verification
tests that were performed, along with their outcomes.

Code Implementation. Fluent 4 is a commercial code that has
been widely used in academia, government, and industry for many
years. The authors accepted that the code was without major pro-
gramming defects.

Spatial Discretization (Grid Convergence). The results from the
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original grid were compared with a new grid in which the number
of cells in the room volume was doubled in each direction (the
number of cells in the room volume increased by a factor of eight).
Cell dimensions of the new grid were 8.28 3 8.59 3 7.72 cm.
The absolute value of the percentage difference in steady-state
concentrations over all combinations of source location, receptor
location, and ventilation rate had a median value of 4.24%. The
differences ranged from 258 to 25%.

Temporal Discretization. The concentration as a function of
time at the five receptor locations for both the original time step
of 0.5 sec and the reduced time step, 0.25 sec, were compared
and found to be indistinguishable. This showed that the numerical
solution was not improved by a shorter time step.

Solution Convergence. The solution process was iterated until
the sum of the normalized residuals for each conservation equa-
tion was less than 1025.

The following specific validation tests were performed, along
with their outcomes.

Physical Plausibility. For the steady-state cases the CFD exhaust
concentration was compared with Gbc/Qbc, where Gbc and Qbc

were the boundary conditions used in the simulation. In the time-
dependent case the CFD emission estimate taken in the exhaust
was compared with the time integral of Gbc. The simulated and
theoretical results were identical at three significant figures.

Experimental Measurements. To independently validate the
CFD simulations, experimental results for a full-sized test room
described by Hosni et al. were compared with numerical simula-
tions for that room, using CFD methods identical to the present
study.(28) In the present study the empty room Reynolds number
ranged from 157 to 2050, whereas it was 2400 for the test room
used in the previous validation study. The experimental results in-
cluded airspeed measurements using both an omnidirectional
probe and a three-dimensional hot film probe throughout the ver-
tical center-plane that included the supply and return inlets. The
experimental results showed that the velocity varied greatly from
the supply jet region to the occupied region of the room. Because
the accuracy of velocity measurements using the three-dimensional
probe is limited to air velocities above 0.15 m/sec and requires
the probe to be positioned within the 708 cone angle, it was de-
cided to use the airspeed instead of velocity for validation tests in
the occupied region of the room. Furthermore, in the jet region
the axial velocity component has approximately the same magni-
tude as the airspeed. Because the jet core direction was known and
the jet plays a major role in the general room airflow distribution,
airspeed was a logical choice for validation. The CFD simulation
and the experimental results differed by less than 30% in all regions
of the room along the center-plane where a contaminant source
or receptor might be located and differed negligibly at a standing
BZ of 1.5 m.

Returning to the present study, the supply air boundary con-
dition inputs for the CFD code were based on measured velocities
at the ceiling diffuser, as explained earlier. Implementation of
boundary conditions is also an aspect of validation.

Limitations and Intended Use
Simulation of airflow and contaminant transport in occupied spac-
es is at the forefront of CFD research. To capture these behaviors
with a high degree of accuracy usually requires grid and time step
refinement that can directly simulate the larger eddies.(29) This was
certainly not achieved here, as the simulation used a coarse grid
and a Reynolds-averaged Navier-Stokes (RANS) turbulence mod-
el, described in the Appendix. It is also important to recognize
that tests of validation are not fully independent of one another.(30)

For example, the temporal discretization test yielded essentially no
difference between a time step of 0.5 and 0.25 sec. However, if
the grid had been fine enough to resolve the structure of eddies,
the temporal discretization test might have failed at 0.5 sec. Rather
than attempt a highly accurate simulation of this particular room
and set of conditions, the authors sought to formulate plausible
concentration fields that are accurate enough to provide infor-
mative bases of comparison with CM-1, CM-2, and UD. This
approach was also limited by the isothermal assumption and the
stationary worker. Moreover, even a perfect characterization of a
limited set of room geometries and operating conditions should
not be used to make statements about model accuracy in all
conditions.

Simple Deterministic Models
CM-1

Assuming that the dilution air is clean and, for the time-dependent
case, that the room is initially clean, the CM-1 model is repre-
sented by the following equations.(9)

Steady-state G 5 QC (3)

dC
Time-dependent G 5 V 1 QC. (4)

dt

G, C, Q, and V are the contaminant generation rate, concentra-
tion, dilution ventilation flow rate, and room volume, respectively.

To implement CM-1 for the simulations, the dilution ventila-
tion rate, Qbc, and contaminant generation rate, Gbc, were specified
as CFD boundary conditions, with Qbc also used as an input pa-
rameter for CM-1. In evaluating the steady-state model, the sim-
ulated concentration at a sampling location, Ccfd, was entered in
Equation 3 to find G predicted by the model, Gm:

G 5 Q Cm bc cfd (5)

Next, the error was found by comparing Gm with Gbc:

G 2 Gm bcerror 5 100%. (6)1 2Gbc

Model evaluation for the time-dependent source involved numer-
ical approximation of the derivative of concentration with respect
to time.(31) Next, Gm(t), formed from the simulated concentration,
was integrated numerically using Simpson’s rule(32) to find the to-
tal mass of contaminant emitted, m.

` ` dCcfdg 5 G dt 5 V 1 Q C dt. (7)m E m E bc cfd1 2dt0 0

A finite integration limit of 1.30 air changes was chosen to actually
do this calculation. This corresponded to 60.0, 12.8, and 5.03
min for the low, moderate, and high ventilation rates, respectively.
Although purging of the room was incomplete after this amount
of time, it seemed more reasonable to truncate the integration to
a period that was of the same time scale as many of the work tasks
observed in Stewart et al.’s study(14) than to extend the integration
until the concentrations had decayed to essentially zero. For ex-
ample, 4.61 air changes are required for a completely mixed space
with no sources or sinks to decay to 1% of the initial concentration.
For the low ventilation rate this would have required 212 min,
which would be impractical when an attempt is being made to
characterize a series of emissions discretely. The truncation chal-
lenged CM-1, because the integrals included little of the com-
pletely mixed period.
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Slightly different than before, the error was found by compar-
ing gm with gbc, which was the total mass generated in the simu-
lation through the boundary condition, Gbc(t).

g 2 gm bcerror 5 100%. (8)1 2gbc

Also, Gm(t) was compared graphically with Gbc(t) to determine
whether the instantaneous behavior was modeled accurately.

Returning to the steady-state case, it was shown by Bennett et
al. that the simulated concentration at a specific location was lin-
early related to (G/Q).(6) This was true for each source location.
Regression analysis gave an R2 greater than 0.998. In other words,
the error in the CM-1 model applied to concentration estimation
at a specific source and receptor location pair was nearly constant
across ventilation rate, for the range 0.522 to 6.23 m3/min. The
location-specific error in the CM-1 model was defined as a loca-
tion factor, li, where:

Cil 5 . (9)i (G/Q)

The li were the slopes of the linear relationships between the Ci

and (G/Q). In the present study the error in steady-state emission
estimation can also be expressed in terms of the location factor by
combining Equations 6 and 9:

G 2 G QC 2 G C 2 (G /Q)m cfd i cfd i cfderror 5 5 5
G G G /Qcfd cfd cfd

Ci5 2 1 5 l 2 1. (10)iG /Qcfd

Also, multiplying both sides of Equation 9 by G yields Equation
11, in which the product of the location factor and the true gen-
eration rate defines the apparent generation rate:

G 5 l G 5 C QAP i i (11)

Applying Equation 3 to the concentration measured at location i
results in the apparent generation rate instead of the true gener-
ation rate. If the CM assumption is true, the location factor is
unity everywhere in the space, the apparent generation rate is the
true generation rate, and the error is zero.

CM-2

In the two-zone model (CM-2) used by Nicas, mass balances are
applied to a zone that includes the contaminant source and to
another zone that includes the remainder of the room volume.(8)

These zones are termed near-field and far-field, respectively. Re-
lations like Equations 3 and 4 are written for both zones with an
interzone air exchange rate, b:

dC b b GN 5 2 C (t) 1 C (t) 1 (12)N Fdt V V VN N N

dC b 2(Q 1 b)F 5 C (t) 1 C (t) (13)N Fdt V VF F

dG
5 0. (14)

dt

Equation 4 simply indicates that the emission rate is constant. The
system of differential equations can be solved to yield the concen-
trations. If the emission rate is constant for a sufficiently long time,
a steady-state is reached. Then, concentration and emission are
related as follows:

bQCNG 5 (15)
b 1 Q

G 5 QC . (16)F

b can be determined experimentally through velocity measure-
ments and the projected area of the near-field zone.(6) It can also
be found from the mass balance equations. For example, Equation
15 can be solved for b if the near-field zone concentration, gen-
eration rate, and ventilation rate, Q, are known. In this work b
was calculated from the CFD-generated steady-state velocity field
U(x,y,z) at the boundary between the near and far field zones.
Complete mixing is assumed within each zone, with a concentra-
tion discontinuity at the zonal boundary.

A model that restricts the emission rate to being constant can
be used for the transient behavior following a step change in the
emission rate of an otherwise constant source. The present authors
were interested in the fully time-dependent case, in which both
emission rate and concentration were functions of time. Thus,
Equation 2 was rearranged to:

dCNG 5 V 1 b(C 2 C ). (17)N N Fdt

Another option is to add Equations 2 and 3, resulting in an ex-
pression that does not require b:

dC dCN FG 5 V 1 V 1 QC . (18)N F Fdt dt

As before, Equation 6 was used to calculate the error in the steady-
state case and Equation 8 in the time-dependent case. Gm(t) and
Gbc(t) were also compared graphically.

CM-L

Here the authors propose a modified CM model, for time-varying
emission rates, derived by applying the conservation of mass prin-
ciple to a conceptual sphere within a room. The sphere is centered
at the point source and has a radius equal to the distance between
the source and a receptor. Within the volume of the sphere, Vi:

accumulation rate 5 generation rate 2 removal rate. (19)

The assumption is made that the concentration, C(t), is spatially
uniform within Vi and on its boundary. Receptor location i is on
the sphere boundary. Therefore:

C(t) 5 C (t)i (20)

It follows that:

dC dCi5 . (21)
dt dt

Then, the accumulation rate becomes:

dC dC dCi idV 5 dV 5 V . (22)EEE EEE idt dt dt
V Vi i

To derive the removal rate, assume for a moment that a steady-
state has been reached, so that the accumulation rate is zero.
Then, inspection of Equation 9 shows that the removal rate and
the generation rate, G, are equal. Equation 9 applies to any vol-
ume that contains the source, including the room itself. Because
the removal rates from the sphere and from the room are each
equal to G, they must also be equal to each other. An expression
for the removal rate from the room, then, can be used as the
removal rate from the sphere. Assuming there are no sinks, so that
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removal from the room is due only to exhaust flow, Q, then the
removal rate from the room or the sphere is the product QCex;
and,

QC 5 G,ex (23)

where Cex is the room exhaust concentration. Dividing both sides
by Q:

G
C 5 . (24)ex Q

Using Equation 9, which defines the location factor, l, in terms
of G/Q, the removal rate from the sphere volume, Vi, can be
written as:

1
QC 5 QC . (25)ex il i

li was calculated through a steady-state simulation that provided
Ci, using G and Q as boundary conditions. The equivalent exper-
imental procedure would have been to measure Ci resulting from
a source with constant emission rate, in a room under general
ventilation rate, Q.

The assumption is made that Equation 25, derived for the
steady-state, is approximately true also for a weakly time-depen-
dent source. This assumption is reasonable only when the gener-
ation rate changes slowly compared with the residence time, be-
cause a quasi steady-state is maintained. Then with generation
rate, G(t), Equation 19 becomes:

dC 1iV 5 G(t) 2 QC , or, (26)i idt l i

dC 1iG(t) 5 V 1 QC . (27)i idt l i

When the emission rate changes rapidly, the removal rate is not
accurately characterized. However, the consequences of this in-
accuracy are lessened by the dominance of the accumulation rate
in such a situation. Consider Equation 27 after time-dependence
has been recast as frequency-dependence by applying the Laplace
transform to both sides:

dC 1iG(s) 5 L{G(t)} 5 L V 1 QC . (28)i i5 6dt l i

Using the linearity and differentiation properties of the Laplace
transform,(33)

1 1
G(s) 5 V sC (s) 1 QC (s) 5 C (s) V s 1 Q . (29)i i i i i[ ]l li i

As the frequency, s, becomes large, which is equivalent to the
generation rate changing rapidly, the right-hand side of Equation
29 approaches Ci(s)[Vis]:

G(s) ø C (s)[V s]. (30)i i

Applying the inverse Laplace transform to go back to time-depen-
dence results in an expression that does not involve the removal
rate:

dCiG(t) ø V . (31)i dt

Thus, although Equation 27 is certainly not strictly true, its error
is lessened, by being a reasonable approximation both for very
slowly and very rapidly changing generation rates.

In applying this model to the simulated room, there were sit-
uations in which portions of the sphere boundary extended be-
yond the room. The researchers proceeded anyway, thinking of a
volume quantity, Vi, with a shape that might be a sphere flattened
and widened on one side for example. This was loosely based on
how flows spread out when incident on a wall, due to vortex
squeezing(34) and flow along the wall, because of conservation of
momentum. The upper limit of Vi was set equal to the room
volume, V.

UD

Many investigators have applied a model, here called the UD
model, that assumes a contaminant is transported from the source
by isotropic turbulence.(10–13) They obtained eddy diffusivity, D,
measurements for use in the hemispherical mass balance equation
for isotropic diffusion,

2prDC
G 5 . (32)

r
1 2 erf 1 2Ï4Dt

The steady-state form is,

G 5 2prDC. (33)

The diffusivity measurements were generally made by releasing a
tracer gas at a known rate, G, measuring the concentration, C, at
a certain distance, r, from the source, and solving for D.

Equations 32 and 33 apply only to the special case of a constant
generation rate. If G varies with time, the more fundamental ex-
pression found in Crank must be used instead:(35)

2M 2r
C 5 exp . (34)

1.5 1 28(pDt) 4Dt

This is the equation for diffusion of a point source in an infinite
volume, when a mass, M, is instantaneously introduced. Adapta-
tion to hemispherical transport is as follows, with the concentra-
tion twice as large because the contaminant is constrained to filling
half the volume:

2M 2r
C 5 exp , (35)

1.5 1 24(pDt) 4Dt

M is a mass of contaminant instantaneously introduced at the cen-
ter of the base of the hemisphere. Nicas approximated a known
emission rate function as a series of masses, then calculated the
time-varying concentration, using Equation 35.(1) Rearranging
Equation 35 as follows,

2r
1.5M 5 4(pDt) C exp , (36)1 24Dt

the current authors calculated a series of masses using an inductive,
iterative process applied to the concentration data, then approxi-
mated G from the series of masses. However, this calculation was
unstable and produced physically unrealistic results, oscillating be-
tween ever-growing positive and negative values for M and G.
From inspecting Equations 35 and 36, it is clear that solving for
M is inherently less stable than solving for C, because the equation
for M involves exponential growth, whereas the equation for C
involves exponential decay. A stable algorithm for calculating M
and G is the subject of ongoing research, although application of
the UD model to time-varying emission rates is not discussed fur-
ther in this article.
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TABLE I. Experimental Design

Variable

ModelA

CM-1 CM-2 CM-L UD

Source location
Source type
Receptor locationB

Ventilation rate (m3/min)

floor, pump, table
constant time-varying
A1, A2, BZ, CEA, EX
0.522, 2.44, 6.23

table
constant time-varying
BZ
0.522, 2.44, 6.23

floor, pump, table
time-varying
A1, A2, BZ, CEA, EX
0.522, 2.44, 6.23

floor, pump, table
constant time-varying
A1, A2, BZ, CEA, EX
0.522, 2.44, 6.23

ACM-1 and CM-2: one-zone and two-zone completely mixed models; CM-L: location-based time-dependent model; UD: uniform eddy diffusivity model
BA1 and A2: areas 1 and 2; BZ: breathing zone; CEA: inlet to CEA instrument (TGM-555 toxic gas monitor); EX: exhaust duct

FIGURE 6. Velocity vectors at breathing zone height for the
moderate ventilation rate

Study Design

Once C(x,y,z,t) was obtained through CFD simulation, concen-
tration information was available for thousands of locations in the
room volume. Particular attention was paid to the monitoring lo-
cations where Stewart et al. collected data and to the exhaust duct.
These represent the locations most likely to be chosen by an in-
dustrial hygienist for making actual concentration measurements.
In evaluating the CM-1 model, concentration at the CEA inlet
location was used. For the CM-2 model the BZ concentration was
used as the near-field concentration, and the exhaust concentra-
tion as the far-field. The UD model employed the BZ concentra-
tion. For the time-dependent case the model emission estimates
were compared with the emission used for CFD simulation, with
respect to total mass and shape. Table I summarizes the study
design. These comparisons were done at three ventilation rates to
investigate the effects of this variable on the accuracy of emission
estimates.

Calculation of Model Parameters

CM-1 does not require calculation of parameters. For the CM-2
model the near field was constructed as a hemisphere with radius

equal to the distance between the center of the source cell and
the center of the BZ cell.(6,8) The airspeed calculated in the CFD
simulation for each cell was averaged over the upwind boundary
of the hemisphere and multiplied by the projected area of the
hemisphere to approximate the inter-zone exchange rate, b. To
apply the UD model, the eddy diffusivity, D, was calculated from
Equation 33 using the concentrations at A1, A2, BZ, and CEA
resulting from the three source locations. Thus, D was calculated
along 12 distinct paths in the room. The average of these values
was interpreted as the isotropic eddy diffusivity for the room. This
calculation was repeated at each ventilation rate.

RESULTS

CFD Solutions
Steady-State
The simulated concentration fields at BZ height are shown graph-
ically in Figures 2–4, for the floor, pump, and table source loca-
tions, respectively, at the moderate ventilation rate. In this iso-
metric view of the room, contours of constant concentration are
plotted for a horizontal plane 1.5 m above the floor. The contam-
inant source is the black square. These graphs show the range of
concentration and the complexity of the pattern. Note that only
for the table source was the highest breathing zone plane concen-
tration directly above the source. For the floor source the maxi-
mum concentration in the breathing zone plane was closer to the
exhaust than to the source. Thus, although the highest concen-
tration must logically be at the source, and the simulations showed
this in that the cell adjacent to the source always had the highest
concentration, the conventional idea that concentration decreases
in all directions with distance from source did not apply. It is
tempting to then conclude that the region of maximum BZ plane
concentration was drawn toward the exhaust, as with local exhaust
ventilation. However, this did not occur for the pump source,
which was closer to the exhaust than the floor source was. The
maximum in that plane was between the worker and the source,
rather than between the source and the exhaust. The value of CFD
in computing the concentration field, when intuition fails to grasp
the complexity of convective transport, is apparent.

Having seen how the concentration fields vary with location,
it is natural to think about the mass transport processes in room
air. Figure 6 shows the velocity vectors at BZ height for the mod-
erate ventilation rate. The same pattern was observed for low and
high ventilation rates. A clockwise circulation characterized the
horizontal flow for most of the BZ plane. The contours for the
floor and pump sources (Figures 2 and 3) show that this circula-
tion maintained a relatively uniform concentration. For the floor
source the concentration decreased gradually outside the circula-
tion because the distance from the floor to the BZ plane allowed
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TABLE II. CM-1 Emission Estimates for Steady-State Case

Flow Rate
(m3/min)

Receptor
Location

Source
Location

Emission Rate
Estimate

(mL CH2O(g)/min)

True Emission
Rate

(mL CH2O(g)/min)
Error
(%)

Mean Absolute
Value of Error

(%)

0.522 A1
A1
A1
A2
A2
A2

floor
pump
table
floor
pump
table

15.2
23.7
15.4
20.5
14.7
19.3

16.3 26.92
45.2

25.32
25.7

29.80
18.4

56.6

BZ
BZ
BZ
CEA
CEA
CEA

floor
pump
table
floor
pump
table

9.87
15.4
75.7
11.1
13.4
34.0

239.6
25.32
364

232.2
218.1
109

2.44 A1
A1
A1
A2
A2
A2

floor
pump
table
floor
pump
table

16.6
23.0
16.3
20.7
15.5
19.8

16.3 1.52
41.0

20.13
26.8

25.21
21.2

47.3

BZ
BZ
BZ
CEA
CEA
CEA

floor
pump
table
floor
pump
table

10.5
15.6
62.0
11.4
14.8
34.6

235.4
24.46
279.8

230.3
29.10
112

6.23 A1
A1
A1
A2
A2
A2

floor
pump
table
floor
pump
table

16.9
22.4
16.4
21.7
15.8
19.8

16.3 3.45
37.0
0.78

33.2
23.42
21.0

47.7

BZ
BZ
BZ
CEA
CEA
CEA

floor
pump
table
floor
pump
table

10.6
15.1
62.1
11.5
14.6
34.4

235.1
27.24
281

229.4
210.3
111

mixing. The concentration for the pump source dropped off
abruptly outside the circulation because the source was inside the
circulation. Low magnitude velocity vectors converged into a small
low-airspeed region above the table source and in front of the
embalmer, coincident with the maximum concentration.

For the steady-state CM-1 and UD models the error ranged
from 240.0 to 1364.0% and from 244.7 to 189.0%, respectively,
as shown in Tables II and III. Ventilation rate had very little effect
on error. Location had a large impact. All models are compared
in Table IV for a source located on the table and concentration
measured at an appropriate location for each model. Thus, the
concentration at the CEA instrument location was used for CM-
1, because that is the location used for CM-1 by Bennett et al.(5,6)

The BZ location was used for CM-2 because it is in the near-
field.(8) BZ is used here for UD as a comparison with CM-2. For
these scenarios UD agreed best with the CFD results, followed by
CM-2, then CM-1. However, the CM-1 model improved for lo-
cations further from the source. The overall mean error was 34.6%
for CM-1 and 10.8% for UD. The overall mean error absolute
value was 50.5% for CM-1 and 29.8% for UD. CM-2 is not in-
tended for these other combinations of source and monitoring
location.

Time Dependent

The models were used in the fully time-dependent scenario, in
which the time-varying concentration response to a time-varying
emission rate was used to estimate what the emission rate function
had been. The true emission rate and the simulated concentration
at the BZ, CEA, and exhaust locations are shown in Figure 5.

Estimated emission rate as a function of time is shown in Figure
7 for CM-1, CM-2, and CM-L, compared with the actual emis-
sion rate function used as the CFD boundary condition. CM-1
overestimates at first, then underestimates becoming negative,
which is physically unreasonable in this application. CM-2 over-
estimates during the entire emission period. CM-L has a shape
somewhat similar to the true emission., but lags by about 30 sec.
It is slightly negative in part of the tail.

When G(t) was integrated to obtain the total mass emitted, for
the table source, CM-1 was more accurate than CM-2. CM-L was
the most accurate, as shown in Table V. For CM-1 applied to all
source and receptor locations, Table VI shows the time-dependent
emission estimates. The error ranged from 240 to 1426%, with
emission estimates becoming slightly more accurate as ventilation
rate increases. CM-L performed better than CM-1 for the other
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TABLE III. UD Emission Estimates for Steady-State Case

Flow Rate
(m3/min)

Receptor
Location

Source
Location

Emission Rate
Estimate

(mL CH2O(g)/min)

True Emission
Rate

(mL CH2O(g)/min)
Error
(%)

Mean Absolute
Value of Error

(%)

0.522 A1
A1
A1
A2
A2
A2

floor
pump
table
floor
pump
table

21.9
21.9
12.8
30.0
11.7
16.8

16.3 34.0
34.4

221.6
83.7

228.2
3.14

31.7

BZ
BZ
BZ
CEA
CEA
CEA

floor
pump
table
floor
pump
table

9.03
17.9
24.9
12.4
19.0
20.8

244.7
9.68

52.4
224.0

16.6
27.6

2.44 A1
A1
A1
A2
A2
A2

floor
pump
table
floor
pump
table

23.2
20.7
13.1
29.4
12.0
16.8

16.3 42.3
27.1

219.5
80.4

226.6
2.90

28.9

BZ
BZ
BZ
CEA
CEA
CEA

floor
pump
table
floor
pump
table

9.39
17.6
19.8
12.4
20.6
20.6

242.5
7.77

21.5
223.98

26.0
26.5

6.23 A1
A1
A1
A2
A2
A2

floor
pump
table
floor
pump
table

23.6
20.1
13.2
30.8
12.2
16.7

16.3 44.6
23.2

219.0
89.0

225.4
2.39

28.7

BZ
BZ
BZ
CEA
CEA
CEA

floor
pump
table
floor
pump
table

9.41
17.0
19.8
12.5
20.2
20.5

242.4
4.33

21.4
223.2

24.0
25.4

source receptor pairs, as shown in Table VII. Error ranged from
228.4 to 1155.0%.

DISCUSSION

In steady-state conditions Table IV shows CM-1 at its near worst
and CM-2 and UD at their best. However, the mean error ab-

solute value in CM-1, for all source/receptor locations, is lower
than CM-2 at its best and higher than UD at its best. The spatial
pattern of error in CM-1 was found to be durable over a range
of ventilation rates. The error due to location was nearly indepen-
dent of ventilation rate, and ventilation rate (within the range
studied) had little effect. This behavior allows the overall error to
be approximated in terms of location, i, an idea developed in the
Methods section and written explicitly as Equation 37, which de-
fines an error function, fE:

f (Q, i) ø f (i)f (Q) ø f (i) 5 l 2 1.E Ei EQ Ei i (37)

The first part of Equation 37 expresses that the errors in the
steady-state CM-1 model due to location and due to ventilation
rate are nearly independent. The second part shows that the error
due to ventilation rate is negligible, and the third part relates the
error function to the location factor.

The steady-state results for this work are somewhat different
from those reported by Feigley et al.(36) There, CM-1, CM-2, and
UD deviated from the CFD concentrations with mean errors of
221.9, 32.2, and 126.0%, respectively, in the source near-field and
24.80, 22.30, and 236.3% in the far-field. The standard devia-
tions of the errors were 26.8, 111.0, and 103.0% in the near-field
and 29.5, 31.4, 28.4% in the far-field. Ranking the models in
terms of agreement with CFD put UD on the bottom, whereas
in the present work, UD ranked at the top for the steady-state
case. The CFD methods were identical except for a small differ-
ence in cell size. The departure from earlier results can be attri-
buted to differences in the rooms. The simulated room in Feigley
et al. was open, other than a 1-m3 source table; whereas here the
simulated room contained shelves, cabinets, table, worker, and
equipment. Flows around these bluff bodies generated turbulence,
which contributed to eddy diffusivity, the assumed contaminant
dispersion mechanism of the UD model. Also, the forced convec-
tion pattern had some nearly room-scale circulations, which en-
hanced the rotational symmetry about the vertical axis of the con-
centration field, with respect to the source. This symmetry is
characteristic of concentration fields produced by the UD model.
It is worth noting that the maximum overestimations reported in
Feigley et al. for the wall jet cases (mean5409%) were larger than
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TABLE IV. Steady-State Generation Rate for Table Source

Q
(m3/min)

CFD G
(mL/min)

CFD
CCEA

(ppm)
CFD CBZ

(ppm)
CM-1 G

CEA
UD G

BZ
CM-2 G

BZ
D

(m2/min)
Beta

(m3/min)

0.522
2.44
6.23

16.3
16.3
16.3

65.2
14.2
5.53

145
25.4
9.97

34.0
34.6
34.4

24.9
19.8
19.8

30.6
26.5
27.0

0.0450
0.205
0.521

0.353
1.82
4.78

Q Error %

0.522
2.44
6.23

109
113
111

52.4
21.4
21.4

87.2
62.1
65.2

FIGURE 7. Estimated emission rate as a function of time for CM-1, CM-2, and CM-L, compared with the actual emission rate function used as the
CFD boundary condition

those for the ceiling diffuser cases (mean5249%). The present
study used a ceiling diffuser only. Thus, the UD results for the
previous study and for the present study agreed more closely when
only the ceiling diffuser cases were considered, probably due to a
similarity in the flow fields.

The form of a time-dependent emission rate function greatly
affects the accuracy of each of these mass balance models. Perfor-
mance is lowest when the hypothetical emission is much different
in character from the intended application of the model. For ex-
ample, Nicas(1) shows how the model proposed by Bennett et al.(5)

mischaracterizes a constant emission rate, particularly at start-up.
However, in Bennett et al. the authors state that their model is

intended for an emission rate function with ‘‘distinct peaks,’’ and
that their predicted emission rate functions will therefore have a
‘‘rise and fall.’’ In another instance Nicas shows that the model in
Bennett et al. is inaccurate for an emission rate that decays ex-
ponentially, starting at time equal to zero. Again, the scope of the
model’s intended application is exceeded, because Nicas’s example
function had no ‘‘rise,’’ only ‘‘fall.’’ Statements about model ac-
curacy acquire more meaning as the standard against which the
model is compared becomes more accurate. In relating C and G
for both of these illustrations of the CM-1 model, Nicas used the
assumption of uniform eddy diffusivity. Complete mixing and uni-
form eddy diffusivity are both physical idealizations. Moreover,
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TABLE V. Mass Generated by Time-Dependent Source on Table

Q
(m3/min)

CFD g
(mL CH2O(g))

CM-1 g
CEA

(mL CH2O(g))

CM-L g
CEA

(mL CH2O(g))

CM2 g
BZ

(mL CH2O(g))
D

(m2/min)
Beta

(m3/min)

0.522
2.44
6.23

45.5 104
97.3
90.9

40.6
36.5
33.9

107
106
125

0.0450
0.205
0.521

0.353
1.82
4.78

Q Error %

0.522
2.44
6.23

129
114
99.8

210.7
219.8
232.9

135
133
175

TABLE VI. CM-1 Emission Estimates for Time-Dependent Case

Flow Rate
(m3/min)

Receptor
Location

Source
Location

Emission
Estimate

(mL CH2O(g))

Emission
Estimate

(mg CH2O(g))
True Emission
(mL CH2O(g))

Error
(%)

Mean Absolute
Value of Error

(%)

0.522 A1
A1
A1
A2
A2

floor
pump
table
floor
pump

41.5
65.2
241.8
59.4
40.6

51.4
80.7
51.8
73.5
50.3

45.5 28.50
43.7

27.84
30.7

210.6

52.2

A2
BZ
BZ
BZ
CEA

table
floor
pump
table
floor

53.2
27.2
41.1

239
32.2

65.9
33.7
50.8

296
39.8

17.2
240.1
29.56
426

229.2
CEA
CEA
EX
EX
EX

pump
table
floor
pump
table

35.8
104
44.8
44.0
43.5

44.3
129
55.5
54.5
53.9

221.1
129
21.32
23.08
24.19

2.44 A1
A1
A1
A2
A2

floor
pump
table
floor
pump

46.1
63.3
44.9
59.5
42.8

57.1
78.3
55.6
73.7
53.0

45.5 1.61
39.3

21.12
31.2

25.73

42.7

A2
BZ
BZ
BZ
CEA

table
floor
pump
table
floor

54.6
28.9
42.0

197
31.6

67.6
35.8
52.0

244
39.1

20.2
236.3
27.49
334

230.4
CEA
CEA
EX
EX
EX

pump
table
floor
pump
table

40.4
97.3
46.5
46.5
46.4

50.0
120.5
57.6
57.6
57.4

211.1
114

2.42
2.42
2.20

6.23 A1
A1
A1
A2
A2

floor
pump
table
floor
pump

46.0
61.0
44.5
59.1
42.9

56.9
75.5
55.1
73.1
53.1

45.5 1.23
34.3

21.89
30.1

25.59

39.3

A2
BZ
BZ
BZ
CEA

table
floor
pump
table
floor

54.4
28.7
41.3

185
31.3

67.3
35.5
51.1

229
38.7

19.8
236.8
29.03
307

231.1
CEA
CEA
EX
EX
EX

pump
table
floor
pump
table

39.9
90.9
45.4
45.4
45.3

49.4
113
56.2
56.2
56.1

212.0
100.3

0.00
0.00

20.220
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TABLE VII. CM-L Emission Estimates for Time-Dependent Case

Flow Rate
(m3/min)

Receptor
Location

Source
Location

Emission
Estimate

(mL CH2O(g))

Emission
Estimate

(mg CH2O(g))

True
Emission

(mL CH2O(g))
Error
(%)

Mean Absolute
Value of Error

(%)

0.522 A1
A1
A1
A2
A2
A2

floor
pump
table
floor
pump
table

46.4
46.0
38.0
48.4
37.2
42.8

57.4
56.9
47.0
59.9
46.1
53.0

45.5 1.98
1.10

216.5
6.37

218.2
25.93

9.23

BZ
BZ
BZ
CEA
CEA
CEA

floor
pump
table
floor
pump
table

35.3
46.3
41.0
40.9
42.9
40.6

43.7
57.3
50.8
50.6
53.1
50.3

222.4
1.76

29.89
210.1
25.71

210.8
2.44 A1

A1
A1
A2
A2
A2

floor
pump
table
floor
pump
table

47.2
31.1
37.1
50.4

116
42.8

58.4
38.5
45.9
62.4

144
53.0

45.5 3.74
231.6
218.5

10.8
155
25.93

36.6

BZ
BZ
BZ
CEA
CEA
CEA

floor
pump
table
floor
pump
table

33.8
84.6
45.4
40.2
75.8
34.7

41.8
105
56.2
49.8
93.8
43.0

225.7
85.9

20.220
211.6

66.6
223.7

6.23 A1
A1
A1
A2
A2
A2

floor
pump
table
floor
pump
table

47.5
45.0
35.0
50.0
34.4
42.3

58.8
55.7
43.3
61.9
42.6
52.4

45.5 4.40
21.10

223.1
9.89

224.4
27.03

13.3

BZ
BZ
BZ
CEA
CEA
CEA

floor
pump
table
floor
pump
table

31.7
45.7
49.9
38.9
42.4
32.6

39.2
56.6
61.8
48.2
52.5
40.4

230.3
0.440
9.67

214.5
26.81

228.4

these assumptions differ diametrically. It would be no less valid to
assume a spatially uniform concentration and proceed to show the
inaccuracy of the UD model in that context.

Returning to the present study, the total emission for the time-
dependent source was most accurately represented by CM-L. CM-
1 overestimated, and CM-2 overestimated more. If only the total
emission is important, then the best approach is to integrate Equa-
tion 4, with respect to time (as in Equation 7), using the time-
dependent concentration measured in the exhaust duct.

Table VI shows that CM-1 emission estimates were slightly
more accurate for high than for low ventilation, indicating a faster
flattening of the concentration gradient due to a higher rate of
transport away from the point source. In contrast the embalming
experiments in Bennett et al. showed more spatial uniformity in
the time-weighted averages under low ventilation.(5) Here, the de-
parture from the earlier result is explained by the current study
enlisting a single emission event, whereas in Bennett et al. a se-
quence of emission events occurred. There, emissions that oc-
curred early in the embalmings contributed to the full-period av-
erage in a well-mixed manner for a large portion of the averaging
time, especially for the low ventilation condition because the res-
idence time was longer.

As in the steady-state case, receptor and source location were

by far the most important variables in determining emission model
accuracy. Table VII indicates that the CM-L model achieves rea-
sonably good accuracy by making use of the steady-state location
effect, applying it to the time-dependent case. The largest depar-
tures from the CFD generation rate occurred for the pump source,
because the room maintained an unmixed state beyond the inte-
gration period of 15 min. Some of the predicted generation rate
(in some cases slightly negative in the tail) was not included in the
total mass prediction because of truncation.

CONCLUSIONS AND RECOMMENDATIONS

The simple deterministic models evaluated in this study work
well or poorly depending on their application, even when the

application is limited to a point source in a room under general
ventilation. The authors used agreement with the results of CFD
simulations as a basis of comparison with four simple deterministic
models. However, no finite group of simulations, experiments, or
field studies will fully represent the universe of possible scenarios
to which these models may be reasonably applied by industrial
hygienists. This is a limitation shared by any method of model
evaluation.
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For the steady-state case the UD model estimates were closest
to the CFD simulation results. When the source near-field con-
tained the breathing zone receptor, the CM-2 model was applied.
Then, in decreasing agreement with CFD were UD, CM-2, and
CM-1. Averaging over all source and receptor locations (CM-2
applied for only one), in decreasing order of agreement with CFD
were UD, CM-1, and CM-2. Source and receptor location had a
large effect on emission estimates using the CM-1 model and
some effect using the UD model. A location-specific mixing factor
(location factor) can be used confidently with CM-1 across a range
of ventilation rates. With the error in CM-1 limited to the location
effect, the model can be useful under a variety of conditions, if
location is held constant or if an accurate location factor is applied.

For the time-dependent case the easily found steady-state lo-
cation factor can be used to build a more accurate emission model,
CM-L, that can be applied to any source/receptor combination.
Total mass emitted was modeled most accurately by CM-L, fol-
lowed by CM-1 and CM-2, in decreasing order. Although UD
was highly accurate for the steady-state, constant source scenario,
it proved impractical for a time-dependent source, because the
calculation was unstable, although ongoing research may reveal a
more stable algorithm for this model. For the time-dependent em-
balming scenarios in Bennett et al.,(5) these findings suggest that
CM-1 was a better choice than CM-2 or UD would have been,
if they had been used.

Results for other rooms and conditions could be quite differ-
ent, and the limited number (five, including the exhaust) of re-
ceptor locations used here did not fully characterize this particular
room and set of conditions. The following recommendations for
model application are offered cautiously.

(1) CM-1, CM-2, and UD should not be used to derive a
generation rate from near-field concentration measurements when
the airflow near a source has a well-defined direction, with the
exception that CM-1 may be used upwind or with a location factor
for the steady-state case, l. Although not investigated in this ar-
ticle, the UD model modified to include advection may be a good
candidate for use downwind of a source. A weakness of all three
of these models (other than CM-1 with l and UD with advection)
is their assumption of concentration symmetry with respect to a
point source, because a plume of higher concentration forms
downwind to the extent that the flow is directional. However, in
real rooms, worker movement, breathing, and natural convection
due to heat sources create more random flow elements that are
superimposed on the mean airflow patterns created by forced con-
vection. It is likely that the accuracy of CM-1, CM-2, and UD
are enhanced by these factors associated with real room airflows.

(2) CFD models using coarse grids and RANS turbulence
models can provide good information on airflows where the
forced convection from air inlets dominates, compared with the
disorganized flows mentioned previously. Thus, for the situations
where CM-1, CM-2, and UD are weak, CFD is an effective tool
for understanding the behavior of these models. Conversely, the
application of CFD to flows highly influenced by worker move-
ment, breathing, and natural convection due to heat sources is
difficult in terms of setting boundary conditions, finding sufficient
computing resources, and obtaining convergence.

(3) Time-varying generation rate: CM-2 can be used effectively
when the generation rate is being derived from near-field concen-
trations, keeping in mind recommendation (1). UD seems to not
be stable. CM-1 is simple and robust but is less accurate than CM-
L. CM-L is versatile because, unlike the other three models, it
does not rely on the assumption of a particular room concentra-
tion structure. It is recommended that modelers consider using

CM-L for time-varying generation rate estimation in workrooms
under general ventilation, so that its accuracy may be investigated
further.

The CFD simulations in this study all started with a contami-
nant emission rate as a boundary condition and calculated a con-
centration field. This procedure is called the ‘‘forward’’ problem.
The determination of location and emission rate of a contaminant
source, known as source localization and source inversion, based
on measured concentrations, is not currently within the capabili-
ties of standard CFD simulations. It is known as the ‘‘inverse’’
problem, a current research area.(37) Another avenue that should
be explored is the selection of a turbulence model that works well
for airflows typical of occupied spaces. An impediment there (that
is disappearing) is the difficulty in finding the necessary computing
resources to simulate three-dimensional, time-dependent flows,
with sufficient spatial and temporal resolution to resolve large
eddies.
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APPENDIX

Turbulence Modeling

The k-e turbulence model invokes the Boussinesq hypothesis, to
help provide closure for the RANS equations.(17,38,39) Reynolds av-
eraging decomposes the velocity components of a stationary flow
into a constant average and a random fluctuation, that is,

u(t) 5 U 1 u9(t) (38)

v(t) 5 V 1 v9(t) (39)

w(t) 5 W 1 w9(t), (40)

where the capitol indicates the average and the prime indicates the
fluctuation.(26,38,39) When the conservation of momentum equa-
tions (for illustration we look now only at the x-direction) are
written in terms of Reynolds averages, terms arise involving the
product of fluctuations:

] ] ] ]
(ru) 1 (ruu) 1 (rvu) 1 (rwu)

]t ]x ]y ]z

] ]u ] ]u ] ]u
5 G 1 G 1 G 1 S . (41)u u u u1 2 1 2 1 2]x ]x ]y ]y ]z ]z

The left side of the equation becomes:

] ]
2 2[r(U 1 u9)] 1 [r(U 1 2Uu9 1 u9 )]

]t ]x

]
1 [r(VU 1 Vu9 1 Uv9 1 u9v9)]

]y

]
1 [r(WU 1 Wu9 1 Uw9 1 u9w9)]. (42)

]z

Now, the mean of a fluctuation or a product of a mean and a
fluctuation is zero, for example,

u9 5 0 and u9V 5 0, (43)

where the overbar indicates the mean.(26)Then, taking the overall
mean results in:

] ] ]
2 2(rU) 1 [r(U 1 u9 )] 1 [r(VU 1 u9v9)]

]t ]x ]y

]
1 [r(WU 1 u9w9)] (44)

]z

which can be rearranged as:

] ] ] ] ]
2 2(rU) 1 (rU ) 1 (rVU) 1 (rWU) 2 u9

]t ]x ]y ]z ]x

] ]
2 ru9w9 2 ru9v9. (45)

]y ]z

The terms 2r , 2r , and 2r are Reynolds stresses.(17,38,40)2u9 u9v9 u9w9
The momentum equations in the y- and z-directions also each
contribute three Reynolds stresses for a total of nine. Six of these
are independent. Thus, six unknowns have been added to the sys-
tem of equations that govern three-dimensional fluid motion.
These terms create the closure problem when trying to solve tur-
bulent flows using mean flow quantities. Boussinesq defined a tur-
bulent viscosity, mT, and put forth the idea that the Reynolds stress-
es can be calculated from this turbulent viscosity and the mean
flow quantities.(38,40) Launder and Spalding formulated an equa-
tion for the eddy viscosity:(20)
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2k
m 5 rC . (46)T m «

The turbulent kinetic energy, k, and the dissipation rate, e, were
determined simultaneously in a system of two transport equations
with the form of Equation 1:(21,17)

] ] ] ]
(rk) 1 (ruk) 1 (rvk) 1 (rwk)

]t ]x ]y ]z

] ]k ] ]k ] ]k
5 G 1 G 1 G 1 S (47)k k k k1 2 1 2 1 2]x ]x ]y ]y ]z ]z

] ] ] ]
(r«) 1 (ru«) 1 (rv«) 1 (rw«)

]t ]x ]y ]z

] ]« ] ]« ] ]«
5 G 1 G 1 G 1 S (48)« « « «1 2 1 2 1 2]x ]x ]y ]y ]z ]z

where

m 1 mTG 5 , (49)k sk

m 1 mTG 5 , (50)« s«

S 5 G 2 r«, and (51)k S

2« «
S 5 C G 2 C r . (52)« 1 S 2k k

The constants sk, se, C1, C2, and Cm were empirically determined
by Launder and Spalding through extensive experimentation on
free turbulent flow. The values are 1.0, 1.3, 1.44, 1.92, and 0.09,
respectively.(41) Like the standard k-e model, these values are the
default settings in the commercial CFD code.(21) GS is the kinetic
energy generated by shear stress and can be expressed in terms of
the turbulent viscosity:(17)

2 2 2 2
]u ]v ]w ]u ]v

G 5 m 2 1 1 1 1S T5 1 2 1 2 1 2 1 2[ ]]x ]y ]z ]y ]x
2 2

]u ]w ]v ]w
1 1 1 1 . (53)1 2 1 2 6]z ]x ]z ]y

This formulation does not include buoyancy effects, which is ap-
propriate since the flow in the present study was assumed to be
isothermal. The flow was assumed to be incompressible.

Near walls the k-e model needs modification, because it was
formulated for free turbulent flows.(7,21) With a cell size of 15.4 to
17.1 cm, the first layer of cells along a surface contained the vis-
cous sublayer, and the distance from the surface to the first grid
point fell within the log-law region, or occasionally within the
blending region. The commercial CFD code handled the near-
wall region according to the calculated value of the wall unit, y*,
a dimensionless distance that indicates position relative to the
structure of the boundary layer.(21)


