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ABSTRACT

This study presents a method for calculating the concentration of hydrocarbon releases in
enclosed areas using empirical equations of evaporation rate. The approach of the method is to
estimate the hydrocarbon exposure concentration in the air under conditions assumed. A me-
thodology for assessing risk was suggested to individual risk assessment to exposed workers or
others by probit expressions. The toxicity criteria and available human exposure data were
examined and guidelines for risk assessment suggested for benzene-air and toluene-air systems.
The value of probit constants with mole fractions of lethal concentrations in a mixture of hy-
drocarbons and a non-toxic substance was predicted. The probit values calculated with mole
fractions can be used to estimate guidelines to prevent toxicity within enclosed working areas.
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1. Introduction

Accidental releases of hazardous and toxic
chemicals can present a serious risk to a
worker’s safety and to the environment in
workplaces. Also, in spill incidents arising fr-
om open containers or storage tanks contain-
ing hydrocarbon fractions, it is important to
know how long an explosive or flammable
and toxic chemical concentration can exist. A
particular concern is the generation of a va-
pour concentration from the release, which
may cause health and safely hazards. To es—
tablish the exposure concentration, the source
strength or the evaporation rate of the ch-
emical substances must be determined. Eva-
poration rates are important to understand the
process of evaporation from hydrocarbons sp-
illed on water or on land, and the rate of
evaporation of such hydrocarbons into the air.

The aim of this study is concemed with
the estimates of the concentration of hydro-
carbon releases in the open, such as a pool of
volatile liquid within an enclosed working
area. A further aim of the study is to develop
the methodology for undertaking a risk analy-
sis from hydrocarbon spills or releases using
existing mass-transfer coefficient equations
which consider temperature, spill area and
ventilation rate or wind speed. The hydro-
carbon exposure concentration is estimated in
the air from empirical equations of the eva-
porative rate. We suggest a methodology for
individual risk assessment of exposed workers
or others by the use of probit expressions.
The probit analysis can be used in quanti-
tative risk analysis to predict the effect of
toxic exposure.

2. Equations of the Mass Transfer

Coefficient and the Rate of Eva-
poration

B A obd atalx| H13A M2E ‘98t 68

Knowledge of rate of evaporation is impor~
tant both from of the practical viewpoint of
cleaning up spills and for developing pre-
dictive models. The molar flux of an eva-
porative component { from a hydrocarbon spill
is generally given as':

w .............................. 1)

RT

where N; is the evaporative molar flux of {
[mol/m” sec], K. is the overall mass-transfer
coefficient [m/sec], R is the universal gas
constant [8314 Pa m”/mol K], T is the ab-
solute temperature of the bulk air (K], P: is
the hydrocarbon vapor pressure of component
i at the interface [Pa), and P is the hydro-
carbon partial pressure in the atmosphere,
which is usually taken as zero far from the
spill.

Mackey and MatsuguZ) collected evaporation
data for cumene. The data were used to
correlate the gas-phase mass-transfer coef-
ficient as a function of wind speed and pool
size by the equation.

Kn=0.0292 0% B X 01 G708 ... @)

where Ky is the mass-transfer coefficient, U
is the wind speed, X is the pool diameter or
the scale size of the evaporation area, and Sc
is the Schmidt number. They noted that the
evaporation process is more complex for
hydrocarbon mixtures, being dependent on the
liquid diffusion characteristics with a liquid-
phase diffusion resistance being present.

Reed” reported on the development of an
evaporation equation from oil spills. He used
the expression of previous workers”  to ap-
proach the estimate of the mass-transfer
coefficient.

K=0.029 W B p= 08 g~ 06\ /(31 +29)/ M,

N,':

where K is the mass transfer coefficient, W
is the wind speed [m/hr], D is the spill
diameter [m], Sc is the Schmidt number [-],
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and M, is the molecular weight of the vapor.

Fingas‘" has reviewed the physics and
predictive modeling of oil spill evaporation. He
noted that most workers used boundary layer
equations adapted from water evaporation
work. These equations predict a constant eva-
poration mass transfer rate dependent on scale
size and wind speed. He also reported that
there are only three frequently used schemes
currently employed in models. The most com-
monly used method is that of evaporation ex-
posure as proposed by Stiver and MackayS).
One form of the model requires a constant
mass-transfer coefficient and a vapor pressure
for each oil fraction. The second most com-
monly used method is that of applying frac-
tionated cut data. This method is applied by
using the distillation curves to estimate para-
meters for the Makay equations. The third
most common method is to assume a loss
rate that is estimated from the oil property’s
data and presumes that the loss progresses
linearly or logarithmically with time.

The evaporation rate of a volatile liquid
such as hydrocarbon substance is expected to
be a function of the saturation vapor pressure.
A more generalized expression for the evapo-
ration rate of a liquid into stagnant air from
equation (1) is rewritten by :

E,= M,,,ICA__R(IP"O___—P) [kg/sec] - (4)

where E,, is the evaporation rate [kg/sec), M.
is the molecular weight of the volatile sub-
stance [kg/kg-moll, K is the mass transfer co-
efficient [m/sec], P’ is the vapor pressure of
the substance [kPal, P is the partial pressure
of the substance in air [kPal, R is the uni-
versal gas constant [8.314 kPa m3/kg—mol Kl,
and T is the temperature of the liqud [K].
For many cases, P° is much greater than P.

the equation is reduced to:

M, KAP°
Em = -——RT——[kg/ sec] ............... 5)
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3. Model to Estimate the Concen-
tration of Hydrocarbon in an
Enclosed Area

The best method to determine the concen-
tration of the amount of volatile vapors is to
measure the vapor concentration directly. Es-
timates of the vapor concentrations of hydro-
carbon are frequently required in risk analysis
in open systems such as a pool of volatile -
quid, an opening to a storage tank or an open
container of volatile liguid within working
areas. The concentration of hydrocarbon in a
small enclosed place can be calculated from a
mass balance shown in Fig.1. The mass ba-
lance of the volatile hydrocarbon species is as
follows :

BC M O.C i,

where Q. is the ventilation flow rate of air
[m*/sec), V is the specific enclosure volume
[m®], E. is the evaporation rate of hydro-
carbon [kg/secl, A is the pool area [m’], C is
the local concentration of volatile hydrocarbon
into the air [kg/m’], and M; is the non-ideal
mixing factor [-].

Concentration of
hydrocarbon, C

Ventitation
rate, Qv ' el Hydrocarbon rate
nclosure out, Mt Qv C
> volume, V “‘H

AI pool area, A [

Evaporation rate
of hydrocarbaon, Em

Fig. 1 Mass balance on volatile hydrocarbon in enclou-
sure area

Since at steady state the accumulation term
is zero, if the vaporization rate and the volu-
metric flow rate of air are assumed to be
constant with time, The equation is reduced
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to C,
E,

 — 3 ...........................
C= i, 0. [ kg/ m°] V)

The mixing factor M; determined by tracer
gas techniques. Ideal or perfect mixing takes
place when M is 1, the non-ideal mixing fac-
tor ranges from 0.1-05 for most practical
situations”.

To obtain the more convenient concentra-
tion C in ppm, the application of the ideal gas
law parameters substituted in equation (7) yi-
elds the following equation :

C= _M%Qtﬁp%; X IOS[DDM] ............... (8)
This equation (8) includes the following as-
sumptions. The condition assumed is steady
state and not considered heat transfer around
the chemical pool, including the effect of
ground conduction. The concentration cal-
culated from this equation could be both a
minimum average concentration and a maxi-
mum average concentration estimated in the
specific volume of the air, depending upon the
mixing factor. Also, the equation (8) is used
to calculate the ventilation rate required to
sweep an enclosed area.

To estimate the concentration from equation
(7), it is the most important know how to
obtain the rate of evaporation. The rate of
vaporization of volatile liquid such as hydro-
carbons is expected to be a function of the
saturation vapor pressure. An expression for
the evaporation rate of a liquid into stagnant
air is given by equation (4) or (5) in the
previous section. These eguations were used
to calculate the evaporation rate or a source
term rate of volatile from open vessel or from
liquid releases where the material is stagnant.
To estimate the concentration in ppm of
volatile substance, equations (5) and (8) can
be combined, and equation (9) reduces to:

st obH 3a x| M13A M2E 98 6%

C= #—ﬁQ{’OP XIOS[ppm] .................. 9)
To obtain the concentration of volatile from
hydrocarbon releases from equation (9), the
mass-transfer coefficient can be calculated
based on the gas-phase mass-transfer, which
can be estimated using the Thibodeaux's
relationship”. The mass-transfer coefficient for
one species, K, may be related to that for
another K. by :
_K _(_DY
K ref _( Dref )
All other factors included in Ky for re-
ference species, such as fluid type, tempera-
ture, flow rate, location, depth, and so on,
must remain constant for one species. where
D is the gas—phase diffusion coefficient and n
is a constant. Values of n can be derived
from the mass transfer theories and suggested
n=1 for stagnant-film model and n=2/3 for
boundary layer theory. The gas-phase coeffi-
cients can be estimated from the molecular
weights of a reference substance and a vola-
tile substance® as follows :

D _ | Me
D,ef_‘/ i an

Equations (10) and (11) can combined with
molecular weights terms for the stagnant-film
model and the boundary layer theory, respec-
tively.

For the stagnant-film model,

Mye 1/2
K=K, ( M/) ........................... (12)
For the boundary layer theory

Moo\
K=K, (_M_f.) ........................... (13)

where water with a mass-transfer coefficient
of 83%x10”°m/sec at 25C as a reference sub-
stance (K.y) was used™”.

To calculate the gaseous diffusion coeffi-
cients, empirical correlations to predictions of
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the diffusion coefficient have been developed
by many authors. In this study, empirical
relations as given by Fuller et al™ were
used :

TI.TS(I/M1+1/M2)1/2

17[(Zz‘Vn)l/3+(2in‘z)”3]2

[cm2 [SECT e (14)
in which T is in degrees Kelvin, p is in
atmospheres, and the V; are the molar
volumes of substance j. The vapor pressure
p° of the hydrocarbon with temperature was
calculated from the Antoine equationlz) as
follows :

D=(10"%

where A, B, C are constants for each sub-
stance, and T is the temperature in Kelvin.

3.1 The Probit Approach for Risk Analysis

The use of safety and risk assessment
studies has improved considerably over recent
years. A quantitative risk analysis is one of
the tools that can be used to assess the risk
of an industrial accident. A risk analysis ge-
nerally consists of the following Stepsla)f
1) Identification of potential hazards for re-

leases of hazardous maternials,

2) Calculation of physical effects of the those
releases,

3) Calculation of consequences due to those
effects,

4) Calculation of the probabilities of steps 1—
3,

5) Final risk evaluation® combine consequen-—
ces and probabilities and give risk-reduc-
ing recommendations for determination of
accident scenarios.

It is common in quantitative risk analysis
to evaluate toxicity risks by calculation of the
percentage of the population exposed that
show a certain health effect. The probit model
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is widely used in risk analysis to predict the
probability of death or injury associated with
the human response to an exposure to excess
energy or toxic materials. The probit equation
is a mathematical relationship between the
response fraction and the probit(=probability
unit), which takes into account that the re-
sponse is non-linear. The probit variable Y is

related to the probability P given byM)I

P= —Z_ZTI)W f_tsexp(——u?z)du -+ (16)

This equation provides a relationship bet-
ween the probability P and the probit variable
Y. The probit relationship transforms the
sigmoid shape of the normal response versus
does curve into a straight line when plotted
using a linear probit scale. For individual re-
leases, the probit approach is particularly
suited and the probability of a given impact
can be obtained using a probit expression.

The probit equations provide a means of
relating the intensity of the toxic exposure to
the degree or percentage response of the ob-
jects being exposed. The probit equation takes
the form™ :

Pr=a+b In(V) reoeemnrriinnns an
where Pr is the probit to a measure of the
percentage of the vulnerable resource affected,
and V is the independent variable as a func-
tion of the factor that causes injury or da-
mage to the vulnerable resource, a, b are re-
gression coefficients which are generally esti-
mated from empirical data. For a toxic ex-
posure V' is the toxic load, which is expressed
in terms of concentration and duration of ex-
posure. The toxic load can be calculated by
following equation :

t
Toxicload= f . [COT" dt veeeeeeneees (18)

where C(¢t) is the concentration of the toxic
substance as a function of time, n is a
constant which is a function of specified
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species, ¢ is the exposure time. The toxic load
is found to be described by a non-linear
function of the form (C't). For the concentra-
tion released is constant with time, the usual
form when applied to toxic exposure situation
is:

Pr=a+b In(C"#) --oooeeeerreerrmmminnns (19)
where C is the concentration of the released
vapor [ppm or mg/m’] and t is the time
duration of the exposure [min].

4. Calculations and Estimation
Method

The hydrocarbons chosen benzene and to-
luene in this study were selected as examples
of assessing exposure to toxic vapors. Some
physical properties such as a temperature,
ventilation rate, and vapor pressure and pool
area were estimated to calculate the rate of
evaporation, and we could calculate the mi-
nimum and maximum concentrations. The
parameters assumed for the risk analysis are
as follows: the temperature is 5 to 30C, the
ventilation rate is 0.5 to 3m/sec, and the pool
size on a rectangular basis is 0.75 to 20m”.

The mass-transfer coefficient can be cal-
culated from equations (2), (3), or (10) by the
empirical equations of their author’ 2369
The released concentration of hydrocarbon
into the air could be estimated from the eva-
poration equation (5) and equations (8) or (9).
A risk assessment of toxicity from released or
spilled hydrocarbons was estimated by using
the probit approach method as above men-
tioned.

5. Results and Discussion

5.1 Estimation of the Released Concentration
of Benzene and Toluene

Knowledge of the mass-transfer coefficient
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is important to estimate the concentration of
the hydrocarbons. In this study, the mass—
transfer coefficient was calculated by the em-
pirical equations mentioned in previous sec-
tion. Various methods of calculating the mass-
transfer coefficient were compared. The mass-
transfer coefficient calculated by the boundary
layer theory in the equations was the largest
value. Because a worst case must reflect an
‘upper bound’ of a wide range of conditions
expected in the workplace and yet be rational
and realistic about those conditions, the
largest values for a mass-transfer coefficient
are employed in a risk assessment, also, due
to a maximum probability of fatality on a
worker for a given exposure. Accordingly, the
mass-transfer coefficient calculated by the
boundary layer theory was used. The mini-
mum and maximum concentrations of hydro-
carbons with parameters were calculated from
equations (9) and (13).

Fig. 2 shows typically the steady-state con-
centration variations with temperature in ben-
zene-air and toluene-air systems at a cons-
tant pool area of 15m’ and a constant venti-
lation rate of lm/sec. The minimum concen-
tration of both benzene and toluene is not
affected relatively by an increase with rising

8000 1

Concentration (ppm)
g 8

%

(=]

Temperature (C)

Fig. 2 Steady-state concentration variation with temper—
ature n benzene-air and toluene-air system
{pool area=1.5m", ventilation rate=1m/sec)

175



the temperature, but the maximum concen-
tration of benzene increases sharply with tem-
perature more than with toluene. It is due to
the higher vapour pressure of benzene
compare with toluene. Fig.3 shows typically
the steady-state concentration vanations with
the ventilation rate at a constant temperature
of 20C and a constant pool area of 2m°. The
concentrations of benzene and toluene are di-
minished with an increase of the ventilation
rate, because of the displacement of vapour.
As shown in Fig. 3, since an increment of the
ventilation rate can reduce the generated con-
centration, it is useful to remove the conta-
minant before workers are exposed. The con-
centration variation with the pool area at a
constant temperature of 20 and a ventilation
rate of Im/sec was typically shown in Fig. 4.
The hydrocarbon concentration increases line-
arly with increasing the pool area. A maxi-
mum concentration of benzene shows a high
linear variation with the pool area due to the
higher vapour pressure. As discussed above,
the hydrocarbon concentration generated in an
enclosed working area can be estimated and
expressed in terms of the mixing factor and
the evaporation rate as a function of tem-
perature, ventilation rate and pool area.

18000
16000 N
14000 A

E 12000 1

£10000 4

* M eann

Concentration
1

- T Voo e
T ey

0 1 2 3 4
Ventilation rate (m/sec)

Fig. 3 Steady-state concentration variation with ventila-
tion rate in benzene-air and toluene-air system
(temperature=20C, pool area=2m?
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Fig. 4 Steady-state concentration variation with pool
area in benzene-air and toluene-air system
{temperature=20C, ventilation speed=1m/sec)

5.2 Approaches to Estimating Toxicity Data of
Exposure

The probit equation for toxic assessment is
highly dependent on the type of toxic sub-
stance released. Probit constants in its equa-
tions are know for only a limited number of
substances, and are mainly based on animal
toxicity data. The Cemter for Chemical Pro-
cess Safety(CCPS) and the Netherlands Orga-
nization of Applied Scientific Research(TNQO)
provide values of the constants in the probit
expressionle)‘ Some examples of the CCPS
probit constants are listed in Table 1517,

Table 1 The CCPS probit constants examples for the

lethal toxicity
Substance a b n
Acrolein -9.931 2.049 1.00
Ammonia ~35.900 1.850 2.00
Benzene -109.780 5.300 2.00
Bromine -9.040 0.920 2.00
Carbon tetrachloride -6.290 0.408 250
Chlorine -8.290 0.920 2.00
Hydrogen cyanide -29.420 3.008 1.43
Hydrogen sulfide -31.420 3.008 143
Phosgene -19.270 3.686 1.00
Sulfur dioxide ~-15.670 2.100 1.00
Toluene -6.794 0.408 250

Probit equations are established using a
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series of toxicity data for a specific health
effect and exposure route and preferably for
one species. Toxicity data have to be obtained
for a range of exposure times and concen-
trations. In this study, the probit variables for
the benzene and toluene are calculated by the
CCPS probit constants as shown in Table 1.
Fig.5 and Fig.6 show the plot of probit
variable versus concentration with time in
benzene-air and toluene-air systems under ex-
perimental conditions, respectively. The most
often available endpoint was the Lethal Con-
centration Low (LCLo). In applying the LClLo,
the question needs to be resolved of what
percentages response it can be considered to
representlS'. We assumed it represented 0.1%
and 1.0% exposure for fatality due to get the
Immediately Dangerous to Life and Health
(IDLH) level®. In figures 5 and 6, the solid
straight lines present transformation percenta-
ges of fatality of 0.1% and 1.0% by probit
values, respectively. The predicted {fatality
using probit equations could be obtained from
Fig.5 and Fig.6. The developed toxicity cri-
teria and available human exposure data were
examined and guidelines for workers sug-
gested in shown Table 2. The sign ‘< de-
notes concentration less than the values. The
generated concentration can be controlled to

30
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fatality © 1.0%
fatality : 0.1%
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0 5000 10000 15000 20000 25000 30000
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Fig. 5 Plot of probit variable versus concentration with
time in bezene-air system
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Fig.6 Plot of probit variable versus concentration with
time in toluene-air system

Table 2 Guidelines’ examples for worker's toxicity from
predicted exposure

) Valwe of | pime | Predicted 9 fatality
Substance | Concentration . -
[min] | for stated conditions
(ppm]
Benzene 5227 60 <10
4864 60 <01
3696 120 <1.0
3439 120 <01
3018 180 <1.0
2808 180 <01
2614 240 <10
2432 240 <01
Toluene 2088 60 <10
988 60 <01
1583 120 <1.0
748 120 <0.1
1346 180 <10
636 180 <01
1200 240 <1.0
567 240 <01

reduce toxicity by ventilation with fresh air.
The guidelines can be used to estimate the ex—
posure concentration into the air for a worker
standing near a pool of volatile hydrocarbon.

5.3 Probit Expression Constants for Mixture of
Hydrocarbon and a Non-toxic Substance

The values of constants in probit eguations
are given for pure substances by the CCPS or
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TNO. Values of probit constants are not
given for a mixture of a toxic and non-toxic
or binary mixtures. As mentioned in the
previous section, a ventilation system to re-
move the contaminant before workers are ex-
posed may be effective. Air can usually be
used a displacement. If a non-toxic substance
in air mixture exists, the probit constants to
estimate toxicity are needed to adjust the
constant. The probit values calculated from
the probit equation (19) is the overall concen-
tration of the mixture in the air-not the
concentration of pure toxic substance. The
probit equation in terms of overall mixture
concentration is written as follows :

Pr=qa+ b[ (Cmixx)nt] ..................... (20)

where G is the total concentration of the
mixture in air and x is the mole fraction of
toxic substance within the mixture. The mix-
ture probit equation can be rearranged to:

P”:amix+ bn (Cmix n t) .................. 21

amixz a+b ln(x”) ..................... (22)
The value of the probit constant depends on
the mole fraction of toxic substance in the
mixture and can be calculated using the eq-
uation (22). But the values of the toxic con-
stants b and n are independent of the relative
concentration of the toxic substance in the

where

mixture. That is same values of b and n in
the pure toxic substance component of the
mixture.

Table 3 shows the probit constants with
the mole fraction for mixture of a hydrocar-
bon and a non-toxic substance. The probit
constants can be used as part of estimating
the fatality of the toxic exposure for the
mixture of hydrocarbon and non-toxic sub-
stance. Using the probit constants in Table 3,
the comparison of values of the probit vari-
ables with mole fraction to mixture fatality
was examined numerically and the typical
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probit variables with mole fraction of concen-
tration selected for toluene at exposure time
of 60min. is shown in Table 4. The value of
the probit variables was decreased with de-
creasing mole fraction than those of pure
substance, resulting in the diluted concentra-
tion. We used the probit constants with mole
fraction in shown Table 3 and calculated to
assess the likelihood of a fatality of a worker.
The probit values calculated with mole frac-
tion can used to be decided the guidelines of
the toxicity within an enclosed working area.

Table 3 Probit constants with mole fraction for mixture
of hydrocarbon

Mole
Substance ) a b n
fraction

Benzene 0.1 ~134.187 5.300 2.00
0.2 -126.840 5.300 2.00
0,3 -122.542 5.300 2.00
0.4 -119.493 5.300 2.00
05 -117.127 5.300 2.00
0.6 -115.195 5.300 2.00
0.7 -113.561 5.300 2.00
0.8 -112.145 5.300 2
0.9 -110.896 5.300 .
1.0 -109.780 5.300 2.00

Toluene 0.1 -9.143 0.408 2.50
0.2 -8.436 0.408 2.5
0.3 -8.022 0.408 250
04 -7.729 0.408 250
05 -7.501 0.408 2.50
06 -7.315 0.408 2.50
0.7 -7.158 0.408 2.50
038 -7.022 0.408 2.50
09 -6.901 0.408 2350
1.0 -6.794 0.408 250

Table 4 Comparison of values of the probit variabes
with mole fraction and Concentration selected
for toluene at exposure time of 60min

Concentration Probit variables / Mole fraction
[ppm] 0.2 04 0.6 0.8 1.0
4436 1.80 251 292 321 3.4
2218 1.09 1.80 221 251 273
1109 0.39 1.09 151 1.80 2.03
739 -03 0.68 1.09 1.39 161
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6. Conclusions

The simple model to estimate the concen-
tration of hydrocarbon generated in an en-
closed working area described. The model
could be expressed in terms of the mixing
factor and the evaporation rate as a function
of temperature, ventilation rate and pool area.
The fatality of 0.1% and 1.0% by transfor-
mation percentages of probit variables predict-
ed for benzene-air and toluene-air systems.
The toxicity criteria and available human ex-
posure data were examined and suggested
guidelines for workers. The comparison of
values of the probit constants with mole frac-
tions for mixture of hydrocarbon and a non-
toxic substance was examined numerically
and obtained the typical probit variables with
mole fraction of concentration. The probit
values calculated with mole fraction can used
to be decided the guideline for the toxicity
within enclosed working area.

The author wishes to thank the Korea
Science and Engineering Foundation for
providing financial support for this work.
He acknowledges the helpful discussions
with Professor RB. Keey and Ms L. Zach
of the University of Canterbury in the pre-
paration of this paper.
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