Chapter 3
Workplace Ambient Air
This chapter focuses on the wide variety of factors and aspects that characterize, or are
characteristics of, ambient air. Particular emphasis is placed on those factors and/or conditions that must be mitigated in order to make the workplace safe. The principal components
of any ambient matrix to be considered will be its temperature, pressure, and volume as well
as the vapors, particulates, and/or aerosols that may be resident in it.

RELEVANT DEFINITIONS
Ambient Concentration Categories
Threshold Limit Values
The Threshold Limit Value [usually abbreviated, TLV] refers to an ambient airborne concentration of some substance of interest, and represents a condition under which it is believed
that nearly all workers may be repeatedly exposed, day after day, without adverse effect.
This concentration limit can be, and is, commonly expressed in one of three forms: as an 8hour Time Weighted Average (TLV-TWA); as a Short Term Exposure Limit (TLV-STEL);
and as a Ceiling Value (TLV-C). The overall ambient concentration concept designated by
the term or phrase, “Threshold Limit Value,” was introduced and promulgated by the American Conference of Government Industrial Hygienists [the ACGIH]. Currently established
TLVs are always under review, and individual listings are modified whenever relevant new
information dictates that this be done.

Permissible Exposure Limits
The Permissible Exposure Limit [usually abbreviated, PEL] is an ambient airborne concentration of some substance of interest which the Occupational Safety and Health Administration [OSHA], which is a branch of the U.S. Department of Labor [USDOL], had
adopted — largely from data furnished earlier by the ACGIH in the development of this organization's listing of Threshold Limit Values. The initial listing of these Permissible Exposure Limits was made in the Z-Tables of Title 29, Code of Federal Regulations [usually
abbreviated, CFR], Part 1910.1000, as published in the Federal Register on January 19,
1989. Currently published PELs are always under review; established values for specific
materials are modified whenever additional information indicates that this should be done.
In addition, PELs for previously unlisted materials are added as data on the effect of these
materials are developed and become accepted. Like TLVs, PELs are commonly expressed in
one of three forms: as an 8-hour Time Weighted Average (PEL-TWA); as a Short Term Exposure Limit (PEL-STEL); and as a Ceiling Value (PEL-C).
All PELs exist as enforceable statutes; whenever an employee or worker is exposed to a
listed material at a combination of: (1) an ambient concentration, and/or (2) a duration of
exposure that exceeds any of these specific standards, that individual's employer can be cited
and fined by OSHA.
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Recommended Exposure Limits
The Recommended Exposure Limit [usually abbreviated, REL] is still another ambient airborne concentration of some substance of interest which, in this case, the National Institute
for Occupational Safety and Health [NIOSH] has researched and developed. Like its two
previously listed counterparts, the TLV and the PEL, RELs are commonly expressed in one
of the three standard forms: as an 8-hour Time Weighted Average (REL-TWA); as a Short
Term Exposure Limit (REL-STEL); and as a Ceiling Value (REL-C). Currently established
RELs are always under review, and individual listings are modified whenever relevant new
NIOSH research dictates that this be done.

Maximum Concentration Values in the Workplace
The Maximum Arbeitsplatz Konzentration [usually abbreviated MAK — translated into
English as the Maximum Concentration Value in the Workplace] is a TLV, PEL, & REL
analog; and, as such, is also an ambient airborne concentration of some substance of interest
which, in this case, the Deutsche Forschungsgemeinschaft [DFG], Commission for the Investigation of the Health Hazards of Chemical Compounds in the Work Area, as a branch of the
Federal Republic of Germany's central government, has developed, adopted, and promulgated. Exactly like its three US counterparts, MAKs are commonly expressed in one of the
three standard forms: as an 8-hour Time Weighted Average (MAK-TWA), as a Short Term
Exposure Limit (MAK-STEL), and as a Ceiling Value (MAK-C); and exactly like their U.S.
counterparts, MAKs are always under review, and individual listings are modified whenever
relevant new information dictates that this be done.

Time Weighted Averages
The Time Weighted Average [usually abbreviated as a “suffix,” -TWA; thus: TLV-TWA,
PEL-TWA, REL-TWA, and/or MAK-TWA] is the employee's average airborne exposure in
any 8-hour work shift of any 40-hour work week to which nearly all workers may be repeatedly exposed, day after day, without suffering any adverse effects. It is a value that should
never be exceeded.

Short Term Exposure Limits
The Short Term Exposure Limit [usually abbreviated as a “suffix,” -STEL; thus: TLVSTEL, PEL-STEL, REL-STEL, and/or MAK-STEL] is the concentration to which workers
can be continuously exposed for short periods of time without suffering from:
1. irritation;
2. chronic or irreversible tissue damage; or
3. narcosis of sufficient degree to increase the likelihood of accidental injury, impair
self-rescue, or materially reduce work efficiency — provided also that the corresponding TWA has not been exceeded.
STELs are usually 15-minute (except for those materials for which an alternative time limit
has been specified) Time Weighted Average exposures which should never be exceeded during any of the specified time intervals during the work day, even if the corresponding TWA
has not been exceeded. In the event any time limit other than 15 minutes is specified for
some material or compound, the previous definition still holds, except as modified by the
different time limit.
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Ceiling Values
The Ceiling Value concentration [usually abbreviated as a “suffix,” -C; thus: TLV-C, PELC, REL-C, and/or MAK-C] is a concentration that should never be exceeded, even instantaneously, at any time during the work day. In the event that instantaneous monitoring is not
feasible, then the Ceiling Value can be assessed as a 15-minute Time Weighted Average exposure which should not be exceeded at any time during the work day, EXCEPT when the
subject vapor can cause immediate irritation with exceedingly short exposures.

Action Levels
The Action Level is an 8-hour Time Weighted Average concentration for which there is only
a 5% risk of having more than 5% of the employee workdays involve an exposure at a level
greater than the relevant TLV-TWA, PEL-TWA, REL-TEA, or MAK-TWA. This value is
most frequently set at or near 50% of the relevant TLV-TWA, PEL-TWA, REL-TWA, or
MAK-TWA concentration standard.

Excursion Limits
An Excursion Limit is a term that is frequently called into use in situations and for substances where no published STEL or Ceiling Value exists. It is a Short Term Exposure Limit
or a Ceiling Value without any legal standing, as would be the case for OSHA published
STELs or Ceiling Values. As such, the Excursion Limit is simply an “industry recognized”
factor or guideline. For materials that have no published STEL, the STEL Excursion Limit is
generally understood to be three times the published 8-hour Time Weighted Average standard, for no more than 30 minutes during any work day. For materials that have no published Ceiling Value, the Ceiling Value Excursion Limit is generally understood to be five
times the established 8-hour Time Weighted Average standard, and is treated as a concentration that should never be exceeded at any time.

Designation of Immediately Dangerous to Life and/or Health
The Immediately Dangerous to Life and/or Health (usually abbreviated, IDLH) concentration is a concentration level of some substance of interest from which a worker could
escape in 30 minutes or less without suffering any escape-impairing symptoms and/or irreversible health effects.

Breathing Zone
The Breathing Zone of an individual is a roughly hemispherical volume immediately forward of that person's shoulders and face, centered roughly on the Adam's Apple, and having
a radius of 6 to 9 inches (15 to 23 cm).
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Ambient Dose-Response/Concentration-Response Parameters
Median Lethal Dose
The Median Lethal Dose (usually abbreviated, LD50) is the toxicant dose at which 50% of a
population of the same species will die within a specified period of time, under similar experimental conditions. This dosage number is usually expressed as milligrams of toxicant
per kilogram of body weight [mg/kg].

Median Effective Dose
The Median Effective Dose (usually abbreviated, ED50) is the toxicant dose required to produce a specific non-lethal effect in 50% of a population of the same species, under similar
experimental conditions. This dosage number is usually also expressed as milligrams of
toxicant per kilogram of body weight [mg/kg].

Median Lethal Concentration
The Median Lethal Concentration (usually abbreviated, LC50) is the concentration of toxicant in air which will cause 50% of a population to die within a specified period of time.
This factor is a concentration, not a dose, and is usually expressed either as milligrams of
toxicant per cubic meter of air [mg/m3], or as parts per million [ppm(vol)].

“Other” Dose-Response, Concentration-Response Parameters
Other common analogous Dose-Response or Concentration-Response Terms have been
indicated below — in each case, the definition of each of these terms is directly analogous
to the definition of the “Same Name” term on the previous page, the only difference being
in the percentage figure involved:
Lethal Dose for 10% of a population

(abbreviated, LD10)

Lethal Dose for 90% of a population

(abbreviated, LD90)

Effective Dose for 10% of a population

(abbreviated, ED10)

Effective Dose for 90% of a population

(abbreviated, ED90)

Lethal Concentration for 10% of a population

(abbreviated, LC10)

Lethal Concentration for 90% of a population, etc.

(abbreviated, LC90)
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Parameters Relating to Specific Chemicals or Substances
Upper & Lower Explosive Limits
The Upper and Lower Explosive Limits (abbreviated UEL and LEL) refer to the upper and
lower vapor concentration boundaries, for some specific compound or material of interest,
within which the vapor-air mixture will propagate a flame [i.e., explode] if ignited.

Explosive Range
The Explosive Range for any chemical or compound is the range of concentrations that
exist between its Upper and Lower Explosive Limits. For example, the LEL and UEL for
n-hexane are, respectively, 1.2 & 7.7%; thus this chemical’s Explosive Range is 1.2 to
7.7% in air. When considering the Explosive Range for any specific chemical, it is important to note that for any concentration of that chemical that falls outside of this range, the
vapor-air mixture possessing that concentration will not propagate a flame when a source of
ignition is introduced. For chemical concentrations lower than the LEL, there is an insufficient amount of the combustible chemical to permit flame propagation, and for concentrations greater than the UEL, there is insufficient ambient oxygen to permit flame propagation.

Flash Point
The Flash Point of any compound is that temperature to which it must be heated before its
vapors can be ignited by a free flame in the presence of air. It is a measure of the flammability of any material, and as such it is a reasonably good criterion for this characteristic.
The lower the Flash Point, the more flammable a material is. This value is affected by the
relative volatility and the chemical composition of the material in question. Thus, ranked in
the order of decreasing flammability, we would find the following to hold true (for a particular Flash Point designated as “F”):
Fpure hydrocarbons < Foxygenated hydrocarbons < Fpartially halogenated hydrocarbons, etc.
As typical examples, Fgasoline = –45°C, Fisopropanol = 12°C, & Flubricating oil = 232°C, etc. Certain materials (i.e., carbon tetrachloride, CCl4) do not have a Flash Point, since there is no
temperature at which their vapors can be ignited.

3-5

© 2006 by Taylor & Francis Group, LLC

DEFINITIONS, CONVERSIONS, AND CALCULATIONS
Ambient Measurements of Concentration
“Volume-Based” Concentrations
Ambient concentrations are most frequently expressed in, and understood on, a basis that is
understood to be:
a unit volume - per - multiple volumes
OR, more precisely
a unit molecule - per - multiple molecules basis.
Among the most commonly used volume-based concentration units are each of the following:
Concentration
Form in which these concentration
Volume
Unit
units are commonly expressed
(or Molecular) Definition
parts per million
ppm(vol) OR simply, ppm
Volumes (or molecules)
of a specific material of
interest PER million volumes (or PER million
molecules) present in the
total matrix being considered.
parts per billion

ppb(vol) OR simply, ppb

Volumes (or molecules)
of a specific material of
interest PER billion volumes (or PER billion
molecules) present in the
total matrix being considered.

percent

%

Volumes (or molecules)
of a specific material of
interest PER hundred
volumes (or PER hundred molecules) present
in the total matrix being
considered.

While there are other volume-based concentration units [i.e., parts per hundred thousand,
etc.] they are far less common than any of the foregoing three.
Two very important factors and/or relationships must be understood about any volumebased concentration unit. These are:
1. The volume-based concentration unit can only be used to express the ambient concentration of a gas or vapor; it can never be used to express the ambient concentration of
any form of particulate, dust, or aerosol.
2. Virtually all ambient gas analyzers provide concentration outputs in the form of “parts
per million by volume” [ppm(vol)]. With very rare exceptions, the calibrated output of
these analyzers will always have been referenced to the readout that would have been
obtained for measurements made at sea level. If a gas analyzer is used at an altitude
that is significantly different than sea level, its readout will be incorrect in proportion to
the difference in the actual barometric pressures (1) at the location where the analyzer
has been used, and (2) at sea level — see Appendix A, which goes into more detail on
the atmosphere and its effects on a wide variety of measurements.
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“Mass-Based” Concentrations
Ambient concentrations are less frequently expressed in, and understood on, the basis of the
mass of material of interest-per-unit volume in the ambient matrix being considered. Virtually without exception, the two principal mass-based units of concentration, as applied to the
ambient air, are:
milligrams of the material of interest - per - cubic meter of matrix
mg/m3
AND
micrograms of the material of interest - per - liter of matrix
µg/l
For any situation that is being evaluated, the magnitude of the numeric value that would be
obtained for either of these two mass-based ambient concentrations would be the same —
i.e., if it is known that a workplace has an ambient silica dust concentration of 0.13 mg/m3,
it would turn out that the process of converting this concentration to the form of micrograms
- per - liter would produce the numerically identical value, namely, 0.13 µg/l.
From the perspective of the potential adverse impacts that might be caused by some material
that exists as a component of the ambient air, the mass-based concentration of this material
is a somewhat more “absolute” parameter than its volume-based counterpart. To determine
the ambient concentration of any particulate, dust, or aerosol in the ambient air, the massbased concentration parameter is the only form that is used.
Any analyzer that provides ambient mass-based concentration outputs [for gases, vapors,
and/or particulates] will provide correct values irrespective of the altitude where the measurements are made.

Components & Measurement Parameters of the Ambient Air
Gas
A Gas is a substance that is in the gaseous state at NTP.

Vapor
A Vapor is the gaseous state of any material that would, under NTP, exist principally as a
solid or a liquid.

Aerodynamic Diameter
The Aerodynamic Diameter is the diameter of a unit density sphere (i.e., density = 1.00
gms/ cm3) that would have the same settling velocity as the particle or aerosol in question.

Aerosol
An Aerosol is a suspension of liquid or solid particles in the air. Actual physical particle
diameters usually fall in the range:
0.01µ ≤ [particle diameter] ≤ 100µ.

Dust
Dust is any particulate material, usually generated by a mechanical process, such as crushing, grinding, etc. Typical dust particles have aerodynamic diameters in the range:
0.5 µm ≤ [aerodynamic diameter] ≤ 50 µm.
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Mist
A Mist is an aerosol suspension of liquid particles in the air, usually formed either by condensation directly from the vapor phase or by some mechanical process. Typical mist droplets have aerodynamic diameters in the range:
40µm ≤ [aerodynamic diameter] ≤ 400 µm.

Smoke
Smoke is an aerosol suspension, usually of solid particulates, and usually formed by either
the combustion of organic materials or the sublimation of some material. Typical smoke
particulates have aerodynamic diameters in the range:
0.01µm ≤ [aerodynamic diameter] ≤ 0.5 µm.

Fume
A Fume is an aerosol made up of solid particulates formed by condensation directly from
the vapor state. Typical fume particles have aerodynamic diameters in the range:
0.001µm ≤ [aerodynamic diameter] ≤ 0.2 µm.

Aspect Ratio
The Aspect Ratio for any particle is the ratio of its longest or greatest dimension to its
shortest or smallest dimension.

Fiber
A Fiber is any particle having an aspect ratio greater than 3.
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RELEVANT FORMULAE & RELATIONSHIPS
Calculations Involving Time Weighted Averages [TWAs]
Equation #3-1:
Equation #3-1 is used to obtain a Time Weighted Average for any sort of time related exposure or measurement; it applies to any Time Weighted Average determination and can be
utilized for any total base time period or time interval. Typically this calculation will be
made in order to develop a TWA exposure value for use in comparison against any of the
currently published exposure limit standards [i.e., the TLV, the PEL, the REL, and/or the
MAK]. As an example, any Short Term Exposure Limit exposure determination will use
this Equation. The denominator for any such calculation will be determined by the specified STEL Time Interval that applies to the material of interest in the determination [i.e., if
the material being evaluated — from the perspective of referencing against its established
PEL-STEL — were to have been isopropanol, then the STEL Time Interval would have
been 15 minutes]:
n

∑ TiCi
TWA =

i =1
n

∑ Ti

T1 C1 + T2 C 2 + . . . + TnCn
T1 + T2 + . . . + Tn

=

i =1

Where:

TWA =

The Time Weighted Average Concentration that existed during the Time Intervals
given by the sum of the individual Tis used
n

in this calculation, i.e., the

∑ Ti .

i =1

Ti =

the ith Time Interval from the overall time
period, which for a TWA (in contrast to a
STEL) would total up to a full 8 hours, i.e.,
n

∑ Ti = 8 hours.

i =1

Ci =

the ith Concentration Value of the single
component of interest — i.e., the ambient
gas or particulate concentration — that existed during the specific ith Time Interval.
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Equation #3-2:
Equation #3-2 is used to determine the Effective Percent Exposure Level for any of the
established parameters [i.e., the TLV, the PEL, the REL, or the MAK], resulting from the
combined effects of all the potentially irritating, toxic, or hazardous components, whether
gas or particulate, in any ambient air system that is being evaluated. To repeat, it is effective for any ambient air matrix, whether there is only a single volatile or aerosolized component in it, or many such components.
In applying Equation #3-2, the individual performing the calculation must know the specific
value of the Standard being applied [i.e., for the case shown, the REL] that has been established for each of the various components that are contained in the ambient air that is being
evaluated. If, for example, the evaluation were to involve an 8-hour Recommended Exposure Limit – Time Weighted Average determination for an air mass containing three different refrigerants: R-12, R-22, & R-112, then the REL-TWAs for these three compounds
would have to be known. For reference in this example, these REL-TWA Values are as
follows: for R-12, the REL-TWAR-12 = 1,000 ppm(vol); for R-22, the REL-TWAR-22 =
1,000 ppm(vol); and finally for R-112, the REL-TWAR-112 = 500 ppm(vol). The effective
Time Weighted Average Concentration Values [i.e., the TWAis] that are shown in the numerator of Equation #3-2 would be determined by applying Equation #3-1, from Page 3-9,
to the available information or data.

⎡ n TWA ⎤
⎡ TWA 1
TWA2
TWAn ⎤
i
+
+ L+
⎥ = 100⎢
% REL = 100⎢
REL
REL
REL n ⎥⎦
⎣
⎢⎣ i =1 REL i ⎥⎦
1
2

∑

Where:

% REL =

the Effective Percent Exposure Level
from the perspective of the Recommended
Exposure Limit Standards that was
achieved for the mixture being evaluated,
expressed always as a percentage.

TWAi =

the Time Weighted Average Concentration
of the ith component in the mixture being
evaluated.

RELi =

the listed Recommended Exposure Limit
(or, in this case, the REL-TWA) of the ith
component.

Note:

If the % REL is equal to or less than
100%, then it can be inferred that the Effective REL for the mixture has not been
exceeded; if this % REL is greater than
100%, then the inference is that the Effective REL for the mixture has been exceeded.
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Calculations Involving Exposure Limits
Equation #3-3:
Equation #3-3 is used to determine the Effective Exposure Limit that exists for any equilibrium vapor phase that is in contact with any well-defined liquid mixture containing two or
more different volatile components. It can be applied to any of the established parameters
[i.e., the TLV, the PEL, the REL, or the MAK]; the value of the individual Exposure Limit
Standard for each of the components in the liquid mixture must be known. If this Effective
Exposure Limit is determined EITHER by using different Exposure Limit Standards [i.e.,
TLV-TWAs coupled with PEL-TWAs], OR by using the same Exposure Limit Standard,
with different time interval bases [i.e., the REL-STELhydrazine which must be evaluated over a
120-minute period, and the REL-STEL1,2-dioxane which must be evaluated over a 30-minute
period], then the resultant calculated Effective Exposure Limit would be considered to be
NEITHER valid NOR accurate.
Equation #3-3 assumes that the overall composition of the vapor phase existing above a
volatile liquid mixture will be identical to the mass composition of the liquid mixture, and
although this would rarely — if ever — be true, the Equation is considered to be a useful
tool for determining “Order-of-Magnitude-Approximations” for the concentrations of the
components in the vapor phase. This Equation was proposed for use by the ACGIH; therefore, it is used most commonly for the determination of this organization's Exposure Limit
Standard — namely, the TLV; it can, however, be applied to any of the commonly used
Exposure Limit Standards.
If the user wishes a more precise treatment of this situation, then what is required would be
the sequential application of several of the more basic laws and relationships, each of which
has been documented in Chapter 2, which covered the basic laws of physics and the basic
gas laws. For reference, these would include Dalton's Law of Partial Pressures [Equation #s
1-15 & 1-16, from Pages 1-22 & 1-23], and Raoult's Law [Equation #s 1-17 & 1-18, from
Page 1-24].

TLVeffective

Where:

⎡
⎤
⎡
⎤
⎢
⎥
⎢
⎥
1
1
⎥ = ⎢
= ⎢ n
⎥
f2
fn ⎥
fi ⎥
⎢
⎢ f1
+
+ ... +
∑
⎢ TLV ⎥
TLV2
TLVn ⎥⎦
⎢⎣ TLV1
⎣ i= 1
i ⎦

TLVeffective =

the Effective Exposure Limit — in this
case a Threshold Limit Value. This parameter can be evaluated for any of the established Exposure Limits — i.e., for a
PEL, REL, or MAK, etc. Remember, however, that this relationship applies only to
the vapor phase existing above a mixture of
volatile liquids. The user must understand
that the result of this calculation represents
an “Order-of-Magnitude-Approximation”
only. Also the calculated TLVeffective in this
case will always be expressed in mass concentration units, mg/m3, NEVER the more
common volumetric unit, ppm(vol).
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fi =

the Weight Fraction of the ith component in
the mixture of volatile liquid components
being considered, i.e., the
⎡ mass of the component of interest ⎤
⎢ total mass of the liquid mixture ⎥ ;
⎣
⎦

TLVi =

the Threshold Limit Value [TLV] — this
could be any established Exposure Limit —
of the ith component, must always be expressed in mass-based units of concentration, mg/m3, NEVER the more common
volume-based unit, ppm(vol).

WORKPLACE AMBIENT AIR
Calculations Involving the Conversion of Concentration Units
Equation #s 3-4, 3-5, & 3-6:
The following three Equations, #s 3-4, 3-5, and 3-6, are used to convert sets of Mass-Based
Concentration units to their Volume-Based Concentration equivalents [e.g., converting
from concentrations expressed in units such as mg/m3 to those in one of the common volumetric-based sets of units, such as ppm(vol)]. The first Equation, #3-4, would be used to
affect this conversion under conditions of Normal Temperature and Pressure [NTP]; the
second, #3-5, would be used for conversions at Standard Temperature and Pressure [STP]
conditions, while the third, #3-6, applies to any mass-to-volume-based concentration conversion, regardless of the conditions of ambient temperature and pressure.

Equation #3-4:
C vol =

Where:

24. 45
[C ]
MWi mass

@ NTP

Cvol

= the Volume-Based Concentration of the
component of interest, namely, the ith component, measured in ppm(vol);

Cmass

= the Mass-Based Concentration of the same
component, namely the ith component, in
mg/m3; &

MWi

= the Molecular Weight of the same ith component.

Equation #3-5:
C vol =

Where:

22. 41
[C ]
MWi mass

@ STP

Cvol

= the Volume-Based Concentration of the
component of interest, namely, the ith component, measured in ppm(vol);

Cmass

= the Mass-Based Concentration of the same
component, namely the ith component, in
mg/m3; &

MWi

= the Molecular Weight of the same ith component.
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Equation #3-6:
C vol =

RT
[Cmass ] under any conditions of ambient Temperature & Pressure
P [MWi ]

Where:

Cvol =

the Volume-Based Concentration as defined immediately above for Equation #s 34 & 3-5, in ppm(vol);

Cmass =

the Mass-Based Concentration also as defined immediately above for Equation #s 34 & 3-5, in mg/m3;

MWi =

the Molecular Weight of the ith component,
again as defined above;

T =

the ambient Absolute Temperature, in some
suitable units of absolute temperature, most
probably, K;
the ambient Barometric Pressure, in some
suitable units of pressure, such as mm Hg;
&

P =

R =

=
=
=

3-14

© 2006 by Taylor & Francis Group, LLC

the Universal Gas Constant in units consistent with those used for the prevailing ambient barometric pressure and temperature
conditions — for example, any of the following values of this Universal Gas Constant could be used.

(liter)(atmospheres)
;
(K)(mole)
(liter)(mm Hg)
62.36
;
(K )(mole )
0.0821

1.631

(feet)3 (millibars )
.
(°R )(mole )

WORKPLACE AMBIENT AIR
Equation #s 3-7, 3-8, & 3-9:
The following three Equations, #s 3-7, 3-8, & 3-9, are used to convert sets of VolumeBased Concentration units to their Mass-Based Concentration equivalents [e.g., converting
from concentrations expressed in ppm(vol) to those expressed in mg/m3]. The first Equation, #3-7, would be used to affect this conversion under Normal Temperature and Pressure
[NTP] conditions; the second, #3-8, would be used under Standard Temperature and Pressure [STP] conditions; while the third, #3-9, applies in general to any mass-to-volume-based
concentration conversion, regardless of the conditions of ambient temperature and pressure.

Equation #3-7:
C mass =

Where:

MWi
[C ]
24. 45 vol

@ NTP

Cvol

= the Volume-Based Concentration of the
component of interest, namely, the ith component, measured in ppm(vol);

Cmass

= the Mass-Based Concentration of the same
component, namely the ith component, in
mg/m3; &

MWi

= the Molecular Weight of the same ith component.

Equation #3-8:
C mass =

Where:

MWi
[C ]
22. 41 vol

@ STP

Cvol

= the Volume-Based Concentration of the
component of interest, namely, the ith component, measured in ppm(vol);

Cmass

= the Mass-Based Concentration of the same
component, namely the ith component, in
mg/m3; &

MWi

= the Molecular Weight of the same ith component.
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Equation #3-9:
C mass =

P [MWi ]
RT

[Cvol ]

Where:

under any conditions of ambient Temperature & Pressure

Cvol =

the Volume-Based Concentration as defined for Equation #s 3-7 & 3-8, in
ppm(vol), on Page 3-15;

Cmass =

the Mass-Based Concentration also as defined immediately above for Equation #s 37 & 3-8, in mg/m3, on Page 3-15;

MWi =

the Molecular Weight of the ith component,
again as defined for Equation #s 3-7 & 3-8,
in ppm(vol), on Page 3-15;

T =

the ambient Absolute Temperature, in some
suitable units of absolute temperature, most
probably, K;

P =

the ambient Barometric Pressure, in some
suitable units of pressure, such as mm Hg;
&

R =

the Universal Gas Constant in units consistent with those used for the prevailing ambient barometric pressure and temperature
conditions — for example, any of the following values of this Universal Gas Constant could be used.

=
=
=
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(liter)(atmospheres)
;
(K)(mole)
(liter)(mm Hg)
;
62.36
(K )(mole )

0.0821

1.631

(feet)3 (millibars )
.
(°R )(mole )

WORKPLACE AMBIENT AIR
Calculations Involving TLV Exposure Limits for Free Silica Dusts in
Ambient Air
Equation #s 3-10, 3-11, & 3-12:
The following three Equations, #s 3-10, 3-11, & 3-12, are now used only very infrequently,
and only when one must develop a rough approximation of the respective required TLVs.
These Equations were developed and promulgated by the ACGIH, and are used, therefore,
only to determine Threshold Limit Value Exposure Limits. In order, these three Equations
are as follows: #3-10 — For Respirable Quartz Dusts; #3-11 — For Total Dusts; and #3-12
— For Mixtures of the Three Most Common Types of Silica Dusts. These three equations
are shown here.

Equation #3-10:
⎡ 10mg / m 3 ⎤
TLVquartz = ⎢
⎥
⎣%RQ + 2 ⎦

Where:

TLVquartz =

the calculated 8-hour TWA Threshold
Limit Value for respirable quartz dust, in
mg/m3; &

%RQ =

the Mass or Weight Fraction of Respirable
Quartz Dusts in the sample being evaluated, expressed as a percentage.

Equation #3-11:
⎡ 30mg / m 3 ⎤
TLVdust = ⎢
⎥
⎣ %Q + 2 ⎦

Where:

TLVdust =

the calculated 8-hour TWA Threshold
Limit Value for total dusts, in mg/m3; &

%Q =

the Mass or Weight Fraction of Quartz
Dusts in the sample being evaluated, expressed as a percentage.
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DEFINITIONS, CONVERSIONS, AND CALCULATIONS
Equation #3-12:
⎡
⎤
10mg / m 3
TLVmix = ⎢
⎥
%Q
+
2
%C
+
2
%T
+
2
( )
( )
⎣
⎦

Where:

TLVmix =

the calculated 8-hour TWA Threshold
Limit Value for the complex mixture of silica dusts, in mg/m3;

%Q =

the Mass or Weight Fraction of Quartz
Dusts in the sample being evaluated, expressed as a percentage;
the Mass or Weight Fraction of Cristobalite
Dusts in the sample being evaluated, also
expressed as a percentage; &

%C =

%T =
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the Mass or Weight Fraction of Tridymite
Dusts in the sample being evaluated, this
one, also, expressed as a percentage.

WORKPLACE AMBIENT AIR

WORKPLACE AMBIENT AIR PROBLEM SET
Problem #3.1:
A worker was exposed, over his work shift, to various levels of n-pentane, and for varying
periods of time, as shown in the tabulated exposure history below. The appropriate ACGIH
Standards that apply to n-pentane are: the TLV-TWA = 600 ppm(vol), and the TLV-STEL
= 750 ppm(vol). What was this employee's 8-hour TWA exposure to n-pentane?
2.0 hours
451 ppm(vol)
3.0 hours
728 ppm(vol)
1.5 hours
619 ppm(vol)
1.5 hours
501 ppm(vol)
Applicable Definitions:

Applicable Formula:
Solution to this Problem:

Threshold Limit Values
Time Weighted Averages
Short Term Exposure Limits
Equation #3-1
Page 3-53

Page 3-1
Page 3-2
Page 3-2
Page 3-9

Problem Workspace
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DEFINITIONS, CONVERSIONS, AND CALCULATIONS
Problem #3.2:
During the concluding 15 minutes of the final 1.5-hour segment of his workday, what would
this worker's exposure to n-pentane have to have been so that his overall 8-hour TWA
would have been in violation of the established ACGIH Threshold Limit Value?
Applicable Definitions:
Applicable Formula:
Solution to this Problem:
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Threshold Limit Values
Time Weighted Averages
Equation #3-1
Pages 3-53 & 3-54
Problem Workspace

Page 3-1
Page 3-2
Page 3-9

WORKPLACE AMBIENT AIR
Problem #3.3:
During the concluding 15 minutes of the final 1.5-hour segment of his workday, what would
his exposure have to have been so that his work experience for that entire day would have
involved a TLV-STEL violation? Would this 15-minute exposure also have produced a
TLV-TWA violation?
Applicable Definitions:

Applicable Formula:
Solution to this Problem:

Threshold Limit Values
Time Weighted Averages
Short Term Exposure Limits
Equation #3-1
Page 3-54

Page 3-1
Page 3-2
Page 3-2
Page 3-9

Problem Workspace
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DEFINITIONS, CONVERSIONS, AND CALCULATIONS
Problem #3.4:
An Office Machine Repair Technician was exposed to a relatively high concentration level
of ozone from a malfunctioning copier he had been called upon to repair. He observed the
operation of the machine for 30 minutes in order to diagnose its problems. He then fixed
the copier by replacing a defective part. Finally, he observed the operation of the then
properly functioning machine for an additional 30 minutes to ensure that it was, in fact,
working properly. His ozone exposures for the day on which he fixed this machine were as
follows:
Task Description
Diagnostic Effort
Repair Effort
Repair Observing Time
Balance of the Work Day

Exposure Time
30 min
60 min
30 min
6 hours

Ozone Exposures
289 ppb(vol)
42 ppb(vol)
93 ppb(vol)
8 ppb(vol)

The PEL-TWA for ozone is 0.1 ppm(vol), and the PEL-STEL for this material is 0.3
ppm(vol). What was this worker's 8-hour TWA to ozone? Did this worker experience a
PEL-STEL violation?
Applicable Definitions:

Applicable Formula:
Solution to this Problem:

Permissible Exposure Limits
Time Weighted Averages
Short Term Exposure Limits
Equation #3-1
Pages 3-54 & 3-55
Problem Workspace
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Page 3-1
Page 3-2
Page 3-2
Page 3-9

WORKPLACE AMBIENT AIR
Problem #3.5:
The same Office Machine Repair Technician from the previous problem, Problem #3.4,
worked in a geographic region that was characterized by a very bad “smog” condition, under which the exterior ambient air — on the particular day when this individual made the
copier repairs described in Problem #3.4 — had an ozone concentration of 222 ppb(vol). If
this technician spent 2.5 of the final 6 hours of that workday in his repair vehicle driving
from one job to the next, and if all his other repairs on that day were to typewriters where he
experienced only the previously mentioned indoor 8-ppb(vol) ozone background level, what
would his new 8-hour TWA to ozone have been? For reference, his timed ozone exposures
were broken down as follows:
Task Description
Initial Copier Repairs
from Problem #3.4
Repair Effort on Typewriters
Driving Time between Jobs
Applicable Definitions:
Data from:
Applicable Formula:
Solution to this Problem:

Exposure Time

Ozone Exposures

120 min
210 min
150 min

Determine from
Problem #3.4
8 ppb(vol)
222 ppb(vol)

Time Weighted Averages
Problem #3.4
Equation #3-1
Page 3-55

Page 3-2
Page 3-22
Page 3-9

Problem Workspace
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DEFINITIONS, CONVERSIONS, AND CALCULATIONS
Problem #3.6:
An Engineering Technician for a large metropolitan hospital spent one full 8-hour workday
servicing the gas sterilizer in the hospital's Central Supply Department. Her ethylene oxide
exposures were measured continuously by an Industrial Hygienist using an infrared spectrophotometer [the minimum detectable ethylene oxide level — the MDL — for this analyzer
was 0.4 ppm(vol)]. Ethylene oxide TWA measurements were made for various periods of
time, and were reported by this IH as follows:
2.2 hours
1.4 hours
1.5 hours
2.9 hours

0.7 ppm(vol)
1.2 ppm(vol)
1.6 ppm(vol)
< 0.4 ppm(vol)

Recognizing that the 8-hour PEL-TWA for ethylene oxide is 1.0 ppm(vol), and its 8-hour
TWA Action Level is 0.5 ppm(vol), would this employee's TWA exposure on the date in
question have to be reported as a violation? What was her exposure?
Applicable Definitions:

Applicable Formula:
Solution to this Problem:

Permissible Exposure Limits
Time Weighted Averages
Action Levels
Equation #3-1
Pages 3-55 & 3-56
Problem Workspace

Workspace Continued on the Next Page
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Page 3-1
Page 3-2
Page 3-3
Page 3-9

WORKPLACE AMBIENT AIR
Continuation of Problem Workspace for Problem #3.6

Problem #3.7:
The production employees in a custom fiberglass fabrications shop are routinely exposed to
ambient styrene vapors [for styrene, the PEL-TWA = 50 ppm(vol), and the 15-minute PELSTEL = 100 ppm(vol)]. After one particularly busy day, an employee's styrene dosimeter
indicated an 8-hour TWA styrene exposure of 48 ppm(vol). If her 8-hour workday included
two 5-minute coffee breaks and a 30-minute lunch period, all three of which were spent in a
room where the ambient styrene concentration level never exceeded 0.1 ppm(vol) with the
balance of her workday being spent in the production area, what must this employee's average styrene exposure have been during those time periods when she was actually involved in
productive work? Did this exposure involve a PEL-STEL violation?
Applicable Definitions:

Applicable Formula:
Solution to this Problem:

Permissible Exposure Limits
Time Weighted Averages
Short Term Exposure Limits
Equation #3-1
Pages 3-56 through 3-58

Page 3-1
Page 3-2
Page 3-2
Page 3-9

Problem Workspace

Workspace Continued on the Next Page
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DEFINITIONS, CONVERSIONS, AND CALCULATIONS
Continuation of Problem Workspace for Problem #3.7
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WORKPLACE AMBIENT AIR
Problem #3.8:
The Safety Manager of a large Cold Storage Plant, designed for holding apples in a fresh
condition over extended periods of time, determined that the workers in his company's cold
rooms have been experiencing an overall 84% 8-hour TWA exposure to carbon dioxide. If:
(1) each worker must spend 6 hours/day in these Cold Rooms; if (2) the PEL-TWA for CO2
is 10,000 ppm(vol); and if (3) the outside air, to which each worker is exposed for the remainder of the work day, contains an average of 425 ppm(vol) of CO2, what must the average concentration of CO2 be in the Cold Rooms?
Applicable Definitions:
Applicable Formula:
Solution to this Problem:

Permissible Exposure Limits
Time Weighted Averages
Equation #3-1
Page 3-58

Page 3-1
Page 3-2
Page 3-9

Problem Workspace
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DEFINITIONS, CONVERSIONS, AND CALCULATIONS
Problem #3.9:
If the Safety Manager of the foregoing Cold Storage Plant [Problem #3.8] has determined:
(1) that his workers should never experience more than a 50% PEL exposure to CO2, and
(2) that the minimum CO2 concentration he can permit in the Cold Rooms [in order to provide for proper apple storage] is 1.5% by volume, what then will be the maximum time period he will be able to allow his company's employees to work in the Cold Rooms each day
from now on?
Applicable Definitions:
Data from:
Applicable Formula:
Solution to this Problem:

Permissible Exposure Limits
Time Weighted Averages
Problem #3.8
Equation #3-1
Pages 3-58 & 3-59
Problem Workspace
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Page 3-1
Page 3-2
Page 3-27
Page 3-9

WORKPLACE AMBIENT AIR
Problem #3.10:
John Smith, an Industrial Hygienist, working for the ABC Company determined the following Time Weighted Average employee exposures to the following list of four solvent
vapors, for those workers who operated the company's paint spray booth:
No.
1.
2.
3.
4.

Solvent
MIBK
toluene
methanol
IPA

TWA
12 ppm(vol)
17 ppm(vol)
55 ppm(vol)
91 ppm(vol)

TLV-TWA
50 ppm(vol)
100 ppm(vol)
200 ppm(vol)
400 ppm(vol)

What was the % TLV exposure of these workers?
Applicable Definitions:
Applicable Formula:
Solution to this Problem:

Threshold Limit Values
Time Weighted Averages
Equation #3-2
Page 3-59

Page 3-1
Page 3-2
Page 3-10

Problem Workspace
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DEFINITIONS, CONVERSIONS, AND CALCULATIONS
Problem #3.11:
Kraft pulp mill employees involved in bleaching kraft paper are potentially exposed to both
chlorine and chlorine dioxide. For these two chemicals, the published PEL-TWAs and
PEL-STELs are as follows:
Bleaching Gas
Chlorine
Chlorine Dioxide

PEL-TWA
500 ppb(vol)
100 ppb(vol)

PEL-STEL
1,000 ppb(vol)
300 ppb(vol)

On a heavy bleaching day, one employee's dosimeters indicated that his 8-hour TWA exposures to these two materials had been 0.42 ppm(vol) for chlorine, and 0.08 ppm(vol) for
chlorine dioxide. What was this employee's overall % PEL exposure to these hazardous
vapors? Was his employer in violation of any OSHA Standards?
Applicable Definitions:

Applicable Formula:
Solution to this Problem:

Permissible Exposure Limits
Time Weighted Averages
Short Term Exposure Limits
Equation #3-2
Pages 3-59 & 3-60
Problem Workspace

Workspace Continued on the Next Page
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Page 3-1
Page 3-2
Page 3-2
Page 3-10

WORKPLACE AMBIENT AIR
Continuation of Problem Workspace for Problem #3.11
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Problem #3.12:
A vapor degreasing solvent is made up of the following four chemicals, according to the following proportions by weight:
Component
Number
1.
2.
3.
4.

Component

Weight %
in Solvent

TLV-TWA

Molecular
Weight

Freon 11
Freon 113
Methyl Chloroform
Methylene Chloride

25 %
55 %
15 %
5%

1,000 ppm(vol)
1,000 ppm(vol)
350 ppm(vol)
50 ppm(vol)

137.38
187.38
133.41
84.93

Assuming that the composition of the degreasing vapor is equal to that of the liquid mixture
[a very unlikely condition], what would be the “Order-of-Magnitude-Approximation” for
the Effective TLV Exposure Limit [in both mg/m3 & ppm(vol)] for the vapor space in this
vapor degreaser? You may assume that this machine is operated at STP.
What would the corresponding “Order-of-Magnitude-Approximations” for the vapor space
concentrations of each of these four components be [again, in both mg/m3 & ppm(vol)] on
the assumption that these four concentrations, in combination, actually resulted in this vapor
space being operated at the calculated overall Effective TLV Exposure Limit?
It should be noted that only very rarely would the vapor space in any sort of a degreaser
ever be a “Workplace.” On occasion, however, particularly during periods when facilities
of this type are being serviced, a worker might well have to place his or her head into this
vapor space; thus, the calculation would have significance for those situations. As you will
see from the calculations that follow, placing one’s head in the vapor space of a degreaser
when it is in operation would be about as hazardous an action that one might contemplate.
Applicable Definitions:

Applicable Formulae:

Solution to this Problem:

Threshold Limit Values
Page 3-1
Time Weighted Averages
Page 3-2
Standard Temperature & Pressure
Page 1-14
Equation #3-3
Pages 3-11 & 3-12
Equation #3-5
Page 3-13
Equation #3-8
Page 3-15
Pages 3-61 through 3-63
Problem Workspace

Workspace Continued on the Next Page
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WORKPLACE AMBIENT AIR
Continuation of Problem Workspace for Problem #3.12

Workspace Continued on the Next Page

3-33

© 2006 by Taylor & Francis Group, LLC

DEFINITIONS, CONVERSIONS, AND CALCULATIONS
Continuation of Problem Workspace for Problem #3.12
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Problem #3.13:
For the vapor degreaser of the previous problem, #3.12, please recalculate the equilibrium
vapor space concentrations of the four solvents [again, in both mg/m3 & ppm(vol)], but for
this case, please use the more basic laws of physical chemistry as listed in the first chapter
of this volume. The results of these calculations will be more accurate and precise than the
approximations you developed for Problem #3.12. You may find the following information
to be of value for making this determination.
Component
Number
1.
2.
3.
4.

Weight %
in Solvent

Component
Freon 11
Freon 113
Methyl Chloroform
Methylene Chloride

Applicable Definition:
Data from:
Applicable Formulae:

Solution to this Problem:

25 %
55 %
15 %
5%

Molecular
Weight

Component Vapor
Pressure at STP

137.38
187.38
133.41
84.93

302.8 mm Hg
111.8 mm Hg
36.0 mm Hg
144.0 mm Hg

Standard Temperature & Pressure
Problem #3.12
Equation #1-10
Equation #1-16
Equation #1-17
Equation #3-8
Pages 3-63 through 3-67

Page 1-14
Page 3-32
Page 1-20
Page 1-23
Page 1-24
Page 3-15

Problem Workspace

Workspace Continued on the Next Page
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DEFINITIONS, CONVERSIONS, AND CALCULATIONS
Continuation of Problem Workspace for Problem #3.13

3-36

© 2006 by Taylor & Francis Group, LLC

WORKPLACE AMBIENT AIR
Problem #3.14:
A solution containing two moderately volatile solvents is used widely in the wafer fabrications area of a large semiconductor manufacturer. This solution is made up, by weight,
of 65% cellosolve [2-ethoxyethanol] and 35% t-butyl alcohol. Assuming that the composition of the vapor is equal to the composition of the liquid solvent mixture, what is the Effective TLV [in both mg/m3 & ppm(vol)] for this mixture? You may also assume that the wafer fabrications area is operated at NTP. What will the ambient air concentrations for each
of the two components of this mixture be [in both mg/m3 & ppm(vol)] when the total vapor
concentration in the wafer fabrications area is equal to this Effective TLV? The following
data may be useful for you:
Component
cellosolve
t-butyl alcohol

Structural Formulae
HO-CH2-CH2-O-CH2-CH3
[CH3] 3-C-OH

Applicable Definitions:

Applicable Formulae:

Solution to this Problem:

TLV-TWA
200 ppm(vol)

Mol. Weight
90.12 amu

100 ppm(vol)

74.12 amu

Threshold Limit Values
Page 3-1
Time Weighted Averages
Page 3-2
Short Term Exposure Limits
Page 3-2
Equation #3-3
Pages 3-11 & 3-12
Equation #3-4
Page 3-13
Equation #3-7
Page 3-15
Pages 3-67 through 3-69
Problem Workspace

Workspace Continued on the Next Page
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DEFINITIONS, CONVERSIONS, AND CALCULATIONS
Continuation of Problem Workspace for Problem #3.14
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WORKPLACE AMBIENT AIR
Problem #3.15:
For the volatile solvent mixture of the previous problem, #3.14, please recalculate the equilibrium vapor space concentrations of the two solvents [again, in both mg/m3 & ppm(vol)],
but for this case, please again use the more basic laws of physical chemistry as listed in the
first chapter of this volume. Again the results of these calculations will be considerably
more accurate and precise than the approximations you developed for Problem #3.14. You
may find the following information to be of value for making this determination.
Component
cellosolve
t-butyl alcohol
Applicable Definition:
Data from:
Applicable Formulae:

Solution to this Problem:

Weight %
in Solvent
65%
35%

Molecular
Weight
90.12 amu
74.12 amu

Component Vapor
Pressure at NTP
5.3 mm Hg
17.4 mm Hg

Standard Temperature & Pressure
Problem #3.14
Equation #1-10
Equation #1-16
Equation #1-17
Equation #3-7
Pages 3-69 through 3-71

Page 1-14
Page 3-37
Page 1-20
Page 1-23
Page 1-24
Page 3-15

Problem Workspace

Workspace Continued on the Next Page
3-39

© 2006 by Taylor & Francis Group, LLC

DEFINITIONS, CONVERSIONS, AND CALCULATIONS
Continuation of Problem Workspace for Problem #3.15
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Problem #3.16:
A U.S. Navy shipboard refrigerant consists of a well-defined mixture of the following three
chlorofluorocarbons, made up according to the following proportions:
Chemical
Freon 12
Freon 21
Freon 112

Wt. % in Refrigerant
40 %
20 %
40 %

Molecular Weight
120.92
102.92
170.92

TLV-TWA
1,000 ppm(vol)
10 ppm(vol)
500 ppm(vol)

Obviously any leak of this pressurized liquid refrigerant will produce a vapor whose composition will be the same as that of the liquid material. What will be the Effective TLV for
this mixture [in both mg/m3 & ppm(vol)]? U.S. Navy ships operate their refrigeration
spaces at NTP.
Applicable Definitions:
Applicable Formulae:

Solution to this Problem:

Threshold Limit Values
Page 3-1
Time Weighted Averages
Page 3-2
Equation #3-3
Pages 3-11 & 3-12
Equation #3-4
Page 3-13
Equation #3-7
Page 3-15
Pages 3-72 through 3-74
Problem Workspace

Workspace Continued on the Next Page
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DEFINITIONS, CONVERSIONS, AND CALCULATIONS
Continuation of Problem Workspace for Problem #3.16
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WORKPLACE AMBIENT AIR
Problem #3.17:
The U.S. Navy uses a bulkhead mounted, digital readout, highly specific Freon 21 monitor
(i.e., it does not respond to any vapor other than Freon 21) in each of the shipboard refrigeration spaces that employ the special refrigerant described in Problem #3.16. The response
range of this gas monitor is 0 to 20.0 ppm(vol) [actually, 0.0 to 19.9 ppm(vol)]. The readout is in the form, “XX.X.” In this range the analyzer’s accuracy is ± 0.05 ppm(vol). What
concentration must the two bi-level audible alarm settings be on this instrument? Typically,
a bi-level Alert Alarm will be set at 60% of the effective TLV-TWA, and a second, higher
level Evacuate Alarm, at 90% of this same effective TLV-TWA. As stated in Problem
#3.16, Navy ships usually operate their refrigeration spaces at NTP.
Applicable Definitions:
Data from:
Applicable Formula:
Solution to this Problem:

Threshold Limit Values
Time Weighted Averages
Problem #3.16
Equation #3-1
Page 3-74

Page 3-1
Page 3-2
Page 3-41
Page 3-9

Problem Workspace
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Problem #3.18:
An Industrial Hygienist who works for a large automobile manufacturer has initiated a program at her company designed to quantify the ambient levels of airborne dusts [principally
alumina dust] in the facility’s main assembly area. She has decided to monitor 16 assembly
area workers, and has chosen to fit each of these employees with an active dust sampling
system that consists of a personal sampling pump connected to a particulate filter cassette
that uses a pre-weighed, 37-mm diameter Teflon filter on which the dust is to be collected,
and ultimately quantified by weighing. The sampling pumps she has chosen provide a very
stable 1.75 liters per minute flow rate over an entire 8-hour work shift; each pump works for
a continuous, uninterrupted 8-hour period. The actual time each employee spends in the
assembly area is less than a full 8 hours, since the company provides all employees with a
30-minute lunch break, and two 10-minute coffee breaks per full 8-hour work shift. Workers always take their lunch and coffee breaks in an area that is completely dust free, although their personal sampling pumps continue to operate during these periods. The net
weight gains of the 16 filters in this evaluation are given below:
Empl.
No.

Cassette
Net Wt.

Empl.
No.

Cassette
Net Wt.

Empl.
No.

Cassette
Net Wt.

Empl.
No.

Cassette
Net Wt.

1

4.95 mg

5

7.90 mg

9

7.44 mg

13

2.26 mg

2

6.19 mg

6

1.08 mg

10

5.08 mg

14

8.11 mg

3

3.85 mg

7

4.33 mg

11

1.52 mg

15

6.87 mg

4

2.63 mg

8

6.81 mg

12

7.82 mg

16

4.90 mg

Assuming these data are fully representative of the situation in the main assembly area of
this plant, what was the average airborne dust concentration, expressed in mg/m3? If the
PEL-TWA for alumina is 10 mg/m3, should this Industrial Hygienist be concerned about the
dust levels in the assembly area?
Applicable Definitions:
Applicable Formulae:
Solution to this Problem:

Permissible Exposure Limits
Time Weighted Averages
Equation #2-2
Equation #3-1
Pages 3-75 & 3-76
Problem Workspace

Workspace Continued on the Next Page
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Page 3-1
Page 3-2
Page 2-5
Page 3-9

WORKPLACE AMBIENT AIR
Continuation of Problem Workspace for Problem #3.18
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DEFINITIONS, CONVERSIONS, AND CALCULATIONS
Problem #3.19:
Glutaraldehyde is the “sterilant” used as the active ingredient in numerous proprietary Cold
Sterilizing solutions that are, in turn, used by many hospitals and other health care facilities.
The German MAK-TWA for this material is 0.8 mg/m3. Express this mass-based concentration in its volume-based equivalent, assuming NTP. The molecular weight of glutaraldehyde is 100.12 amu.
Applicable Definitions:
Applicable Formula:
Solution to this Problem:

Max. Concentration in the Workplace
Normal Temperature & Pressure
Equation #3-4
Page 3-77

Page 3-2
Page 1-14
Page 3-13

Problem Workspace

Problem #3.20:
The OSHA PEL-STEL for tetrahydrofuran is 735 mg/m3. The PEL-TWA is 590 mg/m3.
Please express these concentrations in ppm(vol) units, assuming STP conditions. The formula weight of tetrahydrofuran is 721 amu.
Applicable Definitions:

Applicable Formula:
Solution to this Problem:

Permissible Exposure Limits
Time Weighted Averages
Short Term Exposure Limits
Equation #3-5
Page 3-77
Problem Workspace

Workspace Continued on the Next Page
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Page 3-1
Page 3-2
Page 3-2
Page 3-13

WORKPLACE AMBIENT AIR
Continuation of Problem Workspace for Problem #3.20

Problem #3.21:
What would be the volume-based concentration of nitric oxide in the interior of an unpressurized aircraft flying at an altitude of 10,000 feet and having an interior temperature of
18°C, if the mass-based concentration of this material was found to be at the PEL-TWA
level of 30 mg/m3? For your information: (1) the normal pressure in the interior of this type
of aircraft flying at this altitude would be 0.70 atmospheres, and (2) the molecular weight of
nitric oxide is 30 amu.
Applicable Definitions:
Applicable Formulae:
Solution to this Problem:

Permissible Exposure Limits
Time Weighted Averages
Equation #1-1
Equation #3-6
Pages 3-77 & 3-78

Page 3-1
Page 3-2
Page 1-16
Page 3-14

Problem Workspace

3-47

© 2006 by Taylor & Francis Group, LLC

DEFINITIONS, CONVERSIONS, AND CALCULATIONS
Problem #3.22:
The 8-hour PEL-TWA and the Action Level for ethylene oxide are, respectively, 1.0
ppm(vol) and 0.5 ppm(vol). Express these concentrations in mg/m3, assuming NTP. The
molecular weight of ethylene oxide is 44.05.
Applicable Definitions:

Applicable Formula:
Solution to this Problem:

Permissible Exposure Limits
Time Weighted Averages
Action Levels
Equation #3-7
Page 3-78
Problem Workspace
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Page 3-1
Page 3-2
Page 3-3
Page 3-15
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Problem #3.23:
Benzene is a relatively unique volatile organic in that it has three published OSHA Permissible Exposure Limits — its PEL-TWA = 1.0 ppm(vol), its PEL-STEL = 5.0 ppm(vol), and
its PEL-C = 25.0 ppm(vol). Express these concentrations in mg/m3, assuming STP conditions. Benzene's molecular weight is 78.11.
Applicable Definitions:

Applicable Formula:
Solution to this Problem:

Permissible Exposure Limits
Time Weighted Averages
Short Term Exposure Limits
Ceiling Values
Equation #3-8
Page 3-79
Problem Workspace

Page 3-1
Page 3-2
Page 3-2
Page 3-3
Page 3-15
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Problem #3.24:
The earth background concentration level of carbon dioxide is approximately 350 ppm(vol).
This concentration level holds and is valid at any altitude of 20,000 feet or less. What
would be the concentration of carbon dioxide in the mile-high city of Denver, Colorado, on
a day when the air temperature was 32°C? The normal barometric pressure in Denver is
626 mm Hg, and the molecular weight of carbon dioxide is 44.01 amu.
Applicable Formulae:
Solution to this Problem:

Equation #1-1
Equation #3-9
Page 3-79 & 3-80
Problem Workspace
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Problem #3.25:
The Safety Manager for a Building Materials Supply Company has determined — for the
respirable quartz fraction in the river gravel that is currently being crushed in his plant —
that the 8-hour Time Weighted Average TLVquartz = 0.22 mg/m3. What is the approximate
percentage of respirable quartz in the crushed gravel?
Applicable Definitions:
Applicable Formula:
Solution to this Problem:

Threshold Limit Values
Time Weighted Averages
Equation #3-10
Page 3-80

Page 3-1
Page 3-2
Page 3-17

Problem Workspace
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Problem #3.26:
What is the 8-hour Time Weighted Average TLVmix for the mixed quartz species in a sample that contains 80% total silica, if the three categories of silica that are present in the sample are in the following ratio:
[quartz] : [cristobalite] : [tridymite] = 18 : 13 : 9?
Applicable Definitions:
Applicable Formula:
Solution to this Problem:

Threshold Limit Values
Time Weighted Averages
Equation #3-12
Pages 3-80 & 3-81
Problem Workspace
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SOLUTIONS TO THE WORKPLACE AMBIENT AIR
PROBLEM SET
Problem #3.1:
To solve this problem, we must apply Equation #3-1, from Page 3-9:
n

∑ Ti Ci
TWA =

i =1
n

∑ Ti

=

T1C 1 + T2 C 2 + . . . + Tn C n
T1 + T2 + . . . + Tn

[Eqn. #3-1]

i =1

TWA =

(2.0)(451) + (3.0)(728) + (1.5)(619) + (1.5)(501)

2.0 + 3.0 + 1.5 + 1.5
902. 0 + 2, 184.0 + 928.5 + 751. 5
4, 766.0
TWA =
=
= 595.75
8.0
8. 0
∴

The Time Weighted Average ~ 596 ppm(vol).

Problem #3.2:
To solve this problem, we must again apply Equation #3-1, from Page 3-9. To generate a
solution, we must assume that this individual's resultant full 8-hour work shift Time
Weighted Average exposure to n-hexane must have been equal to or greater than 600
ppm(vol). From this starting point, we must recognize that the concentration level to which
he or she was exposed over the final 15 minutes (= 0.25 hours) of his or her work shift must
have been the source of the violation of the ACGIH's TLV-TWA. We must consider the final 1.5-hour period as having been made up of two separate and distinct time periods, the
first one being 1.25 hours (= 75 minutes) — during which this worker was exposed to the
average 501 ppm(vol) level of n-pentane, and the second being 0.25 hours (= 15 minutes)
— during which he or she was exposed to an unknown average n-pentane concentration, to
be designated as “C.” It is this concentration level of n-pentane that will have to be determined; thus:
n

∑ Ti Ci
TWA =

i =1
n

∑ Ti

=

T1C 1 + T2 C 2 + . . . + Tn C n
T1 + T2 + . . . + Tn

[Eqn. #3-1]

i =1

600 =

(2.0 )(451) + (3. 0)(728) + (1. 5)(619) + (1. 25)(501) + 0.25C

2.0 + 3.0 + 1.5 + 1. 5
902.0 + 2, 184. 0 + 928. 5 + 626. 25 + 0.25C
600 =
8.0
4, 640. 75 + 0.25C
4, 640.75
0. 25C
C
600 =
=
+
= 580.09 +
8. 0
8. 0
8. 0
32
C
600 = 580. 09 +
32
Now since we are seeking an exposure level that would produce a violation, we can assume
that we are looking at a “greater than or equal to” type situation.

3-53

© 2006 by Taylor & Francis Group, LLC

DEFINITIONS, CONVERSIONS, AND CALCULATIONS
C
≥ 600 − 580.09 ≥ 19.91
32
C ≥ (19.91)(32) ≥ 637.0
∴

The final 15-minute concentration level of n-pentane ≥ 637 ppm(vol).

Problem #3.3:
To solve this problem, we must consider the Definitions of the TLV, the TWA, and the
STEL, from Pages 3-1 & 3-2.
Since the TLV-STEL [a 15-minute Time Weighted Average] for n-pentane is 750 ppm(vol),
and since we are dealing here only with the final 15-minute segment of this worker's shift,
which up until these final 15 minutes has had no TLV-STEL violation, it can be concluded
that these final 15 minutes must have been the source of the TLV-STEL violation; and,
therefore, it must have been characterized by a n-pentane exposure level of 750 ppm(vol) —
or possibly even more than this level.
∴

∴

The concentration during the final 15-minutes of this work shift was
750+ ppm(vol).
Obviously, this n-pentane concentration level would also have produced a TLV-TWA violation — since, from Problem #3.2, we can
see that a final 15-minute exposure to only 637 ppm(vol) produced a
TLV-TWA violation. Therefore, this employee's exposure to an
even higher level [namely, 750+ ppm(vol)] would certainly also
have produced such a violation.

Problem #3.4:
To solve this problem, we must again apply Equation #3-1, from Page 3-9.
For this problem, we shall consider concentrations expressed in parts per billion by volume
[ppb(vol)], since that is the format in which the concentrations have been provided. Because of this, we must convert the PELs from the part per million [ppm(vol)] units in which
they have been provided in the problem statement, to their corresponding part per billion
[ppb(vol)] units. Remembering that 1,000 ppb(vol) = 1 ppm(vol), we can convert the established ozone Permissible Exposure Limits, as follows:
PEL-TWAozone = 100 ppb(vol), &
PEL-STELozone = 300 ppb(vol).
We proceed; thus:
n

∑ Ti Ci
TWA =

i =1
n

∑ Ti

=

T1C 1 + T2 C 2 + . . . + Tn C n
T1 + T2 + . . . + Tn

i =1

TWA =
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(0.5)(289) + (1.0)(42) + (0.5)(93) + (6.0 )(8)
0.5 + 1.0 + 0.5 + 6.0

[Eqn. #3-1]
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TWA =

144.5 + 42.0 + 46.5 + 48.0
281.0
=
= 35.13
8.0
8.0
∴

∴

The TWA = 35 ppb(vol).

This Technician probably did not experience a PEL-STEL violation;
however, his 30-minute diagnostic effort, for which the average exposure was 289 ppb(vol), could — at least in principle — have involved one or more 15-minute periods [as subsets of the longer 30minute period] for which the 15-minute Time Weighted Average
exposures could have exceeded the 300 ppb(vol) PEL-STEL.

Problem #3.5:
To solve this additional twist on Problem #3.4, we must again apply Equation #3-1, from
Page 3-9. In this case, we must reexamine the final 6 hours of this Technician's day, considering it to be made up of two time periods, as follows:
Time Period #1:
2.5 hours @
222 ppb(vol), &
Time Period #2:
3.5 hours @
8 ppb(vol).
Again applying Equation #3-1, thus:
n

∑ Ti Ci
TWA =

i =1
n

∑ Ti

=

T1C 1 + T2 C 2 + . . . + Tn C n
T1 + T2 + . . . + Tn

[Eqn. #3-1]

i =1

TWA =

(0.5)(289) + (1.0)(42) + (0.5)(93) + (3.5)(8) + (2.5)(222)

0.5 + 1.0 + 0.5 + 3.5 + 2.5
144.5 + 42.0 + 46.5 + 28.0 + 555.0
816.0
TWA =
=
= 102.0
8.0
8.0
∴
∴

The TWA = 102 ppb(vol) > 0.1 ppm(vol).

Clearly, this Technician had experienced an 8-hour TWA ozone exposure that exceeded the established OSHA PEL-TWA of 0.1
ppm(vol) — 102 ppb(vol) > 0.1 ppm(vol).

Problem #3.6:
To solve this Problem, we must again apply Equation #3-1, from Page 3-9. The analysis of
this problem is comparable to those for the previous two; however, since one of the timed
average ethylene oxide exposures listed in this problem statement has been provided in a
“less than” format, we must think carefully about the implications of this. Specifically, what
this means is that the ethylene oxide concentration, during that specific 2.9-hour time period, would be more accurately and usefully presented in the following format:
0.0 ppm(vol) ≤ ethylene oxide concentration < 0.4 ppm(vol)
As a consequence of this, the final result will, of necessity, also have to be in a slightly different format than was the case for any of the previous problems. To develop the solution,
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we will have to consider two different scenarios: (1) a maximum possible TWA value, and
(2) a minimum possible TWA value.
The maximum TWA value can be calculated by assuming that this employee's 2.9-hour time
segment actually involved an exposure at a concentration of just barely less than 0.4
ppm(vol) — or for mathematical purposes, we shall assume that this exposure was equal to
0.4 ppm(vol). Clearly, a calculation based on this assumption will result in a more adverse
exposure determination for this worker than what would have been the actual “worst possible” case. The number that results from this calculation will identify the employee's TWA
exposure at a level that will be higher than what was the true value for the situation.
The minimum TWA value, on the other hand, will be developed by assuming that this same
2.9-hour exposure time segment was at an ethylene oxide concentration level of 0.0
ppm(vol). This concentration level clearly is less than 0.4 ppm(vol); it is also equal to, or
less than, the actual “indeterminable” concentration level [“indeterminable,” because the
Minimum Detection Limit [MDL] for the analyzer that was used was 0.4 ppm(vol)] for this
segment; thus:
n

∑ Ti Ci
TWA =

i =1
n

∑ Ti

=

T1C 1 + T2 C 2 + . . . + Tn C n
T1 + T2 + . . . + Tn

[Eqn. #3-1]

i =1

Consider first the “worst possible case” situation, i.e., where the calculated TWA will be at
its maximum value, namely, when the ethylene oxide exposure was at 0.4 ppm(vol):
TWA maximum =

(2.2)(0.7) + (1.4 )(1.2) + (1.5)(1.6) + (2.9)(0.4)

2.2 + 1.4 + 1.5 + 2.9
1.54 + 1.68 + 2.40 + 1.16
6.78
TWA maximum =
=
= 0.85
8.0
8.0
Next, consider the alternative scenario, i.e., where the TWA was 0.0 ppm(vol) for the period:
TWA minimum =
TWA minimum
∴
∴

(2.2)(0.7) + (1.4 )(1.2) + (1.5)(1.6 ) + (2.9)(0.0)
2.2 + 1.4 + 1.5 + 2.9
1.54 + 1.68 + 2.40 + 0.0
5.62
=
=
= 0.70
8.0
8.0

The requested result is 0.7 ppm(vol) ≤ TWA < 0.9 ppm(vol).

Clearly, the exposure was less than the 8-hour PEL-TWA of 1.0 ppm(vol);
however, it must be noted that it was greater than the 0.5 ppm(vol) Action
Level. As such, it indicates the existence of a potentially bad situation that a
prudent professional should examine — from a preventative perspective —
in order to prevent any future PEL violations. It would have to be reported
as an exposure that exceeded the Action Level for the worker involved.

Problem #3.7:
To solve this problem, we must again apply Equation #3-1, from Page 3-9. There are aspects to this problem that are identical to those in Problem #3.6 — specifically, in the area
of having certain timed average exposures to styrene, reported in a “less than” format. The
approach to this problem, therefore, will be directly analogous to the one employed for
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Problem #3.6. In this case, however, since we have been given the overall 8-hour TWA, we
shall have to evaluate the situation by considering two different time intervals — namely,
Time Interval #1, which was the 7.33-hour segment [or 7 hours, 20 minutes] in the Production Area; and Time Interval #2, which was the 0.67-hour [or 40-minute] segment in the
“Low Level Room.” In addition, we will have to perform the analysis from two different
perspectives, which are as follows:
1. In order to have developed the given overall 48 ppm(vol) TWA styrene exposure, it is clear that the highest concentration level of styrene vapors that could
have existed in the Production Area must have corresponded to the lowest styrene concentration level that could have existed in the “Low Level Room.”
These two first perspective concentrations will be designated as Cmaximum in the
Production Area, and 0.0 ppm(vol) in the “Low Level Room.”
2. Conversely, in order to have produced the given overall 48 ppm(vol) TWA styrene exposure, it is also clear the lowest concentration level of styrene vapors
that could have existed in the Production Area must correspond to the highest
styrene concentration level that could have existed in the “Low Level Room.”
These two second perspective concentrations will be designated as Cminimum in
the Production Area, and 0.1 ppm(vol) in the “Low Level Room.”
Thus we view this situation, as follows:
Time
“1st Perspective” “2nd Perspective”
Location
Concentrations
Concentrations
Interval # Duration
Cminimum
1
7.33 hours Production Area
Cmaximum
2
0.67 hours “Low Level Room” 0.0 ppm(vol)
0.1 ppm(vol)
Total
8.00 hours
With this approach, we can proceed, as follows:
n

∑ Ti Ci

i =1
n

TWA =

=

∑ Ti

T1C 1 + T2 C 2 + . . . + Tn C n
T1 + T2 + . . . + Tn

[Eqn. #3-1]

i =1

Solving for the “First Perspective” Cmaximum concentration, we see:
48 =
48 =

0.00
+
8.00

(0.67)(0.0 ) + (7.33)(Cmaximum )
0.67 + 7.33

(7.33)(Cmaximum )
8.00

= 0.00 +

=

0.00 + (7.33)(C maximum )
8.00

(7.33)(Cmaximum )
8.00

= (0.917)(C maximum ) &

48
= 52.364
0.917
Solving next for the “Second Perspective” Cminimum concentration, we see:
C maximum =

48 =
48 =

(0.67)(0.1) + (7.33)(C minimum )
0.67 + 7.33

0.067
+
8.00

(7.33)(Cminimum )
8.00

=

0.067 + (7.33)(C minimum )

= 8.38 × 10

8.00
−3

+ (0.916)(C minimum )

(0.916)(C minimum ) = 48 − 8.38 × 10−3 = 47.992
C minimum =

47.992
= 52.355
0.917
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As you can see, these two calculations have been carried out to a precision of 0.001
ppm(vol). At this level, there is a mathematical difference between the two styrene exposure levels of only 0.009 ppm(vol), or 9 ppb(vol) — i.e., the difference between the Cmaximum
which equals 52.364 ppm(vol), and the Cminimum which equals 52.355 ppm(vol). Such a
difference is both unjustified by the precision of the data that was provided in this problem,
and, in addition, completely inconsequential; thus, it should and will be ignored.
∴
∴

Production Area styrene ambient concentration ~ 52 ppm(vol).

Again, in this case, the competent professional would probably focus
some of his or her attention on this situation, since this scenario is quite
close to being a PEL violation, with dangerously high styrene concentration levels in the Production Area.

Problem #3.8:
To solve this problem, we must again apply Equation #3-1, from Page 3-9. Clearly, the
average worker's 8-hour TWA exposure to CO2 is 8,400 ppm(vol) [84% of the PEL-TWA,
which is currently 10,000 ppm(vol)]. To determine the Cold Room concentration of CO2,
which we shall designate as CCold Room, we must proceed thus:
n

∑ Ti Ci

TWA =

i =1
n

∑ Ti

=

T1C 1 + T2 C 2 + . . . + Tn C n
T1 + T2 + . . . + Tn

[Eqn. #3-1]

i =1

8,400 =
8,400 =

(6.0)(C Cold Room ) + (2.0)(425)
6.0 + 2.0

(6.0)(C Cold Room )
8.0

+

=

(6.0)(C Cold Room ) + 850
8.0

850
= (0.75)(C Cold Room ) + 106.25
8.0

(0.75)(C Cold Room ) = 8, 400 − 106.25 = 8, 293.75
C Cold Room =
∴

8, 293.75
= 11,058.3
0.75

Cold Room average CO2 concentration ~ 11,058 ppm(vol).

Problem #3.9:
Again, to solve this problem, we must apply Equation #3-1, from Page 3-9. This problem is
both straightforward and analogous to all of the preceding problems, except that in this case,
we have been asked for, and will focus on, two unknown time intervals, the first of which
shall be referred to as tmaximum, which will represent the maximum number of hours in each
workday that the Cold Storage Plant workers will be permitted to work in the Cold Rooms
[which will have a minimum background CO2 level of 15,000 ppm(vol)]. Under the new
CO2 exposure requirements — as they have been defined by the Safety Manager — the second time interval, which makes up the balance of the 8-hour workday, will be identified as
(8 – tminimum):
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n

∑ Ti Ci

i =1
n

TWA =

∑ Ti

=

T1C 1 + T2 C 2 + . . . + Tn C n
T1 + T2 + . . . + Tn

[Eqn. #3-1]

i =1

5, 000 =

(15, 000 ) ( tmaximum ) + ( 425 )( 8 − tmaximum )
tmaximum + ( 8 − tmaximum )

5, 000 =
5, 000 =

(15, 000 - 425 ) tmaximum + ( 425)(8 )
8 + tmaximum - tmaximum

(14,575) ( tmaximum ) + 3, 400 (14,575)( tmaximum )
=

8

8

+

3, 400
8

5, 000 = (1, 821.9)(t maximum ) + 425

(1,821.9)(tmaximum ) = 5, 000 − 425 = 4, 575
t maximum =
∴

4, 575
= 2.51
1,821.9

The maximum time period out of each workday that any Worker can be permitted to be in the Cold Room would be 2.51 hours, or 2 hours, 30 minutes,
& 36 seconds, or approximately 2 hours, 30 minutes = 2.5 hours.

Problem #3.10:
To solve this problem, we must apply Equation #3-2, from Page 3-10. This problem is very
straightforward and can be solved directly:

⎡ n TWA i ⎤
⎡ TWA1
TWA2
TWA n ⎤
% TLV = 100 ⎢∑
+
+ ... +
⎥ = 100 ⎢
⎥ [Eqn. #3-2]
TLV
TLV
TLV
TLVn ⎦
⎣i =1
⎣
i ⎦
1
2
17
55
91 ⎞
⎛ 12
⎟
% TLV = (100 )⎜
+
+
+
⎝ 50
100
200
400 ⎠
% TLV = (100 )(0. 240 + 0. 170 + 0. 275 + 0.228)
% TLV = (100 )(0. 9125) = 91.25

These Workers experience just over 91% of the established “composite” TLV for these four
volatile materials.
∴

% TLV ~ 91.3%

Problem #3.11:
To solve this problem, we must again apply Equation #3-2, from Page 3-10. For this problem, we will perform two different sets of calculations, only one of which will have any validity. In order, the first of these two sets of calculations will be for a %PEL-TWA, which
will be the completely valid determination, while the second will be for a %PEL-STEL,
which will be invalid and only useful as an approximation of potential problems — the
stated dosages are 8-hour TWAs, whereas the %PEL-STEL Standard is a 15-minute TWA;
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thus, the two are completely mutually inconsistent. We must also again deal with differences in the listed concentration units. The average exposures are given in parts per million
by volume, while the OSHA Standards are all listed in parts per billion by volume. It will
be easiest to convert everything into parts per billion by volume; therefore, we have the
Employee's average 8-hour TWA chlorine exposure = 420 ppb(vol), and his 8-hour TWA
chlorine dioxide counterpart = 80 ppb(vol). Let us start with the %PEL-TWA determination, using Equation #3-2, from Page 3-10; thus:

⎡ n TWA i ⎤
⎡ TWA1
TWA2
TWA n ⎤
% TLV = 100 ⎢∑
+
+ ... +
⎥ = 100 ⎢
⎥ [Eqn. #3-2]
TLV2
TLVn ⎦
⎣i =1 TLVi ⎦
⎣ TLV1

80 ⎞
⎛ 420
⎟ = (100)(0.84 + 0.80 )
% PEL-TWA = (100)⎜
+
⎝ 500
100 ⎠
% PEL-TWA = (100)(1. 64) = 164. 00
This is clearly a bad situation; it represents the case where the employee has experienced
approximately a 164% combined exposure to these two vapors.
Now let us develop the “invalid” %PEL-STEL, that we may possibly be able to use as a
measure of how good or bad things might be from the perspective of the Short Term Exposure Limit, again using Equation #3-2 from Page 3-10; thus:
⎡ n TWA i ⎤
⎡ TWA1
TWA2
TWA n ⎤
% TLV = 100 ⎢∑
+
+ ... +
⎥ = 100 ⎢
⎥ [Eqn. #3-2]
TLV2
TLVn ⎦
⎣i =1 TLVi ⎦
⎣ TLV1
80 ⎞
⎛ 420
% PEL-STEL = (100)⎜
+
⎟ = (100)(0.420 + 0.267)
300 ⎠
⎝ 1, 000
% PEL-STEL = (100)(0.687) = 68.7
To put both of the foregoing results into a proper perspective, the following can be said —
clearly, there is a problem with this kraft pulp bleaching mill's ambient environment, particularly on heavy bleaching days. The employee identified in this problem received an
exceptionally dangerous exposure to these two very irritating chemicals. The result of calculating the fictitious %PEL-STEL of ~ 69% appears to be all right; however, the different
time bases — as stated earlier — make this value only marginally useful, and then just as a
general indication.
∴ This Worker's %PEL (based on the 8-hour PEL-TWA Standard) = 164%.
∴

Clearly this worker's employer, the company operating the kraft pulp mill, is
in violation — severely so, as a matter of fact — of the established PELTWA Standard, as it applies to an environment that contains, simultaneously,
both of these two very hazardous, toxic, and irritating chemicals. It is also
interesting to note that neither of these two chemicals’ individual PELTWAs has been exceeded — at least as the exposures have been defined in
this problem — when each is considered by itself.
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Problem #3.12:
To solve this problem, we must apply a total of three of the listed relationships, and do so in
the following sequence: Equation #3-5, from Page 3-13; then Equation #3-3, from Pages 311 & 3-12; and then finally Equation #3-8, from Page 3-15.
Again, note that the relationship listed in Equation #3-3 is an approximation, one that relies
upon the assumption that the overall composition of the vapor space above a liquid mixture
of volatile solvents has the same composition as does the solution itself. Such a situation
would virtually never exist in the real world; however, it is the basis for the approximation
developed in this relationship. The first thing that must be done in obtaining a solution to
this problem is to convert the four volume-based TLV-TWAs that have been provided in the
problem statement into their mass-based equivalents, using Equation #3-5, from Page 3-13:
C mass i =

[ ]

MWi
C
22.41 vol i

[Eqn. #3-5]

@ STP Conditions

1. For Freon 11:
137.38
137, 380
(1, 000) =
= 6,174.9
22.41
22.41
TLV-TWAFreon 11 = 6,175 mg/m3

C mass Freon 11 =

2. For Freon 113:
187.38
187,380
(1,000) =
= 8, 361.4
22.41
22.41
TLV-TWAFreon 113 = 8,361 mg/m3

C mass Freon 113 =

3. For Methyl Chloroform:
133.41
46, 693.50
(350) =
= 2, 083.6
22.41
22.41
TLV-TWAMethyl Chloroform = 2,084 mg/m3

C mass Methy Chloroform =

4. For Methylene Chloride:
84.93
4, 246.50
(50 ) =
= 189.5
22.41
22.41
TLV-TWAMethylene Chloride = 190 mg/m3

C mass Methylene Chloride =

Next, we must apply Equation #3-3, from Pages 3-11 & 3-12, since we have now converted
all the TLV concentrations from their volumetric bases [i.e., ppm(vol)] to their corresponding mass bases (i.e., mg/m3), as required for incorporation into this Equation. We
can now determine the overall ambient air mass concentrations of this vaporous mix of four
degreasing solvents (in milligrams of solvent vapor per cubic meter of air) as they would
hypothetically exist in equilibrium with the air. Remember that this result is an approximation that relies upon the unlikely situation that the vapor and the liquid compositions are
identical; thus:

TLV effective

⎡
⎢
1
= ⎢ n
fi
⎢
⎢ ∑ TLV
⎣ i =1
i

⎤
⎡
⎥
⎢
1
⎥ = ⎢
f
f
fn
1
2
⎥
⎢
+
+ L+
⎥
TLV
TLV
TLV
⎢
⎣
1
2
n
⎦

⎤
⎥
⎥
⎥
⎥⎦

[Eqn. #3-3]
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⎛
⎞
⎜
⎟
1
= ⎜ 0.25
0.55
0.15
0.05 ⎟
⎜
⎟
+
+
+
8, 361
2,084
190 ⎠
⎝ 6,175

TLV effective

1
⎛
⎞
TLV effective = ⎜
⎟
⎝ 4.05 × 10 −5 + 6.58 × 10 −5 + 7.20 ×10 −5 + 2.64 × 10 −4 ⎠
TLV effective =

1
= 2, 261.9
4.42 × 10−4

∴ The effective overall TLV for this mixture of solvent vapors = 2,262 mg/m3.
Now that we have determined — for this overall 4-solvent mixture — an overall mass-based concentration value [expressed in mg/m3], we can now determine the concentration of each of the individual
solvent components [also expressed in mg/m3]. We do this simply by applying the solution weight ratios for each of the four components of this mixture, all of which were given in the initial problem
statement, to this just determined total vapor concentration.
1. For Freon 11:
C mass Freon 11 = (2, 261.9)(0.25) = 565.47
CFreon 11 ~ 565 mg/m3
2. For Freon 113:
C mass Freon 113 = (2, 261.9)(0.55) = 1, 244.04
CFreon 113 ~ 1,244 mg/m3
3. For Methyl Chloroform:
C mass Methyl Chloroform = ( 2, 261.9 )( 0.15 ) = 339.28
CMethyl Chloroform ~ 339 mg/m3
4. For Methylene Chloride:
C mass Methylene Chloride = (2, 261.9 )(0.05) = 113.10
CMethylene Chloride ~ 113 mg/m3
With these four individual mass-based concentration values, we can finally apply the last necessary
relationship, namely, Equation #3-8, from Page 3-15, thereby converting these mass-based values [expressed in mg/m3] to their equivalent volume-based concentrations [expressed in ppm(vol)]; thus:
C vol i =

[

22.41
C
MWi mass i

]

@ STP Conditions

1. For Freon 11:
C vol Freon 11 =

2. For Freon 113:
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22.41
12, 672.18
(565.5) =
= 92.24
137.38
137.38
CFreon 11 ~ 92 ppm(vol)

[Eqn. #3-8]

WORKPLACE AMBIENT AIR
C vol Freon 113 =

22.41
27, 878.94
(1, 244.04) =
= 148.78
187.38
187.38
CFreon 113 ~ 149 ppm(vol)

3. For Methyl Chloroform:
22.41
7,603.27
(339.28) =
= 56.99
133.41
133.41
CMethyl Chloroform ~ 57 ppm(vol)

C vol Methyl Chloroform =

4. For Methylene Chloride:
22.41
2, 534.57
(113.10) =
= 29.84
84.93
84.93
CMethylene Chloride ~ 30 ppm(vol)

C vol Methylene Chloride =

Finally, summarizing these results, which are the data set that was asked for in the problem
statement, we have the following tabulation of the ambient solvent concentrations.
∴

Freon 11 Concentration

=
=

565 mg/m3
92 ppm(vol)

Freon 113 Concentration

=
=

1,244 mg/m3
149 ppm(vol)

Methyl Chloroform Concentration

=
=

339 mg/m3
57 ppm(vol)

Methylene Chloride Concentration

=
=

113 mg/m3
30 ppm(vol)

Problem #3.13:
To solve this problem we must employ a large number of relationships: we start with Equation #1-10, from Page 1-20 — this relationship permits us to determine the number of moles
of each component in a specific volume of the liquid vapor degreasing solvent mixture; we
next determine the mole fractions of each of the components in this liquid mixture; we then
apply Raoult’s Law, Equation #1-17, from Page 1-24 — this relationship will give us the
partial vapor pressure of each component of this mixture in the vapor space above the liquid
phase; next we apply Dalton’s Law of Partial Pressures, Equation #1-16, from Page 1-23 —
this relationship will give us the volume-based concentrations of each of the four components in the vapor space above this liquid mixture; and finally Equation #3-8, from Page 315 — to provide the equivalent mass-based concentrations of each of these four component
vapors.
As stated above, to make the initial determination of the number of moles of each component in this mixture, we will assume that we are working with a total of 1,000 grams of this
liquid mixture, and then apply Equation #1-10, from Page 1-20:
ni =

mi
MWi

[Eqn. #1-10]

1. Freon 11:
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(1, 000)(0.25)

250
=
= 1.82
137.38
137.38
nFreon 11 = 1.82 moles

n Freon 11 =

2. Freon 113:
n Freon 113 =

(1, 000)(.55)

550
=
= 2.94
187.38
187.38
nFreon 113 = 2.94 moles

3. Methyl Chloroform:

(1,000 )(.15)

150
= 1.12
133.41
133.41
nMethyl Chloroform = 1.12 moles

n Methyl Chloroform =

=

4. Methylene Chloride:

(1,000 )(.05)

50
= 0.59
84.93
84.93
nMethylene Chloride = 0.59 moles

n Methylene Chloride =

=

Next, we must determine the mole fractions of each component in this mixture of solvents;
this parameter is simply the ratio of the number of moles of the component of interest to the
total number of moles in the entire mixture, thus:
n
Mole Fraction of the ith component in a mixture = m i = p i
∑ni
i =1

p

For reference,

∑ ni

i =1

= 1.82 + 2.94 + 1.12 + 0.59 = 6.47 total moles

The total number of moles of the four solvents in 1,000 grams of this mixture = 6.47 moles
1. Freon 11:
1.82
= 0.281
6.47
mFreon 11 = 0.281

m Freon 11 =

2. Freon 113:
2.94
= 0.455
6.47
mFreon 113 = 0.455

m Freon 113 =

3. Methyl Chloroform:
1.12
= 0.173
6.47
mMethyl Chloroform = 0.173

m Methyl Chloroform =

4. Methylene Chloride:
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m Methylene Chloride =
mMethylene Chloride

0.59
= 0.091
6.47
= 0.091

We can now apply Raoult’s Law, Equation #1-17, from Page 1-23 to determine the partial
pressures of each of the components in the vapor space above the liquid mixture, thus:
PPi = miVPi

[Eqn. #1-17]

1. Freon 11:
PPFreon 11 = mFreon 11VP Freon 11 = (0.281)(302.3) = 84.95
PPFreon 11 = 84.95 mm Hg
2. Freon 113:
PPFreon 113 = m Freon 113 VPFreon 113 = (0.455)(111.8) = 50.87
PPFreon 113 = 50.87 mm Hg
3. Methyl Chloroform:

PPMethyl Chloroform = mMethyl Chloroform VPMethyl Chloroform = (0.173)(36.0 ) = 6.23
PPMethyl Chloroform = 6.23 mm Hg
4. Methylene Chloride:
PPMethylene Chloride = m Methylene ChlorideVPMethylene Chloride = (0.091)(144.0) = 13.10
PPMethylene Chloride = 13.10 mm Hg
Next we apply Dalton’s Law of Partial Pressures, Equation #1-16, from Page 1-23 to convert these partial pressures into their volume-based concentration counterparts. Remember
that we are making these computations at STP where the total ambient barometric pressure
is 1.0 atmosphere, or 760 mm Hg.
Ci =

[1, 000, 000][PPi ]
Ptotal

[Eqn. #1-16]

1. Freon 11:
C Freon 11 =
C Freon 11 =

(1, 000, 000)(PPFreon 11 )
Ptotal

(1, 000, 000)(84.95)

CFreon 11

= 111, 771
760
= 111,771 ppm(vol)

2. Freon 113:
C Freon 113 =
C Freon 113 =

(1, 000, 000)(PPFreon 113 )
Ptotal

(1, 000, 000)(50.87)

CFreon 113

= 66, 934
760
= 66,934 ppm(vol)

3. Methyl Chloroform:
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C Methyl Chloroform =

(1, 000, 000)(PPMethyl Chloroform )
P total

(1, 000, 000)(6.23)

C Methyl Chloroform =

CMethyl Chloroform

= 8, 534
760
= 8,534 ppm(vol)

4. Methylene Chloride:
C Methylene Chloride =

(1, 000,000 )(PPMethylene Chloride )

C Methylene Chloride =

Ptotal

(1, 000,000 )(13.1)

CMethylene Chloride

= 17,237
760
= 17,237 ppm(vol)

Finally, we can convert these volume-based concentrations for each component in the vapor
space to the mass-based counterparts for each by using Equation #3-8, from Page 3-15:
C mass i =

[ ]

MWi
C
22.41 vol i

@ STP Conditions

[Eqn. #3-8]

1. Freon 11:

[

]

[

]

MWFreon 11
C volFreon 11
22.41
(137.38)(111, 771)
C mass Freon 11 =
= 685,190
22.41
CFreon 11 = 685,190 mg/m3 = 685.2 gms/m3
C mass Freon 11 =

2. Freon 113:
MWFreon 113
C vol Freon 113
22.41
(187.38)(66, 934)
C mass Freon 113 =
= 559, 665
22.41
CFreon 113 = 559,665 mg/m3 = 559.7 gms/m3
C mass Freon 113 =

3. Methyl Chloroform:

[

MWMethyl Chloroform
C volMethyl Chloroform
22.41
(133.41)(8, 534)
C mass Methyl Chloroform =
= 50,804
22.41
CMethyl Chloroform = 50,804 mg/m3 = 50.8 gms/m3

C mass Methyl Chloroform =
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4. Methylene Chloride:

[

MWMethylene Chloride
C volMethylene Chloride
22.41
(84.93)(17,237)
C mass Methylene Chloride =
= 65, 325
22.41
CMethylene Chloride = 65,325 mg/m3 = 65.3 gms/m3

C mass Methylene Chloride =

]

It should now be very clear that the “Order-of-Magnitude-Approximations” that were obtained in developing answers for Problem #3.12 probably should not even be characterized
as “Order-of-Magnitude-Approximations,” since they are incorrect in the extreme when
compared to the more precise numbers obtained by relying on accepted theory and the application of the basic laws of physical chemistry. It is also easy to understand why Equation
#3-3 enjoys such great relative popularity for making this determination. It is clear that
using the alternate, more accurate approach, and applying accepted theoretical considerations and relationships simply requires 2 to 3 times as much time and calculating effort.
Suffice it to say — from the perspective of having an accurate characterization of the situation — it would probably be slightly less dangerous to place one’s head in a vapor space of
this type of vapor degreaser — i.e., a space that could be characterized by the previously
calculated vapor concentrations — than it would be to kayak over Niagara Falls; however,
the survival probabilities are very poor in both cases!
∴

Freon 11 Concentration

=
=

685.2 gms/m3
111,771 ppm(vol)

Freon 113 Concentration

=
=

559.7 gms/m3
66,934 ppm(vol)

Methyl Chloroform Concentration

=
=

50.8 gms/m3
8,534 ppm(vol)

Methylene Chloride Concentration

=
=

65.3 gms/m3
17,237 ppm(vol)

Problem #3.14:
This problem is very similar to Problem #3.12, except that this one involves only two, rather
than four, volatile chemicals. Like its predecessor, it will require the use basically of the
same three listed relationships [this time, however, using the relationships that apply to
NTP, rather than STP conditions]. We will again follow the same sequence, namely: Equation #3-4, from Page 3-13; then Equation #3-3, from Pages 3-11 & 3-12; and then finally
Equation #3-7, from Page 3-15. Again, we must first make the conversion of the two volume-based TLV-TWAs [expressed in ppm(vol)], to their mass-based equivalents [expressed
in mg/m3], using Equation #3-4, from Page 3-13:
C mass i =
1.

[ ]

MWi
C
24.45 vol i

@ NTP Conditions

[Eqn. #3-4]

For cellosolve:
90.12
18, 024
(200) =
= 737.18
24.45
24.45
TLV-TWAcellosolve ~ 737 mg/m3

C mass cellosolve =

3-67

© 2006 by Taylor & Francis Group, LLC

DEFINITIONS, CONVERSIONS, AND CALCULATIONS
2.

For t-butyl alcohol:
Cmass t-butyl alcohol =

74.12
7, 412
= 303.15
(100 ) =
24.45
24.45

TLV-TWAt-butyl alcohol ~ 303 mg/m3
Next, we must use these mass-based values to determine the Effective TLV for the mixture
of solvent vapors that might exist above the solution, again — as with Problem #3.12 —
using Equation #3-3, from Pages 3-11 & 3-12, thus:

TLV effective

⎡
⎢
1
= ⎢ n
fi
⎢
⎢ ∑ TLV
⎣ i =1
i

TLV effective

⎤
⎡
⎥
⎢
1
⎥ = ⎢
f
fn
f
2
⎥
⎢ 1
+
+ L+
⎥
⎢⎣ TLV 1
TLV 2
TLV n
⎦

⎤
⎥
⎥
⎥
⎥⎦

[Eqn. #3-3]

⎛
⎞
1
⎜
⎟
1
⎛
⎞
⎜
⎟
= ⎜ 0.65
0.35 ⎟ = ⎝ 8.82 × 10−4 + 1.15 × 10 −3 ⎠
+
⎜
⎟
⎝ 737.18
303.15 ⎠
TLV effective =

1
= 491.09
2.04 × 10−3

∴ The effective overall TLV for this mixture of solvent vapors ~ 491 mg/m3.
It will now be quite easy to develop the mass-based concentrations for the two solvents in
this solution, simply by multiplying the overall concentration value (the one that was just
determined above) by the solution weight fractions that were provided in the problem statement; thus:
1.

For cellosolve:
C mass cellosolve = (491.09)(0.65) = 319.21
Ccellosolve ~ 319 mg/m3

2.

For t-butyl alcohol:
C mass t-butyl alcohol = (491.09)(0.35) = 171.88
Ct-butyl alcohol ~ 172 mg/m3

With these two mass-based concentrations, we can now apply Equation #3-4, from Page 313, to obtain the final pieces of information requested in the problem statement; thus:
24.45
C vol i =
C mass i
@ NTP Conditions
[Eqn. #3-4]
MWi

[

1.

]

For cellosolve:
C vol cellosolve =
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24.45
7,804.64
(319.21) =
= 86.60
90.12
90.12
Ccellosolve ~ 87 ppm(vol)

WORKPLACE AMBIENT AIR
2.

For t-butyl alcohol:
24.45
4, 202.50
(171.88) =
= 56.70
74.12
74.12
Ct-butyl alcohol ~ 57 ppm(vol)

C vol t-butyl alcohol =

The final set of data that was requested in the statement of the problem is a summary of the
concentrations of these two volatile solvents, as they might exist in the vapor space above
the solution.
∴

cellosolve concentrations

=
=

319 mg/m3
87 ppm(vol)

t-butyl alcohol concentrations

=
=

172 mg/m3
57 ppm(vol)

Problem #3.15:
To solve this problem we must again employ a large number of relationships starting with:
Equation #1-10, from Page 1-20 — this relationship permits us to determine the number of
moles of each component in a specific volume of the volatile solvent mixture; we next determine the mole fractions of each of the two components in this liquid mixture; we then
apply Raoult’s Law, Equation #1-17, from Page 1-24 — this relationship will give us the
partial vapor pressure of each component of this mixture in the vapor space above the liquid
phase; next we apply Dalton’s Law of Partial Pressures, Equation #1-16, from Page 1-23 —
this relationship will give us the volume-based concentrations of each of the two components in the vapor space above this liquid mixture; and finally, we apply Equation #3-7,
from Page 3-15 — to provide the equivalent mass-based concentrations of each of these two
component vapors.
As stated above, to make the initial determination of the number of moles of each component in this mixture, we will assume that we are working with a total of 1,000 grams of this
liquid mixture, and then apply Equation #1-10, from Page 1-20:
ni =

mi
MWi

[Eqn. #1-10]

1. cellosolve:
n cellosolve =

(1, 000)(0.65)

650
= 7.21
90.12
90.12
ncellosolve = 7.21 moles
=

2. t-butyl alcohol:

(1, 000)(.35)

350
= 4.72
74.12
74.12
nt-butyl alcohol = 4.72 moles

n t -butyl alcohol =

=

Next, we must determine the mole fractions of each component in this mixture of solvents;
this parameter is simply the ratio of the number of moles of the component of interest to the
total number of moles in the entire mixture, thus:
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Mole Fraction of the ith Component in a Mixture = m i =

ni
p

∑ni
i =1

p

For reference,

∑ ni
i =1

= 7.21 + 4.72 = 11.93 total moles

The total number of moles of the two solvents in 1,000 grams of this mixture = 11.93
moles. From the relationship listed above, the mole fractions of each of these two solvents
are then given by the following:
1. cellosolve:
7.21
= 0.604
11.93
mcellosolve = 0.604

m cellosolve =

2. t-butyl alcohol:
4.72
= 0.396
11.93
mt-butyl alcohol = 0.396

m t -butyl alcohol =

We can now apply Raoult’s Law, Equation #1-17, from Page 1-24, to determine the partial
pressures of each of the components in the vapor space above the liquid mixture, thus:
PPi = m iVPi

[Eqn. #1-17]

1. cellosolve:
PPcellosolve = m cellosolve VPcellosolve = (0.604)(5.3) = 3.20
PPFreon 11 = 3.20 mm Hg
2. t-butyl alcohol:
PPt -butyl alcohol = m t -butyl alcohol VPt -butyl alcohol = (0.396)(17.4 ) = 6.88
PPt-butyl alcohol = 6.88 mm Hg
Next we apply Dalton’s Law of Partial Pressures, Equation #1-16, from Page 1-23, to convert these partial pressures into their volume-based concentration counterparts. Remember
that we are making these computations at NTP where the total ambient barometric pressure
is 1.0 atmosphere, or 760 mm Hg.
Ci =

[1, 000, 000][PPi ]
Ptotal

1. cellosolve:
C cellosolve =
C cellosolve =
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Ptotal

(1, 000, 000)(3.20)

Ccellosolve
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(1, 000, 000)(PPcellosolve )
= 4, 210.5
760
= 4,210.5 ppm(vol)

[Eqn. #1-16]

WORKPLACE AMBIENT AIR
2. t-butyl alcohol:

(1, 000, 000)(PPt -butyl alcohol )

C t -butyl alcohol =

Ptotal

(1, 000, 000)(6.88)

C t -butyl alcohol =

Ct-butyl alcohol

= 9, 052.6
760
= 9,052.6 ppm(vol)

Finally, we can convert these volume-based concentrations for each component in the vapor
space to the mass-based counterparts for each by using Equation #3-7, from Page 3-15,
thus:
C mass i =

[ ]

MWi
C
24.45 vol i

@ NTP Conditions

[Eqn. #3-7]

1. cellosolve:
C mass cellosolve =
C mass cellosolve =
Ccellosolve

[

MWcellosolve
C vol cellosolve
24.45

]

(90.12)(4,210.5)

= 15, 519.4
24.45
= 15,519.4 mg/m3 = 15.5 gms/m3

2. t-butyl alcohol:
C mass t -butyl alcohol =
C mass t -butyl alcohol =
Ct-butyl alcohol

[

MWt-butyl alcohol
C vol t-butyl alcohol
24.45

]

(74.12)(9, 052.6 )

= 27, 442.9
24.45
= 27,442.9 mg/m3 = 27.4 gms/m3

It should now be very clear for a second time that the “Order-of-MagnitudeApproximations” that were obtained in developing answers for Problem #3.14 probably
should not be characterized as “Order-of-Magnitude-Approximations,” since they are very
substantially incorrect when compared to the more precise numbers obtained in the more
fundamental approach for this solution to the problem, which solution relies on accepted
theory and the application of the basic laws of physical chemistry. It is also easy to understand why Equation #3-3 enjoys such great relative popularity for making this determination. It is clear that using the alternate approach and applying accepted theoretical considerations and relationships simply requires 2 to 3 times as much time and calculating effort.
Suffice it to say — from the perspective of having an accurate characterization of the situation — it is better to expend the additional time in calculating.
∴ cellosolve concentration
t-butyl alcohol concentration

=
15.5 gms/m3
= 4,210.5 ppm(vol)
=
=

27.4 gms/m3
9,052.6 ppm(vol)
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Problem #3.16:
This problem is also very similar to Problem #s 3.12 & 3.14, except that this one involves
three, rather than four or two, different volatile chemicals. Like these two previous problems, we must apply a total of three of the listed relationships, and do so in the following
sequence: Equation #3-4, from Page 3-13; then Equation #3-3, from Pages 3-11 & 3-12;
and then finally Equation #3-7, from Page 3-15.
As has been noted in these earlier problems, Equation #3-3 is an approximation, one that
relies upon the assumption that the overall equilibrium composition of the vapor space
above a liquid mixture of volatile solvents will have the same composition as does the liquid
mixture itself. For this problem, however, we are not dealing with an equilibrium vaporization situation; instead we are working with a leak of the three refrigerants. Because of this,
it is very clear that the vapor composition resulting from a leak will, in fact, have a composition that is identical to that of the liquid refrigerant mixture. To start the solution to this
problem, we must first make the conversion of the volume-based TLV-TWAs [expressed in
ppm(vol)] for each of these three refrigerants to their mass-based equivalents [expressed in
mg/m3], using Equation #3-4 from Page 3-13:

[ ]

MWi
C
24.45 vol i

C mass i =
1.

@ NTP Conditions

[Eqn. #3-4]

For Freon 12:
120.92
120, 920
(1, 000) =
= 4, 945.60
24.45
24.45
TLV-TWAFreon 12 ~ 4,946 mg/m3

C mass Freon 12 =

2.

For Freon 21:
102.92
1, 029.20
(10 ) =
= 42.09
24.45
24.45
TLV-TWAFreon 21 ~ 42 mg/m3

C mass Freon 21 =

3.

For Freon 112:
170.92
85, 460.00
(500) =
= 3, 495.30
24.45
24.45
TLV-TWAFreon 112 ~ 3,495 mg/m3

C mass Freon 112 =

Next, these three mass-based TLV-TWA values can be readily used to determine the Effective TLV for the mixture, using Equation #3-3 from Pages 3-11 & 3-12; thus:

TLV effective

⎡
⎢
1
= ⎢ n
fi
⎢
⎢ ∑ TLV
i
⎣ i =1

⎤
⎡
⎥
⎢
1
⎥ = ⎢
f
fn
f
2
⎥
⎢ 1
+
+ L+
⎥
TLV 2
TLV n
⎢⎣ TLV 1
⎦

TLV effective

⎡
⎤
⎥
⎢
1
= ⎢ 0.40
0.20
0.40 ⎥
+
+
⎥
⎢
42.09
3, 495.30 ⎦
⎣ 4, 945.60

⎤
⎥
⎥
⎥
⎦⎥

1
⎤
⎡
TLV effective = ⎢
⎣ 8.09 × 10 −5 + 4.75 ×10 −3 + 1.14 × 10 −4 ⎦⎥
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[Eqn. #3-3]
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TLV effective =

1
= 202.16 mg/m3
4.95 ×10 −3

This is the initial piece of information that was asked for in the problem statement.
∴ The Effective TLV-TWA for this mixture of three
different refrigerant vapors ~ 202 mg/m3.
We must now calculate the three mass-based concentrations that would make up an overall
TLV-TWA level concentration of these three refrigerants. As with the previous two problems, this is easily accomplished simply by multiplying the overall mixture TLV-TWA obtained above by the weight percentages of each of the three refrigerants, as they were provided in the problem statement; thus:
1.

C mass Freon 12 = (202.16 )(0.40) = 80.86

For Freon 12:

CFreon 12 ~ 80.9 mg/m3
2.

C mass Freon 21 = (202.16)(0.20) = 40.43

For Freon 21:

CFreon 21 ~ 40.4 mg/m3
3.

C mass Freon 112 = (202.16)(0.40) = 80.86

For Freon 112:

CFreon 112

~ 80.9 mg/m3

With these three mass-based concentrations, we can apply Equation #3-7, from Page 3-15,
to obtain the final pieces of information requested in the problem statement; thus:
C vol i =
1.

]

@ NTP Conditions

[Eqn. #3-7]

For Freon 12:
C vol Freon 12 =

2.

[

24.45
C mass i
MWi

24.45
1, 977.12
(80.86) =
= 16.35
120.92
120.92
CFreon 12 ~ 16.4 ppm(vol)

For Freon 21:
24.45
988.56
(40.43) =
= 9.61
102.92
102.92
CFreon 21 ~ 9.6 ppm(vol)

C vol Freon 21 =

3.

For Freon 112:
C vol Freon 112 =

24.45
1, 977.12
(80.86 ) =
= 11.57
170.92
170.92
CFreon 112 ~ 11.6 ppm(vol)

We now can tabulate the final set of data asked for in the problem statement.
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∴ Freon 12 concentration

~
80.9 mg/m3
~ 16.4 ppm(vol)
40.4 mg/m3
9.6 ppm(vol)

Freon 21 concentration

~
~

Freon 112 concentration

~
80.9 mg/m3
~ 11.6 ppm(vol)

Problem #3.17:
The solution to this problem relies in part on the results obtained in Problem #3.16. From
the results of the determinations made for Problem #3.16, we see that the concentration of
Freon 21 [i.e., the material to which the U.S. Navy's highly specific, bulkhead mounted ambient air analyzer responds] must be 9.6 ppm(vol) whenever the calculated overall Effective
TLV-TWA for this mixture has been achieved. This then must be the concentration upon
which the Alarm Settings for this analyzer will have to be based. Remembering, too, that
the precision of this analyzer is ± 0.05 ppm(vol), we can proceed, thus:
1.

For the Alert Alarm:

CAlert Alarm = (0.60)(9.61) = 5.76
Alert Alarm Setting must be 5.7 ppm(vol)

2.

For the Evacuate Alarm:

CEvacuate Alarm = (0.90)(9.61) = 8.64
Evacuate Alarm Setting must be 8.6 ppm(vol)

With these settings, either alarm will be energized — considering the precision of the analyzer in question — at an ambient concentration that is either just slightly below the target
concentration for that alarm [i.e., the Alert Alarm], or most likely just slightly below BUT
possibly just barely above the target concentration for that alarm [i.e., the Evacuate Alarm,
where a concentration 10 ppb(vol) higher than the desired concentration — 8.65 ppm(vol)
vs. 8.64 ppm(vol) — could be achieved before the alarm sounded]. For confirmation of this
situation, please see the tabulation that follows:
Alarm
Type
Alert
Evacuate

Alarm
Setting
5.7 ppm(vol)
8.6 ppm(vol)
∴

[Concentration] Range at
which an Alarm will Sound
5.65 ppm ≤ [Freon 21] ≤ 5.75 ppm
8.55 ppm ≤ [Freon 21] ≤ 8.65 ppm

The Alert Alarm Setting = 5.7 ppm(vol) & the
Evacuate Alarm Setting = 8.6 ppm(vol).
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Target
Concentration
5.76 ppm(vol)
8.64 ppm(vol)

WORKPLACE AMBIENT AIR
Problem #3.18:
The solution to this problem requires first the use of Equation #2-2, from Page 2-5. In this
case we must consider the Total Volume, as pumped over the entire 8-hour period by the 16
personal sampling pumps, as being made up of two separate and distinct sub-volumes,
namely:
1. The Non-Dusty 50-minute period [30 + 10 + 10 = 50 minutes] during which each
worker was in a dust free area, either on a coffee break or eating lunch; and
2. The Dusty 430-minute period [480 – 50 = 430 minutes] — i.e., the balance of the 8hour work day — during which time period each worker was involved in productive activities in the dusty main assembly area.
Of these two sub-volumes, we are interested primarily in the 7.167-hour [430 minutes]
“Dusty” period during which each worker was in an area where he or she could have been
exposed to airborne particulate matter. It is clear that the accumulation of mass on any employee’s filter cassette must have occurred during this “Dusty” period. We must, however,
calculate the volumes of air that passed through each filter cassette during both the 50minute “Non-Dusty,” and the 430-minute “Dusty” periods for each employee. We must
have both pieces of data to determine the overall Time Weighted Average.
Total Volume = [Flow Rate][Time Interval ]

[Eqn. #2-2]

Total VolumeNon-Dusty = (1.75)(50) = 87.5 liters
Total VolumeNon-Dusty = (87.5)(0.001) = 0.0875 m3
Total VolumeDusty = (1.75)(430) = 752.5 liters
Total VolumeDusty = (752.5)(0.001) = 0.7525 m3
With these two total sub-volume numbers we can use the tabulated mass accumulations for
each of the 16 filter cassettes to calculate average ambient dust concentrations characteristic
of each of the two distinctly different time intervals. Obviously, the Non-Dusty average
dust concentrations were simply 0.00 mg/m3, since there was no dust in those areas where
the employees took their coffee breaks and/or ate their lunches. Only in the main production area was there a dust problem. To calculate the dust concentrations in these areas, we
simply must apply the following very basic relationship, thus:
Dust Concentration =

Cassette Net Weight Gain
Total Volume of Air Passing Through the Cassette

In terms of just the 430-minute duration “Dusty” period, this relationship would be:
[Average Dust Concentration]“Dusty” Time Period =

Cassette Net Weight Gain
"Dusty" Period Volume

The results of performing this calculation — i.e., dividing by 0.7525 m3 — for each of the
16 employees is shown in the following tabulation:
Average Dust Concentration During the Sum of the Daily “Dusty” Time Periods
Empl. Dust Conc.
Empl. Dust Conc.
Empl. Dust Conc.
Empl. Dust Conc.
No.
in mg/m3
No.
in mg/m3
No.
in mg/m3
No.
in mg/m3
1

6.58

5

10.50

9

9.89

13

3.00

2

8.23

6

1.44

10

6.75

14

10.78

3

5.12

7

5.75

11

1.97

15

9.13

4

3.50

8

9.05

12

10.39

16

6.51
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Now to calculate the overall Time Weighted Average Exposures for these 16 employees, we
must apply Equation #3-1 from Page 3-9, thus:
n

∑ Ti Ci
TWA =

i =1
n

∑ Ti

=

T1C1 + . . . + Tn Cn
T1 + . . . + Tn

[Eqn. #3-1]

i =1

Clearly, the second, or “Non-Dusty,” factor will always be 0.0 (mg)(min)/m3, since there
was no dust exposure [i.e., the Average Dust Concentration = 0.0 mg/m3] for any employee
during those periods away from the main production floor. Because of this, the second term
in the numerator of this expression — namely, the T2C2 term — will always be equal to zero
since C2 = 0 mg/m3. We actually could have made the overall TWA calculation by applying
the same basic relationship used on the previous page, but using the full 8-hour or 480minute time period Total Volume of Air as the denominator. Remembering that the Total
Volume of air that passed through each cassette would simply be the sum of the “Dusty”
and the “Non-Dusty” Volumes [i.e., 0.0875 + 0.7525 = 0.84 m3], we can now develop the
required answer, thus:
[Average Dust Concentration]Full Shift =

Cassette Net Weight Gain
Full Shift Volume

[Average Dust Concentration]Full Shift =

Cassette Net Weight Gain
0.84 m3

The calculated 8-hour, Full Shift TWAs for each of these 16 employees are as follows:
Employee 8-hour, Full Shift TWA Dust Exposures
Empl. Dust Conc.
Empl. Dust Conc.
Empl. Dust Conc.
Empl. Dust Conc.
No.
in mg/m3
No.
in mg/m3
No.
in mg/m3
No.
in mg/m3
1

5.89

5

9.40

9

8.86

13

2.69

2

7.37

6

1.29

10

6.05

14

9.65

3

4.58

7

5.15

11

1.81

15

8.18

4

3.13

8

8.11

12

9.31

16

5.83

The set of average ambient dust concentrations during the “Dusty” period, as tabulated on
the previous page, should be useful to any Industrial Hygienist as a measure of the potential
for dust exposure problems as these potential problems relate either to some specific employee or work location. From this perspective, there would probably be some concern
about the exposures to Employee #s 2, 5, 8, 9, 12, 14, & 15 — all of whom appear to have
had “Dusty” time period exposures > 8.00 mg/m3, which is 80% of the PEL-TWA standard
of 10.0 mg/m3 for alumina dust. The greatest potential concern should be for Employee #s
5, 12, & 14, whose “Dusty” period exposures exceeded this 10.0 mg/m3 standard. Clearly,
the time period involved for each of these employees was less than, but close to, 8 full
hours; however, their exposures during this almost 8-hour period were at levels that might
possibly indicate a future problem.
∴ Based on the calculated Full Shift TWA Dust Exposures of the 16 employees, the Industrial Hygienist in this case should not anticipate any problems
from alumina dust exposures; however, since some of these exposures are
very close to the borderline, this IH might logically choose to remain very
vigilant in this area.
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Problem #3.19:
To solve this problem, we must apply Equation #3-4, from Page 3-13:

[

24.45
C mass i
MWi

C vol i =

]

@ NTP Conditions

[Eqn. #3-4]

For the MAK-TWA:
24.45
19.56
(0.8) =
= 0.20
100.12
100.12
MAK-TWAglutaraldehyde = 0.20 ppm(vol)

C vol =

∴

The MAK-TWAglutaraldehyde = 0.2 ppm(vol).

Problem #3.20:
To solve this problem, we must apply Equation #3-5, from Page 3-13:

[

22.41
C
MW massi

C vol i =
1.

]

@ STP Conditions

[Eqn. #3-5]

For the PEL-STEL:
22.41
16, 471.35
(735) =
= 228.42
72.11
72.11
PEL-STELtetrahydrofuran ~ 228 ppm(vol)

C vol =

2.

For the PEL-TWA:
22.41
13, 221.90
(590) =
= 183.36
72.11
72.11
PEL-STELtetrahydrofuran ~ 183 ppm(vol)

C vol =

∴

PEL-STELtetrahydrofuran ~ 228 ppm(vol)
PEL-STELtetrahydrofuran ~ 183 ppm(vol)

Problem #3-21:
To solve this problem, we must eventually apply Equation #3-6, from Page 3-14, but we
must first decide on the set of units and/or dimensions we will use to develop the solution.
In particular, we are concerned with the units of temperature and pressure since these will
determine the dimensions and value of the Universal Gas Constant, “R.” Because we have
been given the barometric pressure in “atmospheres” and the temperature in “°C,” which we
can readily convert to “K,” we will select, from Page 1-19, as a value for R:
R = 0.0821

(liter)(atmospheres)
(K)(mole)

Let us first convert the relative Metric temperature [°C] to its absolute equivalent [K] using
Equation #1-1, from Page 1-16:
t Metric + 273.16 = T Metric

[Eqn. #1-1]
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18 + 273.16 = TMetric
TMetric = 291.16 K
Now using Equation #3-6, from Page 3-14, we can develop the result asked for in the problem statement, thus:
C vol =

RT
[Cmass ]
P [MWi ]

[Eqn. #3-6]

(0.0821)(291.16 )
23.90
(30) =
(30) = 34.15
0.70
30
21
( )( )

C vol =

Cvol ~ 34.2 ppm(vol)
It is interesting to note that the concentration of nitric oxide, when expressed in mass-based
units, is precisely at the PEL-TWA specified concentration level of 30 mg/m3; however,
when we convert this value to its volume-based equivalent, we observe that this “equivalent” is greater than the published volume-based PEL-TWA [i.e., 32.4 ppm(vol) > 24.5
ppm(vol)]!!! This situation provides two important pieces of information:
1. Mass-Based concentration units are always more “absolute” than their volume-based
“equivalents”; &
2. The basic assumption for all published volume-based PEL concentrations is that these
measurements are made under conditions of Normal Temperature & Pressure [NTP].
This is true also for all TLVs, RELs, and MAKs.
∴

The nitric oxide concentration in the interior of this aircraft under the stated conditions of pressure and temperature would be
34.2 ppm(vol).

Problem #3.22:
The solution to this problem will require the use of Equation #3-7, from Page 3-15, thus:
C mass i =
1.

[ ]

MWi
C
24.45 vol i

@ NTP Conditions

For the PEL-TWA:
44.05
44.05
(1.0) =
= 1.80
24.45
24.45
PEL-TWAethylene oxide = 1.80 mg/m3

C mass =

2.

For the Action Level:
44.05
22.03
(0.5) =
= 0.90
24.45
24.45
[Action Level]ethylene oxide = 0.90 mg/m3

C mass =

∴
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PEL-TWAethylene oxide = 1.80 mg/m3
[Action Level]ethylene oxide = 0.90 mg/m3

[Eqn. #3-7]

WORKPLACE AMBIENT AIR
Problem #3.23:
To solve this problem, we must apply Equation #3-8, from Page 3-15, thus:

[ ]

MWi
C
22.41 voli

C mass i =
1.

@ STP Conditions

[Eqn. #3-8]

For the PEL-TWA:
78.11
78.11
(1.0 ) =
= 3.49
22.41
22.41
PEL-TWAbenzene ~ 3.5 mg/m3

C mass =

2.

For the PEL-STEL:
78.11
390.55
(5.0) =
= 17.43
22.41
22.41
PEL-STELbenzene ~ 17.4 mg/m3

C mass =

3.

For the PEL-C:
C mass =

∴

78.11
1, 952.75
(25.0) =
= 87.14
22.41
22.41
PEL-Cbenzene ~ 87.1 mg/m3

PEL-TWAbenzene ~ 3.5 mg/m3
PEL-STELbenzene ~ 17.4 mg/m3
PEL-Cbenzene ~ 87.1 mg/m3

Problem #3.24:
To solve this problem, we will eventually apply Equation #3-9, from Page 3-16; however,
we must first decide on the set of units and/or dimensions that will be required to develop
the solution. Because the problem statement has provided the barometric pressure in units of
“mm Hg” and the temperature in “°C,” which we can readily convert to “K,” we will select
for R:
R = 62.36

(liter)(mm Hg)
(K )(mole )

Let us first convert the relative Metric temperature [°C] to its absolute equivalent [K] using
Equation #1-1, from Page 1-16:
t Metric + 273.16 = T Metric

[Eqn. #1-1]

32 + 273.16 = TMetric
TMetric = 305.16 K
Now using Equation #3-9, from Page 3-16, we can develop the result asked for in the problem statement:
C mass i =

P [MWi ]
RT

[C ]
vol i

[Eqn. #3-9]
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C mass =

(626)(44.01)
27, 550.26
(350 ) =
(350) = 506.71
19,029.78
(62.36)(305.16)
Cmass = 506.7 mg/m3

∴

The mass-based concentration of carbon dioxide in Denver would be 506.7 mg/m3.

Problem #3.25:
The solution to this problem requires the application of Equation #3-10, from Page 3-17:
TLV quartz =

10mg / m 3
%RQ + 2

[Eqn. #3-10]

We must transpose this equation so as to let us solve for the % of respirable quartz. In its
transposed form, the Equation would be:

%RQ =
%RQ =

10 mg/m3
– 2
TLVquartz

10
– 2 = 45.45 – 2 = 43.45%
0.22

∴ There appears to be approximately 43.5% respirable quartz in the crushed gravel.

Problem #3.26:
This problem clearly will require the eventual use of Equation #3-12, from Page 3-18. In
order to apply this formula, however, we must first determine the percentages of each of the
three types of silica that make up the material mix being handled. We have been provided
with a characteristic “mix ratio” for this material — one that identifies the proportions of
each of the three basic silica components in the mix being evaluated; thus, we can see:
18 + 13 + 9 = 40
We have been further advised of the fact that this mix contains 80% silica [i.e., this 80%
consists of the three basic types of silica — quartz, cristobalite, and tridymite]; thus, for the
total material mix being considered, we can say:
1.

For the percent quartz:
%Q =

2.

3.

18
(80) = 36%
40

For the percent cristobalite:
%C =

13
(80 ) = 26%
40

%T =

9
(80) = 18%
40

For the percent tridymite:

We can now apply Equation #3-12, from Page 3-18:
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10mg / m 3
%Q + [2][%C] + [2][%T ] + 2

TLV mix =
TLV mix =
TLV mix =
∴

[Eqn. #3-12]

10
36 + (2)(26) + (2)(18) + 2

10
10
=
= 0.079
36 + 52 + 36 + 2
126
The TLVmix ~ 0.08 mg/m3.
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