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PREFACE

This standard is a revision of the 1992 and 2006 standards and
represents the current consensus of the ASCE Committee on
Oxygen Transfer Standards after monitoring and evaluating the
previous standards.

Preparation of a standard general enough to be applied to all
clean water unsteady-state tests and specific enough to incorpo-
rate all essential procedures was difficult. Users of this standard
must give particular attention to use of the mandatory “shall” and
advisory “should” terms. For particular applications of this
standard, it may be advantageous for the user to elevate certain
advisory steps to the mandatory level. The body of this standard
is supplemented with appendixes and commentary, both of
which follow the text. The appendixes provide mandatory
information: material that is an essential part of the standard
but is too lengthy to place in the text. The commentary provides
nonmandatory information to supplement the standard. The
commentary is not a part of the standard.

Revisions to the mandatory requirements in the 2022 standard
include

• Use of the nonlinear least squares estimates for parameter
fitting;

• Need to correct and report results to a common TDS level
(1,000 mg/L);

• Acceptance of a nitrogen gas method for deoxygenation;
and

• Improved section on abbreviations, definitions, notations,
and symbols.

A new commentary provides a detailed description of a
supersaturated oxygen desorption method. This method may be
incorporated into a future revision of the standard as an accept-
able method, pending a comparison of results with existing
deoxygenation methods.

It is intended that this standard be used by engineers in the
preparation of specifications for compliance testing. When this is
the case, the engineer should consider the costs of requiring
extensive compliance testing in relation to the initial cost of the
oxygen transfer system and the present worth of future operating
costs.

The substance of this standard is based on recommendations
made in the 1983 report, “Development of Standard Procedures
for Evaluating Oxygen Transfer Devices,” edited by William C.
Boyle and the ASCE Oxygen Transfer Standards Subcommittee.
See the primary references Brown and Baillod (1982), Paulson
and Rooney (1983), Yunt and Salzman (1983), Stenstrom and
Gilbert (1981), plus Boyle (1979) for background information,
and Baillod et al. (1986) for a report on accuracy and precision of
one method.

References for provisions are listed at the end of Chapter 9.
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CHAPTER 1

INTRODUCTION

1.1 SCOPE

This procedure covers the measurement of oxygen transfer rate
(OTR) as a mass of oxygen per unit time dissolved in a volume of
water by an oxygen transfer system operating under given gas
rate and power conditions. (Methods for measurement of gas rate
and power are described in Appendixes A and B, respectively.)
The procedure is applicable to laboratory-scale oxygenation
devices with small volumes of water as well as to full-scale
systems with water volumes typical of those found in the
activated sludge wastewater treatment process. The procedure
is valid for a wide variety of mixing conditions.

The primary result of this test is expressed as the standard
oxygen transfer rate (SOTR), a hypothetical mass of oxygen
transferred per unit of time at zero dissolved oxygen concentration,
water temperature of 20 °C, and barometric pressure of (101.3
kPa) under specified gas rate and power conditions. The procedure
is intended primarily for clean water testing to meet the require-
ments of Sections 5.2 and 6.3. The results can be applied to
estimate OTR in process water, as described in Commentary C1.1.

Other items of interest that can be calculated are the standard
aeration efficiency, or rate of oxygen transfer per unit power
input, and the standard oxygen transfer efficiency; reporting
items is another item of interest.

1.2 APPLICABLE STANDARDS

ASCE/EWRI Standard 2-06, as published by ASCE in Reston,
Virginia (USA), has been updated by this document. Standard
Methods for the Examination of Water and Wastewater, 23rd ed.
(AWWA 2017), is mentioned where its use is needed with this
standard.

1.3 ABBREVIATIONS, NOTATION, AND SYMBOLS

1.3.1 Abbreviations

DO: dissolved oxygen
EOM: engineer-owner-manufacturer
EWRI: Environmental and Water Resources Institute
HPO: high purity oxygen

HPO-AS: high purity oxygen activated sludge
HPOD: high purity oxygen desorption
MBAS: methylene blue active substance, anionic surfactant
NLLS: nonlinear least squares
OTE: oxygen transfer efficiency
OTR: oxygen transfer rate
SG: specific gravity
SI: Système Internationale (International System of

Units)
TDH: total discharge head

UCLA: University of California, Los Angeles
WEF: Water Environment Federation

1.3.2 Chemical Abbreviations

CoCl2·6H2O cobalt chloride hexahydrate
CoSO4 cobalt sulfate
Na2SO3 sodium sulfite

O2 oxygen gas

1.3.3 Units

lbf pound force
lbf/ft

3 specific weight, pound force per cubic foot
mg/L liquid concentration, in SI units typically used in the

industry
Nm3 volume in normal cubic meters (0 °C, 101.3 kPa, 0%

relative humidity)
std ft3 volume in standard cubic feet (68 °F, 14.7 psia, 36%

relative humidity)

1.3.4 Notation and Symbols

AE aeration efficiency: mass of oxygen transferred per
unit power input (power may be expressed as deliv-
ered, brake, wire, or total wire), in lb/hp-h (kg/kW-h)

BOD biochemical oxygen demand, in mg/L
C DO concentration, in mg/L

Cpredicted DO value predicted using the basic oxygen transfer
model, in mg/L

C�
scal DO concentration in the calibration vessel, in mg/L
C�
sT tabular value DO surface saturation concentration at

test temperature, standard total pressure of 1.00 atm
(101.3 kPa), and 100% relative humidity, in mg/L

C�
s20 tabular value DO surface saturation concentration

at 20 °C, standard total pressure of 1.00 atm
(101.3 kPa), and 100% relative humidity, in mg/L

Ctarget target DO at which supersaturation stops and oxy-
genated gas flow is switched to air flow, in mg/L

C0 DO concentration at time zero, in mg/L
C�
∞ value of steady-state DO saturation concentration as

time approaches infinity, in mg/L
C�
∞20 steady-state DO saturation concentration corrected

to 20 °C and standard barometric pressure of 1.00
atm (101.3 kPa), in mg/L

C�
∞20i steady-state DO saturation concentration, corrected

to 20 °C and standard barometric pressure of 1.00
atm (101.3 kPa), at determination point i, in mg/L

C�
∞;en steady-state DO saturation concentration using

oxygen-enriched air at test water temperature and
local barometric pressure, in mg/L

C�
∞HPO steady-state DO saturation concentration corre-

sponding to the elevated oxygen partial pressure
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in the headspace of a HPO-AS reactor at test water
temperature and local barometric pressure, in mg/L

ΔC target increase in DO above steady-state saturation
concentration using oxygen enriched atmospheric
air at test water temperature and local barometric
pressure, in mg/L

de effective saturation depth at infinite time, in ft (m),
as defined in Appendix F

E voltage, in volts
e efficiency of power conversion devices (motors,

gear drives, reducers, blowers)
F diffuser fouling factor: the ratio of the process water

KLaf20 of fouled diffusers to the process water
KLaf20 of clean diffusers (range 0 to 1)

ff fractional increase in target DO concentration to
shorten oxygenation time in HPO injection method

H elevation of test site, in ft (m)
I electric current, in amperes
K (k – 1)/k for adiabatic compression
k ratio of specific heats for gas

KLa apparent volumetric mass transfer coefficient of
oxygen in clean water at temperature T, in 1/h

KLae initial estimate of apparent volumetric mass transfer
coefficient of oxygen in clean water at temperature
T, in 1/h

KLae,20 initial estimate of apparent volumetric mass transfer
coefficient of oxygen in clean water at 20 °C, in 1/h

KLaf20 apparent volumetric mass transfer coefficient of
oxygen in process water at 20 °C, in 1/h

KLatest apparent volumetric mass transfer coefficient of oxy-
gen in clean water at TDS of the test water, in 1/h

KLa20 apparent volumetric mass transfer coefficient of
oxygen in clean water at 20 °C, in 1/h

KLa20i apparent volumetric mass transfer coefficient of
oxygen in clean water at 20 °C at determination
point i, in 1/h

KLa1,000 apparent volumetric mass transfer coefficient of
oxygen in clean water corrected to TDS of 1,000
mg/L, in 1/h

MO2
mass of oxygen required for a given test, in lb (kg)

Nr rotational speed, in rpm (rad/s)
n number of determination points defined by a loca-

tion with a DO probe
O2pp partial pressure of oxygen in head space of a HPO-

AS reactor, in atm (kPa)
OTE oxygen transfer efficiency, in %
OTR oxygen transfer rate, in lb/h (kg/h)
OTRf oxygen transfer rate in process water, in lb/h (kg/h)
OTR0 expected oxygen transfer rate at zero DO, in lb/h

(kg/h)
P pressure, in lb/in2 (kPa)

PF power factor
P1 ambient (gas supply inlet) atmospheric pressure, in

atm (kPa)
P2 absolute pressure after compression, in atm (kPa)
Pb ambient barometric pressure during test, in atm

(kPa)
Pbsl local barometric pressure corrected to sea level, in

atm (kPa)
Pp gas pressure at point of flow measurement, in atm

(kPa)
Ps standard barometric pressure, 1 atm (101.3 kPa)

PV,1 vapor pressure of water at the gas supply system
inlet, in atm (kPa)

PV,p vapor pressure of water at the point of flow
measurement, in atm (kPa)

PV,s vapor pressure of water at standard air temperature,
in atm (kPa)

PVT saturated vapor pressure of water at the test temper-
ature, in atm (kPa)

Q1 blower inlet gas flow rate measured at actual tem-
perature and pressure conditions, in ft3/min (m3/h)

Qa air flow rate at standard conditions (20 °C for US
practice and 0 °C for European practice), in std
ft3/min (Nm3/h)

Qa′ volumetric flow of air during supersaturation step,
in std ft3/min (Nm3/h)

Qen volumetric flow of enriched air during supersatura-
tion step, in std ft3/min (Nm3/h)

QO2
volumetric flow of HPO gas during supersaturation
step, in std ft3/min (Nm3/h)

Qp gas flow rate measured by an aeration system
flowmeter, typically in standard conditions, in
ft3/min (m3/h)

Qs gas flow rate at standard conditions (20 °C for US
practice and 0 °C for European practice), in std
ft3/min (Nm3/h)

QW liquid flow rate, in gal./min (m3/s)
R gas constant for air, in hp-min/lb-°R (kW-s/g-°K)

RH relative humidity, %
RH1 relative humidity at the gas supply inlet, %
RHp ambient (gas supply inlet) relative humidity, %
RHs standard relative humidity (36% for US practice and

0% for European practice), %
SAE standard aeration efficiency (power may be

expressed as delivered, brake, wire, or total wire)
SG specific gravity of water at test temperature

SOTE standard oxygen transfer efficiency in clean water at
20 °C, barometric pressure of 101.3 kPa, and
dissolved oxygen of 0 mg/L, %

SOTE1,000 standard oxygen transfer efficiency in clean water
at 20 °C, DO of 0 mg/L corrected to TDS of 1,000
mg/L, in lb/h (kg/h)

SOTR standard oxygen transfer rate in clean water
at 20 °C, barometric pressure of 101.3 kPa, and
dissolved oxygen of 0 mg/L, in lb/h (kg/h)

SOTRi standard oxygen transfer rate in clean water at
20 °C, barometric pressure of 101.3 kPa, and
dissolved oxygen of 0 mg/L at determination point
i, in lb/h (kg/h)

T temperature, in °F (°C)
T1 ambient (gas supply inlet) temperature, in °R (°K)
Tp gas temperature at point of flow measurement, in °R

(°K)
Tq torque, in ft-lb (m-N)
Ts Standard air temperature (293 °K for US practice

and 273 °K for European practice), in °R (°K)
t time, in h

tO2
estimated duration for feeding oxygen into the air
stream, in min

TDH total dynamic head, in ft (m)
TDS total dissolved solids, in mg/L

TDStest total dissolved solids of the test water, in mg/L
V volume, in gal. (m3)

VO2
volume of HPO required for a test, in std ft3 (Nm3)

Wair mass flow of air, in lb/min (kg/h)
WO2

mass flow of oxygen in air stream, in lb/min (kg/h)
W mass of water at test temperature, in lb (kg)
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w mass flow of gas, in lb/min (kg/h)
Xa oxygen content in atmospheric air, in % by volume

Xa,O2
oxygen content in the HPO-enriched gas stream, in
% by volume

XO2
oxygen content in HPO gas, in % by volume

α alpha, ratio of the process water KLaf20 of clean
diffusers to the clean water KLa of clean diffusers at
equivalent conditions (diffuser airflow, T, diffuser
density, geometry, mixing, etc.): KLaf20 clean diffusers /
KLa20 clean diffusers

αF ratio of the process water KLaf20 of fouled diffusers
to the clean water KLa of clean diffusers at equiva-
lent conditions (diffuser airflow, T, diffuser density,
geometry, mixing, etc.): KLaf20 fouled diffusers /
KLa20 new diffusers

β beta, ratio of C�
∞ in process water to C�

∞ in clean
water at equivalent conditions of T and partial
pressure

γwt gamma, specific weight of water at test temperature,
in lbf/in

3 (kN/m3)

θ theta, temperature correction coefficient for
converting KLa to KLa20

ρO2
rho, density of oxygen at 0 °C and 101.3 kPa, in
lb/std ft3 (kg/Nm3)

τ tau, temperature correction factor for C�
∞

Ω omega, pressure correction factor for C�
∞

1.3.5 Subscripts This list is used to further define parameters.

f field conditions
HPO high-purity oxygen

i one of several measurements or measurement
locations, for example, several DO probe locations

n number of determination points
p at point of measurement

pp partial pressure
0 at time = zero

1, 2 : : : at points 1, 2, etc., in the system
20 at 20 °C
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CHAPTER 2

SUMMARY OF THE METHODS

2.1 SULFITE DEOXYGENATION METHOD

The deoxygenation method is based on removal of DO from the
water volume by sodium sulfite in the presence of a cobalt
chloride catalyst followed by reoxygenation to near the saturation
level. The DO inventory of the water volume is monitored during
the reaeration period by measuring DO concentrations at several
determination points selected to best represent the tank contents.
These concentrations may be either sensed in situ using mem-
brane probes or measured by the Winkler or probe method
applied to pumped samples. The deoxygenation method specifies
a minimum number, distribution, and range of DO measurements
at each determination point.

The data obtained at each determination point are then ana-
lyzed by a simplified mass transfer model to estimate the
apparent volumetric mass transfer coefficient, KLa, and the
steady-state DO saturation concentration, C�

∞. The basic model
is described in Brown and Baillod (1982) and is given by

C=C�
∞ − ðC�

∞ − C0Þ expð−KLa tÞ (2-1)

where

C = Determination point DO concentration, mg/L;
C�
∞ = Determination point value of the steady-state DO satura-

tion concentration as time approaches infinity, mg/L;
C0 = Determination point DO concentration at time zero, mg/L;

KLa = Determination point value of the apparent volumetric mass
transfer coefficient (h−1), defined so that KLa = rate of
mass transfer per unit volume / (C�

∞ − C); and
t = Time, h.

Testing temperatures should range between 10 °C and 30 °C.
Temperature corrections are made to 20 °C per Section 6.3.2.
Nonlinear regression is used to fit Equation (2-1) to the DO
profile measured at each determination point during reoxygen-
ation. In this way, estimates of KLa and C�

∞ are obtained at each
determination point. These estimates are adjusted to standard
conditions, and the standard oxygen transfer rate (SOTR –

mass of oxygen dissolved per unit time at a hypothetical
concentration of zero DO) is obtained as the average of the
products of the adjusted determination point KLa values, the
corresponding adjusted determination point C�

∞ values, and
the tank volume (V).

The addition of sulfite for deoxygenation has been shown
to increase KLa (Commentary C2.1; see also Benedek 1971, Lee
et al. 1997, Redmon Engineering Company, unpublished com-
munication, n.d.) A substantial relationship between TDS and
KLa has been developed and verified for submerged fine bubble

aeration systems. Thus, the updated standard requires a KLa
correction for all oxygen transfer test results to a common TDS
level of 1,000 mg/L:

KLa1,000 =KLatest × exp½9.65 × 10−5ð1,000 − TDStestÞ� (2-2)

The committee recognizes the need to verify this relationship for
different types of aeration systems and different types of TDS
(carbonate, iron, various cations, etc.). Both the corrected and test
KLa values shall be reported for all oxygen transfer testing.

2.2 NITROGEN DEOXYGENATION METHOD

The nitrogen deoxygenation method is based on smoothly
transitioning from stable aeration airflow to an equal flow of
nitrogen gas (industrial grade, 99.9%+ purity). The decrease in
DO in the test tank is monitored continuously. When the
concentration of DO in the test tank falls below 1.0 mg/L, the
airflow is quickly and smoothly resumed. The DO response up to
saturation is measured, recorded, modeled, and analyzed in the
same manner as in the sulfite deoxygenation method. More
information on adding nitrogen for deoxygenation is given in
Section 6.6.3.

One advantage of the nitrogen deoxygenation method is that
the test does not add dissolved solids (TDS) to the test water.
There is no required correction to KLa for the buildup of TDS
because of sulfite addition, as in Equation (2-2). Furthermore, the
test water does not need to be changed out with fresh source
water due to the addition of dissolved solids; the updated
standard limits a valid oxygen transfer test to a TDS level less
than 2,000 mg/L. The reaeration period and data collection can
begin once the concentration of DO in the test tank falls below
1.0 mg/L rather than the 0.5 mg/L requirement for sulfite
deoxygenation (see Section 6.6.2). The lower DO criterion for
the sulfite deoxygenation test reflects the need to oxidize excess
sodium sulfite, if any, prior to data analysis; nitrogen deoxygen-
ation has no excess-sulfite issue. Hence, its minimum deoxygen-
ation DO level can be higher to use less nitrogen and shorten the
time to deoxygenate. Finally, unlike the sulfite deoxygenation
method, there are no regulatory issues relating to the disposal of
tank test water containing cobalt chloride.

Whenever nitrogen is used, there should be a safety plan in
place to mitigate the asphyxiation hazard, which is severe in the
case of nitrogen, especially if testing is performed indoors. The
safety plan should focus on adequate ventilation, ambient oxygen
monitoring (to avoid excess nitrogen in the air), and personal
protective equipment that reflects applicable regulations.
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CHAPTER 3

ACCURACY AND LIMITATIONS

Oxygen transfer rate measurements are useful for comparing the
performance and energy efficiency of oxygenation devices oper-
ating in clean water. However, the performance of these devices
in process water may significantly differ from their performance
in clean water, and the amount of difference will depend on the

device, the application and process design, and the interferences
of process water constituents on oxygen transfer performance.

Parallel testing between the method presented in this standard
and a highly accurate radioactive tracer stripping method
produced KLa values within ±3% (Baillod et al. 1986).
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