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The mean atmospherlc pressure as a functloa of al-

p titude .can be calculaled by the Schmassmann where p, Is lhe mean atmospheric pressure, In
equation - kllopascals, at allitude A, In metres.

Table A.1 — Solubility of oxygen in water as a function of temperature and salinity

’ Correctlon to be subtracted for each degres of
Temparature Solubiltty r;f‘ 0:17?;? ;“2;' :::: E" ?gt):llahrhlm with asllnlty expressed in grams per kilogram of
r ! £ total salts in water [ 4p(0), ]

°C mgf\ _ mgft
0 14,62 0,0875
1 14,22 0.0843
2 3,83 00818
3 13.48 0,0789
4 13,41 0.076 0
5 12,77 0,0739
6 12,45 0,071 4
7 12,14 0,06923
8 11,84 ' 0,087 1
g 11,56 . 0,0650
10 - 11,29 0,0632
1" 1103 0,0614
2 10,78 0,0593
13 10,54 0,0582
14 10,31 0,056 1
15 10,08 0,0545
16 9,87 . 0,0532
17 8,66 0,05t 4
i8 - 9,47 0,05600
19 928 0.0489
20 2,09 00475
21 8.91 0,046 4
22 8,74 0,0453
23 - 8,58 0,0443
24 - 8,42 0.0432
25 8,26 0,0421
%6 8,11 0,0407
27 797 0.0400
28 1.83 0.0388
29 : 7,69 0.0382
30 758 0,037 1
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Table A.2 — Solubility,»’(O),, of oxygen in water as a function of temperature and pressure

Prassure [kPa (atm) ' ]
Temperature ) ’
C 1115 (1.1) 101.3 (1,0 91,2 {0.9) Bi{ (0.8) 708 (0.7} 60,8 (0.6} 50,7 (0,5}
Solubllity, p"(D),imgh)
0,0 16,09 14,82 13,14 11,69 10,21 8.74 727
50 14,066 12,17 1148 10,20 8.8+ 7,62 8,34
10.0 12,43 11,29 16,15 9,00 7.86 8.71 5,58
150 11,190 10,08 49,05 8,03 7.01 5.88 4,86
200 10,02 8,09 8,14 723 6,30 537 4,44
25,0 9,12 8,26 7.40 8.56 5,70 484 400
0,0 8,35 7,56 6,78 5,99 8,19 4,60 31,682
350 759 8,95 622 5.47 475 4,01 3,28
40,0 7.10 8,41 §72 503 434 3,65 2,96

1} Unlts at standard baromedlric pressura (hormal atmospheric pressure at sea ievel) 101,325 kPa,—~ 101325 ki/m?
= | atm ~ 78¢ mmHg.

e

Table A.3 — Variation of almospheric pressure with respect to altitude

Mean stmospharic #Mean atmospheric
Altltude, k prassure, p, Altitude, 4 pressure, g,

m %Pa m “Pa
(4] 10,3 1100 883
100 100,1 1200 ar2
200 88,8 t 300 86,1
- 300 97,6 1400 85,0
400 98.4 1500 g4.0
- 500 95,2 1600 829
600 8940 1700 818
00 92.8 1800 8058
800 oLy 1800 79.9
900 90,5 2000 78.9
1000 89.4 2100 V7.9
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- Fdn1R9gUNIRIRNSANTLRY (aerator)
Blower, Turbine %78 Pump
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Gas rate, Power condition



2) MasFunldlunsansdedmauyinnein

- pedataRaRnen ( Shaft power measurement ) — ASME Power
Test Code PTC 19.7 {i)

- n3iRnNAana AN (Electrical power measurement ) — ASME
Power Test Code PTC 19.6 (i)

- N99ALSNAU ( Pressure measurement ) — ASME Power Test Code

PTC 19.2 (i)

- MIRANIITaelIAnT ( Rotary speed measurement ) — ASME

Power Test Code PTC 19.13 (i)

3) "enN (Definition)
3.1 NMasnangltasagitnan ( Delivered

Blower Power )

wRT

Delivered Blower Power = K




weight of flow rate of gas [ft"']

pAsfiTesuia (LT]

gruunianyrainauds (1)

A HAuANyTRineusR (L)

ATHAUANYTOINGER [fL 7]
gnsrdaurssnaieudumizieduna C/C, | lifiviy =
1.4 &MFUBINIA WAL

(x-1)/k , Telflviing = 0.283 @ ufuennia

3.2 NNAaNaNg lnanmy ( Delivered Turbine

Power )
N
‘ 2 an * : 4
Delivered Turbine Power = 33 10
34
T nafanimlrlasld cradled dynamometer g surface

strain dynamometer(ft ib, Nm]

A lunTv [rpm, rad/s]



Siandard Aerator Efficiency (SAE)

WSBB1RRZITENI oxygen transfer per unit p. wer input

SAE = SOTR /Pov.er Input

wilaenTlu [Ib/hp-H %32 kg/kiv-H]

3.3 fasianglitls ( Delivered Pump

Power )

Q. (TDH)(5G)

Delivered Pump Power = 3960

Q. (TDH)(W)



3.4 NNRNIUNAIAneE ( Total Delivered

Power ;
DeliveredP ower
Wire Power = €,8,C....
R
€, 6.6 = ﬂ?:ﬁﬂ%mmﬂmﬂnﬂﬁuﬁiﬂ:ﬁqﬁﬁ'xmraiﬂ!.%ﬂuﬁ’u L

Ty vawad, Naf, wrawtnay, ...

Efficiency in induction
motors and variable speed
e drives: not an easy problem

P. Van Roy, B. Slaets, R. Belmans,
Katholieke Universiteit Leuven, Belgium



F 1. Introduction

m Induction motors use more than 50% of

total eiectricity in industriaiised
countries

u Already high efficiency, can still be
improved

u Different efficiency standards give
different results

m Comparison between motors requires
reliable standard

m With converters: no standards yet

induction Motor Efficiency KULeuven Belgium

2. Efficiency standafds

m The loss consists of five components:
- Stator copper losses: P,

Iron losses: Pg,

Rotor copper losses: P ;..

Friction and windage losses: Py,

Stray load losses: P ygiional

u P, and Py .: from no-load test

m P, o and P fromR, s and P;,

® P_ditionals €an not be measured directly

L ]

Induction Motor Efficiency KULeuven Belgium



=% 3. Measurement set-up

- TR T _ . s
" Ty
A R : I
AP L &2 3
i " : .
gty Mol
a1
.

Power Analyser
4 3. Torque transducer
4. Encoder

3 «
| motor load 1. Current
transformers
2. Voltech PM3000A

PM3000A e HGE
IEEE 488.2 interface [I_—l

3-phase sinusoidal
supply

Induction Motor Efficiency KULeuven Belgium
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MEASUREMENT OF OXYGEN TRANSFER IN CLEAN WATER

* tial approximations to minimize the residual

sum of squares and reports the final parame-
ter estimates.

For adequate convergence, the initial pa-
rameter estimate for C, should be within
two mg /L of the final estimate. Frequently,
data are taken with time zero defined early
in the test sequence, and this can correctly
result in large negative predicted values of
C, In these cases, the initial parameter esti-
mate for C, may be facilitated by redefining
time zero so that C_ is approximately zero.
This redefinition of time zero does not affect
the model predictions for K,a and C .

The values of DO predicted by the model
based on the final parameter estimates
should be plotted along with the measured
values and examined. A visual examination
of such a plot will indicate any gross mis-
takes or false convergence in the nonlinear
regression. False convergence occasionally
occurs and can be easily remedied, improv-
ing the inifial parameter estimates.

8.0 INTERPRETATION AND
RerorTING OF RESuLYS

8.1 Standard Oxygen Transfer Rate (SOTR)

By convention, the oxygen transfer capac-
ity of an oxygenation system is usually ex-
pressed as the rate of oxygen transfer
predicted by the model at zeru dissolved
oxygen under standard conditions of tem-
perature and pressure, usually 1.00 atm
(101kPa) and 20°C. This is termed the stan-
dard oxygen transfer rate (SOTR). It should
be noted that SOTR is a hypothetical vdlue
based on zero dissolved oxygen in the oxy-
genation zone, which is not usually desir-
able in real oxygenation systems operating
in process water. The SOTR value shall be
determined by correcting the values of K a
and C estimated according to Section 7.2
for each determination point to standard
conditions by:

Koy =K 20" : @

10

CLoy=Cf) @)

where:

K.a = determination point value of appar-
ent mass transfer coefficient estimat-

ed according to Section 7.2;

Ka,= determination point value of K a cor-
rected to 20°C;

6 = empirical temperature correction fac-

tor, defined by Equation 2 (shall be
taken equal to 1.024 unless proven to
have a different value for the aera-
tion system and tank tested);

C?! = determination point value of steady-
state DO saturation concentration es-
timated according to Section 7.2;

C? , = determination point value of steady-
state DO saturation concentration
corrected to 20°C and a standard
barometric pmsure of 1.00 atn
(101kPa);

1 = temperature correction factor,
=G/ c:m'

C* = tabular value of dissolved oxygen
surface saturation concentration,
mv, at the test temperature, a stan-
dard total pressure of 1.00 atm and
100% relative humidity (7);

C*_, = tabular value of dissolved oxygen
surface saturation concentration,
mv>, at 20°C, a standard total pres-
sure of 1.00 atm and 100% relative
humidity (7);

Q = pressure correction factor,

= P,/P for tanks under 20 ft (6.1 m)
(for deeper tanks or elevation
changes greater than 2,000 ft {610 m],
the more rigorous procedure given

in Annex F shall be used);

P, = barometric pressure at test site during
test, fL%;

P, = standard barometric pressure of 1.00

, atm (101kPa), f'% and
T = water temperature during test, °C.
The average value of SOTR shall be calcu-

lated by averaging the values at each of the
n determination points by

w lhe Americon Sociely O Civil Engineers
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kar
aka@r
MV,

MW,
MW,
oc
a0C
(«)OCr
«OCrx

OAn

aOA*

OCv

kg/h
kg/h
g/(m*h)
g/(m*h)

%Im

%

g/(m’m)

Area of the collector hood for off-gas measurements
Concentration of dissolved oxygen(DO) in the water
Concentration of DO in the water at time t at absorption and

_desorption measurements

Concentration of DO in the water at time t = 0 at absorptlon and
desorption measurements

DO saturation concentration from the evaluation of a clean
water test

Calculated apparent DO saturation concentration from the
evaluation of an absorption or desorption test with mixed liquor

Measured DO saturation concentration or calculated DO
saturation concentration at T°C at clean water tests

~ Standard DO saturation concentration (water vapour saturated

air, p=1013hPa)atT° C

Diffuser depth (height of water above apertures of dlffusers with
aeration switched off)

Depth of water in the tank (still water level)

Oxygen transfer coefficient in clean water at T°C

Oxygen transfer coefficient in mixed liquor at T°C

Molar ratio, moi Oz/mol N, for dry, CO»-free reference air,

MV, =0.266

Molar ratio, mol Ozx/mol Ny, for dry, CO,-free off-gas

Calibration of an instrument for the measurement of the
volumetric fraction of oxygen in the reference air, e.g. MW, =

100

Measured volumetric fractlon of oxygen in the off-gas

Oxygen transfer capacity in clean water under standard
conditions (T = 20° C, po= 1013 hPa, C=0)

Oxygen transfer capacity in mixed liquor under standard
conditions (T =20° C, po= 1013 hPg, C =0}

Volumetric oxygen transfer rate under.standard conditions. OCr
= QCN, aQCr = aOCN

Volumetric oxygen transfer rate under the pro;echon surface of
the off-gas collection hood

‘Oxygen transfer efficiency in clean water under standard

conditions (T = 20° C, p, = 1013 hPa, C = 0} referred to the
diffuser depth hg

Oxygen transfer efficiency in mixed liquor calculated from an
off-gas measurement

.Oxygen transfer efficiency in clean water under standard
conditions (T = 20° C; p, = 1013 hPa, C = 0). OC referred to the
air flow Q and the diffuser depth he

June 1996 L
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aOCLu
® OP
aOP

OVr*

po

r QL,I
Qe
Que
aur

Qun

To
teox

TDS

<X

Ves

Po2

gl(m’x-m)
ka/kWh
kg/KWh

g/{m>h)

kW
hPa
mw/h

m°wh
mnh
m’w/(m™h)
m”».!(m’ih)
mW/(m™h)
m/(m>h)

°C
°C

min

kg f m3N

Oxygen transfer efticiency in !""IXGd liquor under standard
conditions (T = 20° C, p, = 1013 hPa, C = 0). «OC referred to
the air flow Q. and the diffuser depth he

Aeration efficiency in clean water under standard conditions

(T=20°C, p,=1013 hPa C =0). OC referred to the power
consumption P

Aeration efficiency in mixed liquor under standard conditions (T
= 20° C, p.= 1013 hPa, C = 0). aOC referred to the power
consumption P

Volumetric axygen uptake rate of the mixed liquor, calculated
from off-gas measurements

Power input of an aeration installation
Atmospheric pressure, po = 1013 hPa

Air flow rate referred to standard conditions
(T=20°C, po= 1013 hPa, dry)

Air fiow rate to the volume under-the projection area of the
hood, determined by off-gas measurements, corrected for
standard conditions

Flow rate of off-gas, corrected for standard conditions

Volumetric flow rate of off-gas (qL. = QL,J(AA - hw), corrected for
standard conditions

Volumetric air flow rate to the aeration tank, corrected for
standard conditions

Volumetric air flow rate, Q referred to the volume under the
projection area of the hood

Volumetric water flow rate. Sum of all water and sludge flows
referred to the tank volume

Water temperature
Air temperature

Time for the decrease of the saturatlon deficit (Cs - C) by 90 %.
tegw = 60 2.303/ka; kaain ™

Content of dissolved solids, vaporisation residue of the filtrate
Volumetric fraction of oxygen in dry, CO-free injected air
Volumetric fraction of oxygen in dry, COz-free off-gas

Volume

" Aeration tank volume

Interfacial factor
Salinity factor

Density of oxygen (1 43 kglm n at 0° C and 1013 hPa). The '
density of oxygen in dry air correspondingly is 0.299 kg/m°y

June 1996 1N




STD.CEN PREN 12255-15-ENGL 1999 WM 34045449 0209007 457 mm

Page 5
prEN 12205-15:1999

3.6 standard oxygen saturatlon value (C, ,,,, moA):
as listed in EN 25814 for p, = 1 013 hPa, ég: C, ,,, = 9.09 mg

3.7 lest oxygen saturation value (C, .., mgA):

oxygen saturation value of an oxygen transfer test in clean waler at a specific water lemperalura

(T, *C) and a specific barometsdic pressure (&, hPa). The test oxygen saturation value is converted
1o standard conditions as follows:

Cno = Lgpnt (le cuu) * {P:’ M {4)

3.8 mid-depth oxygen saturation value {C, ... mg/):
for ditiused air aeration the mid-depth oxygen saturation value for standard conditions Is calcutated

as follows (10,35 m ol water is equivalent to 1013 hPa):

C,raze= Cumm- 11+ (1,7 (2110,35))) {5)
3.9 diffuser submergence (4, m):
depth of air release below the water level without aeration operating

3.10 normal air flow rate (O, NmP/h);

air flow rate delivered to the aeration tank, comected for standard conditions (dry air, zero humidity,
p=1013hPa, T=0C)

3.11 aeration setting :

for diftused air aeration: a specified alr flow rate al a specified diffuser depth with or without
additional mixing; for surface aeralors: a specified freeboard or a specified itnmersion depth at a
specified rotary speed and with or without balfles and/oi additional mixing.

4 Symbols and abbreviations

i hy ditfuser submergence, in meter {m})

G oxygen concentration at £ = 0, in miligramme per liter (mgh)
G

initial concentration of dissolved oxygen in the tank withoul sodium sulphite, in
milligramme per fiter (g} .

Cs.20 1esl oxygen saturation value at standard condilions, in milligramme per ier (Mgf)

. Coomtn0 mid-depth oxygen saturation value, in milligramma per liter {mgh)

Capoor tesl oxygen saturation value, in milligramme per liter (mg/l)
| Co.po.to oxygen saturalion value afier a prolonged aeration period determined by Winkler
fitration {see EN 25813}, in milligramma per liter (mgA)
Ce.se.r standard oxygen saturation value, in milligramme per liter (mg/)
Cs.5e,7.° standard oxygen saturation value at the temperature at which the saturation vaiue has

been determined by Winkler titralion, in miligramma per liter (mg#)

C. oxygen concentration at time ¢, in milligramme per liter (mg/)

=-';'0peun-tommillce for Stondardization -
SN Y
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§18N19 Superscripts

1 - 1] A ] 1 |
1. A1 8 Milumsiuuden K a fgnmpivaseuhiiflud K a fiannaznnsgw 20°C
K g, = Kab ®"

: Y | 70 ¢ a ] A
2. i Q Wunslfuui ¢, fanzmaseulihiud c, ianemasgi 20°C
uav 1.00 atm (101 kPa)

. . 1 .
Coo20 = Cuo [‘C_Qj[

. ag

P *
Q== uar T=—=
Ps 520
3. 2MANANNENIRTI AR 20°C, 1.00 atm (101 kPa) WAz 36% relative humidity

&

Standard Methods for the Examination of Water and Wastewater, 17" Edition, APHA, WPCF,
AWWA (1988)

5. Wire Horsepower = 2.319x 10° EF Teel E (volts), 1 (amperes) Uay F (power factor)
6. mmnﬁaqummqwﬁa 0°C, 1013 hPa Way zero humidity

. o o . 4 ¥
. nadsdeuda Wafidaanssanimaneumiiands, Mg,

M, =8-{(V-C, 71000)+ (t,, - OC,, /60)]

-

8. In-situ calibration of the DO probes Usznaudian 3 %um‘au Run
- M pre-calibration Tuanamiiun
- NIATRARUAT zero DO TuansazanslnRundalun
. pIRade DO probes Wlmaaay e calibration fiuA oxygen saturation value Mgaannisin

Winkler titration

o Cgi: A8 ADANTIAUATANEBNAN WNIVAAEL, mgh

v ad v o .
10. Eﬂl.L‘LIUﬂTi‘qﬂ']'NLF\?‘BQI.FlN'ﬂ'lﬂﬂﬁluﬂiﬂﬂﬂ'ﬂUﬂﬂBmzﬂ‘N'l



Vel
Diffuser field Bubble field
Diffuser string

Fig. §: Tanks with diffusers arranged in strings and in fields

e pavanyans
Anbeengrans

NeskassBAR S
asssrnasen

FOTITOIES

sreresaE BN
Ly N
errorennnnes

Completely mixed
tanks

REraieiaas
Hnns

Staged diffusefs

| -

Closed loop tank

Fig. 6: Typical tank shapes with different aeration arrangements

11, n17UsENIN time response 183 DO probe
toos, — probe[sec onds] <415/k a

1 §1 K.a 184 aeration facility iAWY 5 b aznudnAn necessary reaction time t,,, < 83 seconds

12, satnanedunnnfnalnfoudalig (Na,S0,)

+

suamsdanagey 1000 m®

A1 DO concentration 11 mg/L

A1 oxygen transfer capacity 120 kg/h

- A" lag time 15 min

FH10u Na,SO, éwifu DO bonding 1000x0.011x8 = 88 kg
UTunnd Na,S0, & il lag time 120x(15/60)x8 = 240 kg
UTund Na, SO, Tu = 328 kg

13. Cg; A Araandiauavaisdudlummaany, mgi
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418n19_Superscripts

] - ) 2 J - £F| ] A o
1. A1 0 Wlinndfuuden K a igruugiinaseuithiludl Ka fanazinnsgiu 20°C
Ky, = Kal e

1 - ) * & | { o o
2. A Q WlunsuFuusen C fanasnageuliifludy €, Hanteunnegiu 20°C

way 1.00 atm (101 kPa)

:' e

3. 2MNARANIENATEIN AR 20°C, 1.00 atm ( 101 kPa) WAz 36% relative humidity

4, Standard Methods for the Examination of Water and Wastewater, 17" Edition, APHA, WPCF,
AWWA (1989)

5. Wire Horsepower = 2.319 x 10° EIF Tt E (volts), | (amperes} uqx F (power factor)
6. mmﬁﬁaqummfj'\u A8 0°C, 1013 hPa W&% zero humidity

oy e . d_ ¥
7. nulnfandslvsnsenissenmageuniias, M,

Mg, =8-[(V-C,/1000)+{t,, - OC,, /60)]

8. In-situ calibration of the DO probes Usznaudiy 3 Fumens Wun
- N9 pre-calibration luanadlun
- PTAsAARaUAl zero DO TusnrazanainAundalvd
- nsRiaka DO probes Mutimagau \evin calibration AUAN oxygen saturation value FEannasin
Winkler titration

9. C A9 AreanTiruarattdumd luniaaay, mg/

Sp°.T A

10, PuUUNIITAATRUANEINIATLIIMARALAN LAY



Vel
Diffuser field Bubble field
Diffuser string

Fig. §: Tanks with diffusers arranged in strings and in fields

e pavanyans
Anbeengrans

NeskassBAR S
asssrnasen

FOTITOIES

sreresaE BN
Ly N
errorennnnes

Completely mixed
tanks

REraieiaas
Hnns

Staged diffusefs

| -

Closed loop tank

Fig. 6: Typical tank shapes with different aeration arrangements

11, n17UsENIN time response 183 DO probe
toos, — probe[sec onds] <415/k a

1 §1 K.a 184 aeration facility iAWY 5 b aznudnAn necessary reaction time t,,, < 83 seconds

12, satnanedunnnfnalnfoudalig (Na,S0,)

+

suamsdanagey 1000 m®

A1 DO concentration 11 mg/L

A1 oxygen transfer capacity 120 kg/h

- A" lag time 15 min

FH10u Na,SO, éwifu DO bonding 1000x0.011x8 = 88 kg
UTunnd Na,S0, & il lag time 120x(15/60)x8 = 240 kg
UTund Na, SO, Tu = 328 kg

13. Cg; A Araandiauavaisdudlummaany, mgi
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prEN 12255-15;1999 h '
X820 oxygen ransler coefficient al T=20°C, in 1/h

K2, oxygen transier coefficient al at tesl lernperature, In 1/h

M, mass of sodium sulphile needed for one lest, in kilogramme

OTRy slandard oxygen transfer rate, in ¢/{m3.h)

O slandard oxygen transfer capacity, in kgm

-4 barometric pressure during sampling for Winkler titration, in hektopascal (hPa)
p* baromalric pressure during a test, in heklopascal (hPa) ‘

pSt barcmetric standard pressure (1013 hPa), in halklopascal (hPa)

o normal air fow rate, in Nmah

L mixing period al oxygen conceniralion €= 0, in minutes (min)

14 fank volume, in m?

5 Princlple and procedures

After decreasing (absomption fest) or increasing (de-sorption test) the dissclved oxygen
concentration of an aeration tank at constant mixing and a cerlain aeration setling the increasing

or d

ecreasing dissolved oxygen concentration is monitored. This is described by the following

equation:

Q= Cipr - (cs,r.t - C)-expl-ka, - ) (€

By a non-linear regression mathod equation & is fitted 1o the measured values of C, The values for
G, G,,.; and k a, ara oblained. The residues (G, (measured) - C, (caiculated)) plottad versus time
shall be randomly distributed. If they follow a curve a new evaluation shall be performed at which
one ar more valuas & elther and/or from the beginning or the end of the curve are to be neglecled.

Any
[198

The

computer program Jor nonlinear parameler estimation may be used, eg Stenstrom et al.
1). Tha disks provided by ASCE (1992}, by ATV [1996] or by FUL (1595] may be used as well.

NOTE 1; The value of ka, is nol atfecled by the calibration of the DO probes. The exact
delormination of C,,,, requires accurately calibraled DO probes or Winkler litration, see
EN 25813 and EN 25814.

NOTE 2: Experienced Institutions may apply Yinear estimation {log deficit method) ol &2
using a measured oxygen saluration value C, .., see Annex A,

oxygen iransler absorption les! is the most common test method at which the dissolved

oxygen concentration of the aeration tank by addition of sodium sulphite or by injeclion of nitrogen

gas

at first is decreased and then aerated close to oxygen saturation. From the increasing

dissolved oxygen concentation munitored during the aeration perlod the oxygen lransfer
coefficient and the oxygen saturation value are 10 be delermined.

ropeon Committea For Stangmdization
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