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Background

2007 HD standards and Tier 2 LD standards are
“aftertreatment forcing”

Growing concern: lube oil sulfur and ash

o Potential to interfere with catalyst performance

— NO, adsorber catalyst poisoning
— Diesel particle filter plugging

A multi-year project was needed to quantify

e Lubricant effects on engine-out emissions, and

o Effects of lubricant-derived emissions on catalyst
performance
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Two-Phase Approach




Objectives

Determine the impact of lubricant properties and
composition on engine-out/catalyst-in emissions

e Part 1: Characterize effects of lubricant properties on engine
out emissions

e Part 2: Develop methods to accelerate exposures of emission
control systems (ECS) to lubricant-derived emissions

nulation impacts the
ity of diesel engine ECS

P




Desired Outcome

_~ Determine which (if any) lube derived emission
components are detrimental to ECS performance
and durability

The results will provide:

Guidelines for
lubricant formulation

Design guidelines

e Basestock selection e Engine manufacturers
o Additive chemistry e ECS suppliers
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Workgroup Participants

Project Leader: Shawn Whitacre (NREL)

e BP e International Truck and Engine
o CARB e John Deere

o Caterpillar e Lubrizol

e ChevronTexaco e Mack

e Chevron Oronite e Marathon-Ashland Petroleum
e Ciba Specialty Chemicals e Motiva

e Cummins e Pennzoil-Quaker State

e Shell Mobile Solutions e RohMax

e Ethyl Corporation e Shell Global Solutions

e ExxonMobil e Toyota

e Infineum e Valvoline




Experimental Design

John Orban, Battelle
Co-Chair, APBF-DEC Data Committee
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PhaseI - Part 1
Study Questions

1/ Are there significant differences in engine-out emissions
that can be attributed to oil properties?

2 If so, how much of an impact is due to properties of the
\/ " .
additive package? ... base oil?

\3 4 Which emissions species can be directly predicted from
the properties of the oil and fuel? (e.g., mass balance for

metals)

4 Can we identify indirect (empirical) relationships between
\’ : . : .
engine-out emissions and oil properties (e.g., PM
emissions versus oil ash level or sulfur content)?
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Experimental Design
Criteria/Approach

: . : Emissions
Lubricant Selection Test Matrix Measirements
e Four base oil groups e Randomize test e Gases (HC, CO,
. " sequence within oil CO,, NO,, SO,)
Additive packages groups 2 2

represent current and e PM (TPM, SOF,

future products * Duplicate testing to SO,, Metals,
evaluate repeatability PAHSs)

e Periodic tests with
reference oil to account
for testing trends

e Monitor oil
consumption for mass
balance analysis

e Properties span practical
ranges of elemental
composition and ash
levels

PhaseI - Part 1 W




%J,m =T [T d ) > Base Oils

_~Group I: Valero (Paulsboro)
e 4800-5600-ppm S, 75% saturates

_~Group II: Excel (Lake Charles)
e <20-ppm S, >99% saturates

~ Group III: Motiva (Port Arthur, TX)
e <5-ppm S, >99% saturates

_~Group IV: BP
e PAO (poly-alpha olefin, synthetic)
e O sulfur
e 5% ester for additive solubility (from Unigema)

-, ___Phase] - Part 1 mpﬂic
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BijJgl=1aT-11o .11 Additive Packages

Five suppliers (Ciba, Chevron, Ethyl, Infineum, and Lubrizol)
provided specifications on 26 candidate additive packages

Range of constituents (in Group II base oil)

Ash 0 - 1.85%
Sulfur 0 — 6590-ppm
Calcium 0 —4770-ppm
Zinc 0 — 1900-ppm
Phosphorus 0 — 1700-ppm
Magnesium 0 —-1700-ppm
0 —1235-ppm

PhaseI - Part 1 W
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Hij ez 181 e 411 I Additive Packages
continued

12 additive packages selected to be statistically

representative of the 26 candidates

e Span the range of constituents and “principal components”
o Representation from each supplier
o All 12 tested in Group II base oil

6 of 12 packages selected for duplicate testing with
Group IT base oil and testing with; Groups I, III, and IV

One reference oil

e Periodic testing throughout project
e Sulfur level adequate for monitoring oill




Selected Additive Packages
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Initial tests to

Back-to-back 4-mode

tests — randomized order

Reference oil every

/ fourth test

Periodic 40-hour aging

between reference
tests to evaluate...

e 0il consumption

* 0il aging effects

— Duplicate tests

demonstrate Test Matrix
viability
¥ Base Oil
Tes ting Demo
Order Runs Group 2 (Group 1 |Group 3 |Group 4
1 bbb r-age-rr rr-age-rr rr-age-rr 1r-age-rr
2 eee aa aa aa aa
3 bbb bb bb bb bb‘é
4 eee cc cc cce cc
5 rr T r r f
6 dd dd dd dd
7 ee ee ee ee
8 ff ff ff ff
9 rr-age-1r rr-age-Ir.
10 gg
11 hh
12 ii
13 T
14 ji
15 kk
16 11
17 1Ir-age-1r
18 dd
19 bb
20 ee
21 T ‘:*
22 cc
23 ff
24 aa
# of Tes ts 12 54 18 18 22

,

PhaseI - Part 1 mﬁgic
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Test Procedures

Lisa Lanning, ATL

Principal Investigator




Test Laboratory - Phase |

Subcontractor: Automotive Testing
|.aboratories, (East Liberty, OH)




Test Engine

1999 International T444E

e 7.3L OHV V-8
e Direct injection, turbocharged w/ wastegate
e HEUI fuel system

e 215 hp at 2400 rpm

e 540 ft-Ibs torque at 1500 rpm

o Exhaust gas recirculation (retrofit)

e Closed crankcase ventilation with filter

e Lube system capacity: 18 quarts

Phasel -Part 1 W
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Test Modes and Emissions

Measurements

_~ Four Mode Steady-State
(OICA)

e Mode 1: Rated Condition
e Mode 2: High Torque

e Mode 3: Road Load

e Mode 4: Low Torque

_~ Emissions Measurements

Torque (N m)

800

700 -
600 1
500 -

400 -

300

200 1

100 |

e Gases (HC, CO, CO,, NO,, SO,)

e PM — three sampling trains
—TPM, SOF, SO,
— Metals
— PAHs

—— i i N

A TN 2 :
L

:

©

0
700

1700 2200 2700
Speed (RPM)

PhaseI - Part 1 "BFgEc
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Test Cell Layout

To blower

S0

Diluted exhaust HEPA Dilution air
from cell

filters

To heated analyzers
(HC & NO,) <

To non-heated «—— v
analyzers (CO & CO,) SO,

Dynamometer
Configuration




Particulate Matter
Sample Collection

Train #1: PM mass (ATL/ORNL)

e 70 mm Pallflex ‘Emfab’ (glass fiber w/bonded PTFE)
e Analysis for sulfate and soluble organic fraction (ORNL)

Train #2: PM metals

e 47 mm Gelman "Teflo” (PTFE w/ PMP support)
e Determined by x-ray fluorescence (DRI)

Train #3: Polycyclic Aromatic Hydrocarbons (PAH)

o 70 mm Pallflex ‘Fiberfilm’ (glass fiber w/bonded TFE)
e Determined by GC-MS (SwRI)

PhaseI - Part 1 ;ﬁif
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PM Train 1&2 Configuration

Sample from

Primary Dilution Secondary Dilution Air
Tunnel Solenoid

Valve
HEPA
ﬂlter
v Fi

Flow Controller Compressor
Secondary 0-100 L/min
Dilution
Tunnel

47 mm Filter: Metals

Solenoid Valve Solenoid Valve

Mass Flow Controller Mass Flow Controller

0-1.7 cfm 0-3.5 cfm
(0-50 L/min) (0-100 L/min)
- Vgcuum Vgcuum
oL ".-\ ump ump
g e 4@% Phase I - Part 1

70 mm Filter: TPM, SOF, SO,

[l

i
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PM Train 3 Configuration

Sample from

Primary Dilution ; Secondary Dilution Air
Tunnel Solenoid

Valve
(X‘_-‘_ fiter ‘_i
filter
v F

low Controller Compressor
Secondary 0-100 L/min
Dilution (0-3.5 scfm)
Tunnel

70 mm Filter: PAHs

Solenoid Valve

Mass Flow Meter
(0-10 cfm)

Vacuum
Pump

Phase I - Part 1

(i

i
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Filter Holders




SOz Analysis - Overview

_~ S0, measured via impingement in aqueous
hydrogen peroxide (wet chemistry method)

e SO, converted to SO4
_~ Modeled after EPA methods 6, 8, 16

_~ Post-test quantification
of SO4 concentration
using ion chromatograph
yields SO, emission rate
(exhaust flow measured)

a2\
i Phase I - Part 1 Msc
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Impinging Apparatus

e




Sampling Parameters

_~ All plumbing from tunnel to impingers is heated
(113°C / 235°F) — impingers in ice bath to cool
vapor and facilitate reaction

_- Cell-software controls impinging valves to direct
exhaust to appropriate impinger set depending on
Mode#

_~ Primary and secondary impingers used, each 25 mi:
very little SO, reaches the secondary impinger

_- Dilute exhaust is bubbled through impingers at 3.5
L/min and a 30-minute sampling period is used

v - A ‘1‘1’;% Phase I - Part 1 w.uic
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IC Analysis

Anion analysis: for SO42

LLarge amount of sample
Injected to attain ppb detection

15-minute chromatogram,
typically 2 evaluations run in
overnight analysis




Fluid Analysis

Oil samples Fuel samples ~ Other fuel |
collected at the time|  taken from fuel analyses
of actual emissions | gypply lineonce |  performed at
testing, between | ayery other week: | SwRI (metals)
the two evaluations, RN T
each test day: S ;’t ATL

full oil analysis
performed by SwRI

30



Phase | - Part 1
Preliminary Results

Hsing-Chuan Tsai, Battelle

Lubricants Project Statistician

.=

i

JEC
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Test Matrix

Base Oil

Tes ting Demo

Order Runs Group 2 (Group 1 |Group 3 |Group 4
1 bbb Ir-age-1r Ir-age-1r Ir-age-1r Ir-age-rr
2 eee aa aa aa aa
3 bbb bb bb bb bb
4 eee cc cc cc cc
5 T T T T
6 dd dd dd dd
7 ee ee ee ee
8 ff ff ff ff
9 rr-age-rr rr-age-rr
10 gg
11 hh
12 ii
13 T
14 ji
15 kk
16 11
17 Ir-age-1r
18 dd
19 bb
20 ee
21 T
22 cc
23 ff
24 aa

# of Tests 12 54 18 18 22

Phase I - Part 1 mﬁgic
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Test Data

(e.g., TPM emissions)

Train#1 (Mass)

010 Group II Groups I, III and IV
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Test Order
—®—Qila —8—0ilb —=— Qilc —8—— Qil d —=—Qile Oil f
Oil g —8—Q0ilh —m—Oili Oil j Oil k Oil |
—e—OQil a I? ---0---0ilb I? ——Qilc I? —o—0Qild I? —e—V Qile I? QOil f I?
—e@—OQOila I\y---o--- Oil b I\V—Q—Oilc I\I)---O—--Oild I\y —@— Qile I\y Oil f I\V
—a—OQila(lV)---A--- Qil b (IV) —&—OQil c (IV) - - -A--- Oil d (IV) —&— Qil e (IV) Oil f (IV)

PhaseI - Part 1 W
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Adjusting for Trends

(e.g., Sulfur emissions)

0.35
030 Group 1l Groups I, 11l and IV
| :
0.25 ]
£ 020 %n ® o lk;' -
= \
& o DD'I.D " Dma 0o . e
2 015% 'm 0o o m .
» . R reference oll
I ¥ 77%7@0‘”‘ {j?’””l’ ””” emission
Average ?. L) E‘@b gm @AAX QF‘AWDD ftor G
reference oil 005 y ?I ter ¢ roup
emission during | 000 = T e AL AL L e G e S s e esting
Group II testing PREIRB53N830838 A RERRZRIREERER8T8YE
Test Order
—m—0Oilc -g--0ild = Qile Oil f

Oil j
Oild

—.—oncm...@..ondg\))—.—one
—a—2O0ilc(lV) ---a--- Qild (IV) —a—20Qil e (I

Sulfur emissions dropped after Group IT testing primarily due to fuel
change (fuel sulfur 4.5-ppm => 1-ppm)




Examples of Adjusted Emissions

Adjusted Sulfur Emissions

Adjusted SO, Emissions

4-Mode OICA Weighted

0.35
Group 1l Groups |, lll and IV
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Phase I - Part IW
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Data Analysis Questions #1 and #2

1/ Are there significant differences in
engine-out emissions that can be
attributed to oil properties?

2 If so, how much of an impact is due to

" properties of the additive package? ...
base oil?

36



Total PM - Some Differences Among Oils

4-Mode OICA Weighted

TPM (g/Bhp-Hr)

*Pre-aging.
**Post-aging.

Base Oil/Additive

_~ Some statistically significant - Some statistically significant
differences between Groups differences between additive
(across additive packages) packages (across Groups)

Phase I - Part 1 mf,ﬂic
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Contributions of Total PM Components

4-Mode OICA Weighted
el B Hydrated SO4
B soF
0.08
;E‘I: [ other
20.06
m
S lihhii%:;mi —%4Hiﬁi'
E 0.04 - ;ﬁ,{-
|_
0.02 1
0.00 *Pre-aging.
a b ¢ d e f g h i j K| R Post-aging.

Group II Additive

_~ No significant differences _~Negligible contributions of
in total PM emissions SO, and SOF
among Group II oils

a2\
i Phase I - Part 1 Msc
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NO, Emissions — Some Significant
Differences Among Group Il Oils

4-Mode OICA Weighted

4.0

3.5

= Lower
Lower | 2
than G ., than

2 most
some | 9 /

N

*Pre-aging.
**Post-aging.
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SO, Emissions - Significant Additive
and Base Oil Effects

_ Additive packages 4-Mode OICA Weighted
c and i produced 0.010 -
highest SO, _ 8930-ppm S
. . X 0.008 — —— (Highest)
emissions T 245-ppm S
< (Lowest) |
= 0.006 [
~ Significant base oil  §
effect — Group 1 g

hig hest 0.002

e MagnitUde of the i |||‘|v i |||~|v Juln
effects do not
directly correlate “Pre-aging

with sulfur content "

of oil

Base Oil/Additive

/ﬂ**‘-\._l
e 2\
. J'aﬁ;,% Phase I - Part 1 ngc
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Elemental Sulfur Emissions

0.35

Oil i

0.30

0.25

0.20 -

0.15

Adj. S (mg/Bhp-hr)

0.10

0.05

0.00 -+

V| ]I

*Pre-aging.
**Post-aging.




Ca, Zn and P Emissions

0.5

0.4

0.3

0.2

Adj. Ca (mg/Bhp-hr)

0.1

0.0

*Pre-aging.

**Post-aging.

0.20

0.16

0.12

0.08

Adj. Zn (mg/Bhp-hr)

0.04

0.00

*Pre-aging.

Basestock/Additive **Post-aging.

P (mg/Bhp-hr)

0.6

Basestock/Additive

0.5

0.4

0.3

0.2

Basestock/Additive

*Pre-aging.
**Post-aging.
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Data Analysis Question #3

3 Which emissions species can be directly
predicted from the properties of the oil
and fuel?

A | Aﬂ{{;“% PhaseI - Part 1 "BF,HEC
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Mass Balance

PM

Emissions

* Metals +SO,

GaSeous

_~ Emissions from fuel and oil consumptions and wear metals

_~Recovery rates obtained by comparing measured emissions with
calculated values based on fuel and oil properties

[

| rﬁ" @




Ca Mass Balance

Ca emissions directly

correlated with
concentration in oil

No apparent composition
effects

42% recovery rate

Measured Value

(mg/Bhp-Hr)

1.0

0.8

0.6

X=y

0.4

= A®
AA

/
0.2 W =
0.0 . .
0

.0 0.2 0.4 0.6 0.8 1.0

Calculated Value (mg/Bhp-Hr)

PhaseI - Part 1 W
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Zn Mass Balance

Zn emissions directly
correlated with
concentration in oil

Possible composition
effects — zinc in oll 12 is
preferentially consumed

38% recovery rate

Measured Value
(mg/Bhp-Hr)

0.4

0.3

0.2

X=y
O
H
®
A
& [
® .
0.0 0.1 0.2 0.3 0.4

Calculated Value (mg/Bhp-Hr)

PhaseI - Part 1 W
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P Mass Balance

P emissions directly

correlated with
concentration in oil

Oil c2, c3 and c4 deviate
significantly:

86% recovery rate (excl.
Oils ¢2, c3 and c4)

Measured Value

(mg/Bhp-Hr)

0.5

0.0 0.1 0.2 0.3 0.4 0.5
Calculated Value (mg/Bhp-Hr)

PhaseI - Part 1 W
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Sulfur Mass Balance

from fuel |

from oil /

- / 750
ar.
A S from SO, _

}HUDJHDD]]-_H

’ S from metal filters \
‘II*‘III‘I |

Total S (mg/Bhp-hr)
N

i Hﬂﬂﬂﬂﬂ et L AL

IIIIV ‘II*‘III‘IV I‘II*III‘IV | ‘II*‘III‘I | 1 ‘ III‘IV ‘II*‘III‘IV

III‘IV | ‘II*‘III‘IV

||| v | || ||| 1Y | e TR TR TN TR T TR AT T | || ||| V| I [ TR TN TR T T TSR TR T
a b c d e f glh| i [jlk|I] r r- a b c d e f glh| i [jlk|I] r r-
Pre |Post Pre |Post
Calculated Measured
*Tested using fuel with 4.54 ppm sulfur. Basestock/Additive
Note: Other tests w ere conducted using fuel
with 1.0 ppm sulfur; Oil ¢1 excluded. OS in Oil @S in Fuel O'S from Metal Filters @ S in SO4 O S in SO2

PhaseI - Part 1 W




Sulfur Mass Balance (continued)

S emissions directly correlated with) concentration in oil

Oil'il significantly
deviates

125% recovery
rate (excl. Oils i)

Oil b*

Measured Value
(mg/Bhp-Hr)

0

Oil e*

Oil h*

Oil k*

e Oia(l) o Oib()

o Oild(l) e Oile()

o Oild() e Oilel

(
(

e Oilall) o Oib(l
(

A Oia(V) A Oib(V)
(

A Oild(V) a Oile(V)

0 1 2 3
. _Calculated Value (mg/Bhp-Hr)
*Tested using fuel with 4.54 ppm sulfur.

Note: Qil c1 excluded.

X Oili o r*Pre

X r*-Post + r-Post

Oil ¢*
Oil *

oil i*

oil I*

Oil c()
0l (1)
Oil c(lil
Oil (Il
Ol ¢(V)
il f(IV)
r-Pre

Pred.

Phase I - Part IW
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Data Analysis Question #4

4 Can we identify indirect (empirical)
" relationships between engine-out emissions
and oil properties?

Under investigation

PM PM NO,
VEIrSuUs
VErsus VErsus ..
_ _ principal
oil ash? oil sulfur level? components?

Phase I - Part 1 HHF‘HEC
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Phase | Preliminary Observations

_~ Lubricant formulation has modest effects on
regulated emissions

e +10% for CO and NO,, +20% for PM, and +30% for HC

_~ Sulfur content in the oil has significant effects on
sulfur emissions.

_ However, oil formulation (beyond oil sulfur
content) can have a significant impact on SO,
emissions (e.g. oils c and i)

_~ Metals (S, P, Zn, Ca) emissions correlate with
concentration in ol

v - A ‘1‘1’;% Phase I - Part 1 w.uic
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Phase | - Part 2

Status and Early Results

John Orban, Battelle

!@ i

JEC




Phase | - Part 2

Develop methods to accelerate
0]5)(Te )"/ exposures of emission control systems
(ECS) to lubricant-derived emissions

Test three oil types using three
different oil consumption acceleration

L ppr methods (blending with fuel, direct

injection and combination)




Study Questions

1 How do emissions change as a function of oil
" consumption rate? (for each oil type and acceleration

method)
2 How are these changes affected by oil type (reference
7 ail, oil i, oil )

3 _ How are these changes affected by oil consumption
method (blending, injection, combination)?

4 Can the differences among methods be predicted from
the combined estimated effects of each method? (i.e.,
interactions)

54



Test Matrix

Oil Consumption Acceleration Technique
Blending Injection Combination

Testing

Order* Qil r2 Oil i2 Oil c2 Oil r2 Oil i2 Oil c2 Oil r2 Oil i2 Oil c2
1 2X, 2X 2X, 2X 2X, 2X 2X, 2X 2X, 2X 2X, 2X 2X, 2X 2X, 2X 2X, 2X
2 4X, 4X 4X, 4X 4X, 4X 4X, 4X 4X, 4X 4X, 4X 4X, 4X 4X, 4X 4X, 4X
3 8X, 8X 8X, 8X 8X, 8X 8X, 8X 8X, 8X 8X, 8X 8X, 8X 8X, 8X 8X, 8X
4 2X, 2X 2X, 2X 2X, 2X
5 8X, 8X 8X, 8X 8X, 8X
6 4X, 4X 4X, 4X 4X, 4X

# of Tests 12 6 6 12 6 6 12 6 6

Tests completed

2X

2 times base rate

i

Phase I - Part 2 w,ggc
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Early Results

Confirms unusually high' SO, emissions with oil |

Emissions correlate with oil concentration in fuel

S02 (g/Bhp-Hr)

4-Mode OICA Weighted
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