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AN EXPERIMENTAL EVAULATION OF THE CoLD CRANKING SIMULATOR
AT =20°F 1I's REPORTED IN THIS THESIS. THE EVALUATION WAS MADE ON
E{GHT SPECIAL RESEARCH ENGINE O{LS, RANGING IN VISCOSITY GRADE
FrROM SAE 5W T0 SAE 20W, INCLUDING MULTIGRADE OILS, AND SEVEN
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AN ENGINE CRANKING EVALUATION OF THE OILS. THE VISCOSITIES
DETERMINED BY THE CoLD CRANKING SIMULATORVWERE FOUND TO CORRELATE
WELL WITH THOSE FROM THE ENGINE CRANKING TESTS AND A RELATIONSHIP

BETWEEN MEASURED VISCOSITY AND ENGINE CRANKING SPEED WAS ESTABLISHED.
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NOMENCLATURE

AGSREVIATIONS

ASTM - AMERI CAN SociETy fFor TeESTING MATERIALS

Ccs - CoLp CRANKING S1MULATOR

CRC - COORDINATING Researci -Councii

FHP - FricTioNaL HORSEPOWER
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GMR -  GencraL Motors ResearcH
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SuUS - SavyBouT UniversaL Seconp (uniT of KINEMAT (G
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g - STANDARD DEviATION
yZ - Dynamic ViscostiTy
F ‘ -~ FaHRENHEIT
i - CURRENT
K - CoNSTANT (INCLUDING LOWER CASE AND SUPERSCRIPTED
NOTATION)
M - Toraque
N - RotationaL sptep (rPm)
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NOMENCLATURE (ConTINUED)

TERMS (ConTiNUED)
ViscoMeTER (CONTINUED) - FERRANTI=SHIRLEY - BASED ON THE TORQUE

REQUIRED TO ROTATE A SHALLOW CONE WITH
A FILM OF OIL SEPARATING IT FROM A
STATIONARY PLATE.

- ForRCED-BALL - BASED UPON THE TIME
REQUIRED FOR A SPHERE TO PASS A GIVEN
DISTANCE THROUGH A SLEEVE FILLED WITH
OlL, UNDER A CONSTANT LOAD.

- Haake RoTovisco - BASEDP ON THE TORQUE
REQUIRED TO ROTATE A SHALLOW CONE IN
THE PRESENCE OF A FLUID NEAR A STATION=-
ARY PLATE.

- P.R.L. CAPiILLARY - BASED UPON THE
TIME REQUIRED FOR A GIVEN QUANTITY OF
FLUID TO FLOW THROUGH A CAPILLARY TUBE.

- 5.0.D. PRESSURE - BASED UPON THE TIME
REQUIRED FOR A GIVEN QUANTITY OF FLUID
TO FLOW THROUGH A CAPILLARY TUBE

UNDER PRESSURE.

X1



TERMS

MULTIGRADE

NEWTONT AN

NON-NEWT ON | AN

Poise

STOKE

ViISCOMETER

NOMENCLATURE (ConT INUED)

HAVING PROPERTIES OF DIFFERENT SAE

VIscosITy grRADES AT O°F AnND 210°F.

HAVING VISCOMETRI|C PROPERTIES UNAFFECTED
BY SHEAR RATE.

HAVING VISCOMETRIC PROPERTIES WHICH VARY
AS A FUNCTION OF SHEAR RATE.

A UNIT OF DYNAMIC ViscosITY (_DYNE SEc. )

(M2 )

A UNIT OF KINEMATIC ViscosiTy {__cM® )
( sec )

A DEVICE FOR DETERMINING VISCOSITY, EITHER

DIRECTLY OR INDIRECTLY; SOME TYPES ARE: -

- BARBER CONCENTRIC CYLINDER ROTATIONAL -

BASED ON TORQUE REQUIRED TO ROTATE A

CYLINDER IN A CYLINDER.

- BROOKFIELD - BASED ON TORQUE REQUIRED TO

ROTATE A ROD IN A FLUID FREE FROM ANY WALLS.
CoLbp CRANKING SIMULATOR =- BASED ON SPEED
ATTAINED BY A ROTATING CYLINDER IN A
CYLINDER WITH HIGH SHEAR RATES AND NEAR

CONSTANT POWER INPUT,

X1



INTRODUCT ION

HISTORICALLY, IT HAS BEEN NECESSARY TO DETERMINE THE LOW TEMP-
ERATURE CRANKING PERFORMANCE OF AN ENGINE OIL BY ACTUAL TESTING IN AN
ENGINE. SUCH TESTS WERE REQUIRED BECAUSE THE SOCIETY OF AUTOMOTIVE
ENGINEERS (SAE) SPECIFIED PROCEDURE FOR ESTABLISHING ENGINE OIL VIS~
COSITIES AT LOW TEMPERATURES WAS BASED ON VALUES EXTRAPOLATED FROM VIs-
COSITIES MEASURED AT 100°F anb 210°F, AND WAS NOT MEANINGFUL FOR MULTI| -
GRADE ENGINE OILS. SIMILARLY, NO LABORATORY DEVICES WERE AVAILABLE
WHICH COULD ACCURATELY PREDICT AN OIL'S EFFECT ON THE CRANKING EFFORT
OF AN ENGINE AT LOW TEMPERATURES. FOR THE PAST TEN YEARS MULTIPLE
ATTEMPTS HAVE BEEN MADE TO DEVELOP LABORATORY VISCOMETERS FOR THIS PUR=-
POSE. |N ORDER TO EVALUATE THESE INSTRUMENTS, A NUMBER OF ENGINE CRANK=-
ING TESTS HAVE BEEN CONDUCTED, IN DIFFERENT ENGINES FOR COMPARISON.

ONLY ONE OF THESE INSTRUMENTS APPEARED CAPABLE OF PREDICTING
THE RESULTS OF THE ENGINE CRANKING TESTS, TO A HIGH DEGREE OF ACCURACY,
AT O°F. THIs DEVICE wAs THE CoLD CRANKING SIMULATOR, (CCS) AN INDIRECT
MEASURING VISCOMETER, WHICH WAS FIRST MADE PUBLIC IN 1965. As A RESULT
OF ENCOURAGING INITIAL TESTS A COMPLETE EVALUATION OF THE DEVICE, AT
0°F, wAs CONDUCTED BY THE COORDINATING ResearcH Councit (CRC) AND THE
AMERICAN SOCIETY FOR TESTING MATERIALS (ASTM). THE RESULTS OF THIS
EVALUATION CONFIRMED THE SUITABILITY OF THE DEVICE FOR PREDICTING
CRANKING PERFORMANCE .

BECAUSE OF THE SEVERITY OF WINTER WEATHER CONDITIONS ENCOUN-

TERED BY CANADIAN MOTORISTS, GENERAL MoToRs oF CANADA REQUIRED SATIS-



FACTORY ENGINE PERFORMANCE TO A TEMPERATURE oF -20°F IN ITS PRODUCTS.
Since THE CoLD CRANKING SIMULATOR HAD BEEN EVALUATED ONLY AT O°F IT was
STILL NECESSARY TO CONDUCT ENGINE CRANKING TESTS TO DETERMINE -20°F
PERFORMANCE OF ENGINE OILS. FURTHERMORE, THE O°F EVALUATION OF THE
VISCOMETER WAS MADE IN COMPARISON WITH THE AVERAGE RESULTS OF TWELVE
DIFFERENT ENGINE CRANKING PROGRAMS. SINCE THE CRANKING ABILITY OF DIF~-
FERENT ENGINES VARIES CONSIDERABLY, GOOD CORRELATION WITH THE AVERAGE
RESULTS DOES NOT NECESSARILY GUARANTEE THE SAME DEGREE OF CORRELATION
WITH A SPECIFIC ENGINE.

THE TEST PROGRAM DISCUSSED IN THIS THES!IS WAS INITIATED TO
EVALUATE THE ABILITY OF THE CoLp CRANKING SIMULATOR TO PREDICT THE ENGINE
CRANKING PERFORMANCE OF AN ENGINE OIL AT A TEMPERATURE oF -20°F. Spec-
[FICALLY, THE PURPOSE OF THE PROJECT WAS TO DETERMINE THE FEASIBILITY
OF RELATING CoLD CRANKING SIMULATOR RESULTS DIRECTLY TO THE CRANKING
SPEED OF A SPECIFIC ENGINE, AT -20°F.

IN ORDER TO EVALUATE THE DEVICE A QUANTITY OF TEST OILS WAS
OBTAINED AND TESTED AT -20°F IN BOTH THE CoLbp CRANKING SIMULATOR AND
A 250 cuBIC INCH sIX CYLINDER CHEVROLET ENGINE. STANDARD CALIBRATION
OILS WERE USED IN BOTH TEST APPARATUS. IN ORDER TO INSURE REPRESENT-
ATIVE RESULTS FROM THE VIiSCOMETER-A SERIES OF TESTS WAS ALSO CONDUCTED
AT O°F AND THE RESULTS COMPARED TO THOSE OF THE ASTM EvALuATION. ALL
RESULTS WERE ANALYZED STATISTICALLY FOR REPEATABILITY AND CORRELATION.
CORRELATIONS WERE ALSO MADE BETWEEN THESE TWO TEST.PROGRAMS AND OTHER
ENGINE CRANKING TESTS TO I[LLUSTRATE THE RANGE OF POSSIBLE RESULTS. A
SPECIFIC RELATIONSHIP WAS ESTABLISHED BETWEEN THE CoLD CRANKING

SIMULATOR MEASUREMENTS AND THE CRANKING SPEED OF THE CHEVROLET TEST



\

ENGINE. CoLDp CRANKING SIMULATOR DETERMINATIONS WERE ALSO MADE FOR A
VARIETY OF COMMERCIALLY AVAILABLE ENGINE OILS TO ILLUSTRATE THE ADVAN=-
TAGE OF THIS METHOD OF LOW TEMPERATURE EVALUATION.

IN THIS THESIS THE LITERATURE PERTINENT TO THE FIELD OF LOW
TEMPERATURE ENGINE OIL VISCOSITY IS REVIEWED. A BRIEF HISTORY OF THE
DEVELOPMENTS LEADING UP TO THE CURRENT PROBLEMS AND INITIATIONS OF THIS
PROJECT IS ALSO PRESENTED. OSUBSEQUENTLY THE TEST APPARATUS AND TEST
METHODS ARE DESCRIBED IN DETAIL. AN EXTENSIVE ANALYSIS OF THE TEST
RESULTS IS INCLUDED AND THESE RESULTS ARE DISCUSSED WITH REGARD TO THEIR
REASONS AND SIGNIFICANCE. FINALLY, THE CONCLUSIONS AND RECOMMENDATIONS

DERIVED FROM THE PROJECT ARE PRESENTED.



HISTORY

THE PROBLEM OF DETERMINING THE VISCOSITY OF ENGINE OILS AT
LOW TEMPERATURES IS A VERY PRACTICAL ONE. RATHER THAN BEING PRIMARILY
RESEARCH ORIENTED, IT IS OF IMMEDIATE IMPORTANEE TO BOTH THE AUTOMOTIVE
AND PETROLEUM INDUSTRIES, PARTICULARLY IN CANADA. TRADITIONALLY, COLD
CANADIAN WINTERS HAVE RESULTED IN STARTING PROBLEMS FOR MOTOR VEHICLES
USED IN THIS CLIMATE. ENGINE OIL VISCOSITY IS ONE IMPORTANT FACTOR
WHICH AFFECTS AN ENGINE'S STARTING AB{LITY.

THERE ARE SEVERAL PARAMETERS WHICH DETERMINE WHETHER OR NOT AN
ENGINE CAN BE STARTED. A SUFFICIENT AMOUNT OF FUELSAIR MIXTURE, IN
THE CORRECT RATIO, MUST BE INDUCTED INTO THE COMBUSTION CHAMBERS AND A
SPARK OF SUFFICIENT ENERGY MUST BE FIRED AT THE CORRECT INSTANT IN
ORDER TO SUPPORT COMBUSTION. ONCE FIRING HAS COMMENCED, THE ENGINE
MUST BE ABLE TO PRODUCE SUFFICIENT INDICATED HORSEPOWER (IHP) TO OVER-
COME ITS OWN FRICTIONAL HORSEPOWER (FHP) REQUIREMENTS OR IT WILL STALL.
ENGINE CRANKING SPEED IS AN IMPORTANT FACTOR (N SUPPLYING THESE REQUIRE=
MENTS .

THE IMPORTANCE OF ENGINE CRANKING SPEED MAY BE SEEN IN FIGURE
1, PAGE 6. A NUMBER OF RELATIONSHIPS BETWEEN ENGINE SPEED AND TORQUE
FOR A TYPICAL ENGINE ARE SHOWN. CURVE 1 INDICATES A MINIMUM CRANKING
SPEED WHICH IS REQUIRED TO ASSURE SUFFICIENT DISTRIBUTION OF THE FUEL~
AIR MIXTURE TO ALL THE CYLINDERS. THIS MINIMUM SPEED |S INDEPENDENT
OF TORQUE, AS SHOWN. CURVE 2 SHOWS THE MAXIMUM AVAILABLE CRANKING

MOTOR TORQUE OUTPUT AS A FUNCTION OF SPEED. THIS MAXIMUM WILL DECREASE



WITH THE STATE OF CHARGE OF THE BATTERY AND WITH DETERIORATION .OF THE
MOTOR THROUGH USE. THE CRANKING TORQUE REQUIRED BY AN ENGINE LUBRICATED
WITH A LOW VISCOSITY OIL, SUCH As AN SAE 10W, Is sHOWN IN CURVE 3. A
SIMILAR CURVE FOR AN ENGINE WITH A HIGH VISCOSITY OIL, SUCH AS AN SAE
30, Is SHOWN IN CURVE 4. IT MAY BE SEEN THAT THE CRANKING TORQUE
REQUIRED, WHICH IS A FUNCTION OF FHP, Is GREATER AT ANY SPEED WHEN HIGH
VISCOSITY OIL IS USED THAN IT IS WHEN LOW VISCOSITY OIL IS USED. IN
CURVE 5, THE RUNNING TORQUE OF THE ENGINE, A FUNCTION oF IHP, Is pLOT-
TED. FROM THESE CURVES AN UNDERSTANDING OF THE RELATIONSHIPS BETWEEN
CRANKING SPEED AND STARTING MAY BY ACQUIRED.

THE CRANKING SPEEDS WHICH MAY BE OBTAINED WITH LOW AND HIGH
VISCOSITY OILS ARE INDICATED AT POINTS A AND B REsPeECTIVELY. THESE
POINTS ARE OBTAINED AT THE INTERSECTIONS OF THE CRANKING TORQUE AVAIL-
ABLE CURVE WITH THE CRANKING TORQUE REQUIRED CURVES. SINCE BOTH SPEEDS
ARE GREATER THAN THE MINIMUM FUEL DISTRIBUTION SPEED THE ENGINE SHOULD
START 7O FIRE IN EITHER CASE, PROVIDED THAT THE CARBURETION AND IGNI~-
TION SYSTEMS ARE FUNCTIONING PROPERLY. SINCE POINT A IS BELOW THE
RUNNING TORQUE LINE THERE IS SUFFICIENT ENGINE TORQUE AVAILABLE TO
ACCELERATE FROM THIS SPEED WHEN THE CRANKING TORQUE IS REMOVED, SO THE
ENGINE WILL KEEP RUNNING. POINT B, HOWEVER, IS ABOVE THE RUNNING
TORQUE LINE. WHEN THE CRANKING MOTOR TORQUE IS REMOVED, IN THIS CASE,
THE RUNNING TORQUE IS NOT SUFFICIENT TO OVERCOME THE TORQUE REQUIREMENTS
OF THE ENGINE SO IT WILL STALL. FROM THIS ILLUSTRATION THE IMPORTANCE
OF OIL VISCOSITY TO STARTING ABILITY CAN BE READILY UNDERSTOOD.

AT NORMAL AMBIENT TEMPERATURES STARTING PROBLEMS DO NOT OCCUR

BECAUSE OF HIGH OIL VISCOSITIES. PETROLEUM BASED OlLs, HOWEVER, ARE
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TEMPERATURE DEPENDENT WITH REGARD TO VISCOSITY, WHICH INCREASES AS
TEMPERATURE DECREASES. AT VERY LOW (SUB-ZERO) AMBIENTS, THE VISCOSITY
OF THE ENGINE OIL CAN INCREASE TO THE POINT WHERE IT AFFECTS STARTING.
IT SHOULD ALSO BE NOTED THAT THE CURVES, SHOWN IN FIGURE 1, WILL VARY
FROM ENGINE TO ENGINE DUE TO THE EFFECTS OF DESIGN DIFFERENCES AND
PRODUCT ION TOLERANCES. THEREFORE THE EFFECT OF OIL VISCOSITY ON START~-
ING WILL BE DIFFERENT FROM ENGINE TO ENGINE. |IN GENERAL, HOWEVER,
IMPROVING CRANKING SPEED ALSO TENDS TO [MPROVE STARTING PROBABILITY.

THE EFFECT OF OIL VISCOSITY ON CRANKING SPEED, AND THUS ON
STARTING ABILITY, BECAME APPARENT IN THE EARLY DAYS OF THE AUTOMOBILE.
|T BECAME COMMON PRACTICE TO USE LOW VISCOSITY OILS, OR OILS DILUTED
WITH KEROSENE, IN ENGINES WHICH HAD TO OPERATE AT LOW TEMPERATURES.
ATTENDANT WITH THE USE OF LOW VISCOSITY OILS IN THESE APPLICATIONS,
HOWEVER, WERE THE PROBLEMS OF HIGH OIL CONSUMPTION AND HIGH WEAR. OiL
CONSUMPflON INCREASED BECAUSE OF THE ABILITY OF LOWER VISCOSITY OIL TO
FLOW WHERE HIGHER VISCOSITY OIL COULD NOT. IN THIS WAY THE AMOUNT OF
OiL, BOTH BURNED AND LEAKED, INCREASED. |INCREASED WEAR RESULTED FROM
THE FACT THAT THE LOAD CARRYING ABILITY OF ANY FLUID IS DECREASED AS
VISCOSITY IS DECREASED. As A RESULT OF THESE PROBLEMS IT WAS RECOG=
NIZED THAT THERE WAS A NEED FOR OIL HAVING LOWER VISCOSITY AT Low TEMP~
ERATURES, FOR STARTING, WITHOUT SACRIFICING THE MUCH NEEDED HIGHER VIS~
COSITY AT HIGH TEMPERATURES, FOR GOOD CONSUMPTION AND LOW WEAR.

IN ORDER TO COMPARE THE VISCOSITY-TEMPERATURE RELATIONSHIPS
BETWEEN OILS THE CONCEPT OF VIscosiTy INDEX (VI) WAS INTRODUCED BY

DeEaN anD Davis IN 194](1). AT THAT TIME PENNSYLVANIA (PARAFFINIC) BASE

OILS WERE KNOWN TO HAVE RELATIVELY LOW VISCOSITIES AT LOW TEMPERATURES



WITH RESPECT TO THEIR VISCOSITIES AT HIGH TEMPERATURES. THE DEAN AND
Davis VI SYSTEM MADE USE OF AN ARBITRARY PENNSYLVANIA BASE OIL TO WHICH
ALL OTHER OILS WERE COMPARED. THE VI OF THIS OIL WAS ARBITRARILY SET

AT 100. OTHER OILS WERE RELATED TO THIS STANDARD BY THE EXPRESSION:

Vi = L=y WHERE 3
D
U 1s THE viscosITY AT 100°F oF THE TEST 0iLS;

L 1s THE viscosiTy AT 100°F OF A STANDARD OIL HAVING
O VI AND THE SAME ViscosITY AT 210°F As THE TEST OIL;

H 1s THE viscosITy AT 100°F OF A STANDARD OIL HAVING
100 VI aAND THE SAME Vv1scosITY AT 210°F As THE TEST oOiL;

anD D 1s L-H.
(2)

THis METHOD wAs ADOPTED BY THE ASTM as stanoaro D-567.
TABLES WERE PROVIDED TO DETERMINE THE VALUES OF L AND D FOR A VARIETY
ofF 210°F viIscosITIES.

(3)

In 1933 , |IT WAS LEARNED THAT BY ADDING SMALL AMOUNTS OF CER-
TAIN POLYMERS TO PETROLEUM OILS THE VISCOSITY-TEMPERATURE RELATIONSHIPS
COULD BE ALTERED SIGNIFICANTLY. THE ADDITIONAL VISCOSITY OF THE
SOLUTION DUE TO THE POLYMER WAS PROPORTIONATELY GREATER AT HIGH TEMP=-
ERATURE THAN AT LOW. BY REDUCING BASE STOCK VISCOSITY SO THAT THE NEW
SOLUTION HAD A SIMILAR LOW TEMPERATURE VISCOSITY TO THE PREVIOUSLY
USED LOW VISCOSITY OILS A MUCH HIGHER VISCOSITY AT HIGH TEMPERATURES
COULD BE OBTAINED. SINCE THE VISCOSITY INDEX WAS RAISED SIGNIFICANTLY
IN THESE SOLUTIONS THE POLYMERIC ADDITIVES WERE APPROPRIATELY CALLED
VI IMPROVERS.

THE Ustg OF VI IMPROVERS IN COMMERCIAL OILS BECAME WIDESPREAD



ABOUT 1953.(26) THEY BROUGHT WITH THEM NEW PROBLEMS HOWEVER. BECAUSE
THE WALTHER EQUATION, WHICH WAS THE ACCEPTED METHOD FOR DETERMINING LOW
TEMPERATURE VISCOSITY, WAS BASED ON NON=-V|-IMPROVED OILS IT DID NOT
NECESSARILY HOLD TRUE FOR THE NEW O0ILS. USING THIS TECHNIQUE IT WAS
POSSIBLE, AS SHOWN IN FiGgure 2, page 10, To ApD V| IMPROVER TO A BASE
OIL AND RESULT IN A SOLUTION HAVING A LOWER EXTRAPOLATED VISCOSITY
THAN THE BASE OIL AT LOW TEMPERATURE, AS SPECIFIED BY THE WALTHER
EQUATION. OBVIOUSLY THIS WAS AN IMPOSSIBLE SITUATION. THE SAE esTaB-
LISHED LIMITS FOR VISCOSITY GRADES, AS SHOwN IN TaBLE |, PAGE 11, WERE
BASED ON EXTRAPOLATED VISCOSITIES FOR O°F DETERMINATIONS. THUS IT WAS
COMMON TO FIND AN OIL WHICH COULD BE CLASSIFIED AS AN SAE TOW30 BUT wRICH
IN REALITY wAs AN SAE 20W30 orR PERHAPS EVEN AN SAE 30, As sHOwWN IN
FigurRE 3, PaGE 12. BECAUSE OF THIS SITUATION, ATTEMPTS WERE MADE TO
MEASURE THE LOW TEMPERATURE VISCOSITY OF OiL RATHER THAN EXTRAPOLATING
1T,

WHEN LOW TEMPERATURE VISCOSITY MEASUREMENTS WERE MADE IT WAS
FOUND THAT, FOR V| IMPROVED 0!LS, DIFFERENT VALUES WERE OBTAINED DE-
PENDING UPON THE INSTRUMENT USED. THIS SITUATION ADDED MORE CONFUSION
iIN THE FIELD OoF VI IMPROVED OILS. THE FACT THAT VI IMPROVED OILS ARE
NON-NEWTONIAN IN NATURE, AND THEREFORE EXHIBIT DIFFERENT VISCOSITIES
UNDER DIFFERENT SHEAR RATES, AS SHOWN IN FIGURE 4, PAGE 13, EXPLAINED
THE DISCREPANCIES TO SOME EXTENT. SINCE THE FACTOR WHICH WAS OF
PRIMARY CONCERN WAS THE CRANKING ABILITY OF THE ENGINE THE SAE DECIDED
TO EVALUATE A NUMBER OF OILS IN A VARIETY OF ENGINES, AND THEN TO
DEVELOP A LABORATORY VISCOMETRIC TECHNIQUE TO CORRELATE WITH THE ENGINE

RESULTS. THE COORDINATING REseARCH CounciL (CRC) wASs ASSIGNED THE
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TABLE |

SAE VISCOSITY VALUES FOR CRANKCASE OILS*

* As SpecIFIED IN SAE J300, 1967 SAE HanDBOOK

SAE ViscosITY RANGE = SAYBOLT UNIVERSAL SECONDS
ViscosiTy
AT O°F AT 210°F
NuMBER -
Min. Max. MiIN. Max.
5w —_— 4000 —_ _—
10W 6000" | LEss THAN 12000 —
20w 120008 48000 —_— e
20 —— — 45 LESS THAN 58
30 _— _ 58 LESS THAN 70
40 —_— —_— 70 LESS THaN 85
50 —_— _— 85 110

MINIMUM viIscosITY AT O°F MAY BE WAIVED PROVIDED VISCOSITY
AT 210°F 1s NoT BeELow 40 SUS

MINIMUM ViscosITY AT O°F MAY BE WAIVED PROVIDED VISCOSITY
AT 210°F 1s NoT BELOW 45 SUS
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FIRST PHASE OF THE PROJECT AND THE AMERICAN SOCIETY FOR TESTING MATERIALS
(ASTM), THE LATTER.

A CRC TEST PROCEDURE WAS DEVELOPED WHEREBY OIL VISCOSITY, AS
EXPERIENCED IN AN ENGINE, WAS DETERMINED FROM ENGINE CRANKING SPEED OR
CRANKING TORQUE AT O°F. ROUND ROBIN TESTS WERE CONDUCTED ON THE SAME
OILS IN UP TO TWELVE DIFFERENT ENGINES AND ALL DATA WERE POOLED INTO
A SINGLE SET OF RESULTS. THESE RESULTS VERIFIED THE FACT THAT THE
viscosITIES oF VI IMPROVED 0OiLsS, AS DETERMINED BY AN ENGINE, DIFFERED
CONSIDERABLY FROM THEIR EXTRAPOLATED VISCOSITIES.

SIMILAR SERIES OF ROUND=-ROBIN TESTS WERE CONDUCTED BY THE ASTM
ON A VARIETY OF DIFFERENT LABORATORY DEVICES, MOST OF WHICH WERE DEVEL~

.
OPED SPECIFICALLY FOR THE PURPOSE. THE RESULTS FROM THESE VISCOMETERS
WERE COMPARED WITH THOSE FROM THE CRC ENGINE TESTS. ALTHOUGH A FEW OF
THESE INSTRUMENTS SHOWED PROMISE IN PREDICTING VISCOSITIES AS THE ENGINES

DID NONE OF THESE WERE VERY PRACTICAL FOR A VARIETY OF REASONS.

IN 1965 A NEW INSTRUMENT THE CoLD CRANKING SIMULATOR, (CCS) was

,NTRODUCED.(4) THE BASIS OF OPERATION FOR THIS DEVICE WAS ITS SIMILAR-
ITY OF CONCEPT TO A COLD CRANKING ENGINE AND ITS DEVELOPMENT OF HIGH
SHEAR RATES, WHICH WERE KNOWN FROM PREVIOUS WORK, TO PROMOTE GOOD COR-
RELATION WITH ENGINE TESTS. PRELIMINARY TESTS OF THIS INSTRUMENT
SHOWED EXCELLENT PROMISE AND A SUBSEQUENT ASTM evaLuATion, AT O°F, sus-
STANTIATED THE SUPERIORITY OF THE SIMULATOR OVER THE OTHER VISCOMETERS

TESTED.(S)

14



Hl

LITERATURE SURVEY

THE RELATIONSHIP BETWEEN ENGINE OIL VISCOSITY AND CRANKING
TORQUE WAS NOTED QUITE EARLY IN THE HISTORY OF THE AUTOMOBILE. As
EARLY As 1913 WILSON(B) MADE REFERENCE TO THE FACT THAT ENGINES WERE
HARDER TO START WHEN COLD BECAUSE OF THE INCREASED VISCOSITY OF THE
ENGINE OIL.

IN 1928, WiLKIN, OAK, AND BARNARD(7) DETERMINED THAT THE CRANK-=-
ING TORQUE OF ANY ENGINE SEEMED TO DEPEND ENTIRELY ON THE VISCOSITY OF
THE CRANKCASE OIL BUT THAT IT WAS NOT A DIRECT PROPORTIONALITY FUNCTION.
THEY ALSO STATED THAT THE CRANKING CHARACTERISTICS OF A NEWTONIAN, OR
NEAR-NEWTONIAN ENGINE OIL COULD BE ESTIMATED WITH FAIR RELIABILITY FROM
SUITABLE VISCOSITY-TEMPERATURE DATA PLOTTED ON A HERSCHEL DIAGRAM( 1

Dr. A, E. BECKER,(g) IN 1931, RELATED ENGINE OIL VISCOSITY TO
ENGINE STARTING BY INDICATING THAT THE RELATIONSHIP OF FRICTIONAL
HORSEPOWER, WHICH WAS A FUNCTION OF OIL VISCOSITY, TO STARTER POWER
AND ENGINE POWER AT LOW SPEEDS IS THE CONTROLLING FACTOR IN LOW
TEMPERATURE STARTING.

ALso iN 1931, BLACKkwOOD AND RICKLES(]O) ARRIVED AT THE SAME
CONCLUSION. THEY FOUND THAT THE FRICTIONAL RESISTANCE OF THE CRANK-
CASE LUBRICANT AT LOW TEMPERATURES MAY BE HIGHER THAN THE TOTAL TORQUE
WHICH THE ENGINE CAN PRODUCE. WHEN THIS 1S THE CASE STARTING IS
IMPOSSIBLE.

GRAVES, MOUGEY AND UPHAM,(1]) IN 1934, EXPERIMENTED WITH WINTER

GRADE (TOW AND 20W) ENGINE OILS UNDER COLD STARTING AND NORMAL OPERATING

15
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CONDITIONS. THEY ESTABLISHED THAT THERE IS A MINIMUM CRANKING SPEED
BELOW WHICH AN ENGINE CANNOT START BECAUSE IT IS NOT BEING CRANKED
FAST ENOUGH TO PERMIT SATISFACTORY DISTRIBUTION OF THE FUEL MIXTURE TO
THE CYLINDERS. |IN ORDER TO INSURE CRANKING SPEEDS ABOVE THIS MINIMUM
VALUE THEY RECOMMENDED THE UsSE OF 1OW oR 20W ENGINE OILS, STATING ALSO
THAT THESE OILS WERE SATISFACTORY FOR USE IN ALL DRIVING CONDITIONS,
INCLUDING HIGH SPEED DRIVING. THEIR EXPERIMENTS ALSO SHOWED THAT
ALTHOUGH OIL CONSUMPTION INCREASED WITH THE USE OF LOWER VISCOSITY
0iLS THE PRIMARY FACTOR AFFECTING OIL CONSUMPTION WAS ENGINE SPEED.

FURTHER VALIDATION OF THE MIN|MUM CRANKING SPEED THEORY WAS
GIVEN BY BLACKWOOD(]Z) IN 1935. HE FOUND THAT AS TEMPERATURE DECREASES
THERE 1S AN INCREASE IN THE INTERNAL FRICTION OF AN ENGINE IN EXCESS
OF THAT CAUSED BY OIL VISCOSITY ALONE. THIS INCREASE IS DUE TO PARTIAL
FILM LUBRICATION AND POSSIBLY SOME METAL TO METAL CONTACT AT CERTAIN
POINTS. HE ALSO FOUND THAT THERE IS A MINIMUM CRANKING SPEED NECESSARY
TO DRAW FUEL OUT OF THE CARBURETOR BOWL AND DELIVER IT TO THE COM-
BUST!ON CHAMBERS TO BE BURNED.

ALTHOUGH THE BENEFITS OF LOW VISCOSITY OILS IN COLD WEATHER
STARTING WERE PROVEN, THERE WAS SOME CONCERN OVER THE PERFORMANCE OF
SUCH OILS IN VARIED SERVICE. S. W. SPARROW,(13) IN 1938, AFTER STUDYING
THE PERFORMANCE OF LOW VISCOSITY 0ILS, CONCLUDED THAT RATHER LOW
VISCOSITIES MAY BE SAFE FOR BEARINGS IF AN ADEQUATE FLOW CAN BE IN-
SURED. HE FOUND THAT A REDUCTION IN VISCOSITY DID EFFECT AN INCREASE
IN FLOW RATE AT CONSTANT PRESSURE. HIs WORK ALSO SHOWED THAT REDUCING
VISCOSITY (5 AN EFFECTIVE METHOD OF INCREASING CRANKING SPEED AND

ENGINE POWER DUE TO THE ACCOMPANYING DECREASE IN ENGINE FRICTION.
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WORKING WITH DIESEL ENGINES AT SUB-ZERO TEMPERATURES IN 1943,
H. L. KNUDSEN(]4) CONDUCTED A NUMBER OF TESTS TO DETERMINE STARTING
POWER REQUIREMENTS WITH DIFFERENT LUBRICATING 01LS. HE FOUND THAT
CRANKING POWER REQUIREMENTS CAN BE REDUCED BY DILUTING THE LUBRICATING
OlL WITH KEROSENE OR GASOLINE. HOWEVER, A MORE DESIRABLE MEANS OF
ASSISTING LOW TEMPERATURE STARTING WAS FOUND IN THE USE OF AN IMMERSION
HEATER TO RAISE OlL TEMPERATURE AND IN THIS MANNER DECREASE VISCOSITY.

THE PRACTICE OF DILUTING ENGINE OlL WITH KEROSENE OR COMMERCIAL
DILUENTS WAS ALSO INVESTIGATED BY MOUGEY AND UPHAM(]S) IN 1948, THEY
DETERMINED THAT ALTHOUGH OIL DILUTED (N THIS MANNER DID AID LOW TEMP-
ERATURE STARTING IT BECAME UNSTABLE AS A LUBRICANT. A STABLE ENGINE
OIL WITH VISCOSITY LOWER THAN TOW WAS NEEDED, ACCORDING TO THEIR FIND-
INGS.

IN 1950 AN INVESTIGATION OF THE PERFORMANCE OF ENGINE OILS
HAVING A HIGH VviscosiTY INDEX (VI) wAs UNDERTAKEN BY FLEMING, GEDDES,
HAKALA AND WEISEL.(]G) THEIR RESULTS SUPPORTED PREVIOUS WORK IN THAT
ENGINE STARTING WAS FOUND TO DEPEND IN PART ON THE VISCOSITY OF THE
CRANKCASE OIL AT STARTING TEMPERATURE, WITH LOW VISCOSITY PROMOTING
BETTER STARTING. HOWEVER, THEY ALSO SHOWED THAT THE LOW TEMPERATURE
STARTING PROPERTIES OF V| IMPROVED OILS ARE IDENTICAL TO THOSE OF
STRAIGHT MINERAL OiLS, HAVING THE SAME WINTER VISCOSITY GRADE, AT THE
SAME TEMPERATURE. OIL CONSUMPTION WAS RELATED TO THE HIGH TEMPERATURE
VISCOSITY OF THE OIL, INCREASING AS VISCOSITY DECREASED, AND CONSUMPTION
oF VI IMPROVED OILS WAS FOUND TO BE THE SAME AS THAT OF MINERAL O1LS
HAVING THE SAME VvIscosiTy AT 300°F. THEY CONCLUDED THAT HiIGH VI

ENGINE OILS OFFERED THE READIEST MEANS OF COMBINING GOOD LOW TEMPERATURE
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STARTING CHARACTERISTICS AND LOW OIL CONSUMPTION PROPERTIES IN A -SINGLE
LUBRI CANT .

DeCArROLIS AND MEYER,(]7) AT PENN STATE UNIVERSITY, IN 1956 IN-
VESTIGATED THE FACTORS WHICH INFLUENCE ENGINE CRANKING AT LOW TEMPER~-
ATURES. THEIR FINDINGS VERIFIED PREVIOUS STATEMENTS THAT THE CRANKING
TORQUE OF AN ENGINE IS A FUNCTION OF OIL VISCOSITY ONLY, INCREASING
APPRECIABLY AS VISCOSITY INCREASES. THEIR INVESTIGATION ALSO REVEALED
THAT THERE IS LITTLE DIFFERENCE IN CRANKING TORQUE WITH SPEED AFTER THE
FIRST FEW SECONDS OF CRANKING WITH OIL VvISCOSITIES UP To 23000 CENTISTOKES.
WITH VERY HIGH VISCOSITY OILS TORQUE WAS FOUND TO DROP AS SPEED INCREASED.
CRANKING TORQUE WAS ALSO FOUND TO DECREASE AS TIME INCREASED DUE TO THE
HEAT GENERATED IN THE QOIL, CAUSING A SUBSEQUENT DECREASE IN VISCOSITY.

A sTuDY OF THE RELATIONSHIPS BETWEEN LOW TEMPERATURE CRANKING
RESISTANCE AND THE VISCOSITY CHARACTERISTICS OF MULTIGRADE ENGINE OILS
WAS CARRIED OUT BY SELBY AND MALONE(18) iN 1956. IT wAS FOUND THAT THE
LOW TEMPERATURE PERFORMANCE OF A MULTIGRADE OIL WAS OFTEN NOT EQUIVALENT
TO THAT OF A SINGLE GRADE OIL WITH THE SAME LOW TEMPERATURE RATING (1.E.
A 1OW30 wAS NOT EQUIVALENT TO A TOW 0i1L). THEY ALSO SHOWED THAT THE
ACCEPTED METHOD OF DETERMINING LOW TEMPERATURE VISCOSITY BY USING THE
EMPIRICAL WALTHER EQUATION WAS NOT ACCURATE FOR MULTIGRADE OILS AND
RECOMMENDED THAT ITS USE BE RESTRICTED TO THAT PORTION OF THE TEMPER-
ATURES SPECTRUM WHERE |T WAS KNOWN TO APPLY. |T WAS ALSO THEIR RECOM-
MENDAT ION THAT CLASSIFICATION OF AN ENGINE OIL FOR LOW TEMPERATURE
SHOULD BE BASED ON ITS MEASURED VISCOSITY AT THESE TEMPERATURES AND AT
A SPECIFIED SHEAR RATE, PREFERABLY ONE COMPARABLE TO THE SHEAR RATES

ADJACENT TO THE PRINCIPAL MOVING PARTS IN AN ENGINE.,



In A 1957 PAPER, SELBY(]g) EXPLORED THE NON-NEWTONIAN CHARAC-
TERISTICS OF LUBRICATING 0iLS., HIS RESULTS SHOWED THAT PURE MINERAL
OILS BECOME NON-NEWTONIAN BELOW THE CLOUD POINT WHILE POLYMER CONTAIN-
ING OILS EXHIBIT NON-NEWTONIAN BEHAVIOUR BOTH ABOVE AND BELOW THE CLOUD
POINT. NON-NEWTONIAN OILS EXHIBIT THIXOTROPY WHICH MAY BE DUE TO
TEMPORARY DISTORTION AND ORIENTATION OF POLYMER MOLECULES OR TO PER-
MANENT SHEAR DEGRADATION. POLYMER STRUCTURES MAY MULTIPLY THE BASE OlL
VISCOSITY MANY TIMES AT LOW SHEAR RATES BUT, ABOVE THE POUR POINT,
UNDER HIGH RATES OF SHEAR, THE VISCOS!TY OF THE POLYMER CONTAINING.O!IL
WAS FOUND TO APPROACH THAT OF THE BASE OIL. THE EFFECTIVENESS OF
DIFFERENT POLYMERS WAS SHOWN TO VARY WITH THEIR PHYSICAL AND CHEMIiCAL
NATURES AND WITH THE SOLVENCY AND PHYSICAL NATURES OF THE BASE STOCK.
IT wAS FOUND THAT THE GENERAL MoTors ResearRcH (GMR) Forcep-BaLL VISCOMETER
WAS CAPABLE OF DETERMINING VISCOMETRIC DIFFERENGES CAUSED BY DIFFERENT
POLYMERS AT LOW TEMPERATURES. SELBY SUGGESTED THAT MORE NEEDED TO BE
KNOWN ABOUT THE LOAD CARRYING ABILITY OF POLYMERIC OILS IN VIEW OF THE
POSSIBLLITY OF POLYMER DEGRADATION, AND CAUTIONED AGAINST THE USE OF
POLYMERS WHICH MIGHT CREATE UNPUMPABLE STRUCTURES AT LOW TEMPERATURES.

SELBY(EO) CONTINUED HIS STUDY OF CRANKING SPEED AND VISCOSITY
RELATIONSHIPS AND IN 1958 REPORTED THAT VISCOSITIES MEASURED BY THE
GMR FORCED-BALL VISCOMETER AT A SHEAR RATE OF 2000~ SECONDS WERE FOUND
TO GIVE SIGNIFICANTLY BETTER CORRELATION WITH CRANKING DATA THAN DID
EXTRAPOLATED VISCOSITIES, OR VISCOSITIES PREDICTED USING THE METHOD
DEVELOPED BY HOROWITZ.(Z]) CORRELATIONS WERE MADE WITH ENGINE CRANKING
DATA TAKEN FROM 250 COLD CRANKING TESTS WITH THREE OILS AND AT TEM-

PERATURES VARYING FROM +3°F To -35°F., CORRELATION ANALYSIS WERE MADE



AGAINST THE LINE M = ¢( N)B, A RELATIONSHIP FOUND BY BARRINGTON AND

(22) (23) (24

LUTwyYskyY AND CONFIRMED BY ARTER AND By Davip

SHIP WAS FOUND TO HOLD TRUE AND "B" WAS SHOWN TO HAVE A VALUE OF APPROX-
iMATELY 0.5. OTHER OBSERVATIONS WERE THAT HIGHER SHEAR RATES GAVE
HIGHER ENGINE CORRELATION, AND THAT POLYMER GELATION APPEARED TO HAVE AN
EFFECT ON ENGINE CRANKING.

(25) SUMMARI1ZED AN ASTM INVESTIGATION OF

IN A 1960 PAPER, SELBY
THE LOW TEMPERATURE VISCOMETRY OF ENGINE 0i1LS. THE VISCOMETERS CON-
SIDERED WERE: S.0.D. PREssSURE ViSCOMETER; FERRANTI-SHIRLEY; BARBER
ConceENTRIC CYLINDER RoTATiONAL; BRrRooOKFIELD RoTATIONAL; PRL SiNnGgLE PaAss
CAPILLARY; AND THE GMR ForceEp-BaLL. THESE VISCOMETERS ARE DESCRIBED IN
THE NOMENCLATURE. THREE INDIVIDUAL SETS OF CRANKING TESTS WERE ALSO
RUN ON FOUR NEWTONIAN AND TWO NON-NEWTON|AN REFERENCE FLUIDS. THE
ENGINE CORRELATION DATA TENDED TO FAVOUR THE TRANSIENT MEASUREMENT
DEVICES. THIS RELATIONSHIP WAS EXPLAINED BY THE FACT THAT IN CONTIN-
UOUS SHEAR MAXIMUM OR!ENTATION OCCURS BEFORE THE READING |S TAKEN WHILE
IN TRANSIENT SHEAR ONLY PARTIAL ORIENTATION OCCURS. |N REFERENCE TO
BARRINGTON'S(22) WORK SELBY POINTED OUT THAT 80% OF AN ENGINE'S CRANK-
ING EFFORT IS DEVELOPED IN THE CYLINDERS WHERE THE OIL IS IN TRANSIENT
SHEAR. THE NEED FOR FURTHER CRANKING TESTS WAS EMPHASIZED BY SELBY.

ABOUT THE SAME TIME, SELBY AND HUNSTAD(26) PRESENTED A DETAILED
PAPER ON THE FORCED BALL ViISCOMETER. A THEORETICAL ANALYSIS OF THE
SHEAR RATE WAS GIVEN AND IT WAS SHOWN THAT THE VISCOSITY DATA OBTAINED
WITH THE INSTRUMENT AGREED WELL ENOUGH WITH THEORETICAL CALCULATIONS

TO ENABLE THE FORCED-BALL VISCOMETER TO BE USED AS AN ABSOLUTE INSTRU~

MENT. THE INSTRUMENT WAS FOUND TO BE PARTICULARLY USEFUL IN THE STUDY
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OF NON-NEWTONIAN CHARACTERISTICS OF ENGINE OILS, }T WAS SHOWN THAT
THE INSTRUMENT MADE IT POSSIBLE TO STUDY THIXOTROPY, POLYMER ORIEN-
TATION PHENOMENA, DILATANCY, AND COMPLEX FLOW SYSTEMS EXHIBITING COM~
BINATION OF THESE PHENOMENA. THE REPEATABILITY OF RESULTS FROM INITIAL
STUDIES WITH THE INSTRUMENT WAS FOUND TO BE SATISFACTORY.

(27) iN.1967, PRESENTED AN ANALYSIS OF

NEWINGHAM AND ZIEGLER,
CRANKING TESTS ON A COMPLETE SERIES OF SERVICE STATION OILS, BOTH SINGLE
AND MULTI-GRADED. THEIR RESULTS TENDED TO SUPPORT PREVIOUS FINDINGS IN
THAT EXTRAPOLATED VISCOSITY DATA DID NOT CORRELATE WELL WITH ENGINE
VISCOSITY DATA. MEASURED VISCOSITIES DETERMINED WITH AN ASTM PRESSURE
VISCOMETER AND A BROOKFIELD VISCOMETER, HOWEVER, SHOWED APPRECIABLY
BETTER CORRELATION. THE AUTHORS RECOGNIZED, THOUGH, THAT DUE TO THE
LOW SHEAR RATES INVOLVED, SIMILAR CORRELATIONS COULD NOT NECESSARILY BE
EXPECTED FOR OILS COMPOUNDED WITH DIFFERENT BASE OILS AND POLYMERS.

IN 1961 SELBY(ES) DISCUSSED A MEANS OF CALCULATING CRANKING
SPEED FROM ENGINE OIL VISCOSITY AT LOW TEMPERATURES. |IT WAS KNOWN FROM
PREVIOUS WORK THAT CRANKING TORQUE REQUIREMENT 1S A FUNCTION OF THE
SQUARE ROOT OF THE PRODUCT OF CRANKING SPEED AND ENGINE OIL VISCOSITY
(M°<(N//)%). THE CRANKING TORQUE REQUIRED MAY THEN BE REPRESENTED BY

4
THE EXPRESSION M = ,4(N/u)2. BY MAKING THE ASSUMPTION THAT CRANKING

POWER IS CONSTANT (P = NM

k,) THE EXPRESSION MAY BE REDUCED TO:

A _A(NY)E
Til'k(//)

OR o

: 3
K =f£L2 -:// N
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By DETERMINING THE TORQUE REQUIREMENT OF AN ENGINE WITH AN OIL OF KNOWN
VISCOSITY THE VALUE OF K CAN BE CALCULATED. THIS VALUE REMAINS
RELATIVELY CONSTANT FOR A GIVEN ENGINE.

SELBY, VERDURA AND HUNSTAD(29) IN 1961, DISCUSSED A STUDY OF
ENGINE OILS AT LOW TEMPERATURE IN AN IMPROVED CRANKING APPARATUS. IT
WAS SHOWN THAT CRANKING WITH A CONVENTIONAL CRANKING MOTOR HAD TWO
DISADVANTAGES. TORQUE MEASUREMENT WAS INDIRECT AND DEPENDENT UPON
CRANKING MOTOR CONDITION AND CYCLIC TORQUE VARIATIONS MADE AVERAGING
VERY DIFFICULT. THE IMPROVED GMR APPARATUS COMBINED BOTH MOTOR DRIVEN
AND CRANKING MOTOR SYSTEMS AND A GEARBOX PROVIDED MULTIPLE SPEED
VARIATIONS FOR THE MOTOR DRIVE. |T WAS NOTED THAT, AS CRANKING SPEEDS
ARE INCREASED A GREATER PROPORTION OF THE TORQUE REQUIREMENT 1S USED
TO OVERCOME COMPRESSION PRESSURE DUE TO DECREASED LEAKDOWN TIME. PooR
CORRELATION BETWEEN BEARING TEMPERATURE FLUCTUATION AND CRANKING SPEED
INDICATED THAT BEARING FRICTION IS NOT OF PRIMARY IMPORTANCE. THE
APPARATUS WAS SHOWN TO HAVE GOOD VERSATILITY AND REPEATABILITY.

MUNSELL,(3O) IN 1962, POINTED OUT THAT THE BROOKFIELD VISCOMETER
GAVE RESULTS THAT WERE TOO HIGH FOR GOOD CORRELATION WITH ENGINE CRANK~-
ING RESULTS. HE EXPLAINED THAT THIS POOR CORRELATION WAS DUE TO THE
VERY LOW SHEARING ACTION OF THE SYSTEM. HE ALSO EXPLAINED THAT OIL
CONSUMPTION DEPENDS UPON VOLATILITY AND USED OiL VISCOSITY AND THAT
INCREASED OIL CONSUMPTION DUE TO THE USE OF LIGHTER BASE STOCKS WITH
_INCREASED VOLATILITY MAY BE OFFSET BY USE OF VI IMPROVERS HAVING LOW
BREAKDOWN. TEMPORARY VISCOSITY LOSS FOR MOST COMMERCIAL VI IMPROVERS
WAS FOUND TO BE APPROXIMATELY 50% OF THE INCREASE DUE TO POLYMER. THICK-

ENING.
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IN 1963, IN A PRESENTATION BEFORE THE SIXTH WORLD PETROLEUM
CoNGRESS IN FRANKFURT, GERMANY, SELBY(a) MADE A DETAILED REVIEW OF THE
PROBLEMS, DEVELOPMENTS, AND RESEARCH CONCERNED WITH VISCOSITY AND THE
CRANKING RESISTANCE OF ENGINE OILS AT LOW TEMPERATURES UP TO THAT TIME.
HE TRACED THE DEVELOPMENT OF POLYMER CONTAINING AND MULTIGRADE OILS AND
POINTED OUT THE SHORTCOMINGS OF THE WALTHER EXTRAPOLATION TECHNIQUE FOR
DETERMINING THE LOW TEMPERATURE VISCOSITY OF THESE OILS. THE EFFECTS
OF POLYMER AND GEL STRUCTURES AT LOW TEMPERATURES WERE DISCUSSED AND A
NUMBER OF EXPERIMENTAL STUDIES OF THESE EFFECTS WERE REVIEWED. SELBY
ALSO COVERED THE SUBJECT OF OiL SUPPLY AT LOW TEMPERATURES. HE SHOWED
THAT FOR A GIVEN OIL PUMP DESIGN THERE IS A CRITICAL VISCOSITY ABOVE
WHICH AN OIL WOULD CAUSE AIR-BINDING OF THE PUMP, AND STOPPAGE OF FLOW.
THE TEMPERATURE AT WHICH THE OIL PUMP WILL BECOME A{R-BOUND WITH A
GIVEN OIL WAS SHOWN TO BE DEPENDENT ON THE LOW SHEAR VISCOSITY OF THE
OIL AND THE DIMENSIONS AND DEPTH OF IMMERSION OF THE OIL PUMP INLET
TUBE. FROM A STANDPOINT OF OIL SUPPLY AT LOW TEMPERATURES HIGHLY GELATED
OILS WERE SHOWN TO BE UNDESIRABLE. IN DISCUSSING VISCOSITY AND CRANKING
SPEED RELATIONSHIPS SELBY DEMONSTRATED THAT THE THEORIES OF HYDRODYNAMIC
LUBRICATION MAY BE APPLIED TO THE LUBRICATION OF AN ENGINE. BoTH
EMPIRICAL AND THEORETICAL EXPRESSIONS RELATING TORQUE, SPEED, AND VIS-
COSITY WERE REVIEWED AND SHOWN TO AGREE. SELBY THEN PRESENTED A SIM-
PLIFIED RELATIONSHIP BASED ON THE ASSUMPTION THAT, OVER A CONSIDERABLE
RANGE OF CRANKING SPEED, CRANKING MOTOR POWER MAY BE CONSIDERED NEARLY
CONSTANT. A BRIEF SUMMARY OF THE WORK OF THE ASTM WITH LABORATORY
INSTRUMENTS WAS GIVEN, AS WELL AS A MORE DETAILED ACCOUNT OF A SERIES

OF ENGINE VISCOSITY DETERMINATIONS CO-ORDINATED BY THE CRC. THE TECH-



NIQUE USED FOR DETERMINING ENGINE VvIscosITy, CRC L-49 PROCEDURE, WAS
FOUND TO BE BOTH REPEATABLE AND REPRODUCIBLE. IN SUMMARY, SELBY NOTED
THAT PROGRESS WAS BEING MADE THROUGH THE WORK OF A SUCCESSION OF
SCIENT!STS AND ENGINEERS WORKING INDIVIDUALLY AND COLLECTIVELY.

SELBY,(31) LATER IN 1963, CONDUCTED A STUDY TO SEPARATE THE
EFFECTS OF OfL VISCOSITY AND CRANKING SPEED ON COLD-WEATHER STARTING.
HE LEARNED THAT CHANGING CRANKING SPEED ALONE HAD VERY LITTLE EFFECT ON
STARTING. CHANGING OIL VISCOSITY ONLY, HOWEVER, SHOWED A MUCH MORE
PRONOUNCED EFFECT ON STARTING. |T APPEARED THAT THE CRITICAL FACTOR
IN STARTING WAS WHETHER OR NOT THE ENGINE WAS CAPABLE OF PRODUCING
ENOUGH POWER TO OVERCOME THE TORQUE REQUIREMENT RESULTING FROM THE
VISCOUS DRAG OF THE OIL. CRANKING SPEED, ON THE ofHER HAND, APPEARED
TO BE SIMPLY A REFLECTION OF THE IMPORTANCE OF OIL VISCOSITY. IN VIEW
OF THESE FINDINGS SELBY SUGGESTED THAT, ALTHOUGH IT WOULD SEEM TECHNI -
CAL SOUND TO IMPROVE COLD-STARTING PROBLEMS BY REDUCING ENGINE OIL
VISCOSITY, THERE IS LITTLE TO BE GAINED IN INCREASING CRANKING SPEED
BY INCREASING THE CAPACITY OF THE STARTING SYSTEM.

REIN AND CORDELL,(32) IN 1964, PRESENTED A STATISTICAL ANALYSIS
OF THE RESULTS OF VISCOMETRIC TESTS ON A VARIETY OF OILS USING A CRANK-
ING ENGINE AND A NUMBER OF LABORATORY VISCOMETERS. |N THEIR ANALYSIS
THEY ALSO CONSIDERED THE POSSIBLE EFFECTS OF PHYSICAL PROPERTIES OTHER
THAN OIL VISCOSITY ON ENGINE CRANKING. THEIR FINDINGS SUBSTANTIATED
PREVIOUS WORK IN THAT EXTRAPOLATED VISCOSITY SHOWED POOR CORRELATION
WITH ENGINE VISCOSITY. THE BEST CORRELATION OF VISCOSITY ONLY WAS
FOUND WITH DATA FROM A FERRANTI-SHIRLEY ROTATIONAL VISCOMETER OPERATED

AT HIGH SHEAR RATE. HOWEVER, WHEN THE EFFECTS OF OTHER PROPERTIES WERE

24
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CONSIDERED THE BEST CORRELATION WAS FOUND WITH INFORMATION BASED ON
ForRcep BALL VISCOMETER DATA AND SHEAR RATE, POUR POINT, 100°F KINEMATIC
VISCOSITY, AND VISCOSITY INDEX. IN NEITHER CASE WAS THE CORRELATION
SUFFICIENTLY GOOD TO PRECISELY PREDICT ENGINE VISCOSITY. THE AUTHORS
SUGGESTED THAT IN ORDER TO PREDICT ENGINE VISCOSITY FROM USE OF A
LABORATORY INSTRUMENT [T WOULD BE NECESSARY TO GAIN A MUCH BETTER
UNDERSTANDING OF THE COMPLEX FLOW PROCESSES IN A COLD ENGINE.

IN 1964, LowTHER, MEYER, SELBY AND VICK(33)(34) REPORTED ON THE
DEVELOPMENT OF A RESEARCH TECHNIQUE FOR DETERMINING THE LOW-TEMPERATURE
CRANKING CHARACTERISTICS OF ENGINE O!LS. THE PROJECT, CO~ORDINATED BY
THE CRC, MADE USE OF ENGINE CRANKING TESTS DATA ON A NUMBER OF RESEARCH
ENGINE OILS AS DETERMINED BY ELEVEN DIFFERENT LABORATORIES IN TWELVE
DIFFERENT ENGINES. AFTER AN INITIAL SERIES OF TESTS A SECOND SERIES
WAS CONDUCTED USING A MORE STANDARDIZED TEST PROCEDURE. TH!S PROCEDURE
WAS PROVEN TO BE ABLE TO DIFFERENTIATE BETWEEN DIFFERENT MULTI=VISCOSITY
OILS HAVING SIMILAR EXTRAPOLATED VISCOSITY BUT DIFFERENT COMPOSITION.

IT WAS ALSO FOUND TO HAVE ADEQUATE REPEATABILITY ALTHOUGH REPRODUCIBILITY
FROM. LAB TO LAB WAS NOT AS SATISFACTORY. SOME VARIATION WAS FOUND TO BE
DEPENDENT ON THE DISPLACEMENT OF THE ENGINE USED. A DETAILED PAPER
EXPLAINING THE DEVELOPMENT OF THE TEST PROCEDURE, CRC L-49 -663, anD
ANALYZING THE RESULTS OF THE PROGRAM.- WAS 1SSUED BY THE COORDINATING

ResearcH CouncitL N 1964.(35)

IN COMMENTING ON THE WORK OF SELBY(31), REIN AND CORDELL(32),

AND THE CRC(33)(34), MUNSELL(36) GAVE EVIDENCE THAT VISCOSITY DATA
OBTAINED WITH A FERRANTI-SHIRLEY ROTATIONAL VISCOMETER SHOWED BETTER

CORRELATION WITH ENGINI’f ‘V1SCOSITY THAN DID RESULTS FROM OTHER LAB=-
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ORATORY. INSTRUMENTS. TWENTY-THREE MULT{-GRADE AND FOUR SINGLE GRADE
OILS WERE USED IN THE TEST PROGRAM WHICH PRODUCED THESE RESULTS.
MUNSELL RECOGNIZED, HOWEVER, THAT ALTHOUGH THE FERRANTI-SHIRLEY INSTRU-
MENT GAVE GOOD CORRELATION, ITS INITIAL COST, TEMPERATURE EFFECTS AND
OTHER MINOR PROBLEMS WOULD PRECLUDE ITS USE AS A COMMERCIAL INSTRUMENT.
HE PROPOSED THAT AN INSTRUMENT COULD BE DESIGNED, USING THE SAME PRIN-
CIPLE OF OPERATION, WHICH WOULD MINIMIZE THE UNDESIRABLE FEATURES OF
THE FERRANTI-SHIRLEY.

LATER IN 1964 VICK(37) SUMMARIZED THE PROGRESS WHICH HAD BEEN
MADE IN THE COLD CRANKING OF MOTOR 0ILS. HIS PRESENTATION SERVED TO
CLARIFY THE FINDINGS OF SEVERAL INVESTIGATORS AND TO RELATE THEM TO
EACH OTHER. HE NOTED THAT THE ASTM EXTRAPOLATION TECHN!QUE FOR DETER-
MINING LOW TEMPERATURE VISCOSITY WAS INACCURATE FOR MULTI-GRADE OILS,
PARTIALLY BECAUSE THE LOW SHEAR VISCOSITY OF POLYMER CONTAINING OILS
IS NOT A LINEAR FUNCTION OF TEMPERATURE AND PARTIALLY BECAUSE POLYMER
THICKENED OILS SHOW A TEMPORARY VISCOSITY LOSS UNDER HIGH SHEAR RATES
AND STRESSES. HE o0BSeRVED THAT THE CRC -L49-663 CRANKING TESTS SHOWED
GOOD REPEATABILITY IN VISCOSITY DETERMINATION. HE ALSO POINTED OUT THE
AGREEMENT BETWEEN SELBY'S(3]) FINDINGS, WITH REGARD TO THE EFFECT OF
OlL VISCOSITY ON STARTING AND BECKER'S(g) FINDINGS 32 YEARS PREVIOUS.
VICK CONCLUDED THAT VISCOSITY MEASURED BY A LABORATORY INSTRUMENT
WOULD SERVE AS A MORE SATISFACTORY BASIS FOR SAE viscosiTy cLASSIFI-
CATION THAN DOES EXTRAPOLATED VISCOSITY BUT NOTED THAT ANY INSTRUMENT
CONSIDERED FOR THIS PURPOSE SHOULD BE JUDGED ON THE BASIS OF ITS ABILITY
TO PREDICT CRANKING PERFORMANCE.

IN 1964 THE CoORDINATING REscAarRcH CouNciIL (38) PUBLISHED A
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REPORT ON THE PREDICTION OF LOW TEMPERATURE CRANKING CHARACTERISTICS
OF ENGINE OfL BY USE OF LABORATORY VISCOMETERS. THE REPORT OUTLINED
THE RESULTS OF A SERIES OF TESTS WHICH WERE CONDUCTED IN A NUMBER OF
DIFFERENT LABORATORIES AND RELATED TO THE RESULTS OF ENGINE CRANKING

35) THE VISCOMETERS CONSIDERED WERE: FERRANTI=

TESTS ON THE SAME oan.(
SHIRLEY CONE PLATE; GMR ForceEp-BaLL; BRoOKFIELD; HAAKE ROTOVISCO;‘PRL
SINGLE PASS CAPILLARY; SOD; MasoN TorsioN CRYSTAL; TEXACO HIGH RATE OF
SHEAR ROTATIONAL; AND THE CANNON-MANNING PRESSURE VISCOMETER. THESE
VISCOMETERS ARE DESCRIBED IN THE NOMENCLATURE. THE CONCLUSIONS REACHED
WERE THAT THE FERRANTI-SHIRLEY AND GMR FORCED-BALL VISCOMETERS GAVE GOOD
AGREEMENT WITH ENGINE CRANKING DATA AND THAT THE HaAKE RoTovisco ano PRL
CAPILLARY VISCOMETERS SHOWED SOME PROMISE. THE OTHER VISCOMETERS WERE
FOUND TO BE UNSUITABLE FOR CORRELATION WITH ENGINE CRANKING. IN GENERAL,
THE BEST CORRELATION WAS FOUND FOR THE HIGHEST SHEAR RATES OR SHEAR
STRESSES INVESTIGATED. CONTINUED INVESTIGATION WITH BOTH LABORATORY
INSTRUMENTS AND ENGINE CRANKING RJGS WAS ENCOURAGED. THE RESULTS OF
THIS PROGRAM WERE ALSO REPORTED BY Vick, MEYER, AND SELBY(39) IN 1965,
SELBY AND STAFFIN(4O) IN 1965, PRESENTED A MUCH MORE DETAILED
ACCOUNT OF THE TEST PROGRAM INVOLVING THE GMR FORCED-BALL VISCOMETER AND
THE FERRANTI=SHIRLEY, AND HAAKE-ROTOVISCO CONE-PLATE VISCOMETERS. THEY
EXPLAINED THE CONCEPT OF GEL CORRECTION WHICH WAS FOUND TO IMPROVE THE
CORRELATION OF FORCED-BALL RESULTS. THE APPARENT VISCOSITY WAD ADJUSTED
BY A "GEL vISCOSITY" WHICH wAS DETERMINED FROM THE AREA OF THE {RREVERS=
IBLE PORTION OF A VISCOSITY=-SHEAR STRESS GRAPH, OVER THE RANGE OF SHEAR

STRESS USED. A SIGNIFICANT IMPROVEMENT [N CORRELATION WITH ENGINE

VISCOSITIES WAS REALIZED WHEN THE CONCEPT OF GEL CORRECTION WAS APPLIED
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TO THOSE OILS WHICH EXHIBITED GEL STRUCTURES AT THE TEMPERATURE OF

DETERMINATION. THE CONE-PLATE VISCOMETERS WERE FOUND TO BE MOST SUITED
FOR USE AS RELATIVE VISCOMETERS. A STANDARDIZED TEST PROCEDURE, WHICH
HAD BEEN FOUND TO BE SATISFACTORY, WAS PROPOSED FOR CONE=~PLATE VISCOMETER
USE. |INFORMATION WAS ALSO GIVEN ON AN IMPROVED PLATE AND TEMPERATURE
CONTROL SYSTEM. GOOD CORRELATION WITH ENGINE DATA WAS FOUND WITH THE
CONE-PLATE VISCOMETERS.

A LARGE PORTION OF THE CRANKING RESISTANCE IN AN ENGINE 1S
ASSOCIATED WITH TS RECIPROCATING MOT!ON. [N VIEW OF THIS FACT, STEWART,
LioN, AND MEYER(4]), ON 1965, MADE A STUDY TO DEVELQP AND EVALUATE A
RECIPROCATING VISCOMETER. TESTS WERE MADE ON A NUMBER OF TEST OILS IN
A COLD CRANKING ENGINE, THREE MODEL AIRPLANE ENGINES, AND FOUR RECIP-
ROCATING ViISCOMETERS. CORRELATION FOR THE MODEL AIRPLANE ENGINES WITH
ENGINE CRANKING WAS SLIGHTLY LOWER THAN FOR THE GMR FoRcep-BaALt visco-
METER, OR THE FERRANTI-SHIRLEY CONE-PLATE VISCOMETER. THE CORRELATION
FOR THE RECIPROCATING VISCOMETERS PROVED TO BE LOWER THAN FOR THE MODEL
AIRPLANE ENGINES. IMPROVED CORRELATION WAS FOUND WHEN HIGHER SHEAR
RATES WERE USED. WITH FURTHER DEVELOPMENT. THE RECIPROCATING VISCOMETER
SHOWED PROMISE OF BECOMING A USEFUL AND ACCURATE VISCOMETRIC TOOL.

IN 1965, WesST AND SELBY(42) MADE A STUDY OF THE EFFECT OF ENGINE
OPERATION ON THE VISCOMETRY OF MULTIGRADE ENGINE OiILS. |T WAS FOUND
THAT POLYMER CONTAINING OILS QFTEN LOSE A PORTION OF THEIR INITIAL
VISCOSITY AFTER LUBRICATING THE ENGINE FOR A PERIOD OF TIME. THE USED
OIL MAY, THEN, BE MORE VISCOUS THAN EXPECTED AT LOW TEMPERATURE AND
LESS VISCOUS THAN DESIRED AT OPERATING TEMPERATURES AFTER A RELAT!IVELY

SHORT PERIOD OF USE. IT WAS FOUND THAT THE MAJOR PORTION OF THE VIS~-



COSITY LOSS ENCOUNTERED OCCURS IN THE FIRST 7 1/2 HOURS OF OPERATION.
ENGINE SPEED WAS FOUND TO HAVE A PRONOUNCED EFFECT ON VISCOSITY LOSS

BUT ENGINE LOAD HAD NO APPARENT EFFECT. PERMANENT VISCOSITY LOSS AFTER
7 1/2 Hours RANGED FRoM 8% To 20% FOR A NUMBER OF MULTIGRADE OILS.
VISCOSITY CHANGE WAS EXPLAINED TO BE A FUNCTION OF FOUR INDEPENDENT
FACTORS: DEGRADATION OF THE VI IMPROVER; GASOLINE DILUTION; DISTILLATION
OF VOLATILE COMPONENTS; AND OXIDATION. BASED ON THIS INFORMATION IT
WOULD -APPEAR THAT USED OIL VISCOSITY WOULD BE A MORE ACCURATE REFLECTION
OF OIL PERFORMANCE THAN WOULD NEW OIL VISCOSITY.

IN A PREPARED DISCUSSION OF STEWART, LION, AND MEYER's PAPER(41)
ON THE RECIPROCATING VISCOMETER, D. S. KIM(4) MADE PUBLIC HIS DEVELOPMENT

OF A ANOTHER NEW DEVICE, THE CoLD CRANKING SIMULATOR., THE HEART OF THE
UNIT WAS A VISCOMETRIC CELL IN WHICH A SAMPLE IS SHEARED IN THE SMALL
SPACE BETWEEN A ROTATING SPINDLE, WITH TWO FLATTENED SIDES, AND A COOLED
CYLINDER. THE COUPLED FLATS WERE DESCRIBED TO PROVIDE A FLUCTUAT ING,
BUT. CONTINUOUS SHEARING ACTIONS AND TO PRODUCE A HYDRODYNAMIC SHEARING
ACTION., THE ROTOR WAS DRIVEN BY A SERIES WOUND AC MOTOR AND THE SPEED
WAS MEASURED FROM THE OUTPUT OF A DC GENERATOR DRIVEN AT ROTOR SPEED.
THE MOTOR WAS DRIVEN AT CONSTANT VOLTAGE SO THAT SPEED WAS A FUNCTION

OF VISCOSITY. PRELIMINARY TESTS CONDUCTED BY KIM INDICATED THAT THiS
UNIT, POSSIBLY, OFFERED SUPERIOR CORRELATION WITH ENGINE VISCOSITIES

TO OTHER VISCOMETERS.

29
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EXPERIMENTAL APPARATUS

Two SEPARATE AND INDEPENDENT PIECES OF EXPERIMENTAL APPARATUS
WERE USED IN THIS RESEARCH PROJECT. THE FIRST DEVICE USED WAS A COLD
CRANKING TEST ENGINE, EQUIPPED TO SIMULATE ACTUAL FIELD CONDITIONS
IN WINTER PASSENGER CAR SERVICE. THE SECOND INSTRUMENT WAS A LABORATORY
QISCOMETRIC DEVICE KNOWN As A CoLD CRANKING SimMuLATOR (CCS). THe
CONSTRUCTION AND PRINCIPLES OF OPERATION OF THESE DEVICES WILL BE DIS~-

CUSSED IN THE FOLLOWING SECTIONS.

CoLp CRANKING ENGINE

IT WAS LEARNED, IN 1956,(]8) THAT THE LOW TEMPERATURE VISCOSITY

"OF A NON-NEWTONIAN OIL, AS DETERMINED BY VISCOMETERS THEN AVAILABLE, WAS
NOT A VALID INDICATION OF THE LOW TEMPERATURE CRANKING PERFORMANCE OF
THE OIL IN AN ENGINE. IN ORDER TO EVALUATE THE LOW TEMPERATURE CRANK-
ING PERFORMANCE OF AN OIL IT WAS NECESSARY TO CONDUCT CRANKING TESTS IN
AN ENGINE. FOR THIS PURPOSE A NUMBER OF INDIVIDUAL LABORATORIES IN-
DEPENDENTLY DEVELOPED THEIR OWN APPARATUS AND PROCEDURES. [N AN EFFORT
TO CO—ORD;NATE THE WORK BEING DONE IN THIS FIELD, IN 1961 THE Co-
ORDINATING RESEARCH CounciL (CRC), AT THE REQUEST OF THE SOCIETY OF
AUTdMOTIVE ENGINEERS (SAE), INITIATED A PROGRAM TO DEVELOP A RESEARCH
TECHNIQUE FOR MEASURING THE LOW TEMPERATURE CRANKING PERFORMANCE OF
ENGINE OILS.

CRC ApparAaTUs - THE REsuLTs oF THE CRC PROGRAM WERE PUBLISHED

35)

IN 1963.( As PART OF THE APPROVED PROCEDURE (CRC DeEsiGNATION L-49-

QN
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663) GENERAL SPECIFICATIONS WERE PLACED ON THE APPARATUS. THESE SPEC-
IFICATIONS ARE SHOWN IN APPENDIX A, As MAY BE NOTED A CONSIDERABLE
AMOUNT OF FLEXIBILITY IN EQUIFMENT WAS PROVIDED TO MAKE THE TECHNIQUE
AS BROADLY APPLICABLE AS POSSIBLE,

THERE ARE TWO BASIC TYPES OF APPARATUS ALLOWED BY THE CRC. IN
EITHER CASE A BROKEN-IN {1500 MILES OR EQUIVALENT) ENGINE IS USED WITH=-
‘OUT AN OfL FILTER, TRANSMISSION, POWER ASSI{ST DRIVES, AND AIR CONDITION-
ING. SOLID VALVE LIFTERS ARE RECOMMENDED WHERE AVAILABLE. THE DIF-
FERENCE IN THE TWO LIES IN THE POWER SUPPLY FOR CRANKING. ONE SYSTEM
USES A CONVENTIONAL CRANKING MOTOR SUPPLIED BY EITHER A BANK OF BAT~-
TERIES WITH HIGH CAPACITY, TO GIVE A CONSTANT VOLTAGE, OR BY A CONSTANT
VOLTAGE POWER SUPPLY SUCH AS A RECTIFIER. THE MORE SOPHISTICATED
ALTERNATIVE USES A CONSTANT SPEED DRIVE MOTOR TO CRANK THE ENGINE

THROUGH A TORQUE SENSING TRANSDUCER. THE SIGNIFICANCE OF THESE DIF-

FERENCES WITH REGARD TO THE METHOD OF TESTING ARE DISCUSSED IN CHAPTER V.

GM oF CanaDA APPARATUS - GENERAL MoTors of Canapa (GM), HAVE TrRA-

DITIONALLY USED FACTORY FILL ENGINE 0ILS HAVING SAE LOW-TEMPERATURE
VISCOSITIES LOWER THAN THOSE USED BY GM DIVISIONS IN THE UNITED STATES.
THE REASON FOR USING THESE OILS WAS TO INSURE SATISFACTORY CRANKING
PERFORMANCE IN THE SUBZERO TEMPERATURES ENCOUNTERED |N MANY PARTS OF
CANADA. IN VIEW OF THE INABILITY OF THE SAE VisScosSiTY SYSTEM TO PRE-
DICT THIS CRANKING PERFORMANCE AN ENGINE CRANKING TEST WAS NEEDED TO
EVALUATE OILS PROPOSED FOR FACTORY FILL USE.

As PART OF THE PROGRAM DESCRIBED IN THIS THESIS A COLD CRANK-
"ING ENGINE APPARATUS WAS DEVELOPED AT THE GENERAL MoToRs oF CANADA

EXPERIMENTAL ENGINEERING DEPARTMENT. WHEN WORK WAS INITIATED ON THIS
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APPARATUS NO ATTEMPT WAS MADE TO COMPLY DIRECTLY WITH THE CRC spPec-
IFICATIONS. RATHER, AN ATTEMPT WAS MADE TO SIMULATE, AS CLOSELY AS
POSSIBLE, ACTUAL SERVICE CONDITIONS IN AN AUTOMOBILE.

A 250 cuBIC INCH DISPLACEMENT 1967 CHEVROLET SIX CYLINDER ENGINE
WAS CHOSEN AS THE HEART OF THE APPARATUS. THIS TYPE OF ENGI!NE WAS
CHOSEN BECAUSE IT, ALONG WITH A 283 cuBiC INCH VB ENGINE, ACCOUNTED
FOR THE MAJORITY OF GENERAL MoTORS PRODUCTION IN CANADA, AND BECAUSE
OF ITS SIMPLICITY, COMPARED WITH THE V8. BEFORE BEING PUT INTO USE THE
ENGINE WAS INSTALLED iN A .VEHICLE WHICH WAS DRIVEN FOR 2000 MILES ON A
PRESCRIBED SCHEDULE OVER A PRESCRIBED ROUTE, TO BREAK [T I[N,

A TEST STAND WAS CONSTRUCTED TO HOLD THE ENGINE IN THE ATTITUDE
SPECIFIED FOR INSTALLATION IN AN AUTOMOBILE. IN ORDER TO MAKE THE TEST
STAND A SELF-CONTAINED UNIT IT WAS FITTED WITH A RADIATOR, A FUEL TANK,
AND AN EXHAUST SYSTEM AND MUFFLER. AN INSTRUMENT PANEL WAS ALSO FITTED
TO CONTAIN AN IGNITION SWITCH, VOLTAGE REGULATOR, AMMETER, OIL PRESSURE
GAUGE, AND TEMPERATURE AND OIL PRESSURE TELL=TALE LIGHTS. THE TEST
STAND WAS THEN WIRED TO DUPLICATE THE WIRING COMPONENTS OF AN AUTOMOBILE
IGNITION SYSTEM.

SOME MODIFICATIONS WERE MADE TO THE ENGINE BEFORE IT WAS IN-
STALLED IN THE TEST STAND. A COPPER PIPE WAS WELDED INTO THE LOWEST
POINT OF THE OIL PAN AND A PIPE VALVE WAS INSTALLED TO FACILITATE OiL
CHANGING. BEFORE THE OIL PAN WAS REPLACED THE #4 MAIN BEARING CAP WAS
REMOVED, FITTED WITH A THERMOCOUPLE AS ILLUSTRATED IN FiGURE 5, pPaGce 33,
AND REINSTALLED. A QUALIFIED CRANKING MOTOR WAS sUPPLIED BY DeLco Remy
Division, ANDERSON, INDIANA, AND WAS INSTALLED ON THE ENGINE. A RQGULAR

PRODUCTION 1967 PonTiac (CANADIAN) ENGINE WIRING HARNESS WAS USED. [N
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ORDER TO SIMPLIFY THE ATTACHMENT OF BATTERY CABLES TWO QUICK CHANGE
TERMINALS WERE CONSTRUCTED OF LOW RESISTANCE BRASS. THESE POSITIVE AND
NEGATIVE TERMINALS (SEE FIGURE 6, PAGE 35) WERE ATTACHED TO THE CRANKING
MOTOR, THROUGH A SHUNT RESISTOR, AND TO THE ENGINE BLOCK, RESPECTIVELY.
THE OIL FILTER WAS REMOVED AND REPLACED WITH A BY-PASS CAN CONSTRUCTED
FROM AN EMPTY OIL FILTER CAN.

IN ORDER TO INSTALL THE ENGINE IN THE TEST STAND IN THE DESIRED
ATTITUDE 1T WAS NECESSARY TO ATTACH A TRANSMISSION ASSEMBLY TO PROVIDE
A REAR MOUNT. SINCE THE VISCOUS DRAG IN AN AUTOMATIC TRANSMISSION
DURING CRANKING COULD ADD AN UNDESIRABLE VARIABLE TO THE TESTS, THE
TORQUE CONVERTER WAS REMOVED FROM THE TRANSMISSION SO THAT [T COULD
NOT CONTRIBUTE TO THE CRANKING REQUIREMENTS OF THE ENGINE. FOR THE
SAME REASON, NO POWER STEERING, AIR CONDITIONING, OR AIR INJECTION
PUMES\WERE INSTALLED ON THE ENGINE.

WHEN THE ENGINE WAS INSTALLED IN THE TEST STAND THE ENGINE
WIRING HARNESS WAS CONNECTED TO THE TEST STAND HARNESS, THE OIL- PRESSURE
GAUGE WAS CONNECTED TO THE ENGINE, AND A FUEL LINE WAS INSTALLED FROM
THE FUEL TANK TO THE FUEL PUMP. UPPER AND LOWER RADIATOR HOSES WERE
INSTALLED WITH A THERMOCOUPLE IN THE UPPER HOSE TWO INCHES ABOVE THE
ENGINE END. ANOTHER THERMOCOUPLE WAS INSTALLED IN THE OIL SUMP AT THE
BASE OF THE OIL DIPSTICK.

THE EXTERNAL COMPONENTS OF THE SYSTEM CONSISTED PRIMARILY OF THE
POWER SUPPLY AND RELATED PARTS. From PﬁEVlous WORK IN THE EXPERIMENTAL
DEPARTMENT COLD ROOM IT WAS LEARNED THAT, UNDER TYPICAL CRANKING CON-
DITIONS, AT -20°F, THE CRANKING VOLTAGE AVAILABLE FROM A PRODUCTION 12

b
VOLT BATTERY IS APPROXIMATELY FIVE TO SIX VOLTS. FOR CRANKING TESTS A
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RELATIVELY CONSTANT POWER SUPPLY WAS REQUIRED. THEREFORE A BATTERY OF
HIGH CAPACITY WAS NEEDED. THE POWER SUPPLY SELECTED WAS A SINGLE DeLco
12 VOLT DIESEL TRUCK BATTERY WITH A CAPACITY OF 205 AMPERE=-HOURS. A
THREE AMPERE BATTERY CHARGER WAS USED TO KEEP THE BATTERY FULLY CHARGED.
Ficure 7, PAGE 37, sSHOWs THIS UNIT. Two 15 FOOT LONG BATTERY CABLES,
WITH QUICK CHANGE TERMINALS, WERE MADE TO ALLOW THE POWER SUPPLY TO
REMAIN OUTSIDE THE COLD ROOM. IN ORDER TO MINIMIZE THE RESISTANCE
#1 GAUGE CABLE WAS USED. AS WILL BE DISCUSSED LATER, SOME MODIFICATIONS
TO THIS POWER SUPPLY WERE TO BECOME NECESSARY.

THE HEART OF THE INSTRUMENTATION USED FOR THE CRANKING TESTS
WAS A SANBORN CHART RECORDER, SHOWN IN FIGURE 8, PAaGE 38. THIs INSTRU-
MENT CONTAINS TWO AMPLIFIERS, TWO PRE=AMPLIFIERS AND A TWO CHANNEL CHART
RECORDER, AND. WAS USED TO RECORD CRANKING VOLTAGE AND CURRENT ON A TIME
SCALE. A SELF-BALANCING POTENTIOMETER, PICTURED IN POSITION ON THE
COLD ROOM CONTROL CONsOLE IN FIGURE 9, PAGE 39, WAS USED TO MONITOR
TEMPERATURES AT THE THERMOCOUPLES. -

As A RESULT OF PRELIMINARY TESTING WITH THIS CRANKING APPARATUS
SOME MODIFICATIONS WERE FOUND TO BE NECESSARY. USING THE 12 VOLT POWER
SUPPLY CRANKING VOLTAGE WAS FOUND TO BE APPROXIMATELY 10 voLTs AT -20°F.
SINCE THE PURPOSE OF THIS TEST WAS TO SIMULATE ACTUAL CONDITIONS AND
SINCE IT WAS KNOWN THAT IN ACTUAL CONDITIONS, CRANKING VOLTAGE WAS
APPROX IMATELY SIX VOLTS, THIS POWER SUPPLY WAS UNACCEPTABLE .

IN ORDER TO REDUCE THE CRANKING VOLTAGE TO THE DESIRED LEVEL
A VARIABLE CARBON-PILE RESISTOR WAS INSTALLED IN SERIES WITH THE
POSITIVE BATTERY CABLE. ALTHOUGH THIS SYSTEM PROVED SATISFACTORY FOR

REPEAT TESTS ON A SINGLE OIL IT WAS NOT REPEATABLE FOR VARIOUS OILS.
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FIGURE 7.



38

'8 34n9i4




3Q

O .

F IGURE



40

WITH A SINGLE OIL THE CRANKING TORQUE, AND CURRENT REQUIREMENTS ARE
RELATIVELY CONSTANT FROM ONE TEST TO ANOTHER, CONSIDERING OHM's LAwW
THEN: V = IR, WHERE | AND R ARE CONSTANT so V = CoNsTANT. CRANKING
TORQUE AND CURRENT REQUIREMENTS VARY, HOWEVER, FROM ONE OIL TO ANOTHER.
|F CURRENT IS CONSIDERED VARIABLE, THEN, BY REFERRING TO OHM'S LAW IT
CAN BE SEEN THAT, WITH A CONSTANT RESISTANCE THE VOLTAGE WILL VARY
DIRECTLY WITH THE CURRENT. THIS SITUATION INDICATED THAT THE USE OF A
RESISTOR TO REDUCE VOLTAGE WAS AN UNSATISFACTORY SOLUTION.

|T WAS DECIDED THAT A MORE DESIRABLE MEANS OF REDUCING CRANKING
VOLTAGE WOULD BE TO START WITH A REDUCED VOLTAGE POWER SUPPLY. AN
INVESTIGATION OF THE SIX VOLT BATTERIES AVAILABLE THROUGH GENERAL MOTORS
PARTS AND SERVICE REVEALED THAT THE LARGEST CAPACITY UNIT AVAILABLE WAS
A 160 AMPERE-HOUR INDUSTRIAL BATTERY. |IN ORDER TO MAXIMIZE THE RESERVE
POWER AVAILABLE FOUR OF THESE BATTERIES WERE OBTAINED AND CONNECTED TO-
GETHER IN PARALLEL TO GIVE A SIX VOLT POWER SUPPLY WITH A TOTAL CAPACITY
oF 640 AMPERE=HOURS. THIS POWER SUPPLY, AND AN ACCOMPANYING THREE
AMPERE BATTERY CHARGER TO KEEP THE BATTERIES AT FULL CHARGE, ARE SHOWN
IN Figure 10, PAGE 41. PRELIMINARY TESTS WITH THIS POWER SUPPLY SHOWED
THAT CRANKING VOLTAGES IN THE RANGE OF 4.5 170 5.5 VvOLTS WERE OBTAINED.
SINCE THIS RANGE MORE CLOSELY APPROXIMATES ACTUAL CRANKING CONDITIONS
THIS POWER SUPPLY WAS CONSIDERED ACCEPTABLE.

THE SECOND MODIFICATION TO THE APPARATUS WAS MADE PARTIALLY AS
A RESULT OF THE CHANGE IN POWER SUPPLY, AND PARTIALLY AS A MATTER OF
CONVENIENCE. ONE INCONVENIENT FACET OF THE TEST PROCEDURE REQUIRED
THAT ONE PERSON ENTER THE COLD ROOM AND CRANK THE ENGINE BY TURNING

THE IGNITION SWITCH WHILE A SECOND PERSON RECORDED THE DATA IN THE
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CONTROL ROOM. BY MOVING THE CRANKING CONTROL SWITCH INTO THE CONTROL
ROOM IT WOULD BE POSSIBLE FOR ONE PERSON TO CONDUCT THE TEST WITHOUT
ENTERING THE COLD ROOM. BY MAKING THIS CHANGE, HOWEVER, THE IGNITION
SYSTEM WOULD BE CHANGED FROM ACTUAL IN-CAR CONDITIONS.

WHEN THE 12 VOLT POWER SUPPLY WAS REPLACED BY THE 6-vOLT
SUPPLY SOME DIFFICULTY WAS ENCOUNTERED IN CRANKING MOTOR OPERATION.
OCCASIONALLY, THE VOLTAGE AVAILABLE TO THE STARTER SOLENOID WAS NOT
SUFFICIENT TO PULL IN THE SOLENOID. THE MINIMUM SPECIFIED SOLENOID
PULL-IN VOLTAGE, AT -20°F, FOR THE MOTOR USED WAS 5.5 voLTs. IT wAs
FOUND THAT BY BYPASSING THE PRODUCTION IGNITION WIRING SUFFICIENT
VOLTAGE WAS AVAILABLE TO ENERGIZE THE SOLENOID. |N ORDER TO INSURE THAT
THE SOLENOID WOULD PULL IN CONSISTENTLY AN AUXILIARY STARTING CIRCUIT,
SHOWN IN FIGuRE 11, PAGE 43, WAS DEVISED. SINCE THE STARTER SWITCH
ONLY ENERGIZED A RELAY THROUGH WHICH ENERGY WAS TRANSFERRED TO THE
SOLENOID, THE SWITCH COULD BE REMOVED AS FAR AS NECESSARY FROM THE TEST
STAND WITHOUT AFFECTING THE VOLTAGE AVAILABLE TO THE SOLENOID. THE
SWITCH, THEREFORE, WAS LOCATED INSIDE THE CONTROL ROOM, WITH THE ADDED
ADVANTAGE THAT ONLY ONE PERSON WOULD NOW BE REQUIRED TO CONDUCT A TEST.

THE TEST APPARATUS WAS UNALTERED DURING THE TEST PROGRAM
EXCEPT FOR THE REPLACEMENT OF THE ORIGINAL CRANKING MOTOR WITH A DU-
PLICATE WHEN THE ORIGINAL SHOWED A CHANGE IN CHARACTERISTICS, AS WILL
BE FURTHER DISCUSSED IN CHAPTER VII. FIiGuREs 12 AND 13, PAGES 44 AND

45 RESPECTIVELY SHOW THE COMPLETE TEST APPARATUS.

CoLbp CRANKING SIMULATOR

THE CcOLD CRANKING SIMULATOR fs*g LABORATORY VISCOMETRIC INSTRU~-
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MENT WHICH IS INTENDED TO SIMULATE THE OPERATION OF A COLD CRANKING
ENGINE IN ITS EFFECT ON AN OIL SAMPLE. THE CONCEPT OF THE SIMULATOR

IS BASICALLY SIMILAR TO THAT OF AN ENGINE UNDER CRANKING CONDITIONS.

IN EACH CASE AN ELECTRIC MOTOR, ACTIVATED BY A CONSTANT VOLTAGE, IS

USED TO ROTATE A SHAFT AND A BEARING IN A SAMPLE OF OlL. THE CONTROLLED
INPUT IS VOLTAGE AND THE MEASURED OUTPUT IS SHAFT SPEED. THE SHAFT
SPEED IS GOVERNED BY THE TORQUE REQUIREMENT OF THE SHAFT WHICH IS IN
TURN GOVERNED BY THE VISCOSITY OF THE OIL.

DEVELOPMENT - THE RESULTS OF EXPERIMENTS WITH PREVIOUS VIS~-

COMETRIC DEVICES INDICATED THAT CORRELATION OF LABORATORY TEST RESULTS
WITH ENGINE TEST RESULTS IMPROVED AS SHEAR RATES WERE INCREASED IN THE
LABORATORY INSTRUMENTS. THERE WAS SOME EVIDENCE TO SUGGEST THAT THE
LEVEL OF POWER INPUT TO THE OIL SAMPLE WAS EQUALLY AS IMPORTANT AS
HIGH SHEAR RATES ALONE. |T WAS ALSO INDICATED THAT CONTINUOUS SHEARING
OF THE SAMPLE IS MORE DESIRABLE THAT INTERMITTENT SHEARING BECAUSE OF
THE FACT THAT WAX STRUCTURES ARE BROKEN UP.

THE PROTOTYPE OF THE COLD CRANKING SIMULATOR WAS DEVELOPED
BY Dr. Dae Sik Kim oF THE Esso ReseARcCH LABORATORIES, LINDEN, New
JERSEY TO INCORPORATE THOSE FEATURES KNOWN TO BE DESIRABLE IN A SINGLE
INSTRUMENT . THE ORIGINAL APPARATUS WAS SIMPLY A JOURNAL BEARING, DRIVEN

43
AT A CONSTANT SPEED WITH TORQUE AS THE VARIABLE OUTPUT( )- THIS

DEVICE WAS MODIFIED SO THAT THE HORSEPOWER INPUT WAS FIXED AND SHAFT
SPEED WAS THE VARIABLE OUTPUT. CLEARANCES WERE DESIGNED TO PROVIDE A
SHEAR RATE IN THE ORDER OF 40,000 sec™! IN ORDER TO MAINTAIN AN OIL

FILM IN THE CLEARANCE VOLUME FLATS WERE MACHINED ON THE ROTOR TO PRO~-

MOTE HYDRODYNAMIC LUBRICATION AND TO PROVIDE A CENTERING EFFECT FOR
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THE ROTOR. PRELIMINARY TESTS ON THIS APPARATUS WERE ENCOURAGING AND

WERE MADE PUBLIC AT THE CHIcAGO SAE MEETING IN Mavy, 1965.(4)

FURTHER DEVELOPMENT WORK ON THE INSTRUMENT WAS CONDUCTED BY
THE CANNON INSTRUMENT COMPANY. THE ORIGINAL DESIGN WAS DEVELOPED TO THE
POINT WHERE |IT COULD BE MANUFACTURED AS A COMPLETE, SELF=CONTAINED UNIT.
AT THIS STAGE A NUMBER OF THE UNITS WERE BUILT AND MADE AVAILABLE TO
THE ASTM FOR A SERIES OF ROUND ROBIN TESTS. THE SUCCESS OF THIS ROUND
ROBIN, CONDUCTED AT OOF, RESULTED IN THE INSTRUMENT BEING PUT INTO PRO-
DUCTION ON A FIRM ORDER BASIS.

DEscrRIPTION - THE COLD CRANKING SIMULATOR USED IN THIS RESEARCH

PROGRAM WAS THE SIXTEENTH UNIT BUILT AND ONE OF THE FIRST TO BE DELIVERED
FOR USE OUTSIDE THE ROUND-ROBIN.

Ficure 14, PAGE 48, SHOWS THE COMPLETE COLD CRANKING SIMULATOR.
ALsO APPARENT, TO THE RIGHT OF THE SIMULATOR Is A GMR Forcep-BaLL Vis-
COMETER. THE APPARATUS MAY BE CONSIDERED TO HAVE FOUR MAJOR COMPONENTS,
(A) A ViIsSCOMETRIC CELL, (B) A CONTROL CONSOLE, (C) A COOLANT CIRCULATOR,
AND (D) AN ELECTRONIC THERMOMETER.

THE HEART OF THE SYSTEM IS THE VISCOMETRIC CELL, SHOWN IN FIGURE
15, PAGE 49. THE VISCOMETRIC CELL CONSISTS OF A SHEARING HEAD, AN
ELECTRIC MOTOR AND A TACHOMETER GENERATOR MOUNTED ON A FLAT PLATE WHICH
IS IN TURN FIXED TO A STAND.

THE SHEARING HEAD MAY BE SEEN IN “IGURE 16, PAGE 50. THE MAJUOR
COMPONENTS OF THIS UNIT ARE A NYLON INSULATOR BLOCK, A COPPER STATOR,
AND A STAINLESS STEEL ROTOR. THESE COMPONENTS ARE ILLUSTRATED IN CROSS~-

SECTION, ALONG WITH THE DETAIL COMPONENTS, IN FIGURE 17, PAGE 52. As

INDICATED, THE NOMINAL CLEARANCE BETWEEN THE ROTOR AND STATOR Is 0.0008
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INCHES. THE COPPER STATOR |S SURROUNDED BY A COOLANT JACKET THROUGH
WHICH COOLANT IS CIRCULATED, AS REQUIRED, TO MAINTAIN THE DESIRED TEM-
PERATURE. THE COOLANT INLET AND OUTLET ARE LOCATED IN THE BACK OF THE
NYLON BLOCK. ANOTHER CHANNEL LEADS FROM THE SIDE OF THE BLOCK TO THE
SAMPLE CHAMBER BENEATH THE ROTOR. THE CHANNEL IS TAPPED AT THE MOUTH
TO PERMIT THE ATTACHMENT OF A STEEL TUBE WHICH IS USED AS THE FILLING
TUBE FOR THE TEST SAMPLE. THE ROTOR IS MOUNTED ON A STAINLESS STEEL
SHAFT WITH A SHORT FLEXIBLE SECTION WHICH ALLOWS FOR THE SELF-CENTERING
FEATURE OF THE ROTOR.

THE ELECTRIC MOTOR IS A SERIES-wOUND AC-DC uNIT. A TOOTHED
DRIVE BELT IS USED TO DRIVE THE ROTOR AND TACHOMETER GENERATOR. A
SPEED REDUCTION OF 4.4:1 1s USED BETWEEN THE MOTOR AND ROTOR TO MAINTAIN
SATISFACTORY MOTOR SPEED UNDER RELATIVELY HIGH TORQUE LOADS. THE UNIQUE
TOOTHED BELT MAY BE SEEN IN FIGURE 15, PAGE 49. THE TACHOMETER GEN-
ERATOR 1S DRIVEN AT MOTOR SPEED AND IS RATED AT 7v/1000 rRPM. BY DEsIGN
THE INPUT VOLTAGE TO THE MOTOR SHOULD BE THAT REQUIRED TO TURN THE
ROTOR AT APPROXIMATELY 900 RPM IN A FLUID OF 5.5 POISE VISCOSITY(43).

THE CONTROL CONSOLE, SHOWN IN FIGURE 18, PAGE 53, CONTAINS THE
VOLTAGE SUPPLY FOR THE MOTOR, THE TEMPERATURE CONTROL UNIT FOR THE COOL-
ANT CIRCULATOR, AND THE READOUT FOR THE TACHOQETER GENERATOR. ON-OFF
SWITCHES FOR THE COOLANT FLOW, TEMPERATURE CONTROL, AND MOTOR ARE ALSO
LOCATED ON THE CONSOLE.

A RHEOSTAT CONTROL ALLOWS THE VOLTAGE TO THE MOTOR TO BE REG-
ULATED AND A METER ON THE CONSOLE MONITORS THE VOLTAGE. THE RECOMMENDED
RANGE OF OPERATION Is 110 70 125 VOLTS FOR MOST EFFICIENT OPERATION.

IT I's NECESSARY TO CHECK THE VOLTAGE AND REGULATE IT TO THE DESIRED
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VALUE EACH TIME THE MOTOR |S RUN SINCE THE VOLTAGE WILL VARY WITH LOAD.

THE SENSOR FOR THE TEMPERATURE CONTROL SYSTEM IS A SMALL BEAD
THERMISTOR LOCATED IN A DRILLED HOLE IN THE STATOR (SEE FIGURE 17, PAGE
52). THE THERMISTOR IS IN AN A=C BRIDGE CIRCUIT WHICH IS AMPLIFIED TO
RUN A DPDT RELAY WHICH CONTROLS THE PULSING OF COOLANT AROUND THE STATOR.
A RESISTANCE IS USED IN SERIES WITH THE THERMISTOR TO INSURE THAT THE
TOTAL RESISTANCE |S GREATER THAN THE '"DEAD zZONE" OF THE CONTROLLER. ONE
POLE OF THE RELAY IS IN PARALLEL WITH THE RESISTOR SO THAT AT THE CONTROL
TEMPERATURE THE CONTROLLER OPENS AND CLOSES AT INTERVALS OF APPROXIMATELY
0.5 secoNDs. THE OTHER POLE OF THE RELAY CONTROLS A SOLENOID VALVE IN
THE COOLANT LINE AND THUS PULSES THE FLOW OF COOLANT, THEREBY CONTROLLING
TEMPERATURE IN THE STATOR.

THE COOLANT CIRCULATOR CONSISTS OF AN INSULATED CONTAINER
HOUSING TWO STAINLESS STEEL RESERVOIRS. THE RIGHT HAND RESERVOIR
HOUSES A STAINLESS STEEL COIL WHICH ORIGINATES IN THE LEFT HAND RESER=
VOIR. THE LEFT HAND RESERVOIR HOUSES A PUMP WHOSE OUTLET IS CONNECTED
TO THE INLET OF THE COIL. THE LEFT HAND RESERVOIR IS CHARGED WITH
METHANOL WHILE THE RIGHT HAND IS CHARGED WITH METHANOL AND DRY ICE.
METHANOL FROM THE LEFT CHAMBER |S PUMPED THROUGH THE COIL IN THE RIGHT
CHAMBER, WHERE IT IS COOLED, THROUGH A THROTTLE VALVE AND A SOLENOID
VALVE, THROUGH THE VISCOMETRIC CELL WHERE IT COOLS THE STATOR, AND BACK
INTO THE LEFT HAND .RESERVOIR. FIGURE 19, PAGE 54, SHOWS THE PATH OF
THE COOLANT FLOW.

THE ELECTRONIC THERMOMETER IS A D-C WHEATSTONE BRIDGE CIRCUIT
CONTAINING A THERMISTOR AND AMPLIFIED BY A SOLID STATE MAGNETIC AMP~-

LIFIER. THE THERMISTOR IS LOCATED IN A SECOND DRILLED HOLE IN THE
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STATOR. THE SENSITIVITY OF THE THERMOMETER MAY BE ADJUSTED TO APPROX-
IMATELY 1.5°F FULL SCALE, WITH A LEAST COUNT ofF 0.03°F.

AN ADDITIONAL PIECE OF EQUIPMENT USED IN THIS PROGRAM AND
PICTURED IN FIGURE 14, PAGE 48, WAS A STOP-CLOCK WHICH WAS A COMPONENT
oF THE GMR Forcep BALL VISCOMETER MANUFACTURED BY CANNON |NSTRUMENT
CoMPANY. THIS CLOCK WAS USED BECAUSE OF ITS AVAILABILITY AND CONVENIENCE

RELATIVE TO A STOP=WATCH.



EXPERIMENTAL TEST PROCEDURES

BEFORE THE FORMAL TEST PROGRAM COULD BE INITIATED IT WAS NEC-

ESSARY TO DEVELOP RELIABLE TEST PROCEDURES WHICH COULD BE USED THROUGH=-

OUT THE PROGRAM WITH REASONABLE REPEATABILITY AND ACCURACY. THIS

CHAPTER EXPLAINS THE TEST PROCEDURES WHICH WERE USED WITH EACH TEST

APPARATUS .

CoLp CRANKING ENGINE

As MENTIONED IN THE PREVIOUS CHAPTER THE GM ofF CANADA CRANK=
ING APPARATUS WAS DEVELOPED INDEPENDENTLY OF THE CRC RECOMMENDED
APPARATUS FOR THE SPECIFIC PURPOSE OF EVALUATING THE COLD CRANKING
PERFORMANCE OF PROPOSED FACTORY FILL ENGINE OILS IN SIMULATED FIELD
SERVICE CONDITIONS. FOR THIS REASON THE TEST PROCEDURE WAS ALSO DEVEL=-
OPED INDEPENDENTLY OF THE CRC RECOMMENDED PROCEDURE.

THE FINAL TEST PROCEDURE, AS USED IN THIS PROGRAM, IS DETAILED
IN APPENDIX B. THIS PROCEDURE IS NOT, HOWEVER, IN ITS ORIGINAL FORM.
MANY CHANGES WERE MADE BASED ON EXPERIENCE AND THE RESULTS OF A PRE-
LIMINARY EVALUATION PROGRAM.

SOME REVISIONS WERE MADE TO THE OIL CHANGE PROCEDURE FROM ITS
FIRST FORM. ORIGINALLY, ONLY ONE FLUSH WAS MADE WHEN THE OIL WAS
CHANGED. ALTHOUGH NO DATA WAS OBTAINED TO SUPPORT THE CONTENTION THAT
ONE FLUSH WAS INSUFFICIENT THE PROCEDURE WAS MODIFIED TO PROVIDE FOR
TWO FLUSHES WHEN THE NEW TEST OIL TO BE USED WAS NOT IDENTICAL TO THE

PREVIOUS TEST OIL. THIS CHANGE WAS MADE ON THE ADVICE OF SEVERAL
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PEOPLE WHO HAD BEEN CONDUCTING SIMILAR TESTs IN THE CRC PrRoGRAM. AL-
THOUGH THE NEED FOR THE SECOND FLUSH WAS NOT FIRMLY ESTABLISHED IT WAS
CONSIDERED TO BE A WORTHWHILE INSURANCE STEP AGAINST CONTAMINATING THE
TEST SAMPLE.

FOUR QUARTS OF OIL WERE ORIGINALLY USED IN THE FLUSH CHANGES.
SINCE THE ENGINE RUNS SATISFACTORILY WHEN THE OIL LEVEL IS ONE QUART
LOW THE PROCEDURE WAS REVISED TO SPECIFY THREE QUARTS ADDED FOR FLUSH=-
INGS. THIS STEP WAS TAKEN AS AN ECONOMY MEASURE TO CONSERVE THE TEST
OlL, SOME OF WHICH WAS IN SHORT SUPPLY.

FIFTEEN MINUTES WAS SPECIFIED AS THE RUNNING TIME TO WARM UP
THE OIL BEFORE EACH DRAIN. SINCE THE ENGINE BLOCK DID NOT HAVE TIME
TO COOL SIGNIFICANTLY BETWEEN DRAINS THE FRESH OlL WARMED UP MUCH MORE
QUICKLY AFTER THE FIRST DRAIN. IN VIEW OF THIS FACT AND THE FACT THAT
TIME WAS OFTEN AT A PREMIUM IN TEST PREPARATION THE RUNNING T!ME WAS
REDUCED TO FIVE MINUTES EXCEPT FOR THE INITIAL WARMUP.

IN THE PRELIMINARY PROCEDURE TEN MINUTE DRAIN PERIODS WERE
SPECIFIED. |T WAS SOON APPARENT THAT THE AMOUNT OF OIL DRAINED IN THE
LAST FIVE MINUTES WAS NEGLIGIBLE IN RELATION TO THE TOTAL QUANTITY.
THEREFORE, IN THE INTEREST OF CONSERVING TIME THE DRAIN PERIODS WERE
REDUCED TO FIVE MINUTES. |T WAS FELT THAT THE FLUSH CHANGES WOULD
SUFFICIENTLY DILUTE ANY PREVIOUS TEST OIL STILL PRESENT SO THAT IT
WOULD BE OF NO CONSEQUENCE.

INITIALLY, THE ENGINE WAS NOT CRANKED OR RUN AFTER THE TEST
OlL WAS ADDED. |T WAS FELT THAT PART OF THE REPEATABILITY PROBLEM
ENCOUNTERED AT THAT TIME COULD BE DUE TO INCONSISTENT AMOUNTS OF OIL

IN THE BEARINGS OF THE ENGINE. FOR THIS REASON IT WAS DECIDED TO CRANK
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THE ENGINE UNTIL THE OIL PRESSURE STABILIZED, AS INDICATED BY THE
ATTACHED PRESSURE GAUGE, THUS INSURING THAT THE BEARINGS CONTAINED OIL.
SOME PROBLEMS WERE ENCOUNTERED IN THAT, WITH CERTAIN OILS IT WAS NEC-
ESSARY TO CRANK FOR UP TO 30 SECONDS BECAUSE THE PRESSURE WOULD CONTINUE
TO RISE RATHER THAN STABILIZING. UNDER THESE CIRCUMSTANCES THE CRANKING
MOTOR HAD A TENDENCY TO OVERHEAT. IN A DOUBLE EFFORT TO PREVENT THE
CRANKING MOTOR FROM BEING DAMAGED IN THIS MANNER THE CRANKING TIME WAS
LIMITED TO 15 SECONDS, MAXIMUM, AND THE SPARK PLUGS WERE REMOVED DURING
CRANKING TO REDUCE THE COMPRESSION FORCES IN THE CYLINDERS AND, THEREBY,
THE LOAD ON THE CRANKING MOTOR. NO FURTHER OVERHEATING PROBLEMS WERE
ENCOUNTERED.

DISCREPANCIES IN THE RESULTS OBTAINED WHEN THE ENGINE WAS
CRANKED SEVERAL HOURS BEFORE BEING PLACED IN THE COLD ROOM PROMPTED
THE STIPULATION THAT CRANKING MUST OCCUR WITHIN 30 MINUTES OF THE START
OF THE COLD SOAK.

THERE WERE SIGNIFICANT CHANGES IN THE PROCEDURE WITH REGARD TO
BATTERIES, PRIMARILY BROUGHT ABOUT BY CHANGES IN THE BATTERIES USED AS
A POWER SUPPLY. THE ONLY DIFFERENCE BETWEEN THE INITIAL AND FINAL
BATTERY PREPARATION PROCEDURE REFLECTS THE USE OF MULTIPLE SIX VOLT
BATTERIES IN PARALLEL IN THE FINAL FORM AS OPPOSED TO ONE LARGE 12 vOLT
BATTERY INITIALLY. AN INTERIM CHANGE HOWEVER REFLECTED THE NEED TO
REDUCE THE VOLTAGE OF THE 12 VOLT BATTERY TO SIMULATE FIELD CONDITIONS
AND SPECIFIED THE USE OF A VARIABLE CARBON=PILE RESISTOR FOR THIS
PURPOSE. THE REPEATABILITY WITH THIS COMBINATION WAS TOTALLY UNAC-
CEPTABLE. THE SIX VOLT BATTERY BANK WAS FOUND TO SUPPLY BOTH THE

DESIRED VOLTAGE AND THE REQUIRED CAPACITY FOR CONSISTENT AND MEANINGFUL
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RESULTS.

THE TEST METHOD PROPER RECEIVED RELATIVELY SLIGHT MODIFICATION
FROM INITIAL TO FINAL FORM. FOR CONVENIENCE AND CONSISTENCY PROVISIONS
WERE MADE TO LOCATE THE BATTERIES OUTSIDE THE COLD ROOM WHEN THE CHANGE
TO 6 VOLTS WAS MADE. THE PROCEDURE WAS REVISED TO REFLECT THIS CHANGE.
AT THE SAME TIME A REMOTE STARTER SWITCH WAS ADDED, ELIMINATING THE
NEED FOR A SECOND OPERATOR TO CONNECT THE BATTERIES AND CRANK THE EN-
GINE FROM INSIDE THE COLD ROOM. THE TEST PROCEDURE WAS THUS SIMPLIFIED.

NO FURTHER CHANGES WERE FOUND TO BE NECESSARY AND THE TEST
PROGRAM PROPER WAS CONDUCTED ACCORDING TO THE PROCEDURE DETAILED IN
AppPENDIX B.

IT I's OF INTEREST TO NOTE THE SIMILARITY BETWEEN THIS PROCEDURE
AND THAT sPECIFIED BY THE CRC As FounD IN APPENDIX A. QUITE NATURALLY
THIS PROCEDURE IS MUCH LESS GENERAL SINCE IT IS MEANT FOR A SPECIFIC
APPLICATION. |N EVERY SENSE, HOWEVER, THIS PROCEDURE COMPLIES WITH THE
MORE GENERAL GUIDE LINES LAID DOWN BY THE CRC. THE RESULTS OF TESTS
CONDUCTED ACCORDING TO THIS GM oF CANADA PROCEDURE MAY THEN BE CON-
SIDERED LEGITIMATE CRC-L-49-663 TEST RESULTS. |T WAS THEREFORE POSSIBLE
TO CALIBRATE THE ENGINE AND THUS ESTABLISH THE ENGINE VISCOSITY OF ANY
GIVEN OIL AS WELL AS ITS CRANKING PERFORMANCE IN SIMULATED FIELD
CONDITIONS.

CoLp CRANKING SIMULATOR

A ROUND ROBIN SERIES OF TESTS WERE CONDUCTED WITH THE COLD
CRANKING SIMULATOR, AT 0°Fy, BY THE ASTM. ONE OF THE RESULTS OF THIS
ROUND ROBIN WAS THE ESTABLISHMENT OF AN ACCEPTABLE TEST PROCEDURE.

THis PROCEDURE, FOUND IN APPENDIX C, WAS SUPPLIED WITH THE OPERATING
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MANUAL FOR THE APPARATUS. SINCE NO SPECIFIC PROCEDURE FOR TESTING AT
TEMPERATURES LOWER THAN O°F HAD BEEN SPECIFIED IT WAS NECESSARY TO
DEVELOP A PROCEDURE FOR -20°F.

BEFORE ATTEMPTING TO RUN TESTs AT -20°F A PRELIMINARY PROGRAM
wWAS RUN AT O°F TO BECOME FAMILIAR WITH THE EQUIPMENT. DURING THIS
PRELIMINARY PROGRAM A NUMBER OF CHANGES WERE MADE TO THE RECOMMENDED
PROCEDURE FOR O°F AND A NUMBER OF CHANGES WERE DETERMINED TO BE
NECESSARY FOR LOWER TEMPERATURES.

THE COOLANT SYSTEM WAS CHARGED AND THE CONTROL SYSTEM SET
ACCORDING TO THE PROCEDURE SUPPLIED WITH THE EQUIPMENT. THE CONTROLS
WERE FOUND TO FUNCTION SATISFACTORILY WITH THESE SETTINGS. THE
ELECTRONIC THERMOMETER SETTING SPECIFIED FOR O°F WAS FOUND TO BE
APPROX IMATELY 2° IN ERROR HOWEVER. THE UNIT WAS CALIBRATED USING A
CANNON CONSTANT TEMPERATURE BATH MONITORED BY AN ACCURATE ASTM -62°F
THERMOMETER AND A NEW SETTING WAS DETERMINED FOR O°F. A CONSIDERABLE
AMOUNT OF TIME WAS ALSO SPENT IN DETERMINING A SUITABLE ADJUSTMENT FOR
THE "PROPORTIONAL BAND" CONTROL WHICH GOVERNS THE SIZE OF THE TEMPERA-
TURE CONTROL RANGE. EARLY ATTEMPTS WERE LIMITED TO A DEVIATION OF
+0.5°F FROM THE NOMINAL CONTROL TEMPERATURE. WITH EXPERIENCE, HOWEVER,
THIS DEVIATION WAS REDUCED TO +0.1°F MAXIMUM.

INITIAL TESTS SHOWED A COMPLETE INABILITY TO REPEAT RESULTS
CONSISTENTLY WITH LESS THAN 10% DEVIATION. A THOROUGH STEP BY STEP
CHECK OF THE POSSIBLE VARIABLES WHICH COULD CAUSE DEVIANT RESULTS WAS
MADE AND THE PROBLEM APPEARED TO BE CENTERED IN THE CLEANING PROCEDURE.
SEVERAL DAYS WERE SPENT EXPERIMENTING WITH VARIOUS CLEANING TECHNIQUES.

THE RECOMMENDED CLEANING SEQUENCE IS HOT WATER, NAPHTHA, AND



FIGURE 20.
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ACETONE. ALL CLEANSERS ARE APPLIED FROM THE TOP OF THE SAMPLE CHAMBER
WITH A VACUUM LINE ATTACHED TO THE SAMPLE INJECTION PORT, AS SHOWN IN
FiGurRe 20, PAGE 62, TO INSURE REMOVAL OF THE CLEANSING FLUIDS. Using
THE RECOMMENDED FLUIDS AND PROCEDURE DEPOSITS WERE FOUND TO BE LEFT ON
THE ROTOR AND STATOR AFTER THE COMPLETION OF THE CLEANING CYCLE.
SEVERAL FACTORS WHICH COULD HAVE CAUSED THE FORMATION OF DEPOSITS WERE
CONSIDERED AND CORRECTIVE MEASURES WERE TAKEN.

THE TEMPERATURE OF THE HOT WATER USED FOR RINSING WAS INCREASED
FROM APPROXIMATELY 150°F To APPROXIMATELY 200°F, AND THE AMOUNT OF
WATER USED WAS INCREASED FROM 400 710 600 MILLILITERS. THESE CHANGES
WERE TO INSURE THAT THE TEMPERATURE OF THE ROTOR AND STATOR WERE RAISED
SUFFICIENTLY HIGH TO PREVENT CONDENSATION OF THE CLEANSING FLUIDS IN THE
SAMPLE CHAMBER.

IN ORDER TO INSURE THE COMPLETE AND RAPID REMOVAL OF THE CLEANS-
ERS FROM THE SAMPLE CHAMBER THE VACUUM ON THE SAMPLE PORT WAS ALSO [N=-
CREASED.

A CHEMIST WAS CONSULTED WITH REGARD TO THE SUITABILITY OF CLEAN-
ING SOLVENTS USED. FOLLOWING THE HOT WATER RINSE IT WAS SUGGESTED THAT
A METHANOL RINSE SHOULD BE INCLUDED TO ABSORB THE WATER WHICH MAY
ENCAPSULATE OIL DROPLETS REMAINING IN THE CHAMBER. THEN AN OIL SOLVENT
COULD EFFECTIVELY DISSOLVE AND CARRY AWAY THE OIL. |T WAS FOUND THAT
THE NAPHTHA BEING USED WAS OF LOW PURITY AND COULD THEREFORE CONTRIBUTE
TO DEPOSIT FORMATION. REAGENT GRADE CHLOROFORM WAS SUGGESTED AS A MORE
SUITABLE SOLVENT. A FINAL RINSE WITH REAGENT GRADE ETHER WOULD THEN
REMOVE ANY WATER WHICH MAY REMAIN, LEAVING CLEAN DRY SURFACES.

THIS CLEANSING SEQUENCE WAS FOUND TO WORK SATISFACTORILY AND
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WAS USED THROUGHOUT THE ENTIRE TEST PROGRAM. |IT IS POSSIBLE THAT OTHER
SOLVENTS COULD BE USED WITH SIMILAR RESULTS AND UNLESS EXCELLENT VEN-
TILATION IS AVAILABLE SUBSTITUTES WOULD BE ADVISABLE. WHERE THERE IS
SUFFICIENT VENTILATION TO SAFELY USE THESE SOLVENTS, HOWEVER, THEY

HAVE PROVED TO BE COMPLETELY SATISFACTORY.

No OTHER CHANGES FROM THE RECOMMENDED PROCEDURE WERE FOUND TO
BE NECESSARY AT O°F. THE ENTIRE TEST PROGRAM AT O°F WAS THEN CONDUCTED
ACCORDING TO THE PROCEDURE OUTLINED HERE.

FOLLOWING THE SUCCESSFUL COMPLETION OF THE O°F TESTING PROGRAM
PRELIMINARY TESTS AT -20°F WERE BEGUN. THE TEMPERATURE CONTROL WAS
CALIBRATED USING A CANNON CONSTANT TEMPERATURE BATH AS REFERENCE. Con-
SIDERABLE DIFFERENCE WAS NOTED IN THE TIME REQUIRED TO BRING THE SAMPLE
To -20°F FROM THAT REQUIRED TO BRING IT To O°F. WHEReAs O°F couLp BE
REACHED IN 30 To 45 seconDps, =-20°F wAS OFTEN NOT ATTAINED AFTER THREE
MINUTES.

IN ORDER TO SHORTEN THIS TIME TO STABILIZATION A NUMBER OF
STEPS WERE TAKEN. THE COOLANT RESERVOIR WAS MOVED DIRECTLY BEHIND THE
VISCOMETRIC UNIT, AS SEEN IN FIGURE 21, PAGE 65. BY MOVING THE RESER-
VOIR |IT WAS POSSIBLE TO SHORTEN THE INLET AND OUTLET HOSES TO THE
VISCOMETER FROM APPROXIMATELY 30 INCHES To 18 AND 12 INCHES RESPEC-
TIVELY, THUS REDUCING THE AREA AVAILABLE FOR HEAT TRANSFER TO THE
ATMOSPHERE. TO FURTHER DETER HEAT TRANSFER THE THINWALL NEOPRENE HOSE
SUPPLIED WITH THE VISCOMETER WAS REPLACED BY 3/16 INCH INSIDE DIAMETER
TYGON TUBING HAVING A WALL THICKNESS OF 1/8 INCH. THIS THICK-WALL
TYGON TUBING HAS EXCELLENT INSULATION PROPERTIES AND AS A RESULT OF

THE ABOVE MODIFICATIONS, WHICH MAY BE SEEN IN F1GURE 2], THE TIME
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REQUIRED TO REACH STABILIZED TEMPERATURE IN THE SAMPLE WAS REDUCED TO
APPROX IMATELY ONE AND A HALF MINUTES.

A PROBLEM STILL EXISTED, HOWEVER, wFEN THE MOTOR WAS TURNED ON.
THE SAMPLE WOULD HEAT UP ABOVE THE CONTROL TEMPERATURE AND THEN WOULD
NOT RETURN TO THE DESIRED TEST TEMPERATURE. THIS SITUATION WAS PAR-
TICULARLY CRITICAL WITH LOW VISCOSITY OILS, SUCH AS THE CALIBRATION OIL,
N17L. FLOW THROUGH THE SYSTEM WAS CHECKED AND FQUND 10 BE SATISFACTORY.
|T APPEARED, THEN, THAT THE PROBLEM WAS AN INSUFFICIENT TEMPERATURE
DIFFERENTIAL BETWEEN THE COOLANT AND THE SAMPLE, TO PROVIDE THE NECESSARY
HEAT TRANSFER TO THE SAMPLE. A CHECK OF THE TEMPERATURE OF THE COOLANT
RETURNING TO THE RESERVOIR REVEALED THIS TO BE THE CASE. THE TEMPERATURE
VARIED FROM -22 TOo -15 AT VARIOUS TIMES. DRY ICE WAS ADDED TO THE PUMP
SIDE OF THE RESERVOIR A BIT AT A TIME TO DETERMINE THE EFFECT OF DE-
CREASING TEMPERATURE. |T WAS FOUND THAT IF A TEMPERATURE oF =-25°F, OR
LOWER COULD BE MAINTAINED AT THE OUTLET OF THE VISCOMETER THERE WAS NO
PROBLEM IN CONTROLLING THE SAMPLE TEMPERATURE AT =-20°F.

THE DESIGN OF THE COOLING SYSTEM IS SUCH THAT THERE CAN BE NO
CIRCULATION OF COOLANT WHILE THE VISCOMETRIC CELL 1S BEING CLEANED.
SINCE THIS OPERATION TAKES ABOUT TWICE AS LONG AS THE ACTUAL TEST DOES,
THE COOLANT CIRCULATES ONLY ABOUT 1/3 OF THE TIME. THE COOLANT IN THE
PUMP RESERVOIR, THEN, MAY BECOME SUFFICIENTLY WARMED DURING THIS TIME
SO THAT IT CANNOT BE COOLED BELOW THE CONTROL TEMPERATURE DURING THE
BRIEF TIME IT PASSES THROUGH THE COIL IN THE DRY ICE RESERVOIR. To
OVERCOME THIS SITUATION IT WOULD BE DESIRABLE TO RECIRCULATE THE COOL-
ANT THROUGH THE DRY ICE RESERVOIR AND BACK INTO THE PUMP RESERVOIR WHILE

THE VISCOMETRIC CELL IS BEING CLEANED. A TWO WAY VALVE WAS INSERTED
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INTO THE OUTLET HOSE FROM THE RESERVOIR AND A SECOND RETURN LINE WAS
ADDED FROM IT TO THE PUMP RESERVOIR. A SCHEMATIC OF THIS SYSTEM IS
FOUND IN FIGURE 22, PAGE 68, AND A PHOTOGRAPH IN FIGURE 23, PAGE 69.
As MAY BE SEEN IN THE PHOTOGRAPH IT WAS NECESSARY TO INSULATE THE
VALVE TO PREVENT EXCESSIVE HEAT TRANSFER RESULTING IN AN EXTERNAL
FROST BUILDUP CAUSING THE VALVE TO BECOME INOPERATIVE.

UsSE OF THE VALVE TO RECIRCULATE COOLANT CONTINUOUSLY, BY BY-
PASSING THE VISCOMETRIC CELL WHEN IT WAS BEING CLEANED, WAS SUCCESSFUL
IN MAINTAINING A LOW TEMPERATURE IN THE PUMP RESERVOIR. THIS TEMPERA-
TURE WAS NOT CONTROLLED, HOWEVER, AND WAS THUS INCONSISTENT, RESULTING
IN INCONSISTENT TEMPERATURE CONTROL OF THE SAMPLE. THE SOLUTION, THEN,
WAS NOT A SATISFACTORY ONE.

THE COOLANT IN BOTH RESERVOIRS HAD BEEN CHANGED ONCE DURING THE
0°F TEST PROGRAM BUT HAD NOT BEEN CHANGED AT THE BEGINNING OF THE =-20°F
PROGRAM. A CHEMIST WAS AGAIN CONSULTED TO DETERMINE WHETHER OR NOT THE
HEAT TRANSFER CHARACTERISTICS OF THE METHYL ALCOHOL COOLANT COULD CHANGE
AS THE FLUID AGED. |T WAS LEARNED THAT PROLONGED EXPOSURE TO AIR
RESULTED IN A HIGH PERCENTAGE OF WATER BEING ABSORBED BY THE ALCOHOL,
FROM THE ATMOSPHERE. THIS DILUTION RESULTED IN A SEVERE DROP IN THE
ALCOHOL'S ABILITY AS A REFRIGERANT. THE COOLANT WAS DRAINED FROM THE
RESERVOIRS AND THE SYSTEM FLUSHED AND CHARGED WITH FRESH METHYL ALCOHOL.
No FURTHER PROBLEM WAS EXPERIENCED WITH TEMPERATURE CONTROL AND IT WAS
POSSIBLE TO REMOVE THE VALVE AND BYPASS LINES FROM THE SYSTEM.

FOLLOWING THIS EXPERIENCE, THE COOLANT WAS CHANGED WEEKLY,
DURING CONTINUOUS OPERATION, AND BEFORE EVERY SERIES OF TESTS WHEN

OPERATION BECAME INFREQUENT.



J

r// PUMP RESERVOIR DRY ICE RESERVOIR

THREE WAY VALVE

VISCOMETRIC CELL

FIGURE 22 - SCHEMATIC DIAGRAM OF MODIFIED COOLANT CIRCUIT
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HAVING SOLVED THE TEMPERATURE CONTROL PROBLEM INITIAL TESTING
WAS BEGUN. |T WAS NOTICED THAT THERE WAS A SIGNIFICANT FROST BUILD-UP
ON THE SURFACE OF THE COPPER STATOR WHICH HAD NOT BEEN PRESENT AT THE
HIGHER OPERATING TEMPERATURE. CARE WAS TAKEN TO FILL THE CUP WITHIN
APPROX IMATELY 1/32 OF AN INCH OF THE TOP TO PREVENT FROST FROM FORMING
ON THE INNER WALL AND AFFECTING THE RESULTS. FROST FORMATION ON THE
TOP OF THE STATOR WAS SUCH, HOWEVER, THAT PARTICLES OF FROST OFTEN
BECAME VERY LARGE AND FELL INTO THE SAMPLE DURING THE TEST. THERE WAS
NO EVIDENCE TO INDICATE THAT THESE PARTICLES AFFECTED THE RESULTS. IT
WAS DECIDED, HOWEVER, THAT A MEANS SHOULD BE DEVISED TO PREVENT THEM
FROM DOING SO.

FiGurRe 24, PAGE 71, SHOWS A FROST SHIELD WHICH WAS DEVELOPED
TO PREVENT FROST BUILDUP ON THE STATOR. THE SHIELD IS CONSTRUCTED OF
1/4 INCH THICK PLEXIGLASS AND IS COVERED WITH A 1/8 INCH THICK FOAM
RUBBER PAD WHERE IT CONTACTS THE SURFACE OF THE VISCOMETRIC CELL. THE
UNIT WAS FOUND TO BE COMPLETELY SATISFACTORY FOR PREVENTING FROST BUILD=-
UP AND WAS USED THROUGHOUT THE =-20°F TEST PROGRAM. A DRAWING OF THE
FROST SHIELD MAY BE SegtEN IN FIGURE 25, PAGE 72. As WILL BE DESCRIBED
IN A LATER CHAPTER A FURTHER USE FOR THE SHIELD WAS FOUND DURING THE
PROGRAM.

AT THIS TIME SOME CONSIDERATION WAS GIVEN TO THE EFFECT OF
ATMOSPHERIC CONDITIONS ON THE OPEN, TOP SURFACE OF THE SAMPLE. IN
PARTICULAR, A QUESTION WAS RAISED AS TO WHETHER SIGNIFICANT HEAT TRANS-
FER OCCURRED THERE AND WHETHER OR NOT THIS AFFECTED THE RESULTS. A
SECOND FROST SHIELD WAS CONSTRUCTED, DIFFERING FROM THE FIRST IN THAT

THIS ONE ENCLOSED THE TOP OF THE SAMPLE CAP. THE COVER MAY BE SEEN IN
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FIGURE 25 - FROST SHIELD DRAWING

2L



Fioure 26, PAGE 74. A NUMBER OF EVALUATION TESTS WERE RUN WITH AND
WITHOUT THE SHIELD AND NO DIFFERENCE IN RESULTS COULD BE NOTED. SINCE
THE PURPOSE OF THE PROJECT WAS PRIMARILY CONCERNED WITH DEVELOPING A
GOOD CORRELATION WITH AN ENGINE RATHER THAN WITH THEORETICAL JUSTIFI~-
CATION OF THE INSTRUMENT, NO FURTHER WORK WAS CONDUCTED ALONG THIS LINE.
As wiLL BE SHOWN LATER, FURTHER WORK ILLUSTRATED THE DESIRABILITY OF
MAINTAINING AN OPEN SURFACE AT THE TOP OF THE CUP.

No FURTHER COMPLICATIONS AROSE AND THE =-20°F TEST PROGRAM WAS
CONDUCTED USING THE PROCEDURE PREVIOUSLY DESCRIBED (AS FOUND IN Ap-
PENDIX C) FOR OPERATION AT O°F WITH THE MODIFICATIONS NOTED HERE. AFTER
A NUMBER OF TESTS INDICATED THAT THERE WAS LITTLE VALUE IN CONTINUING
WITH A 120 SECOND READING IT WAS ELIMINATED N ORDER TO SPEED UP THE
PROCEDURE. A PROCEDURE FOR TESTING AT BOTH O°F anp -20°F HAS SINCE
BEEN PUBLISHED BY THE ASTM As prRocebuRe D-2602 AND MAY BE SEEN IN
AppEnDIX D. |7 MAY BE NOTED THAT THE PROCEDURES USED IN THIS PROGRAM
COMPLY WITH THE REQUIREMENTS oF D-2602 ALTHOUGH IT WAS NOT PUBLISHED

AT THE TIME OF TEST.
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FIGURE 26.
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ANALYS IS OF EXPERIMENTAL RESULTS

THE RESULTS OF TESTS CONDUCTED WITH BOTH THE COLD CRANKING

ENGINE AND THE COLD CRANKING SIMULATOR WERE ORGANIZED AND ANALYZED

STATISTICALLY. AN ATTEMPT WAS MADE TO EVALUATE THE REPEATABILITY AND

ACCURACY OF BOTH TEST PROCEDURES AND TO ESTABLISH CORRELATIONS WITH

EACH OTHER AND WITH OTHER INSTRUMENTS.

CoLp CRANKING ENGINE

THE RESULTS OF CRANKING TESTS MADE IN THE GM oF CANADA cOLD
CRANKING ENGINE WERE REDUCED TO ANALYZABLE DATA, ANALYZED FOR REPEAT~-
ABILITY, AND CORRELATED WITH RESULTS OF A COLD CRANKING ROUND ROBIN
conDUCTED BY THE CRC. A CORRELATION WAS ALSO MADE WITH THE RESULTS OF
ENGINE TESTS CONDUCTED BY SHELL CANADA RESEARCH LABORATORIES.

DaTa REDUCTION - THE STATIC DATA OBTAINED FOR EACH TEST WERE RECORDED

ON A TesT DATA SHEET, AS SHOWN IN FIGURE 27, PAGE 76. THE PRIMARY
PURPOSE FOR RECORDING THIS DATA WAS TO INSURE REPEATABILITY OF TEST
CONDITIONS. ANY CHANGE IN CIRCUMSTANCES FROM DAY TO DAY, WHICH COULD
AFFECT THE RESULTS, COULD BE DISCOVERED IN THE DAILY RECORDS. THE
DYNAMIC DATA, WHICH WERE RECORDED ON A RECORDING OSCILLOGRAPH, WERE THE
SIGNIFICANT DATA FOR ANALYSIS. FIGURE 28, PAGE 77, SHOWS A SEGMENT OF
AN OSCILLOGRAPH TRACE, PLOTTING CRANKING CURRENT AND VOLTAGE AGAINST A
TIME SCALE. EACH PEAK ON THE CURRENT SCALE REPRESENTS THE PEAK OF A
COMPRESSION STROKE IN.THE ENGINE. CORRESPONDING TO THE CURRENT PEAK

IS A VALLEY ON THE VOLTAGE SCALE, SINCE VOLTAGE AND CURRENT ARE 180°
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COLD CRANKING TEST DATA SHEET

DATE TEST NO.

ENGINE TYPE

SERIAL NO. CONDUCTED BY

WIRING HARNESS

ENGINE CRANKING MOTOR
STAND
- SWITCH BATTERY CABLES
TEST OIL
FIRST CRANK SECOND CRANK THIRD CRANK

BEFORE AFTER BEFORE AFTER BEFORE AFTER

Cold Soak Time (Hrs.)

Ambient Temp. (°F.)

Sump
Brg.

0il Temp. (°F.)

Top Rad. Temp. (°F.)

Bat. Spe. Grav.

Initial Voltage (V)

Cranking Time (Sec.)

Cranking Speed (RPM)

Viscosity at 100°F.

Cranking Voltage (V)

Cranking Current (A)

FIGURE 27 - TEST DATA SHEET



VOLTS

AMPERES

INITIAL VOLTAGE

MAX. VOLTAGE
MIN. VOLTAGE—X

o

LEErErre it rrrrrtrell

I 1 2 A O A I O O B AR I O

RPM*

*

TIME (SECONDS)

3 _STROKES | _REV, 60 SEC.
2.05 SEC. X 3 STROKES X T MIN.

[_-MAX. CURRENT-——/

MIN. CURRENT
SECOND REVOLUTION

=29.3

- FOR SECOND REVOLUTION ONLY

FIGURE 28 - TYPICAL OSCILLOGRAPH TRACE

2.05 SEC.

Ll



78

OUT OF PHASE. THE DISTANCE BETWEEN PEAKS REPRESENTS THE TIME BETWEEN
CONSECUTIVE STROKES, 120° OF CRANKSHAFT ROTATION IN THE CASE OF THE
SIX-CYLINDER ENGINE USED. CRANKING SPEED FOR THE ENGINE WAS CALCULATED
BY DETERMINING THE TIME REQUIRED FOR SIX STROKES AND CALCULATED AS
FOLLOWS:

6 STROKES 2 REVOLUTIONS 60 seconos _ (120)
(X) seconps 6 STROKES 1 MINUTE CRh o

RPM

FOR CONSISTENCY OF RESULTS THE CRANKING SPEED WAS CALCULATED FOR THE
SECOND AND THIRD COMPLETE REVOLUTIONS, THAT 1S, BEGINNING WITH THE
SEVENTH STROKE. IN THIS WAY THE INCONSISTENCIES OF BREAKAWAY WERE
AVOIDED.

THE MAXIMUM AND MINIMUM VALUES RECORDED FOR CURRENT AND VOLT=
AGE ARE SIMPLY THE VALUES INDICATED BY THE HIGHEST PEAK AND THE LOWEST
VALLEY, RESPECTIVELY, OVER THE PERIOD OF CRANKING SPEED CALCULATION;
THAT IS, THE SECOND AND THIRD FULL REVOLUTIONS.

REPEATABILITY - THE CRANKING SPEEDS, RESULTING FROM EACH TEST, WERE

ANALYZED STATISTICALLY TO DETERMINE THE REPEATABILITY OF THE TEST METHOD.

ACCORDING TO THE STATISTICAL THEORY OF SMALL SAMPLE SIZE(44)(45)
A "STUDENT's f" DISTRIBUTION OF SAMPLE POPULATION WAS ASSUMED. A SAMPLE
CALCULATION IS SHOWN IN APPENDIX E, AND THE COMPUTER PROGRAM WRITTEN TO
FACILITATE THE NUMEROUS CALCULATIONS IS ALSO SHOWN IN THIS APPENDIX.

FOR EACH OIL THREE TESTS WERE RUN. EACH TEST CONSISTED OF THREE
CRANKS AT ONE HOUR INTERVALS. THEREFORE, THERE WERE NINE ACTUAL CRANKS
CONDUCTED ON EACH OIL AND THE CRANKING SPEEDS OBTAINED IN THESE NINE

CASES WERE THE DATA ANALYZED FOR REPEATABILITY.

THE CRANKING SPEEDS OBTAINED FOR EACH OlL, IN EACH TEST, ARE
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FOUND IN TABLE |l, PAGE 80 . THE RESULTS OF THE STATISTICAL ANALYSIS,
SHOWING MEAN CRANKING SPEED AND STANDARD DEVIATION AND 95% CONFIDENCE
LIMITS, FOR EACH OIL, ARE SUMMARIZED IN TABLE |ll, PAGE 82 . As MAY BE
SEEN, THE AVERAGE STANDARD DEVIATION FOR 45 TeEsTs (135 SETs OF DATA)
wAs 1.28 RPM. THE RELATIVE SIGNIFICANCE OF THIS VALUE MAY BE MORE
READILY UNDERSTOOD WHEN STANDARD DEVIATION IS EXPRESSED AS A PERCENTAGE
OF THE MEAN, AS SHOWN IN COLUMN THREE OF TABLE |ll. THE AVERAGE STAN-
DARD DEVIATION FOR THE COLD CRANKING TESTS WAS 4.53% OF THE MEAN CRANK-
ING SPEED. THAT IS, IF A LARGE NUMBER (>>30) OF TESTS WERE REPEATED
ON THE SAME OIL IT IS STATISTICALLY PROBABLE THAT 68.27% (THE AREA
REPRESENTED BY +1Q@TUNDER A NORMAL DISTRIBUTION CURVE) OF THE RESULTS
WOULD LIE WITHIN i4'53% OF THE MEAN CRANKING SPEED.

By COMPARISON, THE AVERAGE STANDARD DEVIATION OF THE RESULTS
ofF THE CRC L-49 coLD CRANKING TESTS(46), BASED ON ENGINE VISCOSITY
RATHER THAN CRANKING SPEED, WAS CALCULATED TO BE 7.60% OF THE MEAN EN-
GINE VISCOSITY. ALTHOUGH THE COMPARISON IS NOT DIRECT, BECAUSE THE
CRC TEsTs WERE RUN AT O°F, IT 1S AN INDICATION THAT THE RESULTS OF THE
ENGINE TEST PROGRAM WERE REPEATABLE WITHIN REASONABLE EXPECTATIONS.

COLUMN FOUR OF TABLE ||| REPRESENTS THE 95% CONFIDENCE LIMITS
OF THE MEAN CRANKING SPEED. THAT 1S, WE CAN BE 95% CONFIDENT THAT THE
ACTUAL MEAN OF THE POPULATION LIES WITHIN + THE INDICATED AMOUNT OF
THE SAMPLE MEAN. SPECIFICALLY, IN THE CASE OF OIL SHELL A, WE CAN
PREDICT, WITH 95% CONFIDENCE, THAT THE MEAN CRANKING SPEED WHICH IS
REPRESENTATIVE OF THE ENTIRE BATCH OF OIL FROM WHICH THE SAMPLE WAS
TAKEN, WOULD LIE BETWEEN 30.41 anD 32.37 rpM (31.39+0.98).

COLUMN FIVE REPRESENTS THE 95% CONFIDENCE LIMITS IN TERMS OF



OIL

SHELL A

SHELL B

SHeLL C

SHELL D

SHELL E

SHELL F

SHELL G

REO 151

REO 153

RESULTS OF ENGINE CRANKING TESTS

TABLE 11

TEST Run 1 Run 2
1 32.8 33.6
2 3135 31.8
3 30.0 3056
1 32.7 32.5
2 29.5 308
3 371 .2 30.0
1 34 .5 T
2 30.6 31 .8
3 31.6 32.0
1 300 3140
2 30.8 30..6
3 27 .4 26,0
1 29.5 i
2 292 30.8
3 29.0 28.0
1 30.0 32410
2 26.6 755
3 2l 28.3
1 312 31.2
2 30,4 31.5
3 29.8 29.6
1 27 .4 26.9
2 28.4 26.1
3
1 17 5 19.0
2 19.4 19.6
3 1842 18.2

80

Run 3 MEAN f&ﬁmfg

29.8 3e.

3J1.8 3.7 1.055

30.6 *¥30.4

32.6 32.6

28.6 *29.6 - 1,100

29.5 *¥30.2

32.2 33.1

30 .6 *¥31.0  1.068

32.0 *31.9

31.0 30.7

30.4 30.6 1.160

26.0 ¥26.5

31.0 30.6

30.8 30.3 1.080

28.0 *28.3

32.0 31.3

252 25.8 1.235

27.3 *27 .3

31 .2 31.2

32.2 31.4 1.060

29.:3 *29.8

26.4 26.9

etve 272 10186
27.1

18.5 18.3

185 19.4 1.069

18.0 18.1 ‘
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REO

REO

REO

REO

REO

REO

161

162

158

158

160

172

TEsT

n —

WN — WN — - (601 2%

W=

TABLE |l (ConT'D)

Run 1 Run 2
27.5 31:0
32.4 32.0
29.5 30.4
18.0 18.5
19.8 20.0
17 8 18.0
29.4 J155
24 .0 26.0
242 25.8
22«3 223
224 2246
20.6 218
20.4 20.2
19.0 19.5
18.6 19.2
38.4 38.4
37 .6 395
36.5 JFED

Run 3 MEAN TﬁﬁﬁTh
28.0 28.8
32.0 J2% 110
30.4 30.1
19.5 187
19.9 19.9 111
18.0 *7.9
32.0 31.06
26.4 *25:5 224
26.0 *P8 3
2R 22+3
22.0 22.3 .056
212 #2141
20,6 20.2
19.0 19.2 .062
19:2 *¥19.0
35,46 37.:5
38.6 38.6 .038
375 *37 .2
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REO
REO
REO
REO
REO
REO
REO

REO

151-65
153-65
161-63
162-63
158-63
159-63
160-63

172-65

SHELL A

SHELL B

SHeELL C

SHeLL D

SHELL E

SHELL F

SHELL G

ME AN

REPEATABILITY ANALYSIS OF ENGINE CRANKING TESTS

MEAN

RPM

27

18.

30.

27

21

19

37

31

30.

32

.07

Fis

.84

«25

.90

.45

ol 3

.39

82

.00

29.25

29.

28.

27

TABLE 111

RPM
IR
.67
1.69
.90
2417
.62
=90
113
1.20
1.42
1.00
2.08
1.20
2.48

.74

82

STANDARD DEVIATION 95% CONFIDENCE LIMITS

% oF MEAN + RPM + % oF MEaN
290 .60 2.06
3465 +aD 2.98
5.50 1.38 4.49
4.78 14 3. 90
9.80 2.26 8.10
2.83 a1 231
2.98 47 2.43
2495 .89 2.4
3.82 .96 .12
3.69 1.16 J01
& «[62 2.55
T2 .70 5.80
4.04 <98 3480
8478 2.03 1D
2.42 .60 oL
4.53 1:06 3.70

1.28
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PERCENT OF MEAN CRANKING SPEED. THE AVEéAGE OF THE CONFIDENCE LIMITS

IS CALCULATED TO BE i3.707. THAT IS, WITH 95% PROBABILITY, THE MEAN

OF THE ENTIRE POPULATION CAN BE CONSIDERED, ON THE AVERAGE, TO BE WITH=
IN i3.70% OF THE MEAN OF THE SAMPLES (PROQIDED THREE SAMPLES ARE TESTED
AS IN THE CASE OF THIS PROGRAM). THIS FIGURE MAY BE EXPRESSED IN TERMS
OF A REPEATABILITY RATIO. AT THE 95% CONFIDENCE LEVEL TWO RESULTS

COULD HAVE THE VALUES 96.3% anp 103.7% OF THE MEAN WITHOUT BEING SUSPECT.

THE RATI10 OF THESE TwOo NUMBERS Is 103.70

96.30 - 1075

THEREFORE IN ANY SERIES OF TEST RESULTS, AT THE 95% CONFIDENCE LEVEL,
THE RESULTS SHOULD NOT BE SUSPECT UNLESS THE RATIO OF THE GREATEST TO
THE SMALLEST EXCEEDs 1.075.
REVIEWING THE DATA OF TABLE || REVEALS, IN COLUMN SIX, THAT THE
TEST RESULTS FOR THE FOLLOWING OILS EXCEEDED THE REPEATABILITY RATIO
CALCULATED ABOVE:
SHELL B
SHELL D
SHELL E
SHELL F
REO 158
REO 161
REO 162
[T WAS NOTED THAT IN EACH OF THESE CASES, WITH THE EXCEPTION
oF REO 161, THERE WAS A TREND TOWARD DECREASING CRANKING SPEED WITH
SUCCESSIVE TESTS. FURTHER INVESTIGATION REVEALED THAT THIS TREND
BEGAN APPROXIMATELY MIDWAY THROUGH THE TESTING PROGRAM. ALL DATA OB-
TAINED AFTER THIS TIME ARE NOTED (*) IN TABLE |l. PLANS WERE MADE TO

REPEAT THESE TESTS AFTER SOME MODIFICATION TO THE TEST APPARATUS. Jir

WAS NOT POSSIBLE, HOWEVER, TO CARRY OUT THIS PROGRAM. THE SIGNIFICANCE
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OF THIS SITUATION WILL BE DISCUSSED IN THE FOLLOWING CHAPTER.

BASED ON THE DATA ANALYZED THE REPEATABILITY OF THE COLD CRANK-
ING ENGINE TEST CAN BE EXPRESSED BY THE RATIO 1.075 WiTH 95% CONFIDENCE.
CORRELATION - THE RESULTS OF A NUMBER OF TESTS ON REO 0ILS WERE COR-
RELATED WITH TESTS CONDUCTED ON SIMILAR OILS BY PARTICIPANTS IN THE CRC
ROUND ROBIN. ONLY THREE COMMON TEST OILS WERE UsSeD, REO 158-63, REO
159-63, anp REO 172-65.

IN ORDER TO CORRELATE RESULTS FROM THE TWO SERIES OF TESTS IT
WAS NECESSARY TO USE A COMMON PARAMETER. THE CRANKING SPEED DATA FROM
THE G.M, oF CANADA COLD CRANKING TESTS, THEREFORE, WERE CONVERTED TO
VISCOSITY VALUES. THE ENGINE VISCOSITIES OF THE TEST OILS WERE DETER=
MINED FROM THE CALIBRATION CURVE SHOWN IN FIGURE 29, PAGE 85. THE

ENGINE VISCOSITIES OF THE TEST 0ILs, AT -20°F, WERE DETERMINED TO BE:

REO 158-63 8100 cp
REO 159-63 13500 cp
REO 172-65 2050 cp

THESE VISCOSITIES WERE CORRELATED AGAINST THE CRC AVERAGE ENGINE VIS=-
COSITIES(47) ACCORDING TO THE METHOD OUTLINED IN APPENDIX F. Fieure 30,
PAGE 806, SHOWS THE POINTS IN RELATION TO THE LINE OF PERFECT CORRELATION.
OBvIousLY, THE GREATEST DEVIATION IS WITH olIL REO 158.

A LINEAR REGRESSION ANALYSIS WAS MADE TO FIT THE POINTS TO A
STRAIGHT LINE, USING THE METHOD OF LEAST SQUARE. TWO STRAIGHT LINE
EQUATIONS WERE USED, FOR COMPARISON. THE RESULTS ARE INDICATED IN
TasLe IV, PAGE 87 . FOR THE Y =Qu XTHE VALUE OF @;1s 0.996 AND THE
STANDARD ERROR OF ESTIMATE IS 1970 CENTIPOISE. WHEN THE LINE Y =
Qo+, X Is UseED, Qols 897, Qv Is .914, AND THE STANDARD ERROR OF ES-

TIMATE Is 1860 cenTiPOISE. As MAY BE SEEN IN FIGURE 26, THE LINES DO NOT
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FIGURE 29



ENGINE VISCOSITY (CP)
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FIGURE 30 - CORRELATION OF G.M. ENGINE VISCOSITY
WITH CRC ENGINE VISCOSITY AT -20°F
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TABLE 1V

COMPARISON OF REO OIL ENGINE VISCOSITIES AT -20°F

ENGINE ViscosiTy (cp)

OrL GM ENGINE CRE ENGINES(*)
REO 158-63 8100 6350
REO 159-63 13500 14300
REO 172-65 2050 2270
(47)

* 8 ENGINE AVERAGE
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CORRESPOND CLOSELY TO THE LINE OF PERFECT CORRELATION. THE ACTUAL
COEFFICIENT OF CORRELATION WAS CALCULATED TO BE 0.917, INDICATING THAT
THE CORRELATION IS FAIR. |T SHOULD BE NOTED THAT FOR THESE CALCULATIONS
IT WAS NECESSARY TO AssUME THE CRC VALUES TO BE ACCURATE AND EXACT.

THE EXPERIMENTAL SHELL OILS, A THROUGH G, WERE ALSO TESTED,
ACCORDING To THE CRC L-49 PROCEDURE, BY THE SHELL CANADA RESEARCH LAB-
ORATORY(48). THE RESULTS OF THE G.M. oF CANADA CRANKING TESTS WERE COR-
RELATED WITH THE RESULTS OF THESE TESTS, USING THE SAME METHODS DESCRIBED
ABOVE. THE POINTS ARE PLOTTED IN FIGURE 31, PAGE 89, AGAINST THE LINE
OF PERFECT CORRELATION. TWO LEAST-SQUARE REGRESSION LINES ARE ALSO
SHOWN ON THIS GRAPH. FOR THE FORCED LINE THROUGH THE ORIGIN, Y=0u X ,

Q1 WAS CALCULATED TO BE 0.842 AND THE STANDARD ERROR OF ESTIMATE WAS

635 CENTIPOISE. FOR THE FREE LINE, Y= Qo+0. &, Qowas -45.6, Qi was 0.848,
AND THE STANDARD ERROR OF ESTIMATE WAS 123 CENTIPOISE. THE CALCULATIONS
ARE SUMMARIZED IN TABLE V, PAGE 90. THE CORRELATION COEFFICIENT FOR

THIS DATA WAS CALCULATED To BE 0.980, INDICATING GOOD CORRELATION. As
WAS NOTED WITH THE PREVIOUS COMPARISON, THESE CALCULATIONS ARE BASED

ON THE ASSUMPTION THAT ONE SET OF DATA, IN THIS CASE THE SHELL DATA,

IS ACCURATE AND EXACT.

IN SUMMARY, THE ANALYSIS OF RESULTS FROM THE G.M. ofF CaNADA
ENGINE COLD CRANKING TESTS SHOWED A REASONABLE LEVEL OF REPEATABILITY,

FOR A TEST OF THIS NATURE, FAIR CORRELATION WITH CRC TEST RESULTS, AND

GOOD CORRELATION WITH SHELL TEST RESULTS.

CoLp CRANKING SIMULATOR

Two SEPARATE PROGRAMS WERE CONDUCTED WITH THE CoLD CRANKING
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SHELL A

SHELL B

SHeLL C

SHeLL D

SHELL E

SHELL F

SHELL G

TABLE V

COMPARISON OF SHELL OIL ENGINE VISCOSITIES AT -20°F

ENGINE ViscosiTY (cP)

GM ENGINE

4300

4400

3800

5300

5700

6100

5000

SHELL ENGINE

4400

4900

5000

6600

6600

7000

6400

90
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SimuLAaTorR (CCS), THE FIRsST AT O°F, AND THE SECOND AT -20°F. IN BOTH
CASES THE RESULTS WERE REDUCED TO ANALYZABLE FORM AND THE DATA WERE
ANALYZED FOR REPEATABILITY OF RESULTS, AT BOTH TEMPERATURES. THE
RESULTS AT O°F, WERE THEN CORRELATED WITH RESULTS OBTAINED FROM THE
SHELL ENGINE TEsTs, CRC ENGINE TEsTs AND ASTM CCS TESTS ALSO OBTAINED
AT O°F. SIMILARLY, THE RESULTS AT -20°F WERE CORRELATED WITH RESULTS
FROM THE G.M. oF CANADA ENGINE TESTS, SHELL ENGINE TESTS, CRC ENGINE
TESTS, AND ASTM CCS TESTs, ALSO OBTAINED AT -20°F.

DAaTAa REDUCTION - AT THE BEGINNING AND END OF EACH DAY'S TESTING A CAL-

IBRATION OIL WAS RUN TO INSURE AGAINST ANY LARGE DEVIATION IN REPEAT-
ABILITY GOING UNNOTICED. |N ADDITION, AT LEAST TWO MORE CALIBRATION
OILS WERE RUN DURING THE TESTING SO THAT A CALIBATION CURVE COULD BE
ESTABLISHED EACH DAY. WHENEVER POSSIBLE, A MINIMUM OF TWO RUNS ON
EACH OIL WERE USED TO ESTABLISH THE CURVE. A TYPICAL CALIBRATION CURVE
IS REPRESENTED BY THE sSOLID LINE IN FIGURE 32, PAGE 92. THE FIGURE
ILLUSTRATES THE METHOD OF DETERMINING THE VISCOSITY OF A TEST OIL FROM
THE CALIBRATION CURVE. THE TEST OIL SHOWED A SPEED READING OF 0.25 MA
ON THE SPEED INDICATOR. THE LINE REPRESENTING THIS SPEED IS SEEN TO
INTERSECT THE CALIBRATION CURVE AT A POINT EQUIVALENT TO A VISCOSITY
ofF 7500 cp. THIS VALUE, THEN, REPRESENTS THE CCS VviIscosITY OF THE TEST
G Vil

ONE OF THE SHORTCOMINGS OF THIS METHOD OF DETERMINING VISCOSITY
IS THE POSSIBLLITY OF ERROR IN CONSTRUCTING THE CALIBRATION CURVE.
REFERRING TO THE SAME DATA POINTS IN FIGURE 32, THE TWO DOTTED LINES
REPRESENT SMOOTH CURVES WHICH COULD ALSO REASONABLY BE DRAWN THROUGH

THE DATA AS CALIBRATION CURVES. | T MAY BE SEEN THAT, DEPENDING ON WHICH
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CURVE 1S USED, THE VISCOSITY DETERMINED FOR THE TEST OIL COULD VARY
CONSIDERABLY. |IT IS CONCEIVABLE, THEN, THAT THE DEVIATION IN RESULTS
DUE TO DIFFERENCES IN CALIBRATION CURVES DRAWN THROUGH THE SAME POINTS
BY DIFFERENT PEOPLE, OR BY THE SAME PERSON AT DIFFERENT TIMES, COULD
BE AS SIGNIFICANT AS ANY DEVIATION CAUSED BY INSTRUMENT VARIATION. THE
DESIRABILITY OF A REPEATABLE AND CONSISTENT METHOD OF DETERMINING CAL=-
IBRATION CURVES IS OBVIOUS.

BECAUSE OF THE POSSIBLE INCONSISTENCIES IN THE USE OF CALIBRA-
TION CURVES CONSIDERATION WAS GIVEN TO THE USE OF NUMERICAL, RATHER
THAN GRAPHICAL METHODS TO ESTABLISH TEST OIL VISCOSITIES. A NUMBER OF
TEST VISCOSITIES WERE DETERMINED USING SEVERAL CALIBRATION CURVES, BY
BOTH GRAPHICAL AND NUMERICAL METHODS. THE GRAPHICAL RESULTS WERE DETER~-
MINED PRIOR TO THE NUMERICAL RESULTS IN ORDER TO PREVENT ANY LOSS OF
OBJECTIVITY WHICH COULD UNKNOWINGLY OCCUR IF THE NUMERICAL RESULTS WERE
ALREADY KNOWN. A COMPARISON OF THE RESULTS IS SHOWN IN TaBLE VI, PAGE
94. As MAY BE SEEN, THERE IS NO DIFFERENCE IN RESULTS WHICH COULD NOT
BE ACCOUNTED FOR BY THE ABILITY OF A PERSON TO READ DATA FROM A GRAPH.
IT Is APPARENT THEN, THAT THE NUMERICAL METHOD PROVIDES THE DESIRED
ACCURACY, AS WELL AS THE ADDITIONAL VALUE OF COMPLETE CONSISTENCY. As
LONG AS THE SAME DATA POINTS ARE USED THE ANSWER WOULD ALWAYS BE THE
SAME. THIS METHOD OF NUMERICAL INTERPOLATION, AITKEN's PROCESS, IS
DESCRIBED FuULLY IN APPENDIX G. ALTHOUGH THE METHOD WAS PROGRAMMED FOR
CALCULATION BY COMPUTER, IN THIS CASE, IT IS READILY ADAPTABLE TO USE
WITH A DESK CALCULATOR. THIS METHOD WAS USED TO DETERMINE THE TEST OIL
VISCOSITIES FOR ALL TESTS RUN DURING BOTH TEST PROGRAMS. ALL CCS vis-

COSITIES REFERRED TO IN THE REMAINDER OF THIS CHAPTER WILL BE THOSE



Orv
REO
REO
REO
REO
REO
REO
REO

REO

151-65

153-65

161-63

162-63

158-63

159-63

160-63

172-65

SHELL A

SHELL B

SHELL C

SHELL D

SHELL E

SHELL F

SHELL G

TABLE VI

-20°F EVALUATION OF NUMERICAL |INTERPOLATION

Viscosity (cp)?

GRAPHICAL
6750
20100
4940
20100
6750
15200
19600
2140
4950
4950
4950
6400
6400
7300

4950

# MEAN RESULTS OF TEsTs 1,2,3 AND 4

NUMER I CAL

6700

20100

4940

20100

6700

15100

19500

2150

4950

4950

4950

6400

6400

7400

4950
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DETERMINED BY NUMERICAL INTERPOLATION. |T SHOULD BE_NOTED THAT, FOR

THE NUMERICAL RESULTS, THE PRACTICE OF ROUNDING OFF RESULTS WAS CON-
TINUED, AS SPECIFIED FOR THE GRAPHICAL METHOD. ViscosITlEs BELow 3000

CP WERE DETERMINED TO THE NEAREST 10 cp, THose BETWEEN 3000 Aanp 6000 cp
WERE DETERMINED TO THE NEAREST 50 cP, AND THOSE ABOVE 6000 CP WERE DETER=
MINED TO THE NEAREST 100 cP. ALTHOUGH THE NUMERICAL CALCULATIONS COULD
BE DETERMINED MORE ACCURATELY, THUS IMPROVING PRECISION, THIS PRACTICE
WAS CONTINUED FOR THE PURPOSE OF MAKING COMPARISONS WITH RESULTS DETER-

MINED GRAPHICALLY.

REPEATABILITY AT O°F - For THE CoLD CRANKING SIMULATOR TESTS SIX CAL-

IBRATION OILS, SUPPLIED BY CANNON INSTRUMENT COMPANY, WERE USED AS
STANDARDS. THE TEST 0lILs CONsISTED oF EIGHT CRC, REO oiLs AND SEVEN
EXPERIMENTAL SHELL olLs. THE REO oiLs covERED SAE vIsScosITY RANGES

FROM SW TO 20W, INCLUDING BOTH SINGLE AND MULTIGRADE OILS. ALL OF THE
SHELL olLs WERE SAE 5W30's EACH WITH DIFFERENT CHARACTERISTICS. THE
PHYSICAL PROPERTIES OF EACH OF THE OILS USED ARE DETAILED IN APPENDIX H.

FIVE TEST SEQUENCES WERE RUN AT O°F. EACH SEQUENCE CONSISTED
OF ONE TEST ON EACH OIL AND A CALIBRATION CURVE WAS DEVELOPED FOR EACH
SEQUENCE. THE ORDER OF TESTING WITHIN EACH SEQUENCE WAS RANDOM, AND
IS LISTED IN APPENDIX J.

THE DATA WERE ANALYZED FOR REPEATABILITY IN THE SAME MANNER
DESCRIBED FOR THE ENGINE CRANKING TESTS. A "STupenT's+t" DIsTRIBUTION
OF SAMPLE WAS ASSUMED AND THE METHOD OF ANALYSIS ILLUSTRATED IN APPENDIX
E was APPLIED. TO FACILITATE THE CALCULATIONS ALL ANALYSES WERE COM-

PUTERIZED.



THE RAW RESULTS, AFTER CONVERSION TO VISCOMETRIC UNITS BY THE
METHOD OF NUMERICAL INTERPOLATION DESCRIBED PREVIOUSLY, ARE LISTED IN
TaBLe VI, PAGE 97. THE RESULTS OF THE STATISTICAL ANALYSIS, SHOWING
MEAN VISCOSITY, STANDARD DEVIATION, AND 95% CONFIDENCE LIMITS FOR EACH
OIL, ARE SUMMARIZED IN TaBLE VIII, Pace 98. THE AVERAGE STANDARD
DEVIATION FOR THE TOTAL OF 75 TESTS WAS 26.5 CENTIPOISE. BECAUSE OF
THE WIDE VARIATION IN VISCOSITY OF THE OILS TESTED THIS VALUE |S MORE
MEANINGFUL WHEN EXPRESSED AS A PERCENTAGE OF THE MEAN, SINCE NATURALLY
THE ABSOLUTE VALUE WOULD BE HIGH FOR VISCOSITY BELOW THE MEAN AND LOW
FOR VISCOSITIES ABOVE THE MEAN. THE AVERAGE STANDARD DEVIATION FOR
TESTS AT O°F was 1.41% OF THE MEAN. THUS, IF A LARGE NUMBER (>30) oFf
TESTS WERE CONDUCTED ON THE SAME OIL IT IS STATISTICALLY PROBABLE THAT
68.27% (THE AREA REPRESENTED BY 410" UNDER A NORMAL DISTRIBUTION CURVE)
OF THE RESULTS WOULD LIE WITHIN 1.41% OF THE MEAN VISCOSITY.

As A MEANS OF EVALUATING THE PRECISION OF THE RESULTS THE
STANDARD DEVIATIONS FOR THE EIGHT REO 0ILS WERE COMPARED TO THOSE FOR
THE SAME OILS AS TESTED IN THE SECOND ASTM ROUND ROBIN(43). THE
COMPARISON Is SHOWN IN TABLE IX, PAGE 99. THE MEAN STANDARD DEVIATION
OF TESTS CONDUCTED IN THIS PROGRAM, ON A PERCENT OF MEAN BASIS, WAS
1.59%, coMPARED To 2.16% FOR THE ‘ASTM TEsTs. THE ASTM TESTS SHOWED A
LOWER STANDARD DEVIATION FOR ONLY Two olILs, REO 153 ano REO 162.

CoLUMN FOUR OF TABLE VII| REPRESENTS THE 95% CONFIDENCE LIMITS
oF CCS viscosiTY. THAT IS, WE CAN BE 95% CONFIDENT THAT THE ACTUAL
POPULATION MEAN LIES WITHIN THESE LIMITS (i THE INDICATED AMOUNT FROM
THE MEAN). COLUMN FIVE REPRESENTS THE SAME LIMITS EXPRESSED AS A PER-

CENT OF THE MEAN. THIS FIGURE MAY BE EXPRESSED IN TERMS OF A REPEAT-

96
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TABLE VI |

COLD CRANKING SIMULATOR RESULTS AT O°F

CCS ViscosiTy (cp)

OiL Test 1 Test 2 Test 3 Test 4 Test 5 MEAN
REO 151-65 1320 1310 1330 1320 1310 1320
REO 153-65 3550 3500 3300% 3400 3400 3430
REO 161-63 1050 1060 1040 1070 1090 1060
REO 162-63 3500 3400 3400 J250%* 3400 3390
REO 158-63 1500 1560 1560 1560 1580 1550
REO 159-63 2450 2250* 2350 2400 2410 2370
REO 160-63 2960 2910 2860 2910 2920 2910
REO 172-65 670 660 670 660 680 670
SHELL A 940 930 950 930 950 940
SHELL B 1040 1040 1050 1040 1060 1050
SHELL C 950 940 950 940 950 950
SHeLL D 1210 1180 1200 1190 1210 1200
SHELL E 1170 1200 1190 1180 1230 1190
SHELL F 1340 1340 1340 1300 1390 1340

SHELL G 1130 1100 1090 1100 1120 1110



OiL

REO
REO
REO
REO
REO
REO
REO

REO

151=-65

153-65

161=-63

162-63

158-63

159-63

160-63

172-65

SHELL A

SHELL B

SHeLL C

SHELL D

SHELL E

SHELL F

SHELL G

MEAN

REPEATABILITY ANALYSIS OF CCS fESTS AT O°F

Mean (cp)

1320

3430

1060

3390

1550

2370

2910

670

940

1050

950

1200

1632

TABLE VIl
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STANDARD DEVIATION 95% CONFIDENCE LIMITS
(cp) (% oF mean) (+ce) + % oF MEAN)

7.49 0.49 10.4 78
87.2 2.55 121 3.53
17.2 1.62 25.0 2.36
80.0 2.36 111 3.27
2.2 1.75 37.8 2.44
41.5 115 97.6 2.43
3.9 1.09 44 .4 1.52
7.49 1:12 10.4 199
8.94 95 12.4 132
8.24 79 11.4 1.09

4.9 52 6.81 14
11.7 .97 16.4 1.36
20.6 1.78 28.6 2.40
28.6 2:13 39.8 2.97
14.7 1.33 20.4 1.84
26.5 1.41 36.9 1.97



TABLE IX

COMPARAT I VE O°F STANDARD DEVIATONS (% OF MEAN)

OiL

REO 151-65
REO 153-65
REO 158-63
REO 159-63
REO 160-63
REO 161-63
REO 162-63

REO 172-65

ME AN

TEsST

1

28

ASTM (13 Las)

1

(2nD ROUND)

ol 1

»39

. 88

.06

-16

.76

.00



ABILITY RATIO. AT THE 95% CONFIDENCE LEVEL, TWO RESULTS COULD HAVE THE
VALUES 98.03% anD 101.97% OF THE MEAN WITHOUT BEING SUSPECT. THE RATIO

OF THESE TwO NUMBERs Is 101.97 _ 1.040 THEREFORE, IN ANY SERIES OF

98.03
TEST RESULTS, AT THE 95% CONFIDENCE LEVEL, THE RESULTS SHOULD NOT BE

SUSPECT UNLESS THE RATIO OF THE GREATEST TO THE SMALLEST EXCEEDs 1.040.
By COMPARISON, THE REPEATABILITY RATIO DETERMINED BY THE ASTM was 1.06
(43)FOR 95% CONF IDENCE.

IN REVIEWING TEST RESULTS IT WAS NOTICED THAT THE RATIO OF THE
GREATEST TO THE SMALLEST VALUE EXCEEDED THE PRESCRIBED REPEATABILITY
RATIO IN A NUMBER OF CASES. A FURTHER REVIEW OF THE RAW DATA FOR THESE
OILS INDICATED THAT IN MOST CASES, ONE OR TWO DETERMINATIONS DIFFERED
CONSIDERABLY FROM THE OTHERS. THESE VALUES ARE NOTED (*) In TaBLE VII.

IN ORDER TO IMPROVE THE PRECISION OF RESULTS THESE DATA WERE
DISCARDED AND REPEAT RUNS WERE MADE ON THE OILS INVOLVED TO OBTAIN
REPLACEMENT VALUES FOR THOSE DISCARDED. TABLE X, PAGE 101, SHOWS THE
REVISED RESULTS AND THE CORRESPONDING STATISTICAL ANALYSIS 1S SHOWN IN

TaBLe XI, PAGe 102. THE IMPROVEMENT IN PRECISION WHICH RESULTED MAY BE

SUMMARIZED AS FOLLOWS:

ORrRIGINAL ReviseD
STanpaArRD DeviaTion (cp) 26.5 21.9
STANDARD DeviaTion (%) 1.41 1.21
95% ConFIDENCE LiMITs (+ cP) 36.9 30.4
95% ConrFipENCE LimiTs (+ %) 1.97 1.68
REPEATABILITY RATIO 1.040 1.034

THE RESULTS OF THE O°F TEST PROGRAM INDICATED THAT THE REPEAT~-

ABILITY OF THE COLD CRANKING SIMULATOR AND THE PROCEDURE USED WAS VERY



OiL

REO
REO
REO
REO
REO
REO
REO

REO

151-65
153-65
161-63
162-63
158-63
159-63
160-63

172-65

SHELL A

SHELL B

SHerL C

SHeLL D

SHELL E

SHELL F

SHeLL G

TABLE X

CORRECTED CCS RESULTS AT O°F (NUMERICALLY INTERPOLATED)

Run 1

1320

3550

1050

3500

1500

2450

2960

670

940

1040

950

1210

1170

1340

1130

ViscosiTy (cp)

Run 2 Run 3 Run 4 Run 5 MeAN
1310 1330 1320 1310 1320
3500 3400 3400 3400 3450
1060 1040 1070 1090 1060
3400 3400 3400 3400 3400
1560 1560 1560 1580 1550
2440 2350 2400 2410 2420
2910 2860 2910 2920 2910
660 670 660 680 670
930 950 930 950 940
1040 1050 1040 1060 1050
940 950 940 950 950
1180 1200 . 1190 1210 ' 1200
1200 1190 risgr v 1230 1190
1340 1340 1300 1390 1340
1100 1090 1100 1120 1110

L0l



CORRECTED REPEATABILITY ANALYSIS OF CCS TESTS AT O°F

Or1L

REO 151-65
REO 153-65
REO 161-63
REO 162-63
REO 158-63
REO 159-63
REO 160-63
REO 172-63
SHELL A
SHELL B
SHELL C
SHeLL D
SHeELL E
SHeLL F

SHeELL G

ME AN

1060

3420

1550

2420

2910

670

940

1050

950

1200

1190

1340

1110

1637

TABLE Xl

STANDARD DEVIATION

(cp) (%)
7.49 0.49
63.2 1. 83
1722 162
40.0 Hale
2720 1.75
36.6 15
31.90 1.09
7.49 Tul2
8.94 « 35
8.24 e
4.90 02
117 <97
20.60 1.72
28.62 2l -
14.7 1.33
21.9 1.21

95% CoNFIDENCE LIMITS

(cp)

10.

827

25

95

I

50.

44 .

10.

12

1l

16.

28.

39.

20.

30.

4

7

.00

(%)

1.52

1:58

12

102
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HIGH, AND THE RESULTS OF PREVIOUS WORK AT THIS TEMPERATURE WERE SUB~-

STANTIATED IN THIS REGARD.

CORRELATION AT O°F - ENGINE CRANKING TESTs AT O°F HAD BEEN CONDUCTED ON

THE SEVEN EXPERIMENTAL SHELL OILS, USED IN THE TEST, BY SHELL CANADA.
THE RESULTS OBTAINED IN THE CCS PROGRAM AT O°F WERE CORRELATED WITH THE
SHELL ENGINE TEST RESULTS USING THE METHODS PREVIOUSLY DISCUSSED AND
OUTLINED IN ApPeNDIX F. FiGure 33, PAGE 104, SHOWS THE DATA PLOTTED
WITH RESPECT TO THE LINE OF PERFECT CORRELATION (45°). Two LINES WERE
CONSIDERED IN CORRELATING THE RESULTS, Y=01X aAND Y= Qo+Q X . For THE
EQUATION Y=Q:1X, Q1 WAS CALCULATED TO BE .929 AND THE STANDARD ERROR OF
ESTIMATE WAS 162 cP. FOR THE EQUATION Y= ao+(11x, QoWAS CALCULATED TO
BE 795 aND Qi T0 BE .306. THE STANDARD ERROR OF ESTIMATE wAs 135.
CALCULATIONS SHOWED THE COEFFICIENT OF CORRELATION To BE .507. THIs
LOW VALUE INDICATES THAT THE CORRELATION BETWEEN THE TWO SETS OF VALUES
IS ALMOST RANDOM.,

THE REsuLTs oF THE CCS TEST PROGRAM WERE ALSO CORRELATED WITH
THE REsSULTs OF CRC ENGINE CRANKING TESTS ON THE SAME oiLs. THE CRC
ENGINE VISCOSITIES ARE THE AVERAGES FROM TWELVE LABORATORIES AND ARE
LISTED IN TaBLE XI||, PAGE 105. THE DATA WERE ANALYZED ACCORDING TO THE
METHOD OoF APPENDIX F. Fi1GurReE 34, PaGe 106, SHOWS THE CORRELATION
GRAPHICALLY. WHEN THE LINE Y=Q,X WAS USED THE VALUE OF Qi WAS CAL~-
CULATED TO BE 1.032 AND THE STANDARD ERROR OF ESTIMATE WAS CALCULATED
To BE 288 cp. FOR THE LINE Y= 0Qe+Qi X, Clo WAS =47 AND Qi was 1.042.
THE STANDARD ERROR OF ESTIMATE WAS 360 CENTIPOISE AND THE CORRELATION

COEFFICIENT wWAS .931.
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TABLE X1 |

CRC ENGINE VISCOSITIES AT 0°F

OrL ENGINE VISCOSITY (CP)(*)
REO 161-63 990
REO 162-63 2740
REO 158-61 1780
REO 159-61 2510
REO 160-61 3040
REO 172-63 580

b 12 ENGINE AVERAGE.
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THe ASTM CONDUCTED TWO ROUND ROBIN SERIES OF TEsTs AT O°F, on
REO oiLs, wiTH THE CoLp CRANKING SIMULATOR. THE RESULTS FROM THIS
PROGRAM, AT O°F, WERE CORRELATED WITH THE RESULTS FROM THE SECOND ASTM
ROUND ROBIN AT O°F, BOTH OF WHICH WERE CONDUCTED AT APPROXIMATELY THE
SAME TIME. THE ASTM RESULTS WERE ASSUMED TO BE PERFECT FOR CORRELATION
PURPOSES. USING THE STRAIGHT LINE EQUATION Y=OAX, THE VALUE OF Oy
WAS CALCULATED TO BE .957 AND THE STANDARD ERROR OF ESTIMATE WAs 1060.
FOR THE MORE GENERAL STRAIGHT LINE, Y= Qo+Q,X, THE VALUES FOR (¢ AND
Q) WERE CALCULATED AS 73 AND .930 RESPECTIVELY. THE STANDARD ERROR
OF ESTIMATE WAs 186. A VERY HIGH COEFFICIENT OF CORRELATION, .983, waAs
DETERMINED, INDICATING THAT VERY LITTLE IMPROVEMENT COULD BE MADE.
Fiaure 35, page 108, Is A GRAPHIC REPRESENTATIVE OF THE DATA AND THE
CORRELATION LINES.

THE CORRELATION OF DATA BETWEEN THE RESULTS OF THIS PROGRAM AND
THOSE TO WHICH IT WAS COMPARED INDICATED THAT THE PARTICULAR INSTRUMENT
AND PROCEDURE USED GAVE RESULTS WHICH WERE REPRESENTATIVE OF COLD CRANK-

ING SIMULATORS, IN GENERAL, AT O°F TEST TEMPERATURE.

REPEATABILITY AT =-20°F =~ For THE CoLbp CRANKING SIMULATOR TESTs AT -20°F
J

ONLY THE FOUR LEAST VISCOUS CALIBRATION OILS WERE USED. ALL THE TEST
olLs, USED IN THE O°F PROGRAM, HOWEVER, WERE ALSO USED IN THIS PROGRAM.
THEIR PHYSICAL PROPERTIES ARE DETAILED IN APPENDIX H.

SIX TEST SEQUENCES WERE RUN AT =20°F. As IN THE PREVIOUS PRO-
GRAM, A SEQUENCE CONSISTED OF ONE TEST ON EACH OlL, AND A CALIBRATION
CURVE WAS DEVELOPED FOR EACH SEQUENCE. THE ORDER OF TESTING WITHIN

EACH SEQUENCE WAS RANDOM AND IS LISTED IN APPENDIX J.
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THE DATA WERE ANALYZED FOR REPEATABILITY ACCORDING TO THE
"StupenT's t " METHOD DESCRIBED IN APPENDIX E. COMPUTER ANALYSIS
TECHNIQUES WERE USED TO FACILITATE CALCULATIONS.

THE RAW TEST RESULTS, CONVERTED TO VISCOMETRIC UNITS BY THE
USE OF AITKEN'S INTERPOLATION PROCESS, ARE LISTED IN TaBLE XI|Il, PAGE
110. TaBLe XIV, PAGE 111, SUMMARIZES THE MEAN VISCOSITY, STANDARD
DEVIATION, AND 95% CONFIDENCE LIMITS FOR EACH OIL. THE AVERAGE STANDARD
DEVIATION WAS 214 CENTIPOISE FOR THE TOTAL OF 90 TESTS CONDUCTED. A
MORE MEANINGFUL EXPRESSION OF STANDARD DEVIATION IS THE COEFFICIENT OF
VARIATION, THE STANDARD DEVIATION EXPRESSED AS A PERCENTAGE OF THE MEAN.
THIS VALUE, FOR THE =20°F TEsTs, wAs 2.31% oF THE MEAN. THEREFORE, IF
A LARGE NUMBER (>30) oF TESTS WERE CONDUCTED ON THE SAME OIL IT IS
STATISTICALLY PROBABLE THAT 68.27% (THE AREA REPRESENTED BY + 10 UNDER
THE STANDARD DISTRIBUTION CURVE) OF THE RESULTS WOULD LIE WITHIN i2.31%
OF THE MEAN VISCOSITY.

THE 95% CONFIDENCE LIMITS OF THE -20°F CCS MEASURED VISCOSITY
ARE SHOWN IN COLUMN FOUR OF TABLE XIV. WITH 95% CONFIDENCE THE ACTUAL
POPULATION MEAN LIES WITHIN THESE SPECIFIED LIMITS OF THE SAMPLE MEAN.
THESE SAME LIMITS EXPRESSED AS A PERCENT OF THE MEAN, ARE FOUND IN
COLUMN FIVE. A REPEATABILITY RATIO, FOR 95% CONFIDENCE, MAY BE DEFINED

AS THE RATIO OF THE MAXIMUM TO THE MINIMUM LIMITING VALUES. THE AVER-

97.69
SEVERAL READINGS FOR THE SAME SAMPLE, THEN, SHOULD NOT BE SUSPECT AT

AGE REPEATABILITY RATIO FOR THIS PROGRAM, THEREFORE, WAs 102.31 _ 1 047

THE 95% CONFIDENCE LEVEL, UNLESS THE RATIO OF THE GREATEST TO THE LEAST

Is IN EXCEss oF 1.047.

A REVIEW OF TEST RESULTS INDICATED A NUMBER OF CASES WHERE THE



TABLE XI I

COLD CRANKING SIMULATOR RESULTS AT -20°F

OiL Test 1 TesT 2 Test 3 TesT 4 TesyT b TeEsT 6 MEAN
REO 151-65 6500 6900* 6900* 6500 6700 6500 6670
REO 153-65 20800 20800 20000 18800% 19800 19600 20200
REO 161-63 4750 4950 5200 4850 5100 5200 5080
REO 162-63 20800 21600%* 19400* 19600 20600 20300 20400
REO 158-63 6700 6500 6800 6700 6800 6700 6700
REO 159-63 15200 14900 14900 15400 14500% 15400 15050
REO 160-63 20100% 19200 19200 19400 18900 19000 19300
REO 172-65 2080 2150 2180%* 2180% 2050 2080 2120
SHELL A 4750% 5000 5200 4850% 5050 5200 5000
SHELL B 4750% 5000 5200 4850% 5050 5200 5000
SHeLL C 4750% 5000 5200 4850% 5050 5200 5000
SHELL D 6200 6400 6500 6500 6400 6300 6400
SHeELL E 6300 6400 6600 6400 6600 6500 6500
SHELL F 7400 7200 7500 7200 7400 7400 7350

SHELL G 4750% 5000 5200 4850% 5050 5200 5000
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TABLE XIV

REPEATABILITY ANALYSIS OF CCS TESTS AT -20°F

STANDARD DEVIATION 95% CONFIDENCE LIMITS
O1L Mean (cp) (ce) (%) » (+cp) (+%)
;E8.151-65 6670 72.8 1408 82.9 1.25
REO 153-65 20200 464 2.29 527 258
REO 161-63 5080 57 0 1:12 64.8 1.28
REO 162-63 20400 740 3.62 840 4.12
REO 158-63 6700 100 1.49 1.14 1.70
REO 159-63 15050 313 2.08 356 2+32
REO 160-63 19300 391 2.03 450 2:33
REO 172-65 2120 52:0 2.45 59.1 2.83
SHELL A 5000 172 3.42 196 3.92
SHELL B 5000 172 3.42 196 892
SHeELL C 5000 172 3.42 196 3.92
SHELL D 6400 100 156 114 1.78
SHELL E 6500 115 1T 131 2.02
SHeELL F 7350 112 1.53 127 1.76
SHELL G 5000 172 3.42 196 3.92

MEAN 9051 214 2.31 243 2.64



REPEATABILITY RATIO OF THE DATA EXCEEDED THE ALLOWABLE VALUE. THESE
CASEs ARE NOTED (*) IN TaBLE XIIl. |IN ORDER TO IMPROVE THE PRECISION
OF RESULTS THESE DATA WERE DISCARDED AND REPEAT RUNS WERE MADE TO
OBTAIN REPLACEMENT VALUEs. TABLE XV, PAGE 113, SHOWS THE REVISED
RESULTS AND THE CORRESPONDING STATISTICAL ANALYSIS 1S SHOWN IN TABLE

XVI, pace 114. THE IMROVEMENT IN PRECISION MAY BE SUMMARIZED AS

FOLLOWS:
ORIGINAL ReEvisED
StanparD DeviaTion (cp) 214 157
StanparD DeviaTion (%) 2.31 Targ
95% ConFIDENCE LimMiTs (+ cP) 243 178
95% ConFipeEnce LimiTs (%) 2.64 1.97
ReEPEATABILITY RATIO 1.047 1.040

A COMPARISON OF REPEATABILITY VALUES BETWEEN THE TESTS AT
-20°F aND THose AT O°F 1s sHowN IN TaBLE XVII, PAGE 115. |IT MAY BE
SEEN THAT THE REPEATABILITY 1S, IN GENERAL, SLIGHTLY POORER AT -20°F

THAN AT O°F.

CORRELATION AT =-20°F - ENGINE CRANKING TESTS WERE CONDUCTED, USING THE
F

G.M. oF CANADA ENGINE CRANKING TESTS APPARATUS, ON THE SAME OILS WHICH
WERE TESTED IN THE COLD CRANKING SIMULATOR. FOUR OF THESE, HOWEVER,
WERE USED AS CALIBRATION OILS IN THE ENGINE AND COULD NOT, THEREFORE,
BE CONSIDERED IN CORRELATION STUDIES. THE RESULTS OBTAINED IN THE CCS
TEsTs AT -20°F WERE CORRELATED WITH THE ENGINE CRANKING TEST RESULTS,
USING STRAIGHT LINES OF THE FORM Y=GuX AND Y= Ge+Q:X. THE METHOD OF

CORRELATION DESCRIBED IN APPENDIX F wAsS USED. THE ENGINE TEST RESULTS
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REO

REO

REO

REO

REO

REO

REO

151-65
153-65
161-63
162-63
158-63
159-63
160-63

172-65

SHELL A

SHELL B

SHeLL C

SHeLL D

SHELL E

SHELL F

SHeLL G

Run 1

6500

20800

5200

20800

6700

15200

18900

2080

5250

5250

5250

6200

6300

7400

5250

CORRECTED CCS RESULTS AT -20°F (NUMERICALLY INTERPOLATED)

Run 2

6600

20800

4950

20300

6500

14900

19200

2150

5000

5000

5000

6400

6400

7200

5000

ViscosiTy (cp)

Run 3

6600

20000

5200

19800

6800

14900

19200

2050

5200

5200

5200

6500

6600

7500

5200

Run 4\

6500
20100
4850
19600
6700
15400
19400
2130
5250
5250
5250
6500
6400
7200

5250

Run 5

6700

19800

5100

20600

6800

14800

18900

2050

5050

5050

5050

6400

6600

7400

5050

Run 6

6500

19600

5200

20300

6700

15400

19000

2080

5200

5200

5200

6300

6500

7400

5200

MEAN

6570

20200

5080

20200

6700

15100

19100

2090

5130

5130

5130

6400

6500

7400

5130

ELL



TABLE XVI

CORRECTED REPEATABILITY ANALYSIS OF CCS TESTS AT -20°F

STANDARD DEVIATION 95% CONFIDENCE LIMITS
oL Mean (cp) EEE) g@l (+cp) E;ﬁl
REO 151-65 6570 75.4 115 86 V37
REO 153-65 20200 464 2.30 530 2.62
REO 161-63 5080 116 288 132 2,96
REO 162-63 20200 420 2.08 477 237
REO 158-63 6700 100 1.49 1.14 1.70
REO 159-63 15100 245 1562 219 1.86
REO 160-63 19100 182 0,95 205 1.05
REO 172-65 2090 35.6 1.70 40.5 1.92
SHELL A 5130 96.5 1.88 110 2.14
SHELL B 5130 96.5 1.88 110 2.14
SHeLL C 5130 96.5 1.88 110 2.14
SHELL D 6400 100 1.56 114 1.78
SHELL E 6500 115 B 131 2:02
SHELL F 7350 12 1.58 127 1.76
SHELL G 5130 96.5 1.88 110 2.14

MEAN 9054 157 1.73 178 1.97



TABLE XVI |

PES

COMPARISON OF CCS REPEATABILITY AT O°F AND -20°F

OE
StanpArRD DeviaTion (cp) 21.9
~ STANDARD DeviaTion (%) 12

95% ConFiDeNCE LimiTs (+cp) 30.4
95% ConFipENcE LimiTs (+8)  1.68

RepeaTABILITY RATIO 1.034

-20°F
It
L3

178

1.040



WERE ASSUMED TO BE PERFECT FOR CORRELATION PURPOSES. FOR THE LINE
THROUGH THE ORIGIN, Y=a.x, Q1 WAS CALCULATED As 1.076 AND THE STANDARD
ERROR OF ESTIMATE WAS 1710 CENTIPOISE. SIMILARLY, FOR THE LINE Y= Qo+
a. X, Qo was 431, O wAs 1.036, AND THE STANDARD ERROR OF ESTIMATE WAS
962 CENTIPOISE. A CORRELATION COEFFICIENT OF .980 WAS CALCULATED,
INDICATING NEAR PERFECT CORRELATION. FIGURE 36, PAGE 117, ILLUSTRATES
THE DATA POINTS AND CORRELATION LINES GRAPHICALLY.

THE SEVEN SHELL EXPERIMENTAL OILS, TESTED IN THE COLD CRANKING
SIMULATOR, WERE ALSO EVALUATED AT -20°F IN A COLD CRANKING ENGINE BY
THE SHELL CANADA ReEseARCH LABORATORY. THE CCS RESULTS FROM THIS PRO~-
GRAM WERE CORRELATED WITH THE RESULTS FROM THE SHELL ENGINE TESTS.

FOR THE PURPOSE OF CORRELATION IT WAS ASSUMED THAT THE ENGINE TEST DATA
WERE CORRECT. USING A STRAIGHT LINE OF THE FORM Y= 0o+Q (X, Qo wAS
DETERMINED TO BE 1718, Qi 1o BE .706, AND THE STANDARD ERROR OF ESTI~
MATE TO BE 610 CENTIPOISE. THE CORRELATION COEFFICIENT FOR THESE TWO
SETS OF RESULTS WAS CALCULATED TO BE .700. THE DATA AND CORRELATION
LINES ARE GRAPHICALLY PORTRAYED IN FiGure 37, paGce 118.

ENGINE CRANKING TEsTs AT -20°F WERE CONDUCTED BY TEN LABORA-
TORIES IN A ROUND ROBIN ORGANIZED BY THE CRC. SeveraL REO oiLs WERE
USED IN THE PROGRAM, THREE OF WHICH WERE COMMON TO THE CCS TEsSTS con-
DUCTED IN THIS PROGRAM. A CORRELATION WAS DEVELOPED BETWEEN THESE SETS
OF DATA WITH THE ENGINE TEST RESULTS TAKEN AS THE INDEPENDENT VARIABLE.
FOR THE STRAIGHT LINE Y=Q.X, Qi wAs FOUND To BE 1.044 AND THE STANDARD
ERROR OF ESTIMATE WAS FOUND TO BE 191 CENTIPOISE. FOR THE MORE GENERAL
STRAIGHT LINE, Y=Qlo +l1sX, Qo, Cl\ AND THE STANDARD ERROR OF ESTIMATE

WERE CALCULATED TO BE =290, 1.070, AND 91.7 CENTIPOISE, RESPECTIVELY.
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THE COEFFICIENT OF CORRELATION, IN THIS CASE WAS DETERMINED TO BE .999.
THE DATA AND CORRELATION LINES ARE PLOTTED IN FiGcure 38, PAGE 120.

DURING THE TIME THIS PROGRAM WAS BEING CONDUCTED A ROUND ROBIN
SERIES OF TESTS WAS BEING CONDUCTED, AT -20°F, UNDER THE DIRECTION OF
THE ASTM, TO STUDY THE USE OF THE COLD CRANKING SIMULATOR AT SUB=ZERO
TEMPERATURES. THE RESULTS OF THE ROUND-ROBIN TESTs ON sIx REO oiLs
WERE CORRELATED WITH THE CORRéSPONDING RESULTS FROM THIS PROGRAM, THE
FORMER BEING SET AS THE INDEPENDENT VARIABLE. FOR THE STRAIGHT LINE
THROUGH THE ORIGIN, O\ WAS CALCULATED As 1.035 AND THE STANDARD ERROR
OF ESTIMATE AS 319 CENTIPOISE. FOR THE GENERAL STRAIGHT LINE THE
VALUES OF Qg,@: AND THE STANDARD ERROR OF ESTIMATE WERE CALCULATED TO BE
-170, 1.046, AND 359 CENTIPOISE, RESPECTIVELY. THE CORRELATION CO-
EFFICIENT WAS CALCULATED TOo BE .989. FIGurRe 39, PAGE 121 SHOWS THE
DATA AND CORRELATION LINES PLOTTED GRAPHICALLY.

A SUMMARY OF THE CORRELATION DATA, FOR CCS TeEsTs AT BoTH O°F
AND -20°F AS WELL AS FOR ENGINE CRANKING TESTS, IS FOUND IN TABLE XVII|
PAGE 122. THERE WAS AN EXCELLENT CORRELATION BETWEEN COLD CRANKING
SIMULATOR TEST RESULTS AND ENGINE CRANKING TEST REsuLTs AT =-20°F. THE
CORRELATION BETWEEN THE INSTRUMENT USED IN THIS TEST PROGRAM AND SIM-
ILAR INSTRUMENTS USED BY OTHER LABORATORIES WAS ALSO SHOWN TO BE

EXTREMELY HIGH.
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PARAMETERS Y =

LA, 4 ¢
GM-CCS-0°F SHELL L-49-0°F  0.929
GM-CCS-0°F CRC L-49-0°F 1.032
GM-CCS-0°F ASTM-CCS-0°F 0.957
GM-CCS--20°F  GM L=-49--20°F 1.076
GM-CCS--20°F  SHeLL L-49--20°F 0.992
GM-CCS=--20°F  CRC L-49--20°F  1.044
GM-CCS--20°F  ASTM CCS—-20°F 1.035

GM L-49--20°F

GM L-49--20°F

SUMMARY OF CORRELATION DATA

QX

CRC L49--20°F .996

SHELL L49--20°F  .842

2YX
162

288

1060

1710

587

191

319

1970

635

Y=Q;+O..X

Qo
D5

=47

73

1718

=290

-170

897

-45.6

e

1.042

0.930

11.036

0.706

1.070

1.046

.914

.848

%YX
360
186
962

610

359
1860

123

“ r.ll

. 931

.983

.980

.700

.999

.989

i

.990

Al
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VI

DISCUSSION OF EXPERIMENTAL RESULTS

THE RESULTS OF THE TEST PROGRAMS CONDUCTED ON BOTH THE COLD
CRANKING ENGINE AND THE COLD CRANKING SIMULATOR ARE DISCUSSED IN THIS
CHAPTER. AN ATTEMPT 1S MADE, IN EACH CASE, TO EXPLAIN THE REASONS FOR

THE RESULTS WHICH WERE OBTAINED.

CoLpo CRANKING ENGINE

DATA REDUCTION - BECAUSE OF THE DYNAMIC NATURE OF THE TEST DATA REC-

ORDED, DATA REDUCTION WAS NECESSARY, AS DESCRIBED IN THE PREVIOUS CHAP-
TER, IN ORDER TO PROVIDE READY COMPARISONS. THE ACCURACY OF THE RESULTS
CAN BE GREATLY AFFECTED BY THE ACCURACY OF THIS INTERPRETATION. THE
ABILITY TO ACCURATELY CALCULATE CRANKING SPEED FROM THE CHART RECORD=-
INGS DECREASES AS CRANKING SPEED INCREASES, SINCE THE POSSIBLE ERROR IS
MUCH GREATER, ON A PERCENT BASIS, WHEN VERY SMALL TIME INTERVALS MUST

BE DETERMINED. FOR THE CRANKING SPEEDS ENCOUNTERED IN THIS PROGRAM,
HOWEVER, THE TIME INTERVAL WAS RELATIVELY LARGE (3.0 SeconDs), sO THE
POSSIBLE ERROR (WITH A LEAST COUNT OF .02 SECONDS) SHOULD HAVE BEEN
RELATIVELY SMALL. |T COULD REASONABLY BE ASSUMED, THEN, THAT NO SIG-
NIFICANT DEVIATION IN RESULTS OCCURRED DUE TO DATA REDUCTION CALCULA~-

TIONS.

REPEATABILITY - A REGULAR MASS-PRODUCED PASSENGER CAR ENGINE, WITH ALL

THE INHERENT LACK OF PRECISION ASSOCIATED WITH MASS-MANUFACTURING PRO=

CESSES, WAS USED AS THE BASIS FOR THE TEST APPARATUS. CONSIDERING THE
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COMPLEXITY OF THE SYSTEM, AND THE POSSIBLE NUMBER OF VARIABLES WHICH
COULD NOT BE CONTROLLED, IT IS REASONABLE TO EXPECT THAT TEST REPEAT-
ABILITY WOULD BE RATHER POOR. |T WAS SURPRISING, THEN, TO FIND THE
AVERAGE STANDARD DEVIATION OF THE TEST RESULTS TO BE LESS THAN 5% OF
THE MEAN. SIMILARLY THE LIMITS OF THE POPULATION MEAN WERE CALCULATED
TO BE WITHIN LESS THAT i5% OF THE MEAN AT THE 95% CONFIDENCE LEVEL,
INDICATING THAT A HIGH DEGREE OF REPEATABILITY 1S POSSIBLE WITH THE
TEST APPARATUS AND PROCEDURE USED.

THE MAJOR PARAMETERS WHICH WERE CONTROLLED FOR THESE TESTS
WERE THE POWER SUPPLIED TO THE CRANKING MOTOR, AND THE STABILIZED
TEMPERATURE OF THE ENGINE COOLANT AND OlL. THE PREPARATION AND TEST
PROCEDURES ESTABLISHED WERE ALSO RIGIDLY FOLLOWED. THE HIGH RELATIVE
REPEATABILITY INDICATES THAT THESE PARAMETERS ARE THE MAJOR ONES AF-
FECTING CRANKING SPEED, EXCEPT FOR THE VARIABLE OF OIL VISCOSITY WHICH
WAS BEING EVALUATED. THE SIGNIFICANCE OF THIS HIGH LEVEL OF REPEAT=-
ABILITY LIES IN THE FACT THAT A HIGH DEGREE OF CONFIDENCE CAN BE PLACED
IN THE RESULTS OF ANY SINGLE TEST.

IN COMPARISON WITH RESULTS FRoM CRC ENGINE TEsTs AT O°F, THE
REPEATABILITY OF THIS TEST PROGRAM WAS SIGNIFICANTLY BETTER. A NUMBER
OF POSSIBLE FACTORS COULD ACCOUNT FOR THE IMPROVEMENT. IN THE CRC
PROGRAM 12 DIFFERENT ENGINES OF DIFFERENT TYPES AND SIZES WERE USED,
INCLUDING A NUMBER OF VERY HIGH DISPLACEMENT ENGINES. EACH TYPE OF
ENGINE, AS WELL AS EACH INDIVIDUAL ENGINE, HAS ITS OWN CHARACTERISTICS.
SOME ENGINES, THEREFORE, COULD HAVE MUCH HIGHER, OR LOWER, REPEAT-
ABILITY THAN OTHERS. SIMILARLY, VARIOUS POWER SOURCES, COLD ROOMS,

AND, TO SOME EXTENT, PROCEDURAL DEVIATIONS WERE USED IN THE PROGRAMS,
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ALL OF WHICH COULD AFFECT REPEATABILITY. THE IMPORTANCE OF THE COMPAR~-
ISON IS THAT THE RELATIVE LEVEL OF REPEATABILITY, FOR THE ENGINE CRANK-
ING TESTS CONDUCTED IN THIS PROGRAM, WAS AT LEAST AS GOOD AS FOR SIMILAR
TESTS CONDUCTED BY VARIOUS LABORATORIES UNDER CRC COORDINATION. THE USE
OF THESE RESULTS AS REPRESENTATIVE CRANKING DATA, FOR THE ENGINE=OIL
COMBINATIONS USED, IS THEREFORE JUSTIFIED.

THE DETERMINATION OF A REPEATABILITY RATIO, 1.075, SERVED As A
CHECK FOR SUBSEQUENT TESTS, AND WILL CONTINUE TO DO SO IN THE FUTURE.
WHEN TWO TESTS ARE CONDUCTED, SUPPOSEDLY ON THE SAME VARIABLE AND UNDER
THE SAME CONDITIONS, AND THE RESULTS DIFFER BY A FACTOR GREATER THAN
1.075, wWITH 95% PROBABILITY A PORTION OF THE DEVIATION IS DUE TO SOME
CAUSE OTHER THAN EXPERIMENTAL ERROR. THE SYSTEM SHOULD BE CHECKED,
THEN, FOR CHANGES WHICH COULD ACCOUNT FOR THE EXCESSIVE DEVIATION.

As MENTIONED IN THE PREVIOUS CHAPTER, ABOUT MIDWAY THROUGH THE
TEST PROGRAM A TREND TOWARD DECREASING CRANKING SPEED WITH SUCCESSIVE
TESTS, ON THE SAME VARIABLE, DEVELOPED. BY MAKING USE OF THE REPEAT-
ABILITY RATIO THIS TREND WAS DISCOVERED, AS PREVIOUSLY DISCUSSED.
INVESTIGATION REVEALED THAT A CHANGE HAD OCCURRED IN THE CHARACTER~
ISTICS OF THE CRANKING MOTOR, RESULTING IN A LOWER CRANKING SPEED TO
TORQUE RELATIONSHIP THAN WHEN THE TESTS WERE INITIATED. THE CRANKING
MOTOR USED WAS A SPECIALLY CALIBRATED ONE SUPPLIED BY DeELcO-ReEmY
DivisioNn oF GENERAL MoTORS. |IN ORDER TO DUPLICATE THE ORIGINAL CON=
DITIONS A NEW CRANKING MOTOR, TO DUPLICATE THE ORIGINAL ONE, WAS OB=
TAINED AND TESTS WERE SCHEDULED TO REPEAT ALL THOSE WHICH RESULTED IN
LOW CRANKING SPEEDS, PREVIOUSLY. TWO TESTS WERE COMPLETED ON THE

DEVELOPMENT OF A NEW CALIBRATION WHEN THE COLD ROOM FACILITIES BEING



USED SUFFERED A BREAKDOWN. REPAIRS TO THE REFRIGERATION PLANT COULD NOT
BE MADE IN TIME FOR CONTINUATION OF THE PROGRAM. ALL DATA USED FOR
COMPARI SON AND CORRELATION PURPOSES, THEREFORE, REFLECT THE INFLUENCE

OF THE CHANGE IN CRANKING MOTOR PERFORMANCE . IT I's REASONABLE TO EXPECT
THAT AN IMPROVEMENT IN BOTH ACCURACY AND REPEATABILITY WOULD HAVE BEEN

REALIZED IF THE TESTS WHICH WERE SUSPECT COULD HAVE BEEN REPEATED.

CORRELATION - A ROUND ROBIN SERIES OF ENGINE CRANKING TEsSTs AT =20°F

WAS COORDINATED BY THE CRC. THREE OILS TESTED IN THE ROUND ROBIN WERE
ALSO USED IN THIS TEST PROGRAM. THE BEST CORRELATION OF RESULTS BE-
TWEEN THE TWO PROGRAMS, AS SHOWN IN FIGURE 30, PAGE 86, WAS OBTAINED
WITH THE LINE Y = 897+.914X. THIS LINE INDICATES THAT THE DIFFERENCE
BETWEEN OILS, AS DETERMINED BY THE 250 L-6 ENGINE IN THIS PROGRAM, IS
NOT AS GREAT AS THAT DETERMINED BY THE CRC TEsTs. THE COEFFICIENT OF
CORRELATION, .917, INDICATES THAT THERE IS A DEFINITE, IF NOT PRECISE,
CORRELATION BETWEEN THE TWO PROGRAMS. THE MAJOR DEVIATION IN RESULTS
OCCURRED WITH oIL REO-158. THIS OIL HAS A HISTORY OF POOR REPRODUC-
IBILITY AMONG LABORATORIES, IN VARIOUS VISCOMETRIC DEVICES(38). THE
DEVIATION IN THIS CASE 1S, THEN, NOT UNEXPECTED ALTHOUGH IT IS UN~-
EXPLAINED. SPECULATION SUGGESTS THAT, SINCE THE OIL TESTED WAS BLENDED
IN 1963, AGING MAY HAVE AFFECTED ITS PROPERTIES. THERE IS NO TECHNICAL
EVIDENCE TO SUPPORT THIS THEORY, HOWEVER. ANOTHER POSSIBLE EXPLANATION
MAY BE PROMPTED BY THE FACT THAT THE OIL HAS A RELATIVELY HIGH (=10°F)
POUR POINT, INDICATING THAT A GREATER DEGREE OF WAXINESS 1S PRESENT

THAN IN THE OTHER OILS TESTED. AT =-20°F, WHERE THE TESTS WERE CON-

DUCTED, THE CHARACTERISTICS OF THE OIL COULD BECOME INCONSISTENT DUE



TO VARIATIONS IN THE WAX STRUCTURE FORMED DURING cooLoown. IT 1s ALsO
PROBABLE THAT, IN THE WAXY STATE, THE OIL CEASES TO Atr AS A FLUID IN
THE ENGINE. THESE THEORIES MAY, IN WHOLE OR IN PART, ACCOUNT FOR SOME
OF THE PROBLEMS ENCOUNTERED IN:REPRODUCING TEST RESULTS WITH THIS oiL.
FOR CORRELATION PURPOSES IT IS NECESSARY TO ASSUME THAT ONE
SET OF DATA IS CORRECT. I[N THIS CASE THE ASSUMPTION WAS MADE FOR THE
CRC DATA. THE ASSUMPTION I's NOT VALID, HOWEVER. THE CRC DATA ARE'THE
AVERAGES FROM A NUMBER OF TESTS IN A NUMBER OF (IN THIS CASE EIGHT)
DIFFERENT ENGINES. THE DEVIATION (N RESULTS AMONG THESE LABORATORFES
IS SO GREAT THAT IN REPORTING THE DATA(43) NOVREPRODUCABILITY RATIO
WAS CALCULATED. IT 1S POSSIBLE, THEN, THAT THE RESULTS FROM ANY ONE
OF THE PARTICIPATING LABORATORIES, IF CORRELATED AGAINST THE AVERAGE
RESULTS, COULD DEVIATE AS MUCH AS OR MORE THAN THE RESULTS OF THIS
PROGRAM. |T IS IMPORTANT THAT THE.VAleITY of THE CRC DATA BE KEPT.
IN PERSPECTIVE, AND THAT THEY BE TREATED AS AVERAGES INDICATING THE
RELATIVE COLD CRANKING PERFORMANCE OF OILS RATHER THAN ABSOLUTE VALUES
OF VISCOSITY. |F THE TESTS WERE REPEATED BY THE SAME LABORATORIES,
USING ENGINES OF DIFFERENT fYPEs AND SIZES IT IS PROBABLE THAT THE
RELATIVE PERFORMANCE WOULD BE THE SAME, BUT THE NUMERICAL VISCOSITY
VALUES COULD DIFFER. THE DEGREE OF CORRELATION BETWEEN THE RESULTS
OF THIS PROGRAM AND THOSE OF THE CRC PROGRAM IS INDICATIVE, THEN, OF
THE GENERAL DEVIATIONS WHICH EXIST IN ENGINE ViSCOSITY MEASUREMENTS.
THE EXPERIMENTAL SHELL OILS USED IN THIS PROGRAM WERE TESTED
IN A COLD CRANKING ENGINE BY THE SHELL CANADA RESEARCH LABORATORY.
THE ENGINE USED WAS A CHEVROLET 230 L=-6 SIMILAR IN DESIGN TO THE 250

L-6 USED IN THIS PROGRAM. THE SHELL RESULTS WERE DETERMINED IN A
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MANNER SLIGHTLY DIFFERENT THAN THAT SPECIFIED BY THE CRC, IN THAT, THE
CRANKING TORQUE WAS MEASURED AND CONVERTED TO VISCOSITY ACCORDING TO
THE PROCEDURE OF AppeENDIX K. THE RESULTS OF THIS PROGRAM WERE COR-
RELATED WITH THOSE OF THE SHELL PROGRAM. THE LINE OF BEST FIT, AS
SHOWN IN FIGURE 31, PAGE 89, wAas FOUND To BE Y= -45.6+.848X. THE
DEVIATION OF THIS LINE FROM THAT OF PERFECT CORRELATION INDICATES THAT
THE TESTS CONDUCTED IN THIS PROGRAM SHOWED A SMALLER DIFFERENCE BETWEEN
OlLS THAN DID THE SHELL TESTS. THE COEFFICIENT OF CORRELATION, .990,
SHOWS THAT CORRELATION IS VERY GOOD, BETTER THAN WITH THE CRC ENGINE
AVERAGES. AN IMPROVEMENT OVER THE CRC ENGINE TEST CORRELATION COULD BE
EXPECTED BECAUSE OF THE SIMILARITY IN THE ENGINES USED IN THIS CASE.
THE LOWER APPARENT VISCOSITIES DETERMINED IN THIS PROGRAM COULD BE DUE
TC ONE OR A COMBINATION OF MANY FACTORS, INCLUDING ENGINE DIFFERENCES,
CRANKING MOTOR DIFFERENCES, POWER SUPPLY DIFFERENCES AND PROCEDURAL DIF=
FERENCES.

THE SAME COMMENTS MADE WITH REGARD TO THE ASSUMPTION OF COR=-
RECTNESS FOR THE CRC ENGINE TESTS HOLD TRUE IN THIS CASE. THE SHELL
TEST RESULTS WERE ASSUMED CORRECT FOR CORRELATION PURPOSES. THERE ARE,
HOWEVER, NO ''CORRECT", OR ABSOLUTE, ENGINE VISCOSITIES. THE IMPORTANCE
OF THE CORRELATION, THEN, IS NOT IN THE FACT THAT ONE TEST PROGRAM
GIVES LOWER ENGINE VISCOSITIES THAN THE OTHER, BUT IN THE FACT THAT
THE DEVIATION IS CONSISTENT AND PREDICTABLE.

IN SUMMARY, THE RESULTS OF CRANKING TESTS CONDUCTED IN THIS
PROGRAM WERE IN RELATIVE AGREEMENT WITH THOSE OBTAINED IN SIMILAR

TESTS ON THE SAME OILS.
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CoLD CRANKING SIMULATOR

Data REDUCTION - As DESCRIBED IN THE PREVIOUS CHAPTER, CALIBRATION OILS

WERE RUN TO DEVELOP A CURVE EACH DAY. THE PROBLEMS INHERENT IN THE USE
OF GRAPHICAL CALIBRATION CURVES WERE ALSO DESCRIBED IN THE PREVIOUS
CHAPTER. AITKEN'S PROCESS, A NUMERICAL INTERPOLATION METHOD WAS USED
TO DETERMINE THE VISCOSITIES OF ALL TEST OILS, USING THE CALIBRATION
OlL RESULTS AS THE STANDARD. BY USING THE METHOD OF NUMERICAL INTER=
POLATION ALL INCONSISTENCIES IN THE CALCULATION OF TEST OIL VISCOSITIES
WERE ELIMINATED. THE ELEMENT OF HUMAN ERROR INVOLVED WAS REDUCED TO
THAT IN READING THE SPEED INDICATION FROM THE MILLIAMMETER. HUMAN
ERRORS IN FITTING THE CALIBRATION CURVES AND DETERMINING TEST RESULTS
FROM THEM WERE COMPLETELY ELIMINATED.

THE USE OF THE NUMERICAL INTERPOLATION METHOD WOULD BE PARTIC=
ULARLY VALUABLE FOR COMPARING VISCOMETRIC RESULTS FROM DIFFERENT TESTS
CONDUCTED BY DIFFERENT PEOPLE, IN DIFFERENT INSTRUMENTS, OR AT DIFFERENT
TIMES. |IN MAKING SUCH COMPARISONS USING THE GRAPHICAL METHOD SOME ERROR
DUE TO HUMAN VARIABLES IS LIKELY TO OCCUR. USE OF THE NUMERICAL METHOD
INSURES AGAINST THE OCCURRENCE OF SUCH ERRORS. FURTHERMORE, THERE 1S
AN OPPORTUNITY TO IMPROVE UPON THE PRECISION OF THE RESULTS, ALTHOUGH
THE OPPORTUNITY WAS NOT TAKEN IN THIS PROGRAM. BECAUSE OF LIMITATIONS
IN READING THE LOG-LOG CALIBRATION GRAPHS ALL READINGS BELOW 3000 cp
WERE ROUNDED OFF TO THE NEAREST 10 cp, THost BETWEEN 3JOOO Anp 6000 cr
WERE ROUNDED OFF TOo 50 CP, AND THOSE GREATER THAN 6000 cP WERE ROUNDED
OFF TO THE NEAREST 100 cP. THIS PRACTICE WAS SPECIFIED BY THE ASTM IN

THE COLD CRANKING SIMULATOR PROCEDURE (APPENDIX D). [N ORDER TO MAKE



130

VALID COMPARISONS WITH OTHER RESULTS THE PRACTICE WAS ADHERED TO FOR

THIS PROGRAM AS WELL. THE NUMERICAL METHOD, HOWEVER, PROVIDES WHAT-
EVER PRECISION IS REQUIRED. THE ADDED PRECISION AVAILABLE WITH THIS
METHOD COULD BE OF PARTICULAR IMPORTANCE IN COMPARING TWO VERY SIMILAR
olLs. FOR EXAMFLE, TWO OILS TESTED IN A SUBSEQUENT PROGRAM WERE FOUND
TO HAVE CALCULATED VIscosITIES oF 3217 AND 3230 ceENTIPOISE. USING THE
GRAPHICAL METHOD THESE READINGS wWouLD BE 3200 AnND 3250 CENTIPOISE,
RESPECTIVELY. WITH THE GRAPHICAL METHOD THERE APPEARS TO BE A DIFFER=~
ENCE IN THE OILS WHICH DOES NOT EXIST WHEN THE RESULTS AND DETERMINED
NUMERICALLY .

IT I's PROBABLE THAT THE AMOUNT OF ERROR IN THIS TEST PROGRAM
WAS REDUCED BY THE USE OF NUMERICAL INTERPOLATION IN DETERMINING TEST

OflL VISCOSITIES.

REPEATABILITY AT O°F - A FULL SCALE TEST PROGRAM WAS CONDUCTED AT O°F

IN PREPARATION FOR THE FORMAL TEST WORK AT -20°F. THE REPEATABILITY OF
THE TEST PROGRAM WAS DETERMINED TO BE VERY HIGH, WITH A STANDARD DE=-
VIATION 1.21% OF THE MEAN, AND 95% CONFIDENCE LIMITS i]-BS% OF THE
MEAN. THE REPEATABILITY RATIO OF 1.04 COMPARED FAVOURABLY WITH THAT
ofF 1.06 DETERMINED FOR THE ASTM SECOND ROUND ROBIN. THE COMPARISON
INDICATED THAT THE REPEATABILITY OF THE COLD CRANKING SIMULATOR AND THE
METHOD USED IN THIS PROGRAM WAS REPRESENTATIVE OF OTHER COLD CRANKING
SIMULATORS USED IN THE ROUND ROBINS.

THE HIGH REPEATABILITY OF THE TEST PROGRAM INDICATED THAT THE
INITIAL PROBLEMS ENCOUNTERED IN CLEANING THE VISCOMETER, AS DESCRIBED

IN THE DEVELOPMENT OF TEST PROCEDURE, WERE OVERCOME. THE PROCEDURE
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USED WAS APPARENTLY SATISFACTORY FOR OPERATION AT O"F .

CERTAIN READINGS, OF THE ORIGINAL TEST PROGRAM, WERE FOUND TO
BE OUT OF LINE WHEN THE REPEATABILITY RATIO ESTABLISHED WAS APPLIED TO
THEM. WHEN THESE READINGS WERE DISCARDED AND REPEAT TESTS WERE MADE
THE REPEAT RESULTS FELL WITHIN THE REPEATABILITY LIMITS. THE REASON
FOR THE ERRONEOUS RESULTS COULD NOT BE DETERMINED. THERE WAS, HOWEVER,
95% PROBABILITY THAT SOME CAUSE OTHER THAN EXPERIMENTAL ERROR WAS
RESPONSIBLE. Po0ssIBLE SOURCES OF ERROR COULD HAVE BEEN POOR TEM-
PERATURE CONTROL OR CONTAMINATION IN THE SAMPLE ALTHOUGH NEITHER OF

THESE WERE APPARENT AT THE TIME OF TEST.

CORRELATION AT O°F - ENGINE CRANKING TESTS AT O°F WERE CONDUCTED ON THE

SEVEN EXPERIMENTAL SHELL 0ILS BY THE SHELL RESEARCH LABORATORY. THE
SAME METHOD OF ENGINE VISCOSITY DETERMINATION PREVIOUSLY DISCUSSED
(APPENDIX K) WAS USED IN THIS CASE. A CORRELATION OF THE COLD CRANKING
SIMULATOR RESULTS FROM THIS PROGRAM WITH THE SHELL PROGRAM RESULTED IN
A CORRELATION COEFFICIENT OF .507. THE LINE Y= 755+.306X WAS FOUND TO
BE THE BEST FIT, AS sHOWN IN FIGurRe 33, pace 104.

SIMILARLY, A CORRELATION WAS MADE WITH THE RESULTS OF THE
ORI1GINAL CRC ENGINE CRANKING PROGRAM AT O°F. THE CORRELATION COEFFI-~
CIENT WAS DETERMINED TO BE .931, AND THE LINE OF BEST FIT, SHOWN IN
Ficure 34, pace 105, was Y=1.032X.

IN BOTH CASES THE ENGINE VISCOSITIES WERE CONSIDERED TO BE
CORRECT. THIS ASSUMPTION HAS BEEN PREVIOUSLY EXPLAINED TO BE INVALID.
IN THE CASE OF THE SHELL DATA, CONVERSATION WITH PERSONNEL INVOLVED IN

THE TESTS REVEALED THAT A NUMBER OF PROBLEMS WERE ENCOUNTERED WITH
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CRANKING MOTORS DURING THE PROGRAM. ALTHOUGH NO RAW DATA OR STA~-
TISTICAL ANALYSIS WAS AVAILABLE FOR THIS DATA KNOWLEDGE OF THE PROBLEMS
ENCOUNTERED CAST SUSPICION ON THE VALIDITY OF THE RESULTS.

A P0SSIBLE CAUSE OF DEVIATION BETWEEN THE CCS AND CRC ENGINE
VISCOSITIES IN SOME CASES MAY BE NOTED IN TaBLE XIX, PAGE 133. THE
ORIGINAL ENGINE TESTS WERE CONDUCTED ON RESEARCH OILS BLENDED IN 1961
AND 1963. |IN THE MEANTIME SUPPLIES OF SOME OF THESE OILS WERE DEPLETED
AND DUPLICATE BATCHES WERE BLENDED. ALTHOUGH THE SECOND AND THIRD
BATCHES WERE BLENDED TO HAVE THE SAME PHYSICAL PROPERTIES AS THE FIRST,
SOME VARIATIONS WERE POSSIBLE. IN THE CASES WHERE THE TESTS WERE NOT
ON THE SAME BATCH SMALL DEVIATIONS COULD OCCUR DUE TO OIL DIFFERENCES.

IN ORDER TO EVALUATE THE ACCURACY OF THE RESULTS OF THIS PRO=-
GRAM A CORRELATION WAS ALSO MADE WITH THE COLD CRANKING SIMULATOR RESULTS
OBTAINED IN THE ASTM SECOND ROUND ROBIN. THE BEST FIT LINE WAS Y=73+.930X
WITH THE ASTM DATA ASSUMED CORRECT. THE COEFFICIENT OF CORRELATION WAS
.983. THE HIGH COEFFICIENT OF CORRELATION AND LOW DEVIATION, AS SHOWN
IN F1cure 35, PAGE 108, INDICATE THAT THE ACCURACY OF THIS TEST PROGRAM
WAS EQUIVALENT TO THAT OF THE ASTM PROGRAM.

IN SUMMARY, THE CORRELATION RESULTS, AS WELL AS THE REPEAT-
ABILITY RESULTS, AT O°F, SHOWED THAT THE TEST INSTRUMENT AND PROCEDURE
USED GAVE EQUIVALENT RESULTS TO COLD CRANKING SIMULATORS IN PRIOR USE,
AND THAT THE REPEATABILITY AND ACCURACY OF THE INSTRUMENT WERE COMPAR-

ABLE TO THOSE DETERMINED BY OTHERS.

REPEATABILITY AT -20°F - A FULL SCALE TEST PROGRAM, WITH SIX TESTS ON

EACH OIL, WAS CONDUCTED AT -20°F USING THE PROCEDURE DESCRIBED IN

EXPERIMENTAL PROCEDURES. SOME PROBLEMS IN REPEATABILITY WERE ENCOUNTERED
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REO =157
REO =153
REO =161
REO -162
REO -158
REO =159
REO =160
REO =172

TABLE XIX

BLENDING DATES OF REO OILS TESTED

TEST PROGRAM

GM - CCS GM L-49 ASTM CCS (0°) ASTM CCS (=-20°) CRC L=-49(0°) CRC L-49(-20°)
'65 '65 '61 '65 '61 -
'65 "&b '61 '65 '61 '65
'63 '63 '63 - '63 =
'63 '63 '63 - '63 -
'63 '63 '61 '63 '61 '63
'63 '63 '61 '63 '61 '63
'63 '63 '61 = '61 -
'65 '65 '63 '65 '63 '65

EEL
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WHICH WERE NOT APPARENT IN THE ANALYSIS oF REsuULTs.

DurING =20°F TESTS OF THE EXPERIMENTAL OIL SHELL G, A STRANGE
PHENOMENON WAS NOTED. THE SAMPLE WAS COOLED ACCORDING TO THE ESTABLISHED
PROCEDURE AND THE MOTOR WAS STARTED. THE SPEED INDICATOR STABILIZED
NORMALLY BUT BEFORE THE SPECIFIED SIXTY SECONDS HAD ELAPSED FOR A READ-
ING TO BE TAKEN, THE SPEED INDICATOR READING JUMPED TO AN ABNORMALLY
HIGH VALUE. SOMETIMES THE READING WOULD STABILIZE AT THIS HIGH VALUE
WHILE OTHER TIMES IT WOULD FLUCTUATE BETWEEN THE ORIGINAL AND HIGH
VALUES. ACCOMPANYING THE CHANGE IN INDICATOR READING WAS A CHANGE I[N
THE PHYSICAL LOCATION OF THE SAMPLE IN THE VISCOMETRIC CELL. THE DIA-
GRAM IN Fi1GurRe 40, PaGce 135, sHOW THE DISTORTED PROFILE OF THE SAMPLE.
IN EXAMINING THE ACTION CLOSELY THE SAMPLE WAS NOTED TO CLIMB UP THE
CENTER SHAFT OF THE ROTOR, DISTORTING THE REMAINING SAMPLE IN THE CUP
UNTIL THE OIL WAS RAPIDLY SEPARATED FROM THE WALL OF THE STATOR AND
FORMED INTO A BALL AROUND THE ROTOR SHAFT. MOVIES OF THE PHENOMENON
WERE MADE AND PROVED TO BE BENEFICIAL IN ISOLATING THE STAGES OF THE
OCCURRENCE. A PHOTOGRAPH OF THE SAMPLE IN ITS FINAL "BALLED UP" STAGE
I's sHOWN IN FiGUrRe 41, PAGE 136.

DURING THE PROGRAM A NUMBER OF COMMERCIAL ENGINE OILS WERE
TESTED IN THE INSTRUMENT AND THE SAME PHENOMENON WAS NOTED IN FOUR OF
THESE PRODUCTS. |IN ALL CASES THE PHENOMENON OCCURRED WITH SW30 oiLs
of "Super PremiuM" QuALITY. FROM INFORMATION GAINED FROM THE MANU-
FACTURERS OF THESE OILS IT APPEARED THAT ALL HAD VERY HIGH POLYMER
CONTENT ALTHOUGH THE ACTUAL TYPE OF POLYMER USED COULD NOT BE DISCLOSED.
IN THE CASE OF THE SHELL OILS THE POLYMER CONTENT APPEARED TO BE THE

ONLY MAJOR DEVIATION FROM THE OTHER SW30 oiLs. |IT APPEARED, THEN, THAT
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MULTIGRADE OILS WITH VERY HIGH AMOUNTS OF POLYMER WERE SUSCEPTIBLE TO

" IN THE COLD CRANKING SIMULATOR AT =20°F.

"sALLING up'

IN DISCUSSING THE PHENOMENON WITH PERSONNEL FROM ONE OF THE
OlL COMPAN!ES WHOSE PRODUCT WAS INVOLVED, SIMILAR OCCURRENCES IN OTHER
APPLICATIONS WERE RECALLED. THESE OCCURRENCES HAD BEEN DESCRIBED AS
THE "WE1SSENBERG EFFECT” ALTHOUGH THE PRECISE MEANING OF THE TERM
COULD NOT RE EXPLAINED. A BRIEF LITERARY ;TUDY REVEALED CONSIDERABLE
INFORMATION IN THIS REGARD.

IN 1947, Dr. K. WEISSENBERG(4O)(50) OBSERVED THAT A GREAT VA~
RIETY OF RHEOLOGICAL PHENOMENA OCCURRED WHEN FLUIDS OF DIFFERENT KINDS
WERE SUBJECTED TO MECHANICAL ACTIONS. |IN A MACROSCOPIC STUDY OF THESE
PHENOMENA SEVEN FORMS OF MECHANICAL ACTION WERE INVESTIGATED. [T wAs
LEARNED THAT, IN AN ACTION SIMILAR TO THAT oF THE CoLbp CRANKING SiIM-
ULATOR, THE COMBINED ACTIONS OF THE SHEAR IMPOSED AT THE BOUNDARIES,
AND THE FORCES OF GRAVITY AND INERTIA (CENTRIFUGAL FORCES), THE LIQUID
EXECUTES A STATIONARY LAMINAR SHEARING MOVEMENT SUCH THAT THE STRESS
HAS ITS STRENGTH DISTRIBUTED OVER THE VARIOUS DIRECTIONS IN SPACER TO
COMPRISE, IN ADDITION TO THE SHEAR STRESS COMPONENTS, A PULL ALONG THE
LINES OF FLOW. WHEN THE LINES OF FLOW ARE CLOSED CIRCLES, AS IN THIS
CASE, THE PULL ALONG~THESE LINES STRANGULATES THE LIQUID AND FORCES IT
IN AGAINST THE CENTRIFUGAL FORCES AND UPWARDS. AGAINST THE FORCE OF
GRAVITY., THIS CONDITION IS ILLUSTRATED IN FiGure 42, pAGe 138, FOR THE
TWO CONDITIONS WHICH COMPRISE THE ACTION OF THE CoLD CRANKING SIMULATOR.

WE I SSENBERG'S FINDINGS WERE REINFORCED AND EXPANDED BY RIVLIN
(5])(52)(53)WH0 MADE SOME STUDIES OF THE EFFECT ON NORMAL STRESS OF

POLYMER CONCENTRATIONS AND TEMPERAIURE. ONE OF THE POLYMERS USED WAS
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POLYISOBUTYLENE, WHICH IS ALSO A COMMONLY USED VI IMPROVER IN ENGINE
oiLs. NORMAL STRESSES WERE FOUND TO INCREASE ALMOST DIRECTLY WITH
INCREASED POLYMER CONCENTRAT!ON AND, CONVERSELY TO DECREASE ALMOST
DIRECTLY WITH INCREASED TEMPERATURE.

A NUMBER OF STEPS WERE TAKEN, EXPERIMENTALLY, TO LEARN MORE
ABOUT THE PHENOMENON. THE SI1ZE OF THE SAMPLE PLACED IN THE CUP WAS
VARIED, AND THE RESULTING EFFECT ON BALLING WAS NOTED. THE TIME
REQUIRED FROM MOTOR START=UP UNTIL THE BALL WAS FORMED AND THE OIL WAS
BROKEN AWAY FROM THE STATOR WAS FOUND TO INCREASE AS THE SAMPLE SIZE
WAS INCREASED, AS sHOWN IN FIGURE 43, PAGE 140. THE sSizZE OF THE CUP
LIMITED THE SAMPLE SIZE TO A MAXIMUM OF SIX MILLILITERS. THIS QUANTITY
WAS NOT SUFFICIENTLY LARGE TO EXTEND THE TIME BEFORE BALLING BEYOND
THE SIXTY SECOND LIMIT SO THAT A READING COULD BE TAKEN. EXTRAPOLATING
THE GRAPH OF FIGURE 43, IT APPEARED THAT AN 8 ML SAMPLE WOULD EXTEND
THE TIME TO BALL=UP BEYOND 60 SECONDS.

THE USE OF A FROST SHIELD TO INHIBIT FROST FORMATION WAS DES=
CRIBED IN EXPERIMENTAL PROCEDURES. THIS SAME SHIELD WAS ALSO UTILIZED
IN AN ATTEMPT TO PROVIDE LARGER SAMPLE CAPACITY TO PREVENT BALLING.
THE SAMPLE CUP WAS FIRST FILLED TO THE TOP WITH THE TEST OIL. A FILM
OF TEST OIL WAS THEN PLACED OVER THE TOP OF THE COPPER STATOR TO ACT=~
AS A SEAL, AND THE FROST SHIELD WAS SET IN PLACE AND SECURELY CLAMPED.
MORE TEST OIL WAS THEN ADDED UNTIL THE LEVEL REACHED THE TOP OF THE
FLEXIBLE PORTION OF THE ROTOR SHAFT. THE TEST WAS THEN CONDUCTED AC-
CORDING TO THE NORMAL PROCEDURE. AS EXPECTED, NO BALLING OF THE SAMPLE
OCCURRED AND STEADY, STABILIZED SPEED READINGS WERE OBTAINED. THIS

TECHNIQUE, ALTHOUGH MESSY, PROVED TO BE VERY SUCCESSFUL AND WAS USED
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THROUGHOUT THE =-20°F PROGRAM WHENEVER AN OIL BALLED UP WITH THE STAN-
pARD (5 ML) SAMPLE S1ZE.

ANOTHER TECHNIQUE WAS EMFLOYED BY ONE OF THE OlL COMPANIES IN
AN ATTEMPT TO ELIMINATE BALLING, AND WAS FOUND TO BE SIMILARLY suC-
CESSFUL. A sMaLL saMPLE (3 ML) WAS USED IN THE VISCOMETRIC CELL FOR
COOLDOWN AND TEMPERATURE STABILIZATICN. |IMMEDIATELY AFTER THE MOTOR
WAS STARTED THE REMAINING TWO ML OF WARM TEST SAMPLE WERE ADDED. THE
RESULT WAS A STABILIZED, STEADY READING WITHOUT BALLING OF THE SAMPLE.
THIS METHOD WAS DUPLICATED AND COMPARED TO THAT OF INCREASED SAMPLE
s1zE. OVER THREE TESTS THE DIFFERENCE IN RESULTS BETWEEN THE TWO
METHODS WAS SO NEGLIGIBLE THAT IT COULD NOT BE READ ON THE MILLIAMMETER
SPEED INDICATOR SCALE,

IN BOTH METHODS THE REASON FOR IMPROVEMENT APPEARED TO BE THE
SAME. IN BOTH CASES A VOLUME OF OlL WAS PRESENT AT THE TOP OF THE
SAMPLE WHICH WAS WARMER THAN THAT BENEATH IT, EITHER BECAUSE THERE WAS
NOT COOLING AROUND THAT PART OF THE SAMPLE OR BECAUSE THERE WAS NOT
SUFFICIENT TIME AFTER |T WAS ADDED TO COOL IT TO TEST TEMPERATURE .

FROM THE RESULTS OF RIVLIN'S(5]) WORK A DECREASE IN NORMAL
SHEAR STRESS WAS FOUND WITH AN INCREASE IN TEMPERATURE. THE TEMPERATURE
DEVIATION, THEN, CAUSED A DECREASE IN NORMAL SHEAR STRESS AT THE TOP
OF THE SAMPLE WHICH PREVENTED THE WEISSENBERG EFFECT FROM OCCURRING.

ONCE THE PROBLEM OF BALLING WAS OVERCOME THE REMAINDER OF THE
-20°F TEST PROGRAM WAS CONDUCTED WITHOUT FURTHER MISHAP. A REPEAT~
ABILITY ANALYSIS WAS CARRIED OUT ON THE SIX SETS OF DATA FOR EACH OIL,
USING THE METHOD OF APPENDIX E. THE COEFFICIENT OF VARIATION, OR

STANDARD DEVIATION EXPRESSED AS A PERCENT OF THE MEAN, WAS FOUND TO BE
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]'73%, AN EXCEPTIONALLY LOW VALUE. SIMILARLY, THE 95% CONFIDENCE
LIMITS WERE FOUND TO BE 11.97% OF THE MEAN, ALSO EXTREMELY LOW. THESE
LOW VALUES ARE INDICATIVE OF THE HIGH LEVEL OF REPEATABILITY ACHIEVED
IN THE TEST PROGRAM.

TaeLe XVII, pace 115, COMPARED THE REPEATABILITY RESULTS OBTAINED
IN THE =20°F PROGRAM WITH THOSE FROM THE O°F PROGRAM. ALTHOUGH THE
RESULTS AT O°F WERE MORE REPEATABLE THE DIFFERENCE WAS NOT LARGE. THE
ADDED SEVERITY OF THE ~20°F CONDITIONS PLUS THE ADDED POSSIBILITY OF
IRREGULARITIES IN THE SAMPLES AT THIS TEMPERATURE WOULD SUPPORT THE
EXPECTATION THAT POORER REPEATABILITY WOULD RESULT.

As MENTIONED PREVIOUSLY A ROUND=ROBIN SERIES oF =20°F TEsTs
WAS CONDUCTED CONCURRENTLY UNDER THE ORGANIZATION oF THE ASTM. AL-
THOUGH DIFFERENT OILS, IN DIFFERENT VISCOSITY RANGES, WERE USED, FOR
THE MOST PART, IN THE TWO PROGRAMS, THE REPEATABILITY RESULTS OBTAINED
COMPARED FAVOURABLY WITH EACH OTHER, INDICATING THE CONSISTENCY WHICH
CAN BE EXPECTED WITH THE COLD CRANKING SIMULATOR.

IN SUMMARY, THE COLD CRANKING SIMULATOR WAS FOUND TO HAVE
EXCELLENT TEST REPEATABILITY AT =20°F. |F TWO TEST RUNS ARE MADE ON
AN OIL AND THE RESULTS ARE FOUND TO BE WITHIN A RATIO oF 1.04 10 1.00
OF EACH OTHER, THEN THE TEST VISCOSITY CAN BE ESTABLISHED AS BEING IN

THE RANGE OF THESE RESULTS WITH 95% CONFIDENCE .

CORRELATION AT _~20°F ~ THE RESULTS OF THE COLD CRANKING SIMULATOR TEST

PROGRAM AT =20°F WERE CORRELATED WITH THOSE OF THE COLD CRANKING ENGINE
PROGRAM AT -20°F FOR THE SEVEN EXPERIMENTAL SHELL OILS AND FourR REO

0lILs. THE LINE OF BEST FIT, AS SHOWN IN FIGURE 36, PAGE 117, WAS FOUND
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To BE Y=431+1.036X AND THE COEFFICIENT«OF CORRELATION WAs .980. THE
CAUTIONS WHICH WERE PREVIOUSLY DISCUSSED, WITH REGARD TO THE TREATMENT
OF ENGINE VISCOSITIES AS RELATIVE RATHER THAN ABSOLUTE VALUES, ARE ALSO
APPLICABLE TO THIS CASE.

A COMPARISON OF VISCOSITIES MEASURED BY THE COLD CRANKING
SIMULATOR AND BY THE ENGINE, IN TERMS OF THE STANDARD DEVIATION OF THE
TEST DETERMINATION, SHOWS THAT, THE VISCOSITY VALUES DEFINED BY THE
LIMITS + ONE STANDARD DEVIATION FROM THE MEAN, ARE CONFINED TO A MUCH
NARROWER BAND WHEN DETERMINED BY THE COLD CRANKING SIMULATOR THAN BY
THE ENGINE CRANKING TESTS. THIS CONDITION ILLUSTRATES THE SHORTCOMINGS
OF CORRELATING LABORATORY VISCOSITY WITH ENGINE VISCOSITY. THE PARAM=-
ETERS TO WHICH THE VARIABLES ARE BEING COMPARED ARE THEMSELVES MORE
VARIABLE THAN THE DATA BEING EVALUATED. IT 1S CONCEIVABLE, THEN, THAT
POOR CORRELATION COULD OCCUR BECAUSE THE LABORATORY VISCOMETER WAS TOO
PRECISE. IN THE CASE OF THE CORRELATION DISCUSSED HERE, HOWEVER, THE
COEFFICIENT OF CORRELATION WAS NOT ADVERSELY AFFECTED.

A CORRELATION WAS ALSO MADE WITH ENGINE CRANKING TESTS CONDUCTED
ON THE SHELL olLs, AT ~=20°F, BY THE SHELL RESEARCH LABORATORY. THE
LINE OF BEST FIT wAs Y=.992X, As sHowN IN FiGure 37, PAGe 118, BUT THE
COEFFICIENT OF GCORRELATION WAS ONLY .700 INDICATING THAT THE CCS DATA
DID NOT CORRESPOND AS WELL WITH THE SHELL ENGINE CRANKING DATA AS WITH
THE ENGINE CRANKING DATA OF THIS PROGRAM.

NOTING THE DISTRIBUTION OF DATA ON FIGUREs 36 AND 37 1T 1Is
APPARENT THAT THERE ARE FOUR OILS WHICH HAVE THE SAME VISCOSITY, WHEN
MEASURED BY THE COLD CRANKING SIMULATOR BUT HAVE DIFFERENT VISCOSITIES

DETERMINED BY THE ENGINES. THE FACT THAT BOTH ENGINES DIFFERENTIATED
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BETWEEN THE 0OILS CAST DOUBT UPON THE CCS DETERMINATIONS. ANOTHER
SUSPICIOUS FACT NOTED WAS THAT THE VALUES DETERMINED FOR THESE FOUR
OILS WERE IDENTICAL WITHIN EACH SEQUENCE, EVEN THOUGH THEY VARIED FROM
ONE SEQUENCE TO ANOTHER. |T WAS ALSO NOTED, DURING SUPPLEMENTARY TESTS
OF A NUMBER OF COMMERCIAL OILS, THAT THE VISCOSITY OF SEVERAL SW30 oiLs
SHOWED THE SAME READINGS.

A REVIEW OF POSSIBLE PROCEDURAL VARIATIONS WHICH COULD AFFECT
THE RESULTS, IN THIS MANNER, REVEALED NOTHING. SIMILARLY, NO PROPERTY
WHICH WAS COMMON TO THESE OILS ONLY COULD BE DISCOVERED, WITH THE
EXCEPTION THAT THEIR VISCOSITIES PROBABLY WERE ONLY SLIGHTLY DIFFERENT.
IT APPEARED THEN, THAT SOME CHARACTERISTIC OF THE INSTRUMENT WAS
RESPONSIBLE FOR THE IDENTICAL RESULTS.

THE MANUFACTURER WAS CONTACTED WITH REGARD TO THIS PHENOMENON
AND PROVIDED A PROBABLE EXPLANATION. THE AC-DC ELECTRIC MOTOR USED ON
THE VISCOMETER HAD A CHARACTERISTIC TENDENCY TO BECOME SYNCHRONOUS AT
A MOTOR SPEED IN THE RANGE OF 600 RPM. THIS SPEED CORRESPONDS TO A
ROTOR SPEED OF 136 RPM WHICH IS ACHIEVED AT O°F BY OILS HAVING VIS-
COSITIES IN THE MIDDLE OF THE SAE 20W RANGE. AT =20°F, HOWEVER, THIS
SPEED 1S REACHED BY 0ILS IN THE SAE 5W RANGE. THE PHENOMENON IS BEST
EXPLAINED GRAPHICALLY, AS ILLUSTRATED IN THE CALIBRATION CURVE OF
Ficure 44, PAaGe 145 . |IT MAY BE SEEN FROM THE CURVE THAT OILS HAVING
VISCOSITIES IN THE APPROXIMATE RANGE OF 4400 7o 5600 cP WILL ALL SHOW
THE SAME VISCOSITY.

IN ORDER TO PREVENT THE SYNCHRONOUS SPEED EFFECT FROM AFFECTING
RESULTS AN ALTERNATIVE METHOD OF OPERATION WAS DEVELOPED BY THE MAN-

UFACTURER. THIS METHOD REQUIRES A CONVERSION OF THE CONSOLE TO PRO=-
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vipE A DC poweRrR supPLY. THE MOTOR IS THEN DRIVEN oN DC AND NO SYN~-
CHRONOUS EFFECT IS ENCOUNTERED. THE METHOD OF OPERATION WITH THE DC
PROGRAM IS DESCRIBED IN APPENDIX L. THE CONTROL CONSOLE WAS RETURNED
TO THE MANUFACTURER FOR CONVERSION TOo DC. THE TEST PROGRAM WAS
COMPLETED PRIOR TO THE CONVERSION, HOWEVER, AND NO COMPARATIVE DATA
WERE OBTAINED USING DC coNTROL.

AN ASTM PrRoCEDURE, D-2602, HAS BEEN ESTABLISHED FOR TESTING,
UsING THE AC METHOD, BUT NO PROVISION WAS MADE FOR THE DC METHOD. SINCE
CURRENT SAE SPECIFICATIONS SPECIFY VISCOSITY MEASUREMENT ONLY AT O°F,
WHERE THE SYNCHRONOUS EFFECT 1S OF LITTLE CONCERN, THE Ust oF DC conTROL
IS BEING PROVIDED ONLY FOR THE PURPOSE OF RESEARCH WORK AT THIS TIME.

CORRELATION OF THE COLD CRANKING SIMULATOR RESULTS FROM THIS
PROGRAM WITH THOSE FROM THE ASTM ROUND ROBIN, AT =-20°F, SHOWED A COR-
RELATION COEFFICIENT oF .9990. THE LINE OF BEST FIT, AS SHOWN IN
Ficure 39, paGge 121, was FOUND TO BE Y=1.035X. THE HIGH CORRELATION
OBTAINED INDICATES EXCELLENT REPRODUCABILITY OF RESULTS BETWEEN VARIOUS
COLD CRANKING SIMULATORS.

IN ORDER TO ILLUSTRATE THE SUPERIORITY OF CoLD CRANKING SIMULATOR
MEASURED VISCOSITIES OVER THE TRADITIONAL EXTRAPOLATED VISCOSITIES, AS
LIMITING STANDARD FOR SAE WINTER VISCOSITY GRADE OILS, A NUMBER OF COM=-
MERCIALLY AVAILABLE ENGINE OILS WERE TESTED IN THE SIMULATOR. THE OILS
TESTED ARE LISTED IN TABLE XX, PAGE 147, AND THE RESULTS ARE IN TABLE
Xl, pPage 148, ALL OF THESE OILS WERE NECESSARILY BELOW THE SAE WINTER
GRADE MAXIMUM VISCOSITY LIMITS, 800 cp AND 2400 cp AT O°F FOR SW AND
1OW RESPECTIVELY, AS DETERMINED BY EXTRAPOLATION. THE CCS viscosiITIES,

HOWEVER, DID NOT NECESSARILY COMPLY. FOR 5W BASE 0ILS, CONSIDERING THE
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TABLE XX

COMMERCIAL OILS TESTED IN CCS

BRAND SAE VISCOSITY GRADES TESTED
B-A DuraAFILM 5W20, 10W30
B-A G.M, FacTorYy FiLL 5W20, 10W30
B-P ViscosTaTic 5W30
CasTroL CAsSTROLITE T0W30
CTC SuperOYL 5W30
ForD RoTUNDA 5W30
IMPERIAL UNIFLO S5W30
IMPERIAL Esso ExTRA 5wW20

IMPERIAL G.M. FACTORY FiLL 5W20(2),10W20, 10W30 (2)

RoyaL I TE 5W20, 10W

SHELL SuPER 5W30 (2)

SHELL X-100 SW, 5w20, 10w, 10W30
SHELL G.M. FacTorY FiLL 5wW20 (2), 10W30
SUNOCO SPECIAL 5W30, 10w40 (2)
SUPERTEST MULTIGRADE 10W30

TeExAco HavoLINE 5W20, 10W30



TABLE XXI

RESULTS OF COMMERCIAL OIL CCS TESTS

SAE GRADE OIL IDENTIFICATION
SW A
5w20 B
C
D
E
F'
G
H
|
J
5W30 K
i3
M
N
0
P
Q
10W R
S
10W20 T
10W30 U
Vv
W
X
Y
V4
AA
BB
cC
10w40 DD
EE

CCS VISCOSITY (CP)
O°F -20°F
720 2690
600 2380
660 2710
660 3100
740 2900
780 3100
800 3550
810 3450
980 3300
1060 4850
920 4850
980 4850
1010 4850
1020 4850
1030 4850
1050 4850
1270 4850
1410 6600
2100 11000
1480 8000
1250 6000
1350 6950
1640 8200
1680 9400
1750 9400
1950 10300
2100 12100
2250 14700
2640 14700
2050 9100
2290 14000
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800 cP MAXIMUM LIMIT, ONLY 5 OoF 16 0lLS TESTED WERE TRUE SW 0ILS, AND
ALL OF THESE WERE OF THE 5W20 TYyPE. CONSIDERING A RECENT CHANGE IN
SAE sPECIFICATIONS To EsSTABLISH 1200 cp, As MEASURED BY THE CoLD CRANK-
ING SIMULATOR, AS THE MAXIMUM LIMIT FOR SW 0ILS, ALL BUT ONE OF THE OILS,
A SW30 MET THE REQUIREMENTS. FIGURE 45, PAGE 150 ILLUSTRATES THIS
CONDITION.

THE CORRELATION OF CCS AND ENGINE VISCOSITIES HAS BEEN NOTED.
IN ORDER TO ELIMINATE THE NECESSITY TO CONVERT CRANKING SPEED TO VIS=
COSITY AN ATTEMPT WAS MADE TO RELATE THE ENGINE CRANKING SPEED DIRECTLY
To CCS viscosiTYy. THE DATA POINTS AND RESULTING CURVE ARE SHOWN IN
Ficure 46, paGce 151.

IT HAS BEEN PREVIOUSLY NOTED(28) THAT THE GENERAL EQUATION FOR
CRANKING AN ENGINE IS M=X’Vﬁﬂ*ﬂ FOR THE CRANKING SYSTEM USED ON THE
TEST ENGINE, AND FOR THE SPEEDS OBTAINED, IT 1S REASONABLE TO ASSUME

A CONSTANT POWER INPUT TO THE ENGINE DURING CRANKING:

P = Mg’ = K’
oR MN = K/= K
;I
AND M=K .
N
THEN K = f
5 K =x(wN)
N
KZ
N2 =,(;UN
. 3
2 =#N
OR K” =/J Na
AND M = 5”
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THE ENGINE VISCOSITY, THEN, MAY BE CALCULATED AS A FUNCTION OF
CRANKING SPEED WHEN THE ENGINE CONSTANT /(” IS KNOWN. FOR THIS ENGINE
THE ENGINE CONSTANT WAS CALCULATED TO BE 135 X 106 sz.3 CP/MIN. THE
CURVE THEN, Is M = 135 X 108 /N3 WHERE &/ IS VISCOSITY IN CP AND N Is
THE CRANKING SPEED N RPM. As SHOWN IN FIGURE 46, THIS CURVE FITS THE
EMPIRICALLY DETERMINED CURVE AMOST EXACTLY, AND MAY BE USED, THERE=-
FORE AS A GOOD APPROXIMATION OF THE CRANKING SPEED=-VISCOSITY RELATION-
SHIP. SIMILAR CURVES COULD BE DETERMINED FOR OTHER ENGINES BY DETER=-

MINING THE ENGINE CCNSTANT FROM A NUMBER OF CALIBRATION TESTS.
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CONCLUSIONS AND RECOMMENDAT IONS

BASCD ON THE RESULTS ANALYZED AND DISCUSSED IN THE TWO PREVIOUS
CHAPTERS THE FOLLOWING CONCLUSIONS WERE DRAWN AND RECOMMENDATIONS WERE
MADE. THE CONCLUSIONS WiLL BE SUMMARIZED FIRST, FOLLOWED BY THE RECOM-

MENDATIONS.

ConcLUsIONS

1. THE REPEATABILITY OF TEST RESULTS FROM THE COLD CRANKING
ENGINE AT O°F, AS OBTAINED USING THE TEST PROCEDURE OF THIS
FROGRAM, S SUFFICIENTLY HIGH TO INSURE MEANINGFUL RESULTS,
WHEN THREE TESTS ARE CONDUCTED ON A GiVEN VARIABLE.

2. ALTHOUGH DIFFERENT ENGINES TEND TO RANK OILS DIFFERENTLY,
WITH REGARD TO NUMERICAL VISCOSITY, THEY TEND TO RANK THEM
IN THE SAME ORDER, RELATIVELY.

3. THE USE OF NUMERICAL METHODS, SPECIFICALLY AITKEN'S INTER-
POLATION PROCESS, FOR DETERMINING TEST OIL VISCOSITIES
RELATIVE TO THOSE OF STANDARD CALIBRATION OILS, PROVIDES
CONSISTENT AND ACCURATE RESULTS.

4. THt CoLo CRANKING SIMULATOR USED IN THIS PROGRAM PROVIDED
O°F RESULTS WHICH WERE REPRESENTATIVE OF THOSE OBTAINED
FrRoM ColLo CRANKING SIMULATORS IN GENERAL.

O. THe CoLo CRAMKING SIMULATOR, WHEN USED ACCORDING TO THE
METHOD OF THIS FPROGRAM, PROVIDES A HIGH DEGREE OF REPEAT-

ABILITY AT =20°F, ONLY SLIGHTLY POORER THAT AT O°F.
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11.
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WITH SOME ENGINE OILS, HAVING A HIGH POLYMER CONTENT, IT IS
NECESSARY TO "OVERFILL" THE SAMPLE CUP IN ORDER TO OBTAIN
SIGNIFICANT TEST RESULTS BY PREVENTING THE OCCURRENCE OF

THE WEISSENBERG EFFECT.

Use ofF THE AC METHOD OF OPERATION OF THE CoLD CRANKING SIM-
ULATOR RESULTS IN INACCURATE VISCOSITY DETERMINATIONS OVER

A SMALL RANGE OF VIsCOsITIES NEAR 5000 CENTIPOISE, DUE TO
SYNCHRONOUS EFFECT OF THE DRIVE MOTOR.

THE CORRELATION BETWEEN CoLD CRANKING SIMULATOR AND CoLD
CRANKING ENGINE VISCOSITIES IS SUFFICIENTLY HIGH TO WARRANT
THEIR USE INTERCHANGEABLY, PROVIDED THE PRECISE CONDITIONS
OF THE ENGINE TESTS ARE EXPLAINED AS A PARAMETER OF THE
ENGINE VISCOSITY.

THE cORRELATION OF CoLD CRANKING SIMULATOR AND CoLD CRANKING
ENGINE TEST RESULTS, AT =20°F, FOR oILsS IN THE SAE SW RANGE,
COULD BE IMPROVED BY USE OF THE DC METHOD OF SIMULATOR
OPERATION.

THE VISCOSITIES DETERMINED FROM CoLD CRANKING SIMULATOR TESTS,
AT -20°F, CAN BE RELATED DIRECTLY TO THE CRANKING SPEED OF A
SPECIFIC ENGINE, APPROXIMATELY ACCORDING TO THE RELATIONSHIP
M =k’9ﬁ0*, WHERE M 1S CRANKING TORQUE, K IS AN ENGINE CON-
STANT, A/ IS THE VISCOSITY, AND N IS THE CRANKING SPEED.

Use ofF THE CoLD CRANKING SIMULATORS AS THE STANDARD OF
MEASUREMENT FOR SAE RECOMMENDED, O°F MAXIMUM VISCOSITIES
WILL INSURE COMPLIANCE OF ALL OILS, BOTH SINGLE AND MULTI=

GRADE WITH THE SPECIFIED WINTER GRADE VISCOSITY LIMITATIONS,
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AND WILL ELIMINATE THE INEQUITIES POSSIBLE WITH THE EXTRA-

POLATION METHOD.

RECOMMENDAT IONS

18

A MINIMUM OF THREE TESTS SHOULD BE CONDUCTED ON ANY TEST
OlL, IN EITHER THE CoLD CRANKING SIMULATOR OR CoLD CRANKING
ENGINE, IN ORDER TO INSURE STATISTICALLY SIGNIFICANT RESULTS.
NUMERICAL METHODS SHOULD BE USED, IN PREFERENCE TO GRAPHICAL
METHODS, TO DETERMINE THE VISCOSITY OF A TEST OILL FROM A
CALIBRATION CURVE FOR EITHER THE CoLD CRANKING SIMULATOR OR
CoLp CRANKING ENGINE.

CoLp CRANKING SIMULATORS DESTINED FOR USE AT =-20°F sHouLD

BE MODIFIED TO PROVIDE A SAMPLE CAPACITY OF AT LEAST 8 ML.,
WITH COOLANT CIRCULATED ONLY AROUND THE AREA COOLED IN THE
CURRENT MODELS.

THe DC METHOD oF CoLDp CRANKING SIMULATOR OPERATION, AS
SPECIFIED IN APPENDIX L, SHOULD BE USED FOR ALL TESTS CON=-
pucTED AT =-20°F.

IN ORDER TO PREDICT THE CRANKING PERFORMANCE OF A GIVEN EN-
GINE FOR A VARIETY OF OILS, AN ENGINE CONSTANT, K, SHOULD BE
DETERMINED BY CONDUCTING CRANKING TESTS ON A MINIMUM OF THREE
CALIBRATION OILS, AND THEN PREDICTING THE CRANKING SPEEDS
FROM THE RELATIONSHIP M =K gyN)#

IN ORDER TO INSURE THE NECESSARY CRANKING PERFORMANCE OF SAE
WINTER GRADE MOTOR OILS IN THE SW RANGE, SPECIFICATIONS

SHOULD BE ESTABLISHED TO LIMIT VIscosiTYy AT -20°F ACCORDING

7o THE CoLb CrRANKING SIMuLATOR DC METHOD.
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ARPFENDIX 4

RESEARCH TECHNIQUE FOR DETERMINING
THE LOW-TEMPERATURE CRANKING CHARACTERISTICS OF ENGINE OILS

(CRC Designation L=-49-663)

PURPOSE

This research technique has been formulated by the Group on Relationship
detween Oil Characteristics and Engine Cranking of the CRC Motor Vehicie
Fuel, Lubricant, and Equipment Research Committee for guidance in evalu=-
ating the low-temperature cranking properties of motor oils by mean of actual
cranking tests in a multicylinder automotive engine in the laboratory. A
considerable amount of flexibility in procedure and equipment has been provided
for in this technique to make it as broadly applicable as possible. Wherever
more than one procedure is available, a discussion of the relative merits of

each has been included.

TEST EQUIPMENT

1. Engine - A modem, multicylinder automotive engine should be used. The
oil filter should be removed; also, the tronsmission, power assist drives,
and air conditioner (if any) should be removed or disengaged. Other items
such as the fan, water pumps, generator, and fuel pump may be either
removed or retained in accordance with the particular installation involved.
Spark plugs should be in place while cranking. Where solid valve lifters
are available, it is recommended that they be used in place of hydraulic
valve lifters to eliminate cronkmg inconsistencies that might be encountered

due to lifter lea':down.

The engine should have been run the equivalent of at least 1500 miles
under cycling speed and load conditions prior to its use on the test stand.
It is then necessary to conduct five low-temperature cranking test cycles
in order to further break in the engine and insure reproducibility. A
number of investigators have reported a gradual trend in cranking effort
which may persist beyond 20 tests. Therefore, a common reference oil
should be run approximately every five tests fo monitor the repeatability
of the results, It has also been reported that repeatability is generally
" poorer during the early tests on an engine.

2. Cranking Power Supply - Two alternative methods may be employed for
cranking the engine. The engine may be cranked by its own starting
motor or by a suitably sized electric motor and gear train.
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(CRC Designation 1.~42-663)

g, TEST EQUIPMENT (Cont'd)

a. Cranking with Starter Motor: Repeatability of cranking tests when using
the engine's starting motor is dependent in large part upon the starter
motor and supply of d-c used to power the motor. Good hrush contact
on the commutator of the starter motor is essential. The brushes should
therefore be seated onto the commutator. This can be done by placing
a fine abrasive compound (such as that used for lapping in valves
on an engine) on the commutator and runring the starter motor. After
enough of the brush has been removed so that it conforms closely to the
commutator, the starter motor should be cleaned thoroughly of all traces

of abrasive.

A d-c source of appropriate voitoge should be available. This power
supply should have a high enough capacity to supply a power greater
than that obtainable from the fully charged battery normally used with
the engine in question. The power supply should be capable of main-
taining the current and voltage under high power outputs with little
change over a period of 15 seconds. The power supply should be con-
sistent from crank to crank and day to day. Two such sources have been
found to be suitable: six or more heavy-duty, lead-acid storage batteries
in parallel ot 50-100°F, and a transformer rectifier power supply. It
has generally been found that a single lead-acid storage battery at 0°F
or below is not as reproducible o source of power for cranking tests as
the two methods outlined.

If the above power supplies are used directly, somewhat higher cranking
speeds will be encountered than with a single battery ot 0°F. The recson
 for this is that the bottery at 0°F has an opprecicble internal resistance
which causes the voltage at the starter motor to drop as more current is
drawn. It is permissible to simulate the characteristics of a battery at
0°F by inserting a suitably sized resistor info the circuit in series with
power supply. As a result, lower cranking speeds will be produced but
the spread in cranking speeds between different oils will also be reduced.

The engine, power supply, and associated equipment should be chosen
such that oils in the range of interest will not be cranked below 35 rpm
since cranking results become progressively more erratic in a lower speed
range. Low cranking speeds also tend to reduce the spread obtained
between different oils and thus make it difficult to distinguish between
them. Very high cranking speeds should also be avoided because of a
possible loss of sensitivity as the cranking motor approaches its moximum
speed. Data availoble to date have shown no clear advantage for

cranking in any particular portion of the 35-200 rom range.
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B, TEST EQUIPMENT (Cont'd)

The engine may also be equipped with an addiiicnal electric motor and
drive capable of turning the engine over at 400-600 rpm at an oil sump
temperature of 140-180°F for at least 15 minutes.

b. Cranking by Dynamometer or External Electric Mctor: In this procedure,
the engine is cranked at con-tant speed and the torque required is measured.
The preferable method employs a synchronou's a=c motor with a power
rating well in excess of the cranking requirements of the engine. The
torque can be measured by cradling the motor-gear train or by svitably
placed strain gauges.

Low=Temperaiure Chamber - A chamber large enough to accommodcte the
engine and its cuxiliary eguipment must be provided. If the engine is removed
periodically from the chamber, provision should be made to return it each
time as nearly as possible to the same location. The temperaiure of the room

should be controlled to +1°F for seriods of at l2ast 18 hours.

C. INSTRUMENTATION

Temperature Measuremont = Engine temparatures should be measured in the
buik oil in the crankcase, and in the warer jacket. These meusurements
should be performed with a remote reading device so that the cold room does
not have to be entered. A continuous record of the oil sump temperature
should be obtained during the cool-down and cold soak periods.

Cranking Effort Using Starter Motor = Provision should be made to measure
and record continuously the foiiowing during a cranking test:

a. Current flow through the starter (amp).
b. Accurafe measure of time elapsed.
c. Torque, if measured independently of the above current measurement.

Nofe:  Cranking speed can be obtained from the above data as
discusszd in Section F, item ia.

It is desirable but not essential to measure and record centinuously the
following:

d. Potential drop at the starter terminals (voits).

e. Open circuit potential of the power supply before ond after cranking.
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INSTRUMENTATION (Cont'd)

3.

Cranking Effort Using Dynamometer or Extemal Electric Motor = Provision
shovld be made to measure and record continuously the following during o
cronking test:

a. Torque.

'b. Speeds (should be monitored to insure uniformity for each test).

REFERENCE OILS

Four reference oils *-- REO-151, REO-152, REO-153, and REO=~154~ -are to be
used for calibroting the engine.

TEST PROCEDURE

1,

2.

3.

Bring the water jacket or oil sump temperature to 90°F minimum and drain
the previous test oil.

For first flush, charge the next test oil, using one quart less than the capacity
of the crankcase in order to conserve oil. Run or motor the engine for 15
minutes at an oil sump temperature of 140-180°F, If fuel is used, run the
engine at 1500 rpm. If fuel is not used, motor the engine ot a minimum of 400
rpm. If an extemal pump is used to circulate oil from the sump to the oil
gallery of the engine, lower motoring speeds may be employed.

For second flush, repeat Step 2 but run or moter for only 10 minutes.

Charge a quantity of oil equal to the capacity of the crankcase for the test.
Repeat Step 3 but run or motor for only 5 minutes. If fuel is used, stop the
engine by allowing ihe caiburetor to run dry. Drain the carbureior of ail
fuei. Do not pump the throiiie during Step 4 in oider to prevent injeciing
raw fuel into the cylinders which might dilute oil on the cylinder wells, .it
is permissible to disconneci the carburetor accelerator pump prior to starting
Step 4.

If fuel is used, the engine may then be motored af a minimum of 400 rpm for
15 minutes at an oil sump ‘emperature of 140-180°F. This procedure tends
to replace any oil on the cylinder wall which has become diluted with fuel
to a greater extent than the bulk oil in the sump.

* These reference fluids represent low pour point, non-waxy straight mineral oils.
They were made available to the CRC test program by the Esso Research and

Engineering Company, Linden, New Jeisey.
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E. TEST PROCEDURE (Cont'd)

6.

10.

1.

Obtain a 4-ounce samplz of bulk oil from the engine for kinematic viscosity
determinations as specified in Section F (3) below. Additional quantities

up to a total of 1 quart may be removed for other studies if desired. It

is recommended thot the same size sample be withdrawn during each test.

Bring the room and the engine to the test temperature as rapidly-as possible.

Allow the engine to soak at the test temperature for a minimum of 10 hours
after the sump reaches within 1°F of the test temperature. The sump and water
jacket temperatures must be within 1/2°F of each other before cranking is

started.

Note: Extra long soak periods such as 64 hours (over the weekend) have
been found to adversely affect repeatability of the procedure
and should be avoided.

Crank tlie engine for ten seconds or four revolutions, whichever is greater.
Both the throttle and choke should be open during the cranking fest.

Repeat Step 9 at least once at intervals of not less than 1 hour or more than
12 hours. Further cranks can be made with a consequent improvement in
repeatability. However, it is important that the same number of cranks be
made and averaged together (see Section G) for each test. It has been
noted that some engines show a consistent change from crank to crank within
a test. Thus, comparing tests involving different numbers of cranks could
introduce additional variability in the results.

Curing cranking, record the data specified in Section C, item 2 or 3,
depending upon whether the starting motor or extemal electric motor is

used.

F. DATA TO BE OBTAINED

1.

Cranking With Starter Motor

a. Obtain cranking speed for two complete revolutions from the amperes
and time recordings. The compression stroke for each cylinder is
readily apparent on the amperes trace, and can be used to calculate
cranking speed. Data should not be taken at cranking speeds below

35 pm.
b. Determine average current flow for two complete revolutions.

c. |If obtained, determine average torque for two complete revolutions.



PROCEDURE ¢

APPENDIX B

GM or CANADA

TEST PROCEDURE 66L-14-44

ENGINE CoLb CRANKING = OIL ANALYSIS

A. Q1L CHANGE

10.

1.

12.

13,

14.

15.

CONNECT SLAVE BATTERY.

START AND RUN ENGINE FOR 15 MINUTES AT FAST IDLE.
SHUT OFF ENGINE.

DRAIN OIL FOR FIVE MINUTES.

REMOVE, CLEAN, RINSE, AND REINSTALL OIL FILTER BY~-
PASS CAN.

CLOSE OIL DRAIN VALVE.

ADD THREE IMPERIAL QUARTS OF TEST OlL.

START AND RUN ENGINE FOR FIVE MINUTES AT FAST IDLE.
IF TEST OIL IS NOT IDENTICAL TO PREVIOUS TEST OIL
REPEAT STEPS 3, 4, 6 AND 7.

SHUT OFF FUEL SUPPLY.

WHEN ENGINE STOPS PUMP THROTTLE TWICE AND RESTART.
KEEP ENGINE RUNNING AS LONG AS POSSIBLE BY PUMPING
THROTTLE.

WHEN ENGINE STOPS DRAIN OIL FOR FIVE MINUTES.
REMOVE SPARK PLUGS FROM ENGINE AND COIL WIRE FROM
DISTRIBUTOR.,

CLOSE OIL DRAIN VALVE.



16.

T

18,

19.

20s

21.
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ADD FOUR IMPERIAL QUARTS OF TEST OlL.

WITHIN 30 MINUTES OF START OF COLD SOAK CRANK ENGINE
UNTIL OIL PRESSURE STABILIZES (MAXIMUM 15 SECONDS) .
REPLACE SPARK PLUGS.

DISCONNECT SLAVE BATTERY.

INSTALL TEST APPARATUS IN COLD ROOM FOR COLD SOAK.

CONNECT INSTRUMENTATION AND POWER SUPPLY.

B. BATTERY PREPARATION

1.

TURN ON 3-AMP BATTERY CHARGER WHEN APPARATUS IS
INSTALLED IN COLD ROOM.

TURN OFF BATTERY CHARGER ONE HOUR BEFORE BEGINNING
TEST.

|F WATER 1S ADDED TO BATTERIES CHARGE FOR TEN MINUTES
AT 20 AMPS TO INSURE MIXING.

CHECK AND RECORD SPECIFIC GRAVITY OF CENTER CELL IN
EACH BATTERY IMMEDIATELY BEFORE TEST.

|F BATTERIES FALL BELOW FULL CHARGE RECHARGE AT 20

HOUR RATE.

C. TeEST METHOD

1.

CONNECT CHART RECORDER TO MONITOR CRANKING VOLTAGE
AND CURRENT ON A TIME SCALE.

CONNECT BATTERY CABLES TO BATTERIES (BATTERIES MUST
BE AT ROOM TEMPERATURE).

RECORD INITIAL COOLANT, OIL SUMP, MAIN BEARING AND
AMB | ENT TEMPERATURES.

CONDUCT TEST AFTER ENGINE HAS COLD SOAKED FOR 16 HOURS

(t* 30 minuTES).



10.

11.

124

15.

TURN ON RECORDER o

CRANK ENGINE FOR 10 SECONDS USING REMOTE STARTER

" CONTROL .

STOP RECORDER.,

CoLD SOAK ENGINE FOR ONE HOUR.

REPEAT STEPS 3, 5, 6 AND 7.

COLD SOAK ENGINE FOR ONE HOUR.

REPEAT STEPS 3y 5, 6 AnD 7.

DISCONNECT BATTERY CABLE FROM BATTERIES.
DISCONNECT INSTRUMENTATION AND POWER SUPPLY
ENGINE,

REMOVE ENGINE FROM COLD ROOM,

PREPARE ENGINE FOR NEXT TEST.

FROM
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APPENDIX C €

PROPOSED METEOD OF TEST FOR
APPARENT VISCOSITY OF MOTOR OILS AT LOW TEMPERATURE
USING THE COLD CRANKING 8IMULATOR (1) :

This is a proposed method and is published for information
only. Corments are solicited and should be addressed to the Am2rican
Society for Testing Materials, 1916 Race Street, Philadelphia 3, Pa.

Scope

1. This method of test describes a laboratory procedure for
determining the apparent viscosity of motor oils at O0°F and high
shear rates. The results are related to the engine cranking chasrac-
teristics of the motor oil. Utility of the method for oils with a

viscosity less than 6 poise or greater than 55 poise has not been
demcnstrated.

Summary of Method

2. A universal motor run at constant voltage drives a rotor
which is closely fitted inside a stator. A small sample of motor
cil fills the space between rotor and stator, which are maintained
at 0°F. The speed c¢f the rotor is a function of the viscosity of
the oil; from a calibration curve and the measured speed of the
rotor with the oil under test, the viscosity of the test oil is
determined. ,

Significance

3. This method is used for measuring the apparent viscosity
of engine oils at low temperature at high rates of shear by simulat-
ing the engine cold-cranking process. While the rheological proper-
ties of engine oils can be guite complex, it has been shown that
this technique demonstrated good capability for prealctang low-
temperature, engine-cranking characteristics of engine oil. (2,3,4)

(1) Under the standardization procedure of the Society, this
method is under the jurisdiction of the ASTM Committee D-2
on Petroleum Products.

(2) CRC Report No. 374, "Development of Research Technique for
Determining the Low Temperature Cranking Characterl tics of
Fngine Oils, January, 1964."

(3) CRC Report No. 381, "Prediction of Low Temperature Cranking
Characteristics of Engine Oils by Use of Laboratory
Viscometers, March, 1965.

(4) Kim, D.S., Prepared Cﬂnments at Cold-Cranking Secscion, SAE ¢
» Meeting, Chicago, May 18, 1965. Also see the Supplement to
this Method.
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Definitions

4. (a) The Viscosity (often called Dynamic or Absolute
Viscosity,7:), of a liquid is a measure of the internal friction of
the liquid in motion. Viscosity is defined as the ratio of shear
stress to shear rate. The cgs unit of dynamic or absolute viscosity
is the poise, which has the dimensions grams per centimeter per
second. For a non-Newtonian liquid, the ratio of shear stress to
shear rate varijes with changing shear stress or shear rate. For a
Newtonian liquid, the viscosity is constant at all shear rates.

(b) The Apparent Viscosity is the determined viscosity in
poise obtained by use of the method under description. Since many
motor oils are not Newtonian at low temperature, apparent viscosity
may vary with shear rate. :

(c) Density (Aﬂa is the weight in vacuo, (that is, the
mass) of a unit volume O&f oil at any given temperature. In this
method the unit of mass is the gram and the unit of volume, the
cubic centimeter.

(d) The Kinematic Viscosity is defined as the quotient
of dynamic viscosity divided by the density,y,’ , both at the same
temperature. The unit of kinematic viscosity, ') , is the stcke,
which has the dimensions, square centimeters per second.

(e) A Newtonian 0il or Fluid is cne in which the rate of
shear is proportional to the shearing stress.

(f) Calibration 0Oils are those oils used for establishing
the instrument's reference framework of apparent viscosity vs.
speed from which the apparent viscosities of test oils are determined
Calibration oils, which are essentially Newtonian fluids, are zavail-
able commercially with a-range of 5 to 80 poise at O°F.

: (g) Test 0il is any oil for which the apparent viscosity
is to be determined by use of the test method under description.

(n) Spead Readings are scale readings (arbitrary units)
obtained at the drive motor input voltage used. This voltage is
suggested for each instrument by the manufacturer.

Apparatus

5. (a) Cold Cranking Simulator(s’ consisting of a universal
motor (run at constant voltage input) driving a rotor inside a
stator; a tachometer indicates the rotor speed.

(5 Manufactured by Cannon Instrument Company, P. O. Box 16,
State College, Pa. 1680). *
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(b) Calibrated thermistor, thermocouple, or other tempera-
ture sensor for insertion near the inside surface of the stator,
and temperature control system for control of temperature to +0.2°F
during measvrement.

¢ (c) Circulating system for supplying suitable liquid
“coolant to stator and suitable means for maintaining cecolant at
desired temperature.

Reference Materials

6. Calibration Oilg(s) are low cloud point mineral cils of
known kinematic viscosity and density. Extrapolated viscosities at
0°F are obtained from 210°F/10°F kinematic viscosities using the
Walther equation. The defined viscosities in poise are then cal-
culated by multiplying the extrapolated kinemetic value by the dencity.
Defined viscositices at G°F for the calibration oils are listed in
Table 1.

Table I

Calibration Oils

Approximate Defined

Calibration Viscosity* @ O°F
Oils (poise)
N-17L 5
N-24L 10
N-34L ) 20
N-50L 40
N-61L 60
N-72L 80

* Consult supplier for specific values.

Sampling

7. A representative sample of test o0il is necessary to obtain
valid results. In order to insure homogeneity, acitation and warming
of the test oil at approximately 120°F is required before making a
determination.

(6) The calibration oils are available from Cannon Instrument
Company, State College, Pennsylvania, 186301l.
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8. (a) Using a minimum of five calibration oils covering the
test range of 5 to 80 poise at 0°F, determine the Speed Reading for
each cil using the Procedure 9(a) through 9(f) .

(b) On log-log coordinate graph papcr plot the viscosity
of the standard as a function of Speed Reading, and draw a smooth
curve. Sec Figure 1 for a typical curve.

(¢) From time to time through a test sample series, run
a calibration oil to be sure there is no change in calibration.

Procedure

9. It is recommended to check the calibration of the tempera-
ture sensor before each series of runs. It is also recommended that
the calibraticn curve be established for each series of runs (see
paragraph 8).

(2a) The test sample (2-4 rl inserted by syringe or eye-
dropper) should fill the gap between the rotor and statcr with an
excess of about 6 mn depth of liquid above the rotor. The rotor
should be turned by hand to insure complete wetting of the surface
of the stator and rotor. ‘

(b) Turn temperature control and coolant flow on, and
allow stator to cool. Note the time that coolant flow was turned
on (stop watch or other means of counting by seconds). Control
temperature should be attained in 30-90 seconds. Wait until 180
seconds (8) after the coolant flcw was turned on, and then turn on
the rotor drive.

(c) Adjust motor input voltage to within +0.2 volts of
the calibration voltage.

(d) Read Speed Reading at 60+5 seconds from when the
rotor was turned on, record value, and turn cff rotor drive and
coolant flow.

(7) If only a narrow viscosity range of test liquids is to be
measured, a minimum of three calibration oils (spanning that
range) may be used.

(8) Any time from 180 to 200 seconds may be used, but the same time
must be used consistently for each determination. Exception to
this rule may be necessary for cils like R®EO 155 and REO 158
which tend to climb out of the rotor-stator gap during shear.

For them, it may be necessary to turn on the rotor as soon as the
control temperature is attained in order to get any steads Speed
Reading at all. Rotor design is being exanmined to see if it is
possible to minimize this problem. :
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(e) Clean Cold Cranking Simulator by the following steps:

(1) Attach vacuum hose (with trap) to the £ill
tube where the syringe or eyedropper normally
is inserted.

(2) Pour approximately 300 ml hot water (140-150°F)
on the rotor-stator assembly to heat it quickly
above ambient temperxature.

(3) Next wash the assembly with petroieum naphtha
and finally with acetone, using the vacuua
to dry the asscmbly. On humid daya, Gry air
or nitrogen above the rotor will help prevent
moisture condensation. Turn the rotor several
revolutions by hand during final drying with
vacuum to ensure that the gap between rotor
and stator is clean.

Calculation

10. The apparent viscosity of the test sample at O°F is ob-
tained from the calibration curve (paragraph 8b) and the Spead
Reading (paragraph 94).

Report

11. Report the apparent viscosity to the nearest 0.1l poise at
O°F as determined in paragraph 10.

Precision

12. The following cricaria should be used for judging the
acceptability of the resultsc (95% probability):

(a) Repeatability - Repeat determinations by the sane
operator should not exceed the ratio 1.l4 (larger value divided
by the smaller).

(b) Reproducibility - Determinations from two different
laboratories should not be suspect unless they exceed the ratio
1.20 (larger value divided by the smaller).
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APPENDIX D December 14, 1966

TENTATIVE METHOD OF TEST FOR
APPARENT VISCOSITY OF MOTOR OILS AT LOW TEMPERATURE

USING THE COLD CRANKING SIMULATOR(1)

ASTM Designation: D2602- 67T
Issued, 1967

This Tentative Specification has been approved by the sponsoring
committee and accepted by the Society in accordance with established
procedures, for use pending adoption as standard. Suggestions for
revisions should be addressed to the Society at 1916 Race St.,
Philadelphia, Pa. 19103.

Scope

1. This method of test describes a laboratory procedure for
determining the apparent viscosity of motor oils at O°F and high
shear rates. The apparent viscosities so determined are related
to the engine cranking characteristics of the motor oil (Notes 1&2).
Utility of the method at O°F for oils with a viscosity less than
6 Poise or greater than 55 Poise has not been demonstrated.

Note 1. The detailed relations between the apparent
viscosities determined by this Method and engine crank-
ing performance as determined by the CRC L-49 test are
shown in Appendix I. It is important to be aware that
the CRC L-49 test is much less standardized and precise
than this Method. Therefore, apparent viscosity values
obtained by this Method may not predict accurately the
engine cranking viscosities in individual engines, even
though the correlation with average engine results is
satisfactory. '

Note 2. Since this Method was developed solely for
use in relation to engine cranking of motor oils, the
apparent viscosity values obtained should not be used
to predict other types of performance.

(1) Under the standardization procedure of the Society, this
method is under the jurisdiction of the ASTM Committee D-2
on Petroleum Products.
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(h) Speed Readings are scale readings (arbitrary units)
obtained at the drive motor input voltage used. This voltage is
suggested for each instrument by the manufacturer.

Aggaratus

4. (a) Cold Cranking Simulator(z) consisting of a universal
motor (run at constant voltage input) driving a rotor inside a
stator; a tachometer indicates the rotor speed. See Figure 1.

(b) Calibrated thermistor, thermocouple, or other
temperature sensor €3§ insertion in a well near the inside sur-
face of the stator. This unit indicates the test temperature.

(c¢) Circulating system for supplying suitable liquid
coolant to stator and_suitable means for maintaining coolant at
desired temperature.

Reference Materials

5. Calibration oils(4) are low cloud point mineral oils of
known kinematic viscosity and density. Extrapolated viscosities
at O°F are obtained from 210°F/l0°F kinematic viscosities using
the Walther equation. The defined viscosities in poise are then
calculated by multiplying the extrapolated kinematic value by
the density. Defined viscosities at 0°F for the calibration oils
are listed in Table I.

Table I

Calibration Oils

Approximate Defined

Calibration Viscosity* @ O°F
Oils (poise)
N-17L S
N-24L 10
N-34L 20
N-50L 40
N-61L 60
N-72L 80

*Consult supplier for specific values

(2) Manufactured by Cannon Instrument Company, P.0.Box 16,
State College, Pa. 1680l1.

(3) Cannon Instrument Company also manufactures units for these
functions. The coolant control circuit is ordinarily an
integral part of the main simulator unit.

(4) The calibration oils are available from Cannon Instrument
Company, State College, Pennsylvania 16801.
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Sampling

6. A representative sample of test oil is necessary to ob-
tain valid results. In order to insure homogeneity, warming and
agitation of the test oil at approximately 120°F is required
before making a determination.

Calibration

7. (a) Using a minimum of five calibration oils covering
the test range of 5 to 80 poise at 0°F, determine the Speed
Reading for each o0il using the Procedure 8(a) throuah 8(f)(5). The
span of the Speed Reading meter should be adjusted so that the
5 Poise oil gives a reading of about 0.95.

(b) On log-log coordinate graph paper plot the viscosity
of the standard as a function of Speed Reading, and draw a smooth
curve. Reasonable care should be taken to get the best fit to
the points found. Careless use of commercial drawing curves can
lead to errors of several per cent. See Figure 2 for a typical
curve.

(c) From time to time through a test sample series, run
a calibration oil to be sure there is no excessive change in cali-
bration. Excessive change is a value outside the repeatability
limit of the test.

Procedure

8. It is recommended that the calibration of the temperature
sensor be checked before each series of runs. It is also recom-
mended that the calibration curve be established for each series
of runs (see paragraph 7). :

(a) The test sample (5 ml inserted by eyedropper)
should fill the gap between the rotor and stator with an excess
of about 6-8 mm depth of liquid above the rotor. The rotor
should be turned by hand to insure complete wetting of the sur-
face of the stator and rotor.

(b) Turn temperature control and coolant flow on, and
allow stator to cool. Note the time that coolant flow was turned
on (stop watch or other means of counting by seconds). Control
temperature should be attained in about 30 seconds. Wait until
180 seconds after the coolant flow was turned on, and then turn
on the rotor drive.

(5) If only a narrow viscosity ra of test liquids is to be
measured, a minimum of three callbratlon oils (spanning that
range) may be used.



I (3

Appendix D

(c) Adjust motor input voltage to within +0.2 volts of
the calibration voltage.

(d) Read Speed Reading at 60+5 seconds from when the
rotor was turned on, record value, and turn off rotor drive and
coolant flow.

(e) Clean Cold Cranking Simulator by the following
steps: §

(1) Attach vacuum hose (with trap) to the
fill tube where the syringe or eye-
dropper is normally inserted.

(2) Pour sufficient hot water (about
150°F) on the rotor-stator assembly
to heat it above ambient temperature
(Note 3).

(3) Next, wash the assembly with petroleum
naphtha and finally with acetone, using
the vacuum to dry the assembly. Care
should be taken that evaporative cool-
ing of the acetone does not lower the
temperature of the assembly below the
dew point. Turn the rotor several
revolutions by hand during final drying
with vacuum to ensure that the gap
between rotor and stator is clean.

Note 3. The water may be poured on from a container
such as a beaker. A more convenient supply consists
of an elevated hot water reservoir and a siphon tube
with control valve and nozzle to direct the water
into the stator well.

Calculation

9. The apparent viscosity of the test sample at O°F is ob-
tained from the calibration curve (paragraph 7b) and the Speed
Reading (paragraph 8d).

Report

10. Report the apparent viscosity as determined in para-
graph 9 as Poises at 0°F. Because a logarithmic scale is used
for reading viscosities, the following rule for interpolation
should be used.
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Report to Nearest if Viscosity is
0.1 Poise below 30 Poise
0.5 Poise 30-60 Poise
Poise above 60 Poise

Precision

1l1. The following criteria should be used for judging
the acceptability of the results (95% probability).

a. Repeatability - Two determinations by the same
operator should not exceed the ratio 1.06 (larger value divided
by the smaller). This statement is approximately equal to the
following:

Two determinations by the same operator should
not differ by more than +3% of the mean.

b. Reproducibility - Determinations from two different
laboratories should not exceed the ratio 1.14 (larger value divided
by the smaller). This statement is approximately equal to the
following:

Determinations from two different labora-
tories should not differ by more than
+6.5% of the mean. (Note 4)

Note 4. If viscosities are to be used for referee purposes,
each lab should make two determinations. This will help
avoid the occasional random error.
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"Student's" t Distribution

t=%x-u V N-1 where: X is sample mean
S
A is population mean
s is standard deviation¥

n is number of samples

The values of t for a variety of probabilities and degrees of freedom
(4/ = n=1) are tabulated in the attached table.

95% Confidence Interval:

:t.975< x— ;e N-l <t.975

i.e. the 95% confidence limits for 4 are x * t 975 s

VY N-1

1O
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PERCENTILYE VALUES (t,)
for
STUDENT'S t DISTRIBUTION
with v degrees of freedom
(shaded area = p)

v t.sus .oy .95 t.os t.o0 t.s0 tas t.zo t.co t.ss
1 63.66 31.82 12.71 6.31 3.08 1.376 1.000 2T T 825 158
2 9.92 6.96  4.30 2.92 1.89 1.061 816 617 289 142
3 5.84 4.54 3.18 2.35 1.64 978 765 584 207 437
4 4.60 3.75 2.78 2.13 1.63 941 741 .569 271 134
5 4.03 3.36 2.57 2.02 1.48 920 SET 559 267 .132
6 3.71 3.14 2.45 1.94 1.44 906 718 5563 265 131
7 3.50 3.00 2.36 1.90 1.42 .896 il 549 263 130
8 3.36 2.90 2.31 1.86 1.40 .889 706 516 262 130
9 3.25 2.82 2.26 1.83 1.38 .883 703 .b43 261 129
10 3.17 2.76 2.23 1.81 1.37 879 700 542 .260 129
11 3.11 2.92 2.20 1.80 1.36 876 697 540 260 129
12 3.06 2.68 2.18 1.78 1.36 873 695 539 259 128
13 3.01 2.65 2.16 1.77 1.35 .B70 694 538 259 128
14 2.98 2.62 2.14 1.76 1.34 868 692 537 .258 128
16 2.95 2.60 2.13 1.75 1.34 866 691 536 258 128
16 2.92 2.58 2.12 1.76 1.34 865 690 535 258 128
1%, 2.90 2.67 2.11 1.74 1.33 863 689 534 257 128
18 2.88 2.65 2.10 1.73 1.33 .862 .688 534 257 JA27
19 2.86 2.54 2.09 1.73 1.33 .861 .688 533 257 127
20 2.84 2.53 2.09 1.92 1.32 860 687 533 257 127
21 2.83 2.52 2.08 1.72 1.32 .859 686 532 257 127
22 2.82 251 2.07 1.72 1.32 .858 686 532 256 127
23 2.81 2.50 2.07 1.71 1.32 .858 685 532 256 127
24 2.80 2.49 2.06 171 1.32 857 685 531 256 127
25 279 2.48 2.06 1.71 1.32 .856 684 531 256 127
26 2.78 2.48 2.06 1.71 1.32 .856 684 531 256 S 27
27 277 2.47 2.05 1.70 1.31 .855 684 531 256 L 4
28 2.76 2.47 2.05 1.70 1.31 855 .683 530 256 127
29 2.76 2.46 2.04 1.70 131 854 .683 530 256+ A27
30 2.75 2.46 2.04 1.70 1:81 854 683 .530 256 S27
40 2.70 2.42 2.02 1.68 1.30 851 681 529 255 126
60 2.66 2.39 2.00 1.67 1.30 .848 679 527 254 126
120 2.62 2.36 1.98 1.66 1.29 845 677 526 254 126
© 2.58 2.33 1.96 1.645 1.28 842 * 674 524 253 126

Source: R. A. Fisher and F. Yates, Statistical Tables for Biological, Agricultural and
Medical Rescarch (5th edition), Table IIT, Oliver and Boyd Ltd., Edinburgh,
by permission of the authors and publishers.



$J0OB 003733 MeGeMALLOY

$1BJOB NCDECK

$IBETC % P

C

C CONFIDENCE LIMIT DETERMINATION XXING STUDENT'S T AT 95 PC LEVEL
C

DIMENSION X(6)sDIF(6)9X2(6)
READ(591) M
1 FORMAT(I3)
DO 50 J=1+M
WRITE(6+2) )
2 FORMAT (13X s4HMEAN»13Xs9HSTDe DEY(s13Xs6HLIMITS//)
N=6
READ(593)(X(I)sI=1sN)
3 FORMAT(8F10Ue3)
SUM=0e0
DO 10 I=1sN
10 SUM=SUM+X (1)
AVG=SUM/6.C
DO 20 K=1sN
DIF(K)=ABS(AVG=-X(K))

20 X2(K)=DIF(K)*DIF(K)
SUMXZ2=Ce0
DO 30 L=1sN

30 SUMX2=SUMX2+X2(L)

S=SQRT(SUMX2/6e0)
CLIM=5%14136
WRITE(6940) AVGeSH»CLIM

40  FORMATI(2(10XsF10e3)9s6Xst4H+/= sF//e3/)
WRITE(6945)

45 FORMAT (1H1)

50 CONTINUE
CALL EXIT

END *

LLL
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Correlation Method

Y = alX:

a =£X§
* EX
Standard error of estimate Syx -

Syx = VY2-81£XY
N

Y=ao+alx

ay = £Q-K) ()
1 "FE-0

o Tl

Standard error of estimate Syx -

Syx :Jyz = 8,€Y - a] £ XY
| N

c ient C

o
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$J0B V03733 MeGeMALLOY
$IRJOR NODFCK
$IBFTC i
C NUMEKICAL INTERPOLATION OF CCS CALIBRATICN CURVE AT O F
C
' DATA FOR REO AND SHELL OILS AT =20F
C» |

OIMENSION X(20U)s Y(2Us20)s D(100)
READ (59 1) NUWM
1 FORMAT (14)
CO 6 ISET=1sNUM
READ (5+10) NsM

10 FORMAT (214)

READ (5911) (X(IT)sII=1eN)o(Y(IToel)sIl=1sN)
11 FORMAT (8F10e3)

READ (5912) (D(L)sL=1eM)
12 FORMAT (8F10e3)

DO 13 II=1sN
X{II)=ALOG1D(X(II))

13 Y(ITel)=ALOGLIC(Y(IIsl))
DO € L=1oM
Z=ALOG10(D(L))

DO 1uu K=2sN
DO 1UU I=KsN
J=K=1

100 YOI oR)=(Y(Jo ) #(X(I)=Z)=Y (T o J)#(X(J)=Z))/7(X(I)=X(J))
W=1lUeuU¥*/
Y(NeN)=1CaC¥XY (NoN)
WRITE (695) “WewsY(NeN)

3 FORMAT (1H=934HTHE INTERPOLATED VALUE OF Y FOR X=9sF9eb696H IS5
l6e2H)=9F1Ce3)

6 CONTINUE
CALL EXIT

_END B L AR ORI NI
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0il

REO-151-65
REO-153-65
REO-161-63
RE0-162-63
REO-158-63
RE0-159-63
REO-160-63
REO-172-65
Shell A
Shell B
Shell C
Shell D
Shell E
Shell F

Shell G

t

Viscosity (sus)

o
21, F.

38.9
424
42.0
48.2
67.1
65.7
66.9
52.6
62.3
62.9
63.8
66.5
63.6
64.3
67.5

4

i

()
OF.

1390
3500
1080
3190
1910
1990
1900
790
564
624
624,
758
800
880

630

*As Specified by Manufacturers
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REO 161
REO 153
REO 162
REO 151
Shell F
Shell C
REO 158
REO 159
REO 160
Shell G
Shell E
Shell A
., REO 172

Shell B
Shell D

Shell F
Shell C
REO 158
REO 162
REO 160
REO 151
REO 159
Shell E
REO 161
Shell G
REO 172
Shell A
REO 153
Shell B
Shell D

APFENDIX J

Random Order of Testing

REO 153
Shell G
REO 159
REO 160
Shell A
REO 151
REO 172
REO 161
Shell D
REO 158
Shell B
Shell F
Shell C
Shell E
REO 162

REO 160
REO 172
Shell B
REO 159
Shell F
Shell A
REO 151
Shell G
REO 161
REO 158
Shell E
Shell C
REO 153
Shell D
REO 162

I

Shell G
Shell D

160
Rgg 172
Shell C
REO 162

REO 158

Shell A
Shell B
Shell E
REO 159
REO 161
REO 153
REO 151
Shell F

REO 153
Shell G
REO 160
REO 158
Shell A
Shell F
REO 151
Shell D
REO 162
REO 159
Shell B
Shell C
REO 172
Shell E
REO 161

(S
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APPENDIX X

M it t
M=KpN (1)
where: M = torque

K = engine constant
A = viscosity

N = cranking speed

so, equation 1 can be treated graphically as

M= Kp
N

end K is the slope of the calibration line
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D-C Method

Instructions - Model CCS1 Cold-Cranking Simulator

Special Note Concerning D.C. Operation

The initial development and testing of the Cold-Cranking Simulator has
been with a constant (0.2 volt) A.C. voltage applied to the simulator motor.

Subsequent experience by Cannon Instrument Company indicates that oper-
ation of the simulator motor by direct current at constant current produces more
precise readings and equally good correlation with CRC fluids. The direct current
is adjusted as described above, and it is automatically controlled by means of

power transistors and a reference Zener diode.

The only modification in the procedure is that the control of voltage is not

necessary.

Also, under this direct current operation, the graphical method of plotting
a calibration curve and subsequent reading of test results can be replaced by an
analytical method, as follows:

Constant
Speed Indicator Reading

Viscosity in poise =

Calculate the constant by multiplying the viscosity of the standard in poise
by the speed indicator reading. The constants so obtained from standards should
agree within the repeatability of this method.

If low and high readings are obtained as outlined above, one constant
(low range) can correspond to 5W and 10W oils, and is obtained with standards
N17L, N24L, N34L and N50L; the high range corresponding to 20W oils at 0°F
is calibrated as above with N34L, N50L, N61L and N72L standards.
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