


ENGINEERING RESEARCH INSTITUTE
THE UNIVERSITY OF MICHIGAN
ANN ARBOR

FinAL REPORT

A STupY OF SUPERSONIC NoOZzZLE DESIGN AS APPLIED TO
THE OXYGEN CONVERSION PROCESS

By
D. R. QLAss

E. T. HOWARD

ProvECT 2409-1-F

McLoUTH STEEL CORPORATION
TRENTON, MICHIGAN

NoveMBER 1955






— ENGINEERING RESEARCH INSTITUTE -« UNIVERSITY OF MICHIGAN —

OBJECTIVE

THE PURPOSE OF THIS STUDY WAS TO ESTABLISH THE
RELATIONSHIP BETWEEN NOZZLE (I.E. LANCE TIP) DESIGN AND THE
VELOCITY DISTRIBUTION ACROSS THE ISSUING GAS STREAM AT ONE OR
MORE POSITIONS DOWNSTREAM OF THE NOZZLE. THE JET BOUNDARIES
AND CHARACTERISTICS WERE TO BE FURTHER ESTABLISHED BY OPTICAL
TECHNIQUES,

IT WAS ANTICIPATED THAT RECOMMENDATIONS, BASED UPON
THIS WORK, WOULD BE MADE REGARDING OPTIMUM LANCE TIP DESIGN
FOR VARIOUS OPERATING CONDITIONS,

SUMMARY

SEVEN LANCE TIPS, PROVIDED BY THE MCLOUTH STEEL
CORPORATION, WERE TESTED AT VARIOUS AIR FLOW RATES. THE
VELOCITY HEAD DISTRIBUTION, AT ONE OR MORE POSITIONS DOWN-
STREAM OF THE LANCE TIP, WAS RECORDED. SHADOWGRAPH PICTURES
WERE TAKEN OF THE AIR JET JUST DOWNSTREAM OF THE LANCE TIP.
SEVERAL CONCLUSIONS HAVE BEEN REACHED REGARDING THE OPTIMUM
OPERATING RANGE OF LANCE TIPS IF MAXIMUM JET PENETRATION IS
DESIRED.

THE PRESSURE LOSS THROUGH THE ENTIRE LANCE ASSEMBLY
WAS MEASURED AND FOUND TO BE OF MINOR IMPORTANCE.

VARIATIONS BETWEEN SPECIFIED AND ACTUAL LANCE TIP
DIMENSIONS WERE CHECKED AND FOUND TO BE WELL WITHIN ALLOWABLE
LIMITS AS REGARDS LANCE TIP PERFORMANCE,
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INTRODUCT ION

SUPERSONIC NOZZLES ARE USED BY THE McCLOUTH STEEL
CORPORATION IN THEIR OXYGEN CONVERSION PROCESS TO DIRECT A
STREAM OF OXYGEN ONTO THE SURFACE OF MOLTEN IRON. THE DESIGN
OF THESE NOZZLES, OR LANCE TIPS, HAS CONSIDERABLE EFFECT UPON
THE PATTERN OF OXYGEN PENETRATION AND, HENCE, UPON THE OVERALL
OPERATION OF THE CONVERTER. FOR THIS REASON, IT WAS DESIREABLE
THAT AN UNDERSTANDING OF THE EFFECT OF LANCE TIP DESIGN UPON
VELOCITY DISTRIBUTION WITHIN THE JET BE OBTAINED.

THIS INVESTIGATION WAS CARRIED OUT FOR THE MCLOUTH
STEEL CORPORATION BY PERSONNEL OF THE ENGINEERING RESEARCH
INSTITUTE OF THE UNIVERSITY OF MICHIGAN, ATTACHED TO THE
UNIVERSITY'S AIRCRAFT PROPULSION LABORATORY.

APPARATUS AND EQUIPMENT

) THE COMPRESSED AIR FOR THESE TESTS WAS SUPPLIED BY
Two, 80 cU. FT. TANKS CAPABLE OF STORING AIR AT PRESSURES UP
70 2500 Pst. Two ENGINE DRIVEN COMPRESSORS WERE USED WHICH
COULD CHARGE THE TANKS IN ABOUT FOUR HOURS.

SUITABLE SHUT OFF VALVES AND PRESSURE REGULATORS
WERE USED TO CONTROL THE AIR FLOW TO THE LANCE UNDERGOING
TESTS. PRESSURE AND TEMPERATURE GAUGES WERE INSTALLED JUST
UPSTREAM OF THE LANCE TiP,

A FIXED POSITION VELOCITY HEAD RAKE WAS USED FOR
THE FIRST SERIES OF RUNS, LANCE TIPS 1 THROUGH 5, LOCATED
(2 INCHES DOWNSTREAM OF THE TIP EXIT., THIS RAKE WAS REPLACED
BY AN IMPROVED AND MORE FLEXIBLE ASSEMBLY WHEN IT BECAME
NECESSARY TO MEASURE VELOCITY HEADS AT VARIOUS DISTANCES FROM
THE LANCE TIP. FIGURE 1 IS A PHOTOGRAPH OF THE IMPROVED RAKE
ASSEMBLY. FIGURE 2 IS A PHOTOGRAPH OF THE RAKE ASSEMBLY
SHOWING ITS POSITION RELATIVE TO A LANCE TIP IN TEST POSITION.
THE INDIVIDUAL TOTAL HEAD TuBES (1/8 IN. O. D.) ARE MOUNTED
ON 2 INCH CENTERS EXCEPT NEAR THE JET AXIS WHERE THEY ARE
MOUNTED ON 1 INCH CENTERS. THE VERTICAL RAKE WAS NEEDED TO
DETERMINE THE CORRECTIONS NECESSARY IN THE CASE OF SLIGHT
ERROR IN THE VERTICAL POSITIONING OF THE HORIZONTAL RAKE.

IN BOTH RAKE ASSEMBLIES EACH TOTAL HEAD TUBE WAS
CONNECTED TO0 A "U" TUBE MANOMETER. ALL MANOMETERS WERE
LOCATED ON A PANEL OF TRANSLUCENT PLEXIGLASS, LIGHTED FROM
BEHIND. |N THIS WAY THE ENTIRE BANK OF MANOMETERS COULD BE
PHOTOGRAPHED SIMULTANEOUSLY ONCE THE CORRECT CONDITIONS WERE
ESTABLISHED IN THE LANCE TIPS,
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A GENERAL ELECTRIC PHOTOGLASH UNIT WAS USED TO
PROVIDE ESSENTIALLY PARALLEL RAYS OF LIGHT FOR THE SHADOWGRAPH
PICTURES. THE DURATION OF EACH LIGHT FLASH WAS LESS THAN
5 MICROSECONDS., THE LIGHT SOURCE WAS LOCATED APPROXIMATELY
FIF1Y FEET TO ONE SIDE OF THE JET WHILE AN EIGHT BY TEN FILM
HOLDER WAS SUPPORTED ABOUT SIX INCHES FROM THE JET ON THE
OPPOSITE SIDE. WITH THIS TECHNIQUE MAJOR DENSITY DISCON-
TINUITIES, AND HENCE PRESSURE AND TEMPERATURE DISCONTINUITIES,
WITHIN THE JET WERE INDICATED ON THE FIiILM AS ADJACENT DARK
AND LIGHT LINES.

TEST PROCEDURES

1« MEASUREMENT OF TOTAL HEAD DISTRIBUTION

THE MASS FLOW RATE OF GAS (IN THIS CASE AIR)
THROUGH ANY SUPERSONIC NOZZLE, SUCH AS A LANCE TIP, IS DE-
PENDENT UPON THE THROAT OR MINIMUM AREA, THE DRIVING PRESSURE,
AND THE AIR TEMPERATURE. THUS, FOR ANY PARTICULAR LANCE TIP
AND DESIRED FLOW RATE THE DRIVING PRESSURE VARIES ONLY WITH
THE TEMPERATURE OF THE AIR SUPPLY==ACTUALLY THE SQUARE ROOT
OF THE TEMPERATURE. (SEE APPENDIX EQUATION 5).

SINCE A TEMPERATURE DIFFERENCE oF 20%F wouLD RESULT
IN ONLY A 1 1/2% CHANGE IN DRIVING PRESSURE REQUIRED FOR A
GIVEN FLOW RATE, IT WAS NOT PRACTICAL TO ALTER THE DRIVING
PRESSURE FOR SLIGHT TEMPERATURE CHANGES. A PRELIMINARY RUN
BEFORE EACH SERIES OF TESTS WAS SUFFICIENT TO INDICATE
APPROX IMATELY THE AIR TEMPERATURE TO BE EXPECTED DURING THE
SERIES., THE DRIVING PRESSURE COULD THEN BE CALCULATED FOR
EACH FLOW RATE AND LANCE TIP COMBINATION TO BE TESTED AT THAT
TIME. THROUGHOUT THE ENTIRE PROGRAM THE INDICATED AIR
TEMPERATURE RANGED BETWEEN 4O anp 7O°F,

BEFORE EACH SERIES OF TESTS WITH ANY LANCE TIP,
THE TOTAL HEAD RAKE WAS ADJUSTED, IF NECESSARY, SO THAT THE
RAKE CENTER WAS AS CLOSE AS POSSIBLE TO THE JET CENTERLINE.
THE RAKE WAS LOCATED SO THAT THE UPSTREAM ENDS OF THE TOTAL
HEAD TUBE WERE AT SOME SPECIFIED DISTANCE FROM THE LANCE
TIP - SUCH AS 60 OR 72 INCHES.

VELOCITY HEAD DATA AT EACH DESIRED FLOW RATE WAS
OBTAINED BY TURNING ON THE AIR AND ADJUSTING THE PRESSURE
REGULATOR UNTIL THE LANCE TIP DRIVING PRESSURE HAD REACHED
THE VALUE REGUIRED TO PRODUCE THAT FLOW RATE. AFTER ALLOWING
SUFFICIENT TIME AT CONSTANT DRIVING PRESSURE FOR THE MAN-
OMETER READINGS TO STABILIZE, A PHOTOGRAPH WAS TAKEN OF THE
MANOMETER BOARD. THESE PHOTOGRAPHS WERE ENLARGED, THE
MANOMETER READINGS WERE TRANSCRIBED, AND THEN PLOTTED AGAINST
THE RELATIVE POSITIONS OF THE TOTAL HEAD TAKEN WITHIN THE JET.




— ENGINEERING RESEARCH INSTITUTE -+ UNIVERSITY OF MICHIGAN —

THE ONLY EFFECT OF SMALL ERRORS IN THE HORIZONTAL
POSITIONING IS TO SHIFT THE PEAK VELOCITY TO ONE SIDE OR THE
OTHER OF THE RAKE CENTERLINE WITHOUT CHANGING THE SHAPE OR
VALUE OF THE VELOCITY PROFILE. HOWEVER, A SMALL ERROR IN
VERTICAL POSITIONING CAUSES THE VELOCITY HEAD MEASUREMENTS TO
BE TAKEN ALONG A CHORD OF THE AIR STREAM WHICH IS NOT A
DIAMETER., THE TOTAL PRESSURE READINGS OBTAINED FROM THE
VERTICAL RAKE SERVE TO DETECT THIS ERROR AND INDICATE THE
NECESSARY CORRECTION FOR THE VELOCITY PROFILE CURVES., FIGURE
3 IS A TYPICAL PLOT OF VELOCITY HEAD DATA OBTAINED WITH BOTH
HORIZONTAL AND VERTICAL RAKES. THIS FIGURE INDICATES THAT
AT 3900 CFM, THE PEAK VELOCITY HEAD SHOULD BE INCREASED
FROM 5.5 T0 6.6 AND THE ENTIRE CURVE INCREASED PROPORTIONALLY.,

2. SHADOWGRAPH PICTURES

THESE PICTURES WERE TAKEN AT NIGHT SINCE IT WAS
NOT FEASIBLE TO ELIMINATE EXTRANEOUS LIGHT BY BUILDING A
LIGHT TIGHT SYSTEM. THE FILM WAS MOUNTED IN POSITION AND
EXPOSED FOR SEVERAL SECONDS WHILE THE AIRFLOW WAS BROUGHT
UP TO THE DESIRED VALUE AND THE PHOTOGLASH LIGHT WAS TRIGGERED,

IN ONE TEST A FILM WAS LEFT IN PLACE WHILE TWO
LIGHT FLASHES WERE TRIGGERED APPROXIMATELY THREE SECONDS APART.
THE AIRFLOW WAS HELD CONSTANT. THIS PICTURE WAS ESSENTIALLY
IDENTICAL WITH ANOTHER PICTURE OBTAINED AT THE SAME FLOW
CONDITIONS BUT WITH ONLY ONE LIGHT FLASH. THE SHOCK WAVES
APPEARED AS SLIGHTLY THICKENED LINES AND THE TURBULENCE WAS
LESS DISTINCT ON THE DOUBLE EXPOSURE, BUT THE BASIC SHOCK
FORMATIONS WERE CERTAINLY SHOWN TO BE STABLE WITH TIME.

3- PRESSURE L0SS THROUGH THE ENTIRE LANCE

THE ENTIRE LANCE ASSEMBLY WAS INSTALLED WITH TWO
TOTAL HEAD TUBES, ONE MOUNTED JUST UPSTREAM OF THE LANCE TIP
AND THE OTHER MOUNTED UPSTREAM OF THE ENTIRE ASSEMBLY. THE
AIRFLOW WAS REGULATED UNTIL THE PRESSURE OF THE LANCE TIP
ATTAINED THE DESIRED VALUEY AT THIS TIME THE PRESSURE UP-—
STREAM OF THE LANCE ASSEMBLY WAS RECORDED. THE DIFFERENCE
BETWEEN THE TWO PRESSURE READINGS 1S, BY DEFINITION, THE
PRESSURE LOSS THROUGH THE LANCE.

THE TWO PRESSURE GAUGES USED FOR THESE TESTS HAD
BEEN CALIBRATED AGAINST A LABORATORY TEST GAUGE. ALL
PRESSURE READINGS LISTED HEREIN ARE THE VALUES FOR PRESSURE
OBTAINED AFTER NECESSARY GAUGE CORRECTIONS WERE MADE.
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RESULTS AND DISCUSSIONS

7« TOLERENCE IN LANCE TIP MACHINING

THE CRITICAL LANCE TIP MEASUREMENTS ARE LISTED
BELOW FOR THE SEVERAL LANCE TIPS TESTED.

LANCE Ti1P NO. THROAT DIAMETER-INCHES EXIT DIAMETER-INCHES

SPECIFIED MEASURED SPECIFIED ~~ MEASURED
1 1.625 1.624 1.875 1.873
1A 1.625 1.624 2.112 2.090
2 1.875 1.869 2.8125 2.759
3 1.500 1.495 2.170 2.170
3A 1.500 1.503 2.042 2.035
4 1.375 1.336 1.625 1.628
5 1.625 1.618 2.813 2.737

ALL VALUES LISTED ARE THE AVERAGE OF SEVERAL
MEASUREMENTS., EXIT DIAMETERS ARE SOMEWHAT QUESTIONABLE
BECAUSE OF THE ROUNDED LIPS AT THE TIP EXIT, BECAUSE OF THE
UNCERTAINITY AS TO THE EFFECTIVE EXIT AREA T IS IMPROBABLE
THAT A LANCE TIP OF THIS TYPE CAN BE DESIGNED PRECISELY FOR
ANY PARTICULAR DRIVING PRESSURE.

THE GREATEST DIFFERENCE BETWEEN SPECIFIED AND
MEASURED EXIT DIAMETERS IN THE ABOVE INDICATES AN EXIT AREA
DIFFERENCE OF ABOUT SIX PER CENT. |F THE DIFFERENCE 18
COMPARABLE AREAS OF TWO SUPPOSEDLY IDENTICAL LANCE TIPS DOES
NOT EXCEED SIX PER CENT THE PERFORMANCE OF THE TWO TIPS ‘
SHOULD NOT BE SIGNIFICANTLY DIFFERENT IN MOST PRACTICAL CASES.

NONE OF THE MEASUREMENTS OR TESTS CONDUCTED THUS
FAR HAVE LED TO ANY CONCLUSIONS REGARDING FORCES WHICH MIGHT
PRODUCE LANCE TIP OSCILLATIONS, ADDITIONAL STUDIES AIMED
PRIMARILY AT THE PROBLEM OF INSTABILITIES IN THE GAS JET SHOULD
SHED SOME LIGHT ON THE PROBLEMS OF A SWINGING LANCE TIP,

p)
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2. PRESSURE L0SS THROUGH THE LANCE TUBE

A COMPLETE LANCE ASSEMBLY WAS TESTED TO DETERMINE
PRESSURE LOSSES IN THE TUBE. THE RESULTS OF THESE TESTS
ARE LISTED BELOW:

Equiv, 02 MEASURED MEASURED MEASURED
FLow RATE-CFM UPSTREAM LANCE T1IP PRESSURE -
PRESSURE=-PSIG PRESSURE-PSIG Loss-PSIG
2900 76.9 69.5 7.4
3400 91.5 83.7 7.8
3900 105.8 98.0 7.8
4350 121.0 111.5 9.5
LANCE TIP THROAT DIAMETER 1.622 1IN,

LANCE TIP EXIT DIAMETER 2.150 In.

ALTHOUGH THESE PRESSURE LOSSES ARE NOT ENTIRELY
NEGLIGIBLE THEY DO NOT APPEAR SUFFICIENT TO ALTER ANY OF THE
BASIC RESULTS AND CONCLUSIONS.

IT SHOULD BE NOTED THAT THE DROP IN STATIC PRESSURE
THROUGH THE LANCE TIP 1S, IN THE MAIN, NOT A PRESSURE LOSS
SINCE INCREASED GAS VELOCITY 1S REALIZED BY THIS PRESSURE
DROP. THE PRESSURE DROP ALONG THE LENGTH OF THE LANCE,
HOWEVER, 1S A LOSS SINCE NO USEFUL WORK, SUCH AS THE ACCELER~-
ATION OF THE AIR, IS REALIZED. MORE THAN 904 OF THE DRIVING
PRESSURE 1S AVAILABLE FOR ACCELERATING THE GAS AT ALL THE
ABOVE FLOW RATES. '

3. SHADOWGRAPH PICTURES OF THE JET

|F A SUPERSONIC NOZZLE IS PROPERLY DESIGNED, AERO-
DYNAMICALLY, THE STATIC PRESSURE AT THE NOZZLE EXIT WILL BE
ESSENTIALLY EQUAL TO THE AMBIENT PRESSURE, IN THIS CASE
ATMOSPHERIC PRESSURE. :

IF THE PRESSURE AT THE NOZZLE EXIT (I,E. LANCE TIP
IN THESE STUDIES) IS APPRECIABLY ABOVE ATMOSPHERIC PRESSURE
THE JET DIAMETER WILL INCREASE IMMEDIATELY DOWNSTREAM OF THE
NOZZLE., CONVERSELY, I|F THE EXIT STATIC PRESSURE IS BELOW
ATMOSPHERIC PRESSURE THE DIAMETER OF THE JET WIiLL DECREASE
IMMEDIATELY DOWNSTREAM OF THE NOZZLE.

THE TOTAL HEAD LOSSES THROUGH THE SHOCK FORMATIONS
DOWNSTREAM OF THE LANCE TIP WOULD BE EXPECTED TO INCREASE
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AS THE DIFFERENCE BETWEEN EXIT STATIC PRESSURE AND ATMOS~
PHERIC PRESSURE INCREASES.

SHADOWGRAPH PICTURES (FIGURES 4 THRoueH 10) ARE
PRESENTED OF THE FLOW ISSUING FROM LANCE Tips 1, 1A, 2, 3,
3A, ﬁ, AND 5. ALL OF THESE PICTURES WERE TAKEN AT AN AIR
MASS FLOW RATE EQUIVALENT TO AN OXYGEN FLOW RATE ofF 3900 CFM.

INSPECTION OF ANY SINGLE SHADOWGRAPH DOES NOT YIELD
INFORMATION REGARDING THE PENETRATION OF THE JET IN QUESTION.
COMPARISON OF THE SHADOWGRAPHS OF TWO OR MORE JETS WHICH
HAVE RESULTED FROM THE SAME DRIVING PRESSURE AND MASS FLOW
SHOULD INDICATE RELATIVE PENETRATION. THE SHADOWGRAPH
PICTURES OF THE FLOW FROM LANCE TIPS 1, 1A, anND 5 (FIGURES
4, 5, AND 10) ARE A GOOD EXAMPLE OF THIS SINCE ALL THREE
WERE TAKEN AT ESSENTIALLY THE SAME DRIVING PRESSURE AND
MASS FLOW. OF THESE THREE, THE GREATEST LOSS IN PEAK VELOCITY
HEAD WOULD BE EXPECTED WITH LANCE TIP NO. 5, SINCE THE FLOW
FROM LANCE TIPS 1 AND TA CONTAIN LESS SEVERE SHOCK WAVES.

THE JET FROM LANCE TIP TA APPEARS SLIGHTLY LESS DISTURBED
THAN THAT OF 1, PRIMARILY AS REGARDS THE SECONDARY SHOCK
FORMATION.,

THE SHADOWGRAPH PICTURES OF THE FLOW FROM LANCE
TiPs 3 AND 3A (FIGURES 7 AND 8) INDICATE VERY LITTLE DIFFER-
ENCE ALTHOUGH THE SECONDARY SHOCK FORMATIONS IN THE JETS
APPEAR SLIGHTLY LESS SIGNIFICANT FOR LANCE TIP 3A THAN FOR 3.
DRIVING PRESSURES AND MASS FLOW RATES ARE THE SAME FOR BOTH
PICTURES,

CONSIDERING ALL SEVEN SHADOWGRAPH PICTURES AS A
GROUP, THE JETS FROM LANCE TIPS 2 AND 5 STAND OUT AS ONES
UNDERGO.ING THE MOST SEVERE DISTURBANCES. THE FLOW FROM LANCE
TIP No. B 1S NEXT IN ORDER AS REGARDS SEVERITY OF SHOCK
FORMATIONS, AND HENCE MIGHT BE EXPECTED TO RESULT IN POOR
PENETRATION. THE HIGHER DRIVING PRESSURE REQUIRED BY LANCE
TiP 4 couLp FEASIBLY MORE THAN OFF SET THE SHOCK LOSSES.
THE JETS FROM LANCE TIPS TA AND 3A WHICH ARE OPERATING
ESSENTIALLY AT THEIR DESIGN POINTS, ARE THE LEAST DISTURBED.

4, VELoCITY HEAD MEASUREMENTS

LANCE TIPS 1 THROUGH 5 WERE TESTED AT THREE FLOW
RATES EACH, WITH THE TOTAL HEAD RAKE MOUNTED [2 INCHES DOWN-
STREAM OF THE TIP EXIT. THE RESULTS OF THESE TESTS ARE
PLOTTED IN FIGURE 11,

IT 1S QUITE OBVIOUS FROM FIGURE 11 THAT THE PENE-
TRATION OF LANCE TIPS 1, 3, AND 4 |s CONSIDERABLY GREATER
THAN THAT OF TIPS 2 AND 5. IT CAN ALSO BE NOTED THAT THE
EFFECTIVE JET DIAMETERS |2 INCHES FROM THE TIPS 1S GREATER
FOR TIPS 2 AND 5 THAN 1T 1S FOR 1, 3, AND 4. THE MoRE
INTENSE SHOCK WAVES IN THE AIR STREAMS OF TIPS 2 AND 5 (SEE
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SHADOWGRAPH PICTURES) WOULD PRESUMABLY BE AN EXPLANATION FOR
BOTH THE WIDER JETS AND THE REDUCED PENETRATION OF TIPS 2
AND 5.

SINCE LANCE TIPS 1 AND 3 PRODUCED RELATIVELY GOOD
PENETRATION AND HAD BEEN FOUND TO WORK VERY WELL IN OPERATION,
AN ATTEMPT WAS MADE TO OPTIMIZE THEIR PERFORMANCE AT 3900
CFM OF OXYGEN. THE REVISED TIPS, DESIGNATED TA AND 3A
RESPECTIVELY, WERE TESTED AND COMPARED TO THEIR COUNTERPARTS.
THE VELOCITY HEAD WAS EVALUATED AT SEVERAL POSITIONS AND AT
VARIOUS FLOW RATES THROUGH THE LANCE TIPS. FIGURES 13 AND 14
INCLUDE THE VELOCITY DISTRIBUTIONS OBTAINED FROM THIS ENTIRE
SERIES OF TESTS. THE ORIGINAL VELOCITY HEAD CURVES FROM
WHICH FIGURES 13 AND 4 were OBTAINED, ARE NOT PRESENTED SINCE
ALL THE INFORMATION IS AVAILABLE FROM THE MORE COMPACT CURVES
OF THESE 2 FIGURES.

THE JET OUTLINES INDICATED IN F1GURES 13 Anp 14
ARE ONLY AN ESTIMATE SINCE IT IS IMPRACTICAL, WITH THE
NUMBER OF TOTAL HEAD TUBES EMPLOYED IN THESE TESTS TO STATE
PRECISELY WHERE THE VELOCITY PROFILE CURVE REACHES ZERO.,
THE JET OUTLINES SHOWN, HOWEVER, CERTAINLY GIVE AN INDICATION
OF THE OVERALL FLOW PATTERNS. THESE VELOCITY HEAD MEASURE-
MENTS INDICATE THAT ALTHOUGH THE PEAK PENETRATION OF 1A AND
3A MAY BE ON THE AVERAGE SLIGHTLY BETTER AT 3900 CFM THAN
THAT OF 1 AND 3 RESPECTIVELY, THE DIFFERENCE 1S VERY SLIGHT.,
THE ONLY REAL SIGNIFICANT DIFFERENCE IN THIS SERIES OF TESTS
IS BETWEEN TIPS 1 aND 1A AT 2900 CFM. AT THIS FLOW RATE 1A
RESULTS IN CONSIDERABLY POORER PENETRATION THAN 1. THE
ENTIRE SITUATION IS MADE MORE APPARENT BY THE USE OF TABLE 1.
IN TABLE 1 THE MARK "X" INDICATES THE POINTS WHERE
THE JET PENETRATION 1S INFERIOR (SEE FIGURES 11 AnD 13)
BECAUSE THE LANCE TIP IS BEING OPERATED SO FAR OFF ITS DESIGN
POINT., |T WILL BE NOTED THAT ANY TIME ONE OF THESE TIPS IS
OPERATED WITH A DRIVING PRESSURE LESS THAN 50% OF THE THEO-
RETICALLY CORRECT DRIVING PRESSURE THE PENETRATION IS CON-
SIDERABLY REDUCED. |IN THE CASE OF LANCE TIP 1A THE DRIVING
PRESSURE IS UP TO 75% OF THEORETICAL BUT THE PENETRATION OR
PEAK VELOCITY HAS'FALLEN OFF RELATIVE TO THAT FOR LANCE TIP
1 AT THE SAME FLOW. HOWEVER, TIP No. 3 AT 2900 CFM 1s
OPERATING AT 60% OF THEORETICAL DRIVING PRESSURE WITHOUT ANY
NOTICEABLE REDUCTION IN PENETRATION AS COMPARED TO TIP NO.
3 AT 3900 CFM. THIS LEAVES SOME UNCERTAINITY AS TO JUST
HOW MUCH A LANCE TIP CAN BE UNDER-DRIVEN. THE DESIGN OF
THE LANCE TIP IN QUESTION PROBABLY HAS SOME EFFECT ON THE
LIMITS OF DRIVING PRESSURE THAT ARE PRACTICAL.

|T APPEARS SAFE TO CONCLUDE THAT ANY LANCE TIP
OPERATING WITH A DRIVING PRESSURE LESS THAN 50% OF THE THEO-
RETICAL DRIVING PRESSURE WILL PRODUCE RELATIVELY POOR PENE-
TRATION. FURTHERMORE, REDUCED PENETRATION MAY OCCUR IF THE
DRIVING PRESSURE IS REDUCED TO [5% OF THEORETICAL,
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THROUGHOUT THIS STUDY NO VELOCITY HEAD DATA WAS
TAKEN WHICH INDICATED AN APPRECIABLE REDUCTION IN RELATIVE
PENETRATION BECAUSE OF TOO HIGH A DRIVING PRESSURE. AT 3900
CFM LANCE TIP NO. 4 REQUIRED A DRIVING PRESSURE 90% GREATER
THAN THE THEORETICALLY CORRECT PRESSURE. |T APPEARS VERY
LIKELY (NOTE SHADOWGRAPH OF TIP NO. 4) THAT THERE 1S SOME LOSS
IN PENETRATION BECAUSE OF OFF-DESIGN OPERATION OF THIS TIP,

IT SHOULD BE NOTED THAT AT 3900 CFM, LANCE TIP NO. |
REQUIRES A DRIVING PRESSURE 59% GREATER THAN ITS THEORETICAL
DRIVING PRESSURE, AND THE PENETRATION 1S ESSENTIALLY THE SAME
AS THAT OF LANCE TIP 1A OPERATING AT ITS THEORETICALLY CORRECT
PRESSURE. APPARENTLY THIS AMOUNT OF OVER DRIVING HAS NO
APPRECIABLE EFFECT ON PENETRATION,

LANCE TIP NO. 3 OPERATES AT 80% OF THEORETICAL WHEN
FLowING 3900 CFM AND SEEMINGLY THE PENETRATION IS ESSENTIALLY
AS GOOD AS THAT OF TIP 3A OPERATING AT 100% THEORETICAL
PRESSURE.

THUS IT IS EVIDENT THAT LANCE TIPS 1 AND 3 ARE BOTH
OPERATING SUFFICIENTLY NEAR TO THEIR DESIGN POINT (3900 CFM)
AS TO MAKE ANY CHANGES IN THEIR EXIT AREA UNPROFITABLE AS
REGARDS JET PENETRATION.,

FIGURE 12 1S A PLOT OF VELOCITY VERSUS VELOCITY
HEAD FOR AIR AT APPROXIMATELY THE CONDITIONS WHICH EXISTED
THROUGHOUT THIS SERIES OF TESTS.

[T 1S OF INTEREST TO NOTE THAT SINCE THE DENSITY OF
THE MATERIAL IN THE CONVERTER 1S ROUGHLY ONE-HALF THAT OF
MERCURY, DOUBLING THE VERTICAL SCALE OF FIGURE 11 wouLD CON-
VERT THE VALUES OF VELOCITY HEAD IN INCHES OF MERCURY TO
VELOCITY HEAD IN INCHES OF IRON AND MIGHT INDICATE APPROX=
IMATELY THE SHAPE OF THE IMPRESSIONS MADE IN THE METAL BY
THE OXYGEN JET.

CONCLUSIONS

1« PENETRATION AT ANY GIVEN FLOW RATE AND DRIVING
PRESSURE CAN BE MAXIMIZED BY DESIGNING THE DIVERGENT SECTION
OF THE LANCE TIP SO THAT ITS THEORETICAL DRIVING PRESSURE |
1S APPROXIMATELY EQUAL TO THE DRIVING PRESSURE ACTUALLY USED,

2. |INCREASING THE DRIVING PRESSURE, AND HENCE
FLOW RATE, OF A GIVEN LANCE TIP RESULTS GENERALLY IN GREATER
PENETRATION. WITHIN THE RANGE OF DRIVING PRESSURES CONSIDERED
THUS FAR, INCREASING THE DRIVING PRESSURE REQUIRED FOR A GIVEN
FLOW RATE (1.E. REDUCING LANCE TIP THROAT AREA) RESULTS IN
GREATER PENETRATION, PROVIDED THE DIVERGENT SECTION OF THE
LANCE TIP %S DESIGNED FOR THE PRESSURE USED.
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3. THE OPTIMUM OPERATING RANGE OF ANY GIVEN LANCE
TIP CAN BE DEFINED IN TERMS OF THE RATIO OF DRIVING PRESSURE
EMPLOYED TO THE LANCE TIP'S THEORETICAL DRIVING PRESSURE.
THIS PATIO CAN APPARENTLY RANGE BETWEEN 0.0 ANDT.75 wiTHOUT
THE PENETRATION BEING REQUCED APPRECIABLY BELOW THAT OBTAINED
WHEN THE RATIO 1S UNITY.-

IN SOME CASES THIS RANGE MAY BE SOMEWHAT GREATER,
BUT IT 1S APPARENT THAT OPERATING A LANCE TIP TOO FAR OUT-
SIDE THIS RANGE APPRECIABLY REDUCES PENETRATION BELOW THAT
OBTAINABLE WHEN THIS RATIO 1S 1.0,

L, Tips 1A anp 3A, WHICH WERE DESIGNED FOR 3900
CFM, PRODUCED ONLY SLIGHTLY BETTER PENETRATION AT THIS FLOW
RATE THAN DID T ANY 3 RESPECTIVELY, WHICH WERE OPERATING
WELL WITHIN THE ABOVE RECOMMENDED LIMITS FOR THE RATIO OF
ACTUAL TO THEORETICAL DRIVING PRESSURE.,

D« As FLOW RATES ARE INCREASED ABovE 3900 CFM
THE PENETRATION OBTAINED WITH LANCE TIP 3 SHOULD BECOME
INCREASINGLY GREATER THAN THAT OBTAINED WITH LANCE TIP 1,
THIS IS DUE TO THE FACT THAT TIP 3 IS MOVING CLOSER TO TS
DESIGN POINT AS DRIVING PRESSURE INCREASES, WHILE TIP 1 1s
MOVING FURTHER AWAY FROM TS DESIGN POINT AS PRESSURE
INCREASES.

6. THE SHADOWGRAPH P!CTURES INDICATED QUALITATIVELY
THE SAME GENERAL TENDENCIES THAT WERE OBSERVED QUANTATIVELY
BY THE TOTAL HEAD MEASUREMENTS. ESSENTIALLY ALL SHOCKS THAT
OCCURRED IN THE JETS WERE WITHIN THE FIRST FOOT DOWNSTREAM OF
THE LANCE TIP,

79 NO DIFFICULTIES WERE NOTED WHICH COULD BE
ATTRIBUTED TO TOLERENCES ALLOWED IN THE MACHINING OF THE LANCE
TIPS, A SHORTER THROAT SECTION WITHIN THE TIP SHOULD PROVIDE
THE SAME FLOW PATTERN AND MIGHT REDUCE MACHINING COSTS.

8. THE RESULTS OF THIS STUDY SHOULD BE SUFFICIENT
TO ENABLE A LANCE TIP TO BE DESIGNED WHICH WOULD BE CAPABLE
OF PRODUCING GOOD PENETRATION OVER ANY SPECIFIED RANGE OF
FLOW RATES WITHIN REASONABLE LIMITS.,

1 - A LANCE TIP'S THEORET!CAL DRIVING PRESSURE IS DEFINED FOR
THESE DISCUSSIONS AS THAT DRIVING PRESSURE WHICH WILL PRODUCE
A STATIC PRESSURE AT THE LANCE TIP EXIT EQUAL TO THE ATMOS-
PHERIC PRESSURE., THIS THEORETICAL PRESSURE IS A FUNCTION OF
ONLY THE LANCE TIP'S EXPANSION RATIO (EXIT AREA/THROAT AREA),
ASSUMING ATMOSPHERIC PRESSURE ESSENTIALLY CONSTANT,

2 - THIS STATEMENT ASSUMES THE SAME FLOW RATE AND DRIVING
PRESSURE IN ALL CASES. THE VALUE OF THE RATIO OF DRIVING
PRESSURE TO THEORETICAL PRESSURE IS ASSUMED TO VARY OVER A
RANGE BY CHANGES IN THEORETICAL PRESSURE DUE TO CHANGES IN
NCZZLE DESIGN,

11
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APPEND I X

DEFINITION OF TERMS AND DERIVATIONS OF EQUATIONS
USeED IN THIS REPORT.

TotAaL HEAD OR TOTAL PRESSURE: THAT PRESSURE WHICH WOULD

EXIST IN THE GAS IF IT WERE DECELERATED ISENTROPICALLY TO

ZERO VELOCITY, FOR PRESENT PURPOSES THE TOTAL HEAD CAN BE
DEFINED AS BEING ESSENTIALLY EQUAL TO THE PRESSURE EXERTED
WETHIN A PRESSURE PICK UP TUBE, OPEN ONLY ON THE UPSTREAM END.
THIS SIMPLIFICATION CAN BE APPLIED ONLY [N SUBSONIC VELOCITIES.

STATIC PRESSURE: THE PRESSURE EXISTING WITHIN A GAS, ACTING

EQUALLY IN ALL DIRECTIONS. THE STATIC PRESSURE AND TOTAL
PRESSURE ARE IDENTICAL WHEN THE GAS VELOCITY IS ZERO,

VELOCITY HEAD: THE DIFFERENCE BETWEEN TOTAL PRESSURE AND

STATIC PRESSURE, AIR VELOCITY IS DETERMINED BY THE VELOCITY
HEAD AT CONSTANT TEMPERATURE AND STATIC PRESSURE (SEE FIGURE
12).

OXYGEN FLOW RATE - CONVERSION FROM FT3/M1N ToLs/SEC
IT WAS NECESSARY TO CONVERT THE OXYGEN FLOW RATE

IN CUBIC FEET PER MINUTE TO POUNDS PER SECOND. THE OXYGEN
DENSITY,,&?OE, AT STANDARD TEMPERATURE AND PRESSURE 1S:

/002
P,

P

P/RT STATE EQUATION (1)
14,7 x 144/48.3 x 520 = ,084k4 (8/F13

STATIC PRESSURE - PSIA
R = GAS CONSTANT FOR OXYGEN = FT LB/LB‘OE

T = ABSOLUTE TEMPERATURE - DEGREES FAHRENHEIT
ABSOLUTE LBS/seE¢ = (C.F.M.)(Pop)/60 =
(C.F.M.)(0,001406) (2)

Thus 3900 CFM = 3900 x 0.001406 = 5.484 Ls/skc

ANY LANCE TIP TESTS MADE AT AN AIR FLOW RATE OF
5.484 LB/sSEC 1S DEFINED AS HAVING BEEN CONDUCTED AT AN
EQUIVALENT OXYGEN FLOW RATE oF 3900 CFM.

THE MASS FLOW THROUGH A N0ZZLE (LANCE TIP) 1S
CALCULATED BY.,

W =R EAR . (3)
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AIR FLOW RATE - LB/SEC

=
n

V = AIR VELOCITY - FT/SEC

A = CROSS SECTIONAL AREA = FT2

INDICATES CONDITIONS AT THE THROAT OF THE
LANCE TIP

NOTING THAT M = V/&  WHERE;
Go= SPEED OF SOUND - FT/SEC
M = MACH NUMBER
BUT AT THE LANCE TIP THROAT M = 1, THAT IS V = a»

USING THIS SUBSTITUTION AND EQUATION (1) IN
EQUATION (3)

= P*/RT* x axp*

HOWEVER, SINCE &L =V4GRT WHERE J = RATIO OF
SPECIFIC HEATS = APPROXIMATELY 1.4 For_BOTH AIR AND OXYGEN,
ANDZ?’= GRAVITY CONSTANT = 32.2 FT7/stc

THE FLOW EQUATION BECOMES:

*/R * * 2 *
PR “

THERE IS A FIXED RELATION BETWEEN THE TOTAL DRIVING
PRESSURE AND TEMPERATURE AND THE PRESSURE AND TEMPERATURE AT
THE THROAT. REFER TO TABLE 1 oF NACA ReporT 1135, "EqQuATions,
TABLES, AND CHARTS FOR COMPRESSIBLE FLOW."

W

P*= 0.5283 X DRIVING PRESSURE
T*= 0.8333 x DRIVING TEMPERATURE
EquAaTion (U4) THEN BEcoMES:

0.5325 Pe(1.4x32.2)2A%/(53.3)2(0.83331)
0.5325 P4 /-\*/ (T )z u8/sEc. (5)

W

Pd AND TA ARE DRIVING PRESSURE AND TEMPERATURE
RESPECTIVELY.

THE SAME DERIVATION FOR OXYGEN FLOW RATE RESULTS 1IN

W = 0.5595 Pd A*/(Tcl )2 L8 /sec (6)

NoTE: A* IN £QuATION (U4) anp (5% SHOULD BE IN IN.Z RATHER THAN
FT2 AS LONG AS Pd 1S iN LB/IN

13
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SINCE A*¥ IS A FIXED VALUE FOR ANY GIVEN LANCE TIP,
THE MASS FLOW RATE IS DEPENDENT ONLY ON DRIVING PRESSURE AND
TEMPERATURE.

IT IS INTERESTING TO NOTE THAT, GIVEN AN OXYGEN
DRIVING TEMPERATURE OF TO0OF (560°F ABSOLUTE) AND AN AIR
DRIVING TEMPERATURE OF 560F (5169F ABSOLUTE) A GIVEN DRIVING
PRESSURE FOR BOTH AIR AND OXYGEN WILL RESULT IN THE SAME MASS
FLOW FOR BOTH GASES.

4
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