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(ABSTRACT) 

The purposes of this research were to implement the circular plume model developed by Wuest et 

al. (1992) and to develop and verify a linear plume model based on the circular model. The linear 

model developed is the first that models a bubble plume generated by a linear source in thermally 

stratified water and considers the effects of gas transfer between the bubbles and surrounding 

water. 

The basis for both models is eight differential flux equations which are solved numerically using 

Euler’s method. Knowledge of ambient temperature, dissolved solids, dissolved oxygen, and 

dissolved nitrogen profiles as well as gas input rate, diffuser dimensions, and initial bubble size are 

required to implement the models. 

The implementation of the circular model was successful as the results obtained corresponded with 

those reported by Wuest et a/. (1992). The linear model made predictions very similar to those 

made by the circular model and, therefore, was also considered to perform well. Comparisons of 

the linear model with available data met with limited success. Initially, the linear model’s



predictions of laboratory scale plume velocity data resulted in overpredictions of 40 to 50 percent 

when compared to actual data. Error in predictions of laboratory scale oxygen transfer data were 

greater than 100 percent. The model fared better when its predictions were compared to full scale 

data; the predicted temperature was within 7 percent of that measured at three depths and the 

predicted oxygen concentration was within 4, 20, and 38 percent for the three depths. Some of the 

discrepancies in the data likely result from the fact that the Froude number used in the model to 

calculate initial veloctty was derived for a circular, rather than a linear, source. Determination of 

the appropriate lmear Froude number would likely improve the model’s predictions.



ACKNOWLEDGMENTS 

First, I would like to thank my advisor, Dr. John Little, for providing guidance and support 

throughout this project. I would also like to thank Dr. Daniel Gallagher and Dr. Robert Hoehn for 

serving on my committee. Thanks to the entire Environmental Engineering Division faculty and 

staff who have assisted me throughout my time at Virginia Tech. I would also like to express my 

gratitude to Dr. Robert Stern, my undergraduate advisor, whose guidance on my honor’s thesis 

helped to make this thesis possible. 

Thanks are also expressed to the Virginia Water Resources Research Center for providing 

financial support. 

I would also like to say “Thank you” to my family and friends who have supported me 

through these last few years. Thanks to Dan McGinnis for helpmg me leam FORTRAN. A 

special thanks goes to my parents for their help and encouragement. Finally, a very special thank 

you to my husband Keith, for his support, encouragement, and immeasurable assistance through 

the past 3 1/2 years. 

iV



TABLE OF CONTENTS 

  

  

  

  

  

  

  

  

ABSTRACT Hy 

ACKNOWLEDGMENTS Iv 

LIST OF FIGURES vii 

LIST OF TABLES x 

NOTATION USED IN CIRCULAR AND LINEAR PLUME MODELS xi 

INTRODUCTION 1 

ARTIFICIAL CIRCULATION. .....ccccccccccccccssevsecescecenacvuvecscsseeuacusuecessessucusaussescesceeeessuessacesceseueeeaescecseceessaanerense 1 

HYPOLIMNETIC AERATION. .0.....00c..cccccccceccccveccececenusessucesencsevseeesssceeuussseesceeuavessaussseuesceuenseteneseeusecenseettaness 2 

BUBBLE PLUMES. ...0......0ccccccccceseecccececececeueecccecuecseeaueeseseuensuccesuuveseeceuauvesesauuesceseuausecesvavseseessuececsenaesseteaease 3 

OBJECTIVES, 00... ccc cccsccccccscccccccccsnceacescsseausessessenveverseseseecececcesesceseccececseseseeeuesauseuenssaeuauauuasassaeeessueeseeseseseeeesss 5 

LITERATURE REVIEW. 6 

JETS AND PLUMES. ..0.......cccccscccsvecsecsnceccusecescccaccusescescsuuctauceueecceseeuceeusersussuessuseteesssancesessueeetavensescueusensetaeeena 7 

CHARACTERISTICS OF BUBBLE PLUMES. ...........cccscccececsecececceveccecausececceuausececauueevecersavesceauseseseagarsesesanseseesanea 8 

SIMPLE PLUMES IN UNSTRATIFIED ENVIRONMENTS. .0......0ccccccccsseceecscccscssaarsesesauvarecceuauvareseeueeceseuuaesssesuegers 10 

SIMPLE PLUMES IN STRATIFIED ENVIRONMENTS, .........:::cccssessevsssesssvevseveveccesscsesseceeeececeeceseccesceeceeseeneneunanas 13 

BUBBLE PLUMES IN UNSTRATIFIED ENVIRONMENTS. .......:0cccccccececcccccececccecsveceecanseveccensucecseureceseerareecesauaess 13 

Feary Studies. 02. .cccccccccccccccecce cece eee cn nee e cena cece edn e eee eLaE Ee CLUES CDE EEECDDLEE ESE DEGE EE EORAE EEE EDA GEES ED AEEE Ep AGE Eee enEEE EH 14 
Letter Studie. 00. cccccccccccccccccccucccucccnccccusccusccuccsaucsvaccauesauecsauecsesceueccueccauseseeseucesaueceauscreecueeceuveenussnersaneuaures 20 

BUBBLE PLUMES IN STRATIFIED ENVIRONMENTS. ..........ccesccceccseececceessccceecueesceseusuceccesausesecaaveveceauaneceecanenss 23 

GAS TRANSFER IN BUBBLE PLUMES. .......0.0ccccccsesssecseseccecececcescececescececseseecesesesseecesaueeueueauauusnaranvavaneagerseserees 26 

Speece ANd Rayyan, 1973. ..cccccccccccccccccccccesenseeecesseenseeeeeeeessseeeeeeeceeseeeeeccnCsseeeeesuseaaeeeeeseenauseeeessesenanees 27 

Speece ANd Murfee, 1973. ooicccccccccccccccccccsssecsesseeeeeseeeeeesseeeeeseeeseeseeeeseeseeesesaeeescesaeeeseaeeeseesseesesuaeesenss 28 
Raryyan and Speece, 1977... ccccccccccccccscccccssccccccceseeeeeeseesesenseeeeeeeeeeeseeseeeeeeeaeaeeeeeeseseeeeca sens eassasaaaaaaeeeess 28 

TSANG, LIQ cecccccccccececncne eee eeteseee eee eeeeeteeeeeeEeOELEEEGSEEDIDIIAGEESEEEELAEECOE;;EUELAGGEC Se DESEAEEGE ES ESA AAT AGES SeSeeaaEEES 29 

Wrest ef l., 1992... cccccccccccccccvccuccccccccccccenccussacaceecnccaseuuceuceaueeuscaseeetauseuecauccesesecusccucesssutecseuuecesenseacennes 29 

SUMMARY OF PLUME THEORIES. ...........ccccccccccccccccsuveccecccecceususseeeeeseccuccsaaueseceecesseussuucesesesessaanuenteesesansaverss 31 

MODEL DEVELOPMENT ; 33 

WUEST ET AL.’S CIRCULAR BUBBLE PLUME MODEL (1992). ..........ccccccccccccecnececsecstsncststteeseesesevereecevereesereecs 33 

Wuest et al. Model Equations, ...........ccccccccnccccscnce cece eect eect tebe tat nee tee eee ee EG SEE DELLE EAHA EEE EEses Sete cee ana aS 33 

Wuest et al. Model ASSUMptions. .......6.cccccccccccccc eect cece teen ne eet e tena etek dnd DLLEE EEE eCedEGGGEES es buauGaEEEeeeeauaEEEGS 36 
Wuest et al. Solution Procedure.......ccccccccccccccusccusccescccccccusscusessesersuccusesaucecauceuescuvetaeeeusecsessusesanetaecensuss 38 

CIRCULAR MODEL PROGRAM. ........ccccccssssssscesseeveccececcecececcccecescececcesescecasaucauauuaausaueauaseasesretseecesececececeesceeess 40 

Circular Model Program Development .........ccccccccscccccscscctensecesenneeetecnaeeeteaeeesseeeeeenenaeseseneaneseseueseeeens 40 
Circular Model Validation. 0... .0ccccccccccccccccuscccccnstetecccusuccccnsucesencuuvecesecusveceeuaussesssuececceusenteesaueseessnecesens 42 

Circular Model Sensitivity ANalySis.....ccccccccccccccccccceceeteee tee eiennnt eee e nese eek bee eC LALA GEEEE EASE CEes feeb ee rena HAEIOES 42 

LINEAR PLUME MODEL. .......0......ccceecccscusccccccuececcensveccevaucceceususecccsavseesscavereceeuausssetauusseessueseeseuaeseesaueseceaas 43 

Linear Model Equations, .......cccccccccccccccce cece cece eee tee e iene cece ke Lee SLED EDEL DAG EUEEEAESEEEA Cubes eau DoS EGAaGEEAEEEEaEEEe® 43 

Linear Model ASSUMPUIONS. .0.....cccccecccc ccc tccecenete tsetse etneeceeneecesteeseneeunaesseseestanesennas eee teteeteteeserteeeseneeens 45 

Vv



Linear Model Solution Procedure... .....ccccccccccccccccccucccuevenveceusesauvecesecuasceusessusssercsneseeueceaseteeseesecenseeneetes 48 

  

  

  

  

  

  

LINEAR MODEL PROGRAM DEVELOPMENT. ........-.cccccsccccuceceutecccusecescuscecussceauaercueavescaeeecenaccsuerssseuseseaeteetanes 49 

Linear Model Validation ........cccccccccccccccccccuesecuccucscuccsncceuueceuccsausecuesesesseuscsauceseecenessensesaucenereeuasensetseeees 49 

Linear Model Sensitivity ANQlysis....cccccccccccccecccccceceeeeeeeee iene een eee send E ese AE Scent eee ees Uses ceeded tenaueeeen eas 54 

RESULTS AND DISCUSSION : 58 

CIRCULAR PLUME MODEL VS. WUEST ET AL. MODEL, ............cccccccseccececceccuceseceescusuccesaceceurecesserseuaueesaeeseana 58 

REVISED CIRCULAR PLUME MODEL VS. WUEST ETAL. MODEL............cccccccccceuseccccecceveccesauvecvessuuuveseuaaereeten 67 

LINEAR PLUME MODEL VS. REVISED CIRCULAR PLUME MODEL. ......0..:cccccccccceccuscceucccsecceseeeuecensceeueceunceansens 72 

Testing End Entrainment Assumption under Simulated Full Scale Conditions. .....0.......ccccccccssseeeeess 8] 
LINEAR PLUME MODEL VS. PROVOST’S (1973) VELOCITY DATA. ........:cccccscccsceeccsecuseecccsnaneeceseuaeneeeueaneeseees 82 

LINEAR PLUME MODEL VS. WEN’S (1974) OXYGEN CONCENTRATION DATA. ........ccccececseseesereeeeeeeeeeseneneaaas 92 

LINEAR PLUME MODEL VS. TVA DATA. .0...cccccccccceccecccccveccuvesecuececcaesceevsceueavecesessseuecesuevesaeseseunacseneveeaunaees 96 

SENSITIVITY ANALYSES. ......0..cccccccccceccccsecccvececuscecaecceceeanaucesausscenvseeeeucesecescecuvetuaueepenseseuareasaucesanaceaueness 98 

SUMMARY AND CONCLUSIONS . 107 

LITERATURE CITED 109 

APPENDIX A: AMBIENT PROFILES. 113 

TEMPERATURE PROFILES. ........cccccccccsecccuecceceeccsavcsccussecaeteccuseceuesecussesensecesuecessauesnautessuveceeeaeceeaeseeaueesenanss 113 

DISSOLVED SOLIDS PROFILES. ..........ccccccccccccccccevececccccccccuseecececcecesauuervececceseesevauvecsecceccseraavanssescessesenauauvers 114 

DISSOLVED OXYGEN PROFILES.......0cc.cccccsesscccccvesccccueveccecaucececcauevecceausessceauaececcuuececeesauacessersrececsaueeesensans 115 

DISSOLVED NITROGEN PROFILES. ......0....ccscccccccssescccuvecccssaucececeuvacceseevarsevesaevesecsstruveccesauessseeuaneeseeuauessereas 116 

APPENDIX B: CIRCULAR PLUME PROGRAM 117 

APPENDIX C: LINEAR PLUME PROGRAM 129 

VITA 141 
 



LIST OF FIGURES 

FIGURE 1. TYPICAL BUBBLE PLUME. (FROM LEMCKERT AND IMBERGER, 1993). ...........cesssssceeseseeseeseseeeeeees 9 

FIGURE 2. COMPARISON OF PLUME VELOCITIES FOR CIRCULAR MODEL WITH ADJUSTED AMBIENT DENSITY 

PROFILE WITH WUEST ET AL.'S RESULTS FOR JULY AND NOVEMBER. .......ccccccccccessseesereeseecesensananeereseees 61 

FIGURE 3. COMPARISON OF WATER VOLUME FLUXES FOR CIRCULAR MODEL WITH ADJUSTED AMBIENT 

DENSITY PROFILE WITH WUEST ET AL.'S RESULTS FOR JULY AND NOVEMBER. ............:ccsssesesteeeeeeeeeeees 61 

FIGURE 4. COMPARISON OF BUBBLE RADII FOR CIRCULAR MODEL WITH ADJUSTED AMBIENT DENSITY 

PROFILE WITH WUEST ET AL.'S RESULTS FOR JULY AND NOVEMBER, .......::::ccccscscsceeecesseneeeceesenteeteeters 62 

FIGURE 5. COMPARISON OF TEMPERATURES FOR CIRCULAR MODEL WITH ADJUSTED AMBIENT DENSITY 

PROFILE WITH WUEST ET AL.'S RESULTS FOR JULY..........cccccsscssssccceeccecceseesesessnsnneesesecceseeeesesseenenanenees 63 

FIGURE 6. COMPARISON OF TEMPERATURES FOR CIRCULAR MODEL WITH ADJUSTED AMBIENT DENSITY 

PROFILE WITH WUEST ET AL.'S RESULTS FOR NOVEMBER. .......:::cccccscctesecccccececeesssseteaeeeaseseseesceteseneenaas 63 

FIGURE 7. COMPARISON OF DENSITIES FOR CIRCULAR MODEL WITH ADJUSTED AMBIENT DENSITY PROFILE 

WITH WUEST ET AL.'S RESULTS FOR JULY. oo... cc ccccccccccccceescnssnsseeceeeceesesesseeesesessaaeeeeeeesesesenseseanentaaaaeeees 64 

FIGURE 8. COMPARISON OF DENSITIES FOR CIRCULAR MODEL WITH ADJUSTED AMBIENT DENSITY PROFILE 

WITH WUEST ET AL.'S RESULTS FOR NOVEMBER. .........:csceseeseensneeeeeseeeeceeseesenssnnaaeeseseeseeeseeseeenas peveees 64 

FIGURE 9. COMPARISON OF PLUME VELOCITIES FOR REVISED CIRCULAR MODEL WITH WUEST ET AL.'S 

RESULTS FOR JULY AND NOVEMBER. ..........:cccccccesessescececessesceesseeessneeeseseessaseeessesesaeeeeesesenaeeeseseneaaness 69 

FIGURE 10. COMPARISON OF WATER VOLUME FLUXES FOR REVISED CIRCULAR MODEL WITH WUEST ET AL.'S 

RESULTS FOR JULY AND NOVEMBER. .........00cccccccccsssssceccssensscescscecsnsesseeesesaeceseseessueasesecesseeaseseeensaanens 69 

FIGURE 11. COMPARISON OF BUBBLE RADII FOR REVISED CIRCULAR MODEL WITH WUEST ET AL.'S RESULTS 

FIGURE 14. COMPARISON OF DENSITIES FOR REVISED CIRCULAR MODEL WITH WUEST ET AL.'S RESULTS FOR 

NOVEMBER. .........ccccccccsesessnseeeesesesseeeeeseesessseeeeseseeenseeeessseeassaeeseseesaseasecescessseesseperenseseeseseresereesesesens 71 

FIGURE 15. COMPARISON OF PLUME VELOCITIES FOR LINEAR MODEL WITH END ENTRAINMENT WITH 

REVISED CIRCULAR MODEL FOR JULY. .........ccccccccccscsesseccecesencenensussseeesesseseeseeeesensessitssusesesseseseseusenes 74 

FIGURE 16. COMPARISON OF PLUME VELOCITIES FOR LINEAR MODEL WITH END ENTRAINMENT WITH 

REVISED CIRCULAR MODEL FOR NOVEMBER. ...........csscccssececsesccesescccuecessusesesserseuueeseuesesseaseucusesenessenes 74 

vil



FIGURE 17. COMPARISON OF WATER VOLUME FLUXES FOR LINEAR MODEL WITH END ENTRAINMENT WITH 

- REVISED CIRCULAR MODEL FOR JULY. ..cccccccccccccccceseceeeesetsnsnaeeeceseeseeeeneenenaaeeeeeeteeseeeeneeaaaeeeseseesenees 75 

FIGURE 18. COMPARISON OF WATER VOLUME FLUXES FOR LINEAR MODEL WITH END ENTRAINMENT WITH 

REVISED CIRCULAR MODEL FOR NOVEMBER, ...........ccccccceseesecsecteseeeeseseecesesssaneueeeeesesesseseeseteneaaeaetaess 75 

FIGURE 19. COMPARISON OF BUBBLE RADII FOR LINEAR MODEL WITH END ENTRAINMENT WITH REVISED 

CIRCULAR MODEL FOR JULY ........cccccccccccccscccececeeceneesssneeeeeeeeeeeeeseeseseseeaeeeeeeeeseeseese sea eaaaaaaneeeeeseseeeenens 76 

FIGURE 20. COMPARISON OF BUBBLE RADII FOR LINEAR MODEL WITH END ENTRAINMENT WITH REVISED 

CIRCULAR MODEL FOR NOVEMBER, .........:0cccscscscssesesneseceseessescescsessaecesesesususeeseeseeseaeeeesseneaeesesesseaaees 76 

FIGURE 21. COMPARISON OF PLUME TEMPERATURES FOR LINEAR MODEL WITH END ENTRAINMENT WITH 

REVISED CIRCULAR MODEL FOR JULY. ....c.cccccccccsescsceeeeeeeeeeeeeeeeeeeeeeeeeee eee eeeee eens eset ee ee eed e aa aaadnea nana ean a ate 77 

FIGURE 22. COMPARISON OF PLUME TEMPERATURES FOR LINEAR MODEL WITH END ENTRAINMENT WITH 

REVISED CIRCULAR MODEL FOR NOVEMBER. .............ccccesessssccceeeseseeseeeeseneasaeeeeeeeesesseseseeasnsnaeaeseeeess 77 

FIGURE 23. COMPARISON OF PLUME DENSITIES FOR LINEAR MODEL WITH END ENTRAINMENT WITH REVISED 

CIRCULAR MODEL FOR JULY ........cccccccceccesessncsecessesenseeeeeesesnseeeeesceusseeeesensessaeaesecesenseeeseeeesteeeeeseenenags 78 

FIGURE 24. COMPARISON OF PLUME DENSITIES FOR LINEAR MODEL WITH END ENTRAINMENT WITH REVISED 

CIRCULAR MODEL FOR NOVEMBER, .......::ccccsscesssscsssseseseetesereessaseseeesesecceseesessessesacecsuseseseesesseseeeeeens 78 

FIGURE 25. COMPARISON OF LINEAR MODELS WITHOUT END ENTRAINMENT TO PROVOST’S PLUME 

VELOCITY DATA FOR 0.20 METER DEPTH. .........ccccccccseccsceeceseseeceseesesssssseseesseseseseetesentenassaeseseseseesees 86 

FIGURE 26. COMPARISON OF LINEAR MODELS WITHOUT END ENTRAINMENT TO PROVOST’S PLUME 

VELOCITY DATA FOR 0.30 METER DEPTH. ..........::.c:cccccessscccecesestcescsesessaeeeseesseteseesseeeeasseeeseseetssaeseses 86 

FIGURE 27. COMPARISON OF LINEAR MODELS WITHOUT END ENTRAINMENT TO PROVOST’S PLUME 

VELOCITY DATA FOR 0.40 METER DEPTH. ............ccccccceseesessssceeeceeeeceesesesensesteesesaeseceseusasensettsaaaeaaees 87 

FIGURE 28. COMPARISON OF LINEAR MODELS WITHOUT END ENTRAINMENT TO PROVOST’S PLUME 

VELOCITY DATA FOR 0.60 METER DEPTH. ............ccccccccesssseccesecessesseeecesseeeesensesesessseescessssesenersseessess 87 

FIGURE 29. COMPARISON OF LINEAR MODEL WITHOUT END ENTRAINMENT WITH FROUDE NUMBER OF 0.5 

TO PROVOST’S PLUME VELOCITY DATA FOR 0.20 METER DEPTH. .........c0cccccccccececseneeseccessueusuuvessveseuss 90 

FIGURE 30. COMPARISON OF LINEAR MODEL WITHOUT END ENTRAINMENT WITH FROUDE NUMBER OF 0.5 

TO PROVOST’S PLUME VELOCITY DATA FOR 0.30 METER DEPTH. ............:00ceccesssecesceescescesesereenenenens 90 

FIGURE 31. COMPARISON OF LINEAR MODEL WITHOUT END ENTRAINMENT WITH FROUDE NUMBER OF 0.5 

TO PROVOST’S PLUME VELOCITY DATA FOR 0.40 METER DEPTH. ...........00.0ccccssesseseevessesecseseseesenesceses 91 

FIGURE 32. COMPARISON OF LINEAR MODEL WITHOUT END ENTRAINMENT WITH FROUDE NUMBER OF 0.5 

TO PROVOST’S PLUME VELOCITY DATA FOR 0.60 METER DEPTH. .............cccccccecccceeccscccceuecesenscesausess 91 

Vill



FIGURE 33. SENSITIVITY OF MAXIMUM PLUME RISE HEIGHT TO INITIAL BUBBLE RADIUS FOR CIRCULAR AND 

| BSI FN, (0) Bo) ane 100 

FIGURE 34. SENSITIVITY OF MAXIMUM PLUME RISE HEIGHT TO GAS INPUT RATE FOR CIRCULAR AND LINEAR 

MODELS. 00000....ccccccccescessseeceeeeeeesseeeeeesseeeeeeeeeeeneaeeeeeseeeeeeeeeeeeeHeeeeeeseEAGEEESSEEOEIEGE SESE CEAAGEEESefE Fea HaEEEEEH 100 

FIGURE 35. SENSITIVITY OF MAXIMUM PLUME RISE HEIGHT TO INITIAL PLUME AREA FOR CIRCULAR AND 

| 1157-8 (6) b) cece e cee 101 

FIGURE 36. SENSITIVITY OF MAXIMUM PLUME RISE HEIGHT TO FROUDE NUMBER FOR CIRCULAR AND 

LINEAR MODEL. .........0:cccccsseeesesceseesnceeeeseseseessseeeeeeseeeaeeeeeseeeseaeeeeessassaneeescessanaeeeeeceenaeneeeseeneaneaeesens 101 

FIGURE 37. SENSITIVITY OF MAXIMUM PLUME RISE HEIGHT TO ENTRAINMENT COEFFICIENT FOR CIRCULAR 

AND LINEAR MODELS. ..........cccccccsessceeseeseecessneneceenaeeseeeaseesseseesessaeeeseeeeeeessaeeeseeneeeseesaaeseeaaeesesaaeees 102 

FIGURE 38. SENSITIVITY OF MAXIMUM PLUME RISE HEIGHT TO AMBIENT TEMPERATURE PROFILE FOR 

CIRCULAR PLUME MODEL, ........::ccccccccccssecececesseeseeeseeseenseseeeeeeseeeeesseeeenensneaeseaseeseses suse ssesasasaaageceeess 103 

FIGURE 39. SENSITIVITY OF MAXIMUM PLUME RISE HEIGHT TO AMBIENT TEMPERATURE PROFILE FOR 

LINEAR PLUME MODEL, 0.........:cccccccscscstsscecesceesesseeecececessueeesesecesseeeesceeeneseesecseessaeeeeesenssseeeesesesntaeees 103 

FIGURE 40. SENSITIVITY OF MAXIMUM PLUME RISE HEIGHT TO AMBIENT DISSOLVED SOLIDS PROFILE FOR 

CIRCULAR PLUME MODEL. 0........:ccccsccsssessecsseeesseseseceseeeeessessereccsecesscseesccsesessesersecsascessessaeensasesessas 104 

FIGURE 41. SENSITIVITY OF MAXIMUM PLUME RISE HEIGHT TO AMBIENT DISSOLVED SOLIDS PROFILE FOR 

LINEAR PLUME MODEL. .0........:cccccscsscsessnseceeeecseenseeeeeesessessseeseseceessssescecensasessesecesetsesesecsereeeeseseenness 104 

FIGURE 42. SENSITIVITY OF MAXIMUM PLUME RISE HEIGHT TO AMBIENT DISSOLVED OXYGEN PROFILE FOR 

CIRCULAR PLUME MODEL. .........cccccccscsssscssscesessscesseeeseseesensesesseteeecesesseseseseesaesessseessseeseseesesesesenaees 105 

FIGURE 43. SENSITIVITY OF MAXIMUM PLUME RISE HEIGHT TO AMBIENT DISSOLVED OXYGEN PROFILE FOR 

LINEAR PLUME MODEL, 00..........cccccsccecsesesessaceceeceennseeeeescesessseeecesesaseeeesessssssetessenesserssessenetseneseerensas 105 

FIGURE 44. SENSITIVITY OF MAXIMUM PLUME RISE HEIGHT TO AMBIENT DISSOLVED NITROGEN PROFILE 

FOR CIRCULAR PLUME MODEL. .........cccccccssccessssesssesceseecesaccesseecesteseusesesseseusssesessessuescsuteesstsesuaseases 106 

FIGURE 45. SENSITIVITY OF MAXIMUM PLUME RISE HEIGHT TO AMBIENT DISSOLVED NITROGEN PROFILE 

FOR LINEAR PLUME MODEL. ..........ccccccsccsececseceueccevcccuccresecueceaueceuceeeasseusecuscuaessaesseueeseeseesensssansssusenas 106 

1X



LIST OF TABLES 

TABLE 1. SUMMARY OF & VALUES IN PLUME THEORIES.........ccccccccceeeccccccuecceseueuececseuueaueceeeeuceseeuaescessunsess 32 

TABLE 2, EIGHT FLUX EQUATIONS USED BY WUEST ET AL. (1992) FOR THE CIRCULAR PLUME MODEL....... 34 

TABLE 3. DEFINITIONS OF THE EIGHT FLUX VARIABLES (FROM WUEST ETAL., 1992). ........ccccccsesseceeseneneenes 35 

TABLE 4. EQUATIONS OF STATE AND PARAMETER APPROXIMATIONS USED BY WUEST ET AL. (1992) FOR THE 

CIRCULAR PLUME MODEL, .0.........c:cccesecesscetsceeeneeseseceecescesereusnsssneeeseseeseseeseseusassaseeeeceesesecgaveeetennensaas 37 

TABLE 5. INPUT VALUES FOR JULY AND NOVEMBER (WUEST ETAL., 1992). ........cccecccccscsessesceneneeneesaneeeenaas 39 

TABLE 6, EIGHT FLUX EQUATIONS FOR THE CIRCULAR PLUME MODEL (MODIFIED FROM WUEST ET AL., 

1992). oi eccccccccccccceceesseesseneeeeeeeeeeeeseeeeeeeeneeeeeeneeeeeeceeeeseeeeseeeeaGaeeeeeeeeeseteceeseaaaauaeneeseseceeeeseesseaneaaaeees 46 

TABLE 7. DEFINITIONS OF THE EIGHT FLUX VARIABLES FOR LINEAR MODEL (MODIFIED FROM WUEST ET AL., 

1992). ec ccccccnssssesesseseneeneeeeseeeeeeeeeeeeeeeeeeeeeeeeeeeeeeE;AEGAE;G;E;EEOGEAGHG;SAAAIGAGAAAGGA;AAAASSACVEDEEEE DEEDES EEDE DEE EEREEEEES 47 

TABLE 8. VALUES FROM PROVOST (1973) USED TO TEST LINEAR MODEL VELOCITY PREDICTIONS. .......... 53 

TABLE 9. VALUES FROM WEN (1974) USED TO TEST LINEAR MODEL OXYGEN TRANSFER PREDICTIONS. ... 56 

TABLE 10, PROFILES USED TO TEST LINEAR MODEL PREDICTIONS OF TVA DATA........c:ccecssseeceetterereeteeees 57 

TABLE 11. PREDICTED AND MEASURED PLUME VELOCITIES AT DIFFERENT AIR FLOWRATES. ...........00000000 85 

TABLE 12. COMPARISON OF LINEAR MODEL PLUME VELOCITY PREDICTIONS WITH FROUDE NUMBER EQUAL 

TO 0.5 TO PROVOST’S (1973) MEASURED DATA. ......ccccccccccccceccsesescesescesessueuseecesecteceeeuueseseneueauensureess 89 

TABLE 13. COMPARISON OF LINEAR MODEL OXYGEN INPUT RATE PREDICTIONS TO WEN’S (1974) 

MEASURED DATA. 000... ..ccceeecccccecneececne eee ecnnteeeeennee scenes eeseaaeeeeeaeeesenaeeeeneaeeesensaneseeeereesaeueerevearerenan 94 

TABLE 14. EFFECT OF VARYING INITIAL BUBBLE SIZE ON LINEAR MODEL’S OXYGEN TRANSFER 

PREDICTIONS FOR GAS FLOWRATE EQUAL TO 0.0017 NM°/S. .....cccccccccccscccecscsesessseevsesescsvsvsvevstrencensnes 95 

TABLE 15. COMPARISON OF LINEAR MODEL OXYGEN AND PLUME TEMPERATURE PREDICTIONS TO TVA 

(1994) MEASURED DATA. 0000.0... ccccccccccceccetetttne eee c eee eeeeeeeeeeeeentenseeeeee ees eeeee cee csanAAEAGEAEOFeCeEeestE EES G Ea EEE: 97 

TABLE A-1. JULY TEMPERATURE PROFILES, ..0.....0:cecccscseceeccsseseseeseeeeeeeesceeeaeeenseseseessarenseseseseeestieseeeseas 113 

TABLE A-2. NOVEMBER TEMPERATURE PROFILES. ....0....:ccecccccsssececseeeeeeesceeesesaeeecensesecsueeecgesteessngenesseas 113 

TABLE A-3. JULY DISSOLVED SOLIDS PROFILES. .........cc:ccccccccsscsessceeseeecsseceseeceaaesecesestseesessesesecersseecanes 114 

TABLE A-4. NOVEMBER DISSOLVED SOLIDS PROFILES, ..........0:cccccccccesscessecessseecsseeescseessseeseseseseeessreneenes 114 

TABLE A-5, JULY DISSOLVED OXYGEN PROFILES. .........ccccccccsssscssssctseceseecsssensesesescsssesseesesseseecseecsesenseeens 115 

TABLE A-6, NOVEMBER DISSOLVED OXYGEN PROFILES. ..........ccccccsscesesssenseesessesssereeesseesaraneseccesenseteesecens 115



NOTATION USED IN CIRCULAR AND LINEAR PLUME MODELS 

b Plume radius (circular model) (m) 

b Plume width (linear model) (m) 

Co Concentration of dissolved oxygen (mol/m’) 

cy Concentration of dissolved nitrogen (mol/m’) 
D Depth of diffuser below lake surface (m) 

Do Dissolved oxygen flux (mol/m’) 
Dy Dissolved nitrogen flux (mol/m’) 
Fr Froude number (dimensionless) 

Fs Dissolved solids flux (salinity flux) (kg/s) 

Fy Temperature flux (C m’/s) 
g Acceleration due to gravity (9.81 m/s’) 
Go Gaseous oxygen flux (mol/m’) 
Gy Gaseous nitrogen flux (mol/m’) 
K Solubility constant (mol/m’-bar) . 

L Plume length (Length of diffuser, linear model) (m) 

M Momentum flux (m‘/s’) 

mo Concentration of gaseous oxygen (mol/m’) 

my Concentration of gaseous nitrogen (mol/m’) 

N Number of bubbles 
p Total pressure (bar) 

Po Partial pressure of oxygen (bar) 
pw Partial pressure of nitrogen (bar) 
r Bubble radius (m) 

R Gas constant (8.314x10" bar-m’*/mol-K) (where K denotes temperature in Kelvin) 

S Dissolved solids concentration (salinity) 

T Temperature (C) 
Tx Absolute temperature (K) 

V, Volume of gas per volume of bubble-water mix (dimensionless) 
w Plume velocity (m/s) 

w, Bubble slip velocity (m/s) 

z Vertical coordinate (measured from diffuser toward lake surface) (m) 

a Entrainment coefficient (dimensionless) 

8 Gas transfer coefficient (m/s) 

i. Spreading coefficient (Defined as the ratio of the bubble-containing radius to the plume radius 
for bubble plumes.) (dimensionless) 

u Water volume flux (m’/s) 

p Density



Subscripts: 

a ambient 

O oxygen 
N nitrogen 

p plume 

w plume water 

O initial



I, INTRODUCTION 

In the summer, lakes and reservoirs thermally stratify and oxygen can be depleted in the 

hypolimnion. This oxygen depletion can result in a number of problems in the water body. One 

potential hazard is a fish kill that occurs when the oxygen concentration falls below critical levels. 

Another problem is that the sediment may release ammonia, iron, phosphorus, sulfide, and 

manganese into the water when dissolved oxygen concentrations approach zero (Cole, 1983). If 

the water body is a drinking water source, poor drinking water quality may result. Fortunately, 

methods exist that can replenish the oxygen supply in the hypolimnion. Two of these methods are 

artificial circulation and hypolimnetic aeration. 

Artificial Circulation. 

The purpose of artificial circulation is to mix the water throughout the depth of the lake so 

that the oxygenated water at the lake’s surface is continually distributed through the lake. 

Artificial circulation, which is also called destratification since it destroys the thermal stratification 

in the water body, produces an increase in both dissolved oxygen concentration and temperature in 

the bottom portions of the basin. The increase in dissolved oxygen concentration is a benefit; 

however, the increased temperature can create problems. Some fish require a cold water habitat 

which an increase m temperature may degrade. Humans prefer to drink cold water and may 

complain if their drinking water becomes warm. Artificial circulation can result in another 

problem if it is implemented in nutrient deficient lakes, namely that the circulation can return 

nutrients from the hypolimnion back to upper portions of the lake where algal growth may occur 

(Lorenzen and Fast, 1977; Cooke et al., 1993). Obviously, the potential advantages and



disadvantages of destratification must be weighed before such a system is installed in a lake or 

reservoir. 

Artificial circulation can be accomplished by three main methods: air release near the 

bottom of the water body to produce a rising bubble plume, vertical water jets flowing upwards 

from the bottom portions of the water, and mechanical mixing using pumps or propellers (Lorenzen 

and Fast, 1977; Cooke ef al., 1993). 

Hypolimnetic Aeration. 

The goal of hypolimnetic aeration 1s to imcrease the oxygen concentration in the 

hypolimnion without destroying the thermal stratification in the water body. By retaining thermal 

stratification, the problems associated with artificial circulation are elimmated. However, a 

potential problem exists with hypolimnetic aeration as well. It has been hypothesized that using air 

for hypolimnetic aeration could result in hypolimmetic supersaturation with nitrogen which could 

harm fish. Nitrogen supersaturation has been observed, but harm to fish from this process has yet 

to be seen (Cooke ef al., 1993). Both destratification and hypolimnetic aeration have other 

advantages and disadvantages depending on the particular circumstances of the water body in 

question. 

Numerous methods have been devised for hypolimnetic aeration. Lorenzen and Fast 

(1977) divided these methods into three categories: mechanical agitation, air injection, and oxygen 

mjection systems. Mechanical agitation involves first bringing hypolimnetic water to the surface 

where it is mechanically aerated in a splash basin and then returning it to the hypolimnion. Air 

imjection systems include both upflow and downflow systems. In upflow systems, air is mjected 

near the bottom of the lake. The air-water mixture then ascends in a riser tube to either the upper



portions of the hypolimnion (partial lift systems) or near the water surface (full lift systems). At 

the top of the riser, waste air is released to the atmosphere. The oxygenated water is injected back 

into the hypolimnion. One of the first successful hypolimnetic aeration systems (Bemhardt, 1967) 

was a full lift air injection type. Downflow systems involve pumping hypolimnion water 

downward with enough velocity that injected air is forced downward as well. Air must then be 

separated from the water in the hypolimnion. Oxygen injection can be accomplished through 

several methods as well. One method involves withdrawing hypolimnetic water, exposing it to pure 

oxygen under high pressure, and then inserting it back into the hypolimnion. Another method 

involves injecting pure oxygen into the bottom of the lake to form a rising exygen bubble plume. A 

third method involves utilizing a downflow system with pure oxygen that would dissolve in the 

hypolimnetic water. (See also Cooke and Carlson, 1989 and Cooke ef al., 1993.) 

Kortmann et al. (1994) have developed the layer aeration method for increasing oxygen 

concentrations in a water body. This method is a combination of artificial circulation and 

hypolimnetic aeration. The aerator is a full lift type that withdraws water from various depths, 

provides contact with the atmosphere, and releases the water at the appropriate depths. Although 

the temperature profiles in the lake are altered, the water body remains thermally stratified. 

Bubble Plumes. 

A method that has provided both reservoir destratification and hypolimnetic aeration is the 

use of diffusers to release air or oxygen at or near the bottom of a water body. For destratification 

systems, air is released that rises toward the surface, entraining surrounding water to form a 

plume. Near the bottom of the plume, surrounding water from the lake is drawn into the plume; at 

the surface, currents flow away from the plume. The net result is a mixing of the lake. Bubble



plumes can also be used for hypolimnetic aeration by controlling the height to which the plume 

rises so that the plume water is detrained near the top of the hypolimnion. It is also possible to 

form small oxygen bubbles that dissolve completely before reaching the metalimnion. 

Wuest ef al. (1992) have developed a model that predicts the performance of a circular 

diffused aeration system m a lake or reservoir. Eight flux equations, including water volume, 

momentum, temperature, dissolved solids, dissolved oxygen, dissolved nitrogen, gaseous oxygen, 

and gaseous nitrogen fluxes provide the basis for the model. Profiles for ambient temperature, 

dissolved solids, dissolved oxygen, and dissolved nitrogen are required to run the model. 

The Tennessee Valley Authority (TVA) has developed a diffused aeration system that is 

linear in configuration. Oxygen is injected into the water through a porous hose which is installed 

in a line near the bottom of the reservoir (Mobley and Brock, 1996). The TVA system provides 

hypolimnetic aeration. 

Currently, no model exists that assesses the performance, including effects of the system 

on temperature and dissolved oxygen profiles in the water body and the height to which the plume 

rises, for this and other linear diffused aeration systems. Such a model 1s needed so that the 

systems’ performance in lakes and reservoirs can be predicted.



Objectives. 

The objectives of this research were to: 

¢ implement the model developed by Wuest ef al. (1992) for circular plumes; 

¢ verify the implementation of the circular model by comparing it to data presented in 

the Wuest ef al. paper; 

* convert the circular model to a linear model; 

¢ verify the lear model through comparisons with both the circular model and data 

from previous studies; and 

* use the lear model to predict the performance of the TVA system.



Il. LITERATURE REVIEW 

Bubble plumes were being used for engineering purposes as early as 1907, when a patent 

was obtained for a perforated pipe that served as a breakwater by releasing compressed air into the 

ocean. The mechanism by which the breakwater worked was unknown, and, in fact, the system did 

not work extremely well. It was not until 1936 that it was determined that the mechanism that 

caused the waves to break was a horizontal surface current generated by the rismg plume (Bulson, 

1968). 

Turbulent bubble plumes have been studied as potential solutions to a number of diverse 

engineering problems. Bulson (1968) examined the feasibility of using bubble plumes as 

breakwaters in the ocean and determined that the amounts of air required were enormous and the 

costs therefore excessive. Some mvestigators, including Jones (1972), have investigated the 

possibility of using bubble plumes to contain oil spills. Others have considered bubble plumes to 

control saltwater intrusion into fresh water, to reduce the temperature of cooling water outfalls, and 

to prevent the freezing of harbors in the winter (Wilkinson, 1979). Since many early uses for 

bubble plumes relied on the plumes’ vertical and surface velocities, early studies focused on these 

aspects and ignored other features such as bubble expansion and gas transfer. 

A more recent application for bubble plumes is for lake and reservoir restoration, through 

both hypolimnetic aeration and artificial circulation. For this purpose, vertical plume velocity and 

gas transfer are the main parameters of concern. A significant amount of work has been done in 

this area, although most studies have focused on velocity and few have investigated the effects of 

gas transfer.



Jets and Plumes. 

“A jet is the discharge of fluid from an orifice or slot into a large body of the same or 

similar fluid” (Fischer ef a/., 1979). Jets flow due to an inertial force. Plumes are similar to jets in 

appearance but flow due to a buoyant force such as a temperature difference in the plume relative 

to its surroundings. Simple plumes are those in which the plume fluid is either the same as or 

miscible in the surrounding fluid, such as warm water rising in colder water. If the plume fluid is 

not miscible with the ambient fluid, a two-phase plume results. An example is air bubbles rising 

in water. Buoyant jets are jets that contain a buoyant force which acts in the same direction as the 

inertial force. Negative buoyant jets are those in which the buoyant force acts in the opposite 

direction, resulting in a reduction of flow velocity (Chen and Rodi, 1976). 

Flow in buoyant jets can be either laminar or turbulent depending on the Reynolds number. 

While the exact Reynolds number at which the transition from laminar to turbulent flow occurs 

cannot be accurately predicted, numbers above 2000 can generally be considered to be turbulent 

(Fischer et al., 1979). In general, most jets of concern in engineering practice are turbulent as 

laminar flow becomes unstable close to the source (Morton, 1959). 

Several studies of laminar flow in plumes have been performed. Although laminar flow 

studies are beyond the scope of this project, they do contain information that could increase 

understanding of the overall subject. For example, see Durst ef al. (1986) for a discussion of 

bubble flow in lammar plumes and Priven et al. (1995) for a study of laminar buoyant jets in 

stratified environments. The considerable effort required by these investigators to ensure that the 

flow in their experiments remained laminar reimforced the contention that flow in most jets and 

plumes is turbulent.



Turbulent buoyant jets have been used for lake and reservoir destratification and for 

hypolimnetic aeration. In the literature, these buoyant jets are often referred to as bubble plumes 

since the buoyant force soon overshadows the inertial force (Kobus, 1968). This convention will 

be adopted here as well. 

Characteristics of Bubble Plumes. 

A schematic of a bubble plume is shown in Figure 1. An air source, typically with either a 

point, circular, or lear geometry, is located at a depth D from the surface of the water body. 

When the air exits the diffuser, small bubbles form and rise toward the surface. As the bubbles 

rise, they entrain water into their flow and to form a rising air-water plume. The plume has three 

zones: the zone of flow establishment; the zone of established flow; and the surface zone. In the 

zone of establishment, which is directly above the air supply, the plume width increases rapidly and 

flow is highly turbulent. In the zone of established flow, the plume width and velocity vary less 

dramatically. In the surface zone, the plume flows horizontally away from the plane or axis of the 

diffuser (Wilkinson, 1979). The depth of the surface zone has been found to be 0.25D for linear 

sources and slightly less for circular sources (Cederwall and Ditmars, 1970). The lateral extent of 

the surface current is typically four (Jones, 1972 and Wen, 1974) to six (Asaeda and Imberger, 

1993) times the depth from the water surface to the diffuser.
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Figure 1. Typical Bubble Plume. (From Lemckert and Imberger, 1993).



Simple Plumes in Unstratified Environments. 

Early plume studies focused on simple plumes. They modeled only the zone of established 

flow and did not attempt to describe the surface zone or the zone of flow establishment. These 

models typically concentrated on volume flux, momentum flux, and buoyancy flux equations with 

other aspects included depending on the particular theory. Investigators considered both linear 

(two dimensional) and circular (axisymmetric) plumes in air and water. All the models included 

what is known as the Boussinesq assumption: that while the density difference in the plume 

relative to its surroundings is significant in regards to buoyancy, the difference in density between 

the plume and the ambient fluid is negligible in regards to equations of motion (Orlob, 1983). The 

models also assumed that the vertical profiles followed a Gaussian distribution. The fluids in the 

models were assumed to be incompressible and, other than the vertical velocity of the plume, the 

ambient fluid was assumed to be stagnant. Morton (1959) introduced the important concepts of the 

entrainment coefficient and the spreading coefficient which were used in nearly all subsequent 

plume models. 

The first significant study of simple plumes was performed by Rouse ef a/. (1952). They 

mvestigated plumes formed in air from both linear and point heat sources. Their assumptions 

included that the extent of the initial lammar flow zone was negligible compared to the turbulent 

zone, that pressure was hydrostatically distributed, that horizontal forces were negligible compared 

to vertical forces, and that vertical turbulent mixing was insignificant compared to horizontal 

turbulent mixing. In addition, they invoked the Boussinesq assumption. 

Initial calculations led Rouse ef al. (1952) to conclude that “... the convection zone will 

expand linearly with elevation; the maximum velocity will be independent of elevation; and the 

maximum incremental weight density will vary mversely with elevation.” Based on these 
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conclusions, integral equations were derived for volume flux, momentum flux, kinetic energy flux, 

unit buoyant flux, and incremental weight flux. The five equations were integrated and the 

necessary constants were determined via temperature and velocity measurements above linear and 

point heat sources in the laboratory. A Gaussian profile was found to provide a good fit for the 

lateral distributions of both temperature and velocity. 

The experimental results obtained by Rouse e¢ al. (1952) were called into question by 

Kotsovinos and List (1977) as the 1952 results showed that the width of the plume velocity profile 

was larger than that of the temperature profile. Kotsovinos and List stated that the opposite was 

known to be true, and therefore the Rouse ef ai. results were questionable. However, the work by 

Rouse ef a/. was an important starting point for plume modeling. 

Morton (1959) studied turbulent buoyant circular jets, which he called “forced plumes,” in 

both unstratified and stratified environments. The work conceming plumes in unstratified 

surroundings is discussed here; simple plumes in stratified environments are discussed in a 

following section. 

The most significant contribution made by Morton was the concept of an entrainment 

coefficient. The entrainment coefficient, a, was “the ratio of the mean spread of inflow at the edge 

of a forced plume to the mean vertical speed on the plume axis” and was assumed constant. 

Another constant, A, was defined as the ratio of the horizontal extent of the buoyancy profile to the 

horizontal extent of the velocity profile. The constants a and A were determined experimentally to 

be 0.082 and 1.16, respectively. Gaussian distributions of velocity and buoyancy were assumed, 

and the Boussinesq assumption was made. Morton’s model was based on equations for momentum 

flux, mass flux, and buoyancy flux and the idea of a virtual point source with zero diameter which 

was normally below the actual source. Solutions to the model for plumes from an actual source 
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were found by first solving for the location of the virtual source and then using the equations 

derived for the plume formed at the virtual source. 

Abraham (1960) investigated circular water jets in a salt solution. He found that, while 

the buoyancy was negligible compared to the inertia near the nozzle, it became very significant as 

distance from the nozzle increased. In this study, equations derived in previous studies (such as 

Morton, 1959), were altered so that the model could be solved for an actual source without 

calculating the location of the virtual source. Abraham’s laboratory studies found that his model 

predicted the concentration along the centerline of the plume fairly well; the model’s predictions of 

other variables, such as velocity, were not examined. 

Kotsovinos and List (1977) completed what was only the third experimental study of two 

dimensional turbulent buoyant jets. The only other studies of plane buoyant jets had been 

performed by Rouse ef. a/. (1952), described previously, and by Lee and Emmons (1961, quoted in 

Kotsovinos and List, 1977) who measured temperature profiles above a linear fire. The focus of 

the Kotsovinos and List study was on the entrainment and mixing that occur in two-dimensional 

buoyant jets. Kotsovinos and List concluded that the entrainment coefficient was not the same in 

plumes as in jets and, in fact, was not constant as had been proposed by Morton (1959). They 

derived a set of equations to solve for the entrainment coefficient as a function of specific mass 

flux, specific momentum flux, specific buoyancy flux, and distance above the virtual origin. 

This model contained several empirical constants; once their values were determined 

through laboratory experiments, the predictions made by the model were accurate. The study 

found that the spreading coefficient (defined as the velocity profile width versus temperature profile 

width) was greater for the two dimensional plume than for the circular plume (1.33 vs. 1.16) and 

that the half-width of the temperature profile varied linearly with distance above the source. 
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Simple Plumes in Stratified Environments. 

Little work has been done concerning simple plumes in stratified environments. Only 

Morton (1959) has examined this topic in detail. 

Morton (1959) noted that Gaussian distributions did not accurately describe plume profiles 

in stratified environments and therefore used a “top hat” distribution to describe the vertical flow of 

a plume in the presence of stratification. He also noted that, in a stratified environment, the plume 

reached its maximum height when its buoyancy was the same as the ambient buoyancy. However, 

the plume would first rise past this height due to tts mertia; it would then slow, stop, and fall back 

to the level of neutral buoyancy where it would spread out. 

A top hat profile assumes a constant average value across the width of the plume and does 

not affect the calculated height of maximum plume rise. However, the entrainment and spreading 

coefficients have different values: o is 0.116 and A is 1.108 for round plumes. (As mentioned 

previously, a and A were reported to be 0.082 and 1.16, respectively for round plumes in 

unstratified surroundings.) Morton also reported that stratification resulted in slightly greater 

widths in both plumes and jets. 

Bubble Plumes in Unstratified Environments. 

Bubble plume models borrowed heavily from the simple plume models that came before 

them. Early bubble plume theories did not examine gas transfer from the air bubbles to the 

surrounding water, ignoring the effects of gas absorption on the bubble size. The velocity, 

momentum, and buoyancy fluxes were evaluated in order to obtain the plume characteristics in the 
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zone of established flow. The main differences between these and simple plume theories were the 

inclusion of bubble slip velocity and the effects of the bubbles on buoyancy and momentum. 

Early Studies. 

One of the earliest attempts to predict the performance of a bubble plume was made by 

Kobus (1968). Since his model was for an unstratified environment, Gaussian profiles were used. 

He included the ideas of the virtual source and the entrainment coefficient that had been introduced 

in simple plume models. However, Kobus noted that the distance between the virtual source and 

the actual source was negligible when compared to the overall depth of the source and therefore 

was not likely to affect the model’s results. Using equations for the volume, momentum, and 

buoyancy fluxes in the plume, he derived equations to predict the volume flux for both linear and 

circular source air bubble plumes. After noting that the momentum flux at any point in the plume 

was the sum of the initial momentum flux and the buoyancy flux at that point, he found that the 

buoyancy term grew rapidly and that the momentum flux was soon negligible. He also found that 

the rate of spread of the velocity profile and the bubble rise velocity in the plume depended only on 

air supply rate and were independent of orifice size, shape, and spacing. The centerline plume 

velocity depended only on depth of the source and rate of air supply. The rate of velocity profile 

spread was found to vary with air supply rate to the 0.15 power and the centerline velocity was 

found to be proportional to the air supply rate to the 1/4 power for a single orifice and to the 1/3 

power for a linear source (row of orifices). 

While Kobus did not directly mention bubble slip velocity, he did comment that the 

bubbles would reach a constant velocity soon after leaving the source. This velocity was found to 

be proportional to the air flowrate to the 0.15 power. Although Kobus noted that bubbles should 
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expand as pressure decreases when they rise, he considered this effect to be negligible and did not 

account for it in his model. His velocity predictions were found to be fairly accurate based on 

laboratory studies. 

Bulson (1968) examined the feasibility of using linear bubble plumes as breakwaters and 

was therefore primarily concerned with the surface current produced. In his examination, he found 

that horizontal velocity varied with air supply rate to the 1/3 power. He obtained the equation 

Vm = kgQ 

where: 

Vm = horizontal surface current velocity (feet per second (ft/s)) 

k = constant 

g = acceleration due to gravity 

Q = quantity of air per second per foot of pipe. 

The value for k’’ was found to be 1.46, and the centerline vertical plume velocity was 0.75vm for 

the conditions Bulson examined. Since the vertical velocity was proportional to the horizontal 

velocity, vertical velocity also varied with air supply rate to the 1/3 power, as had been reported by 

Kobus (1968). 

Cederwall and Ditmars (1970) developed a model that was very similar to that of Kobus 

(1968) with one important feature added. They introduced the concept of bubble slip velocity: a 

constant that described the difference between the total bubble velocity and the plume water 

velocity. In addition to conservation of mass, momentum, and buoyancy, they included the 

entrainment coefficient and the turbulent Schmidt number in their calculations. They studied both 

point and line sources in both stratified and non-stratified water. The entrainment coefficient, «., 
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was found to be a function of the gas input rate. However, they quoted a previous source as 

stating that a = 0.16 was a good approximation for a buoyant line source and provided the 

equation used by many other investigators when o is assumed to be constant: 

d 
ae 27bau,, 
dx 

where: Q = volume flux, 

x = vertical coordinate, 

dQ a = rate of entrainment (as the only change in volume flux comes from the 

entrainment of surrounding water), 

b = plume radius, 

a = entrainment coefficient, and 

Um = centerline plume velocity. 

Hussain and Narang (1977) modeled a two dimensional air bubble plume as a two phase 

jet. Entrainment was calculated as a function of the square root of the momentum flux, the jet 

velocity relative to its surroundings, and “the interfacial area between the jet and the surrounding 

region” (Hussain and Narang, 1977). However, comparisons of the predicted volume flux and jet 

half width with measured data revealed some disagreement, and these discrepancies were attributed 

to “uncertainty m specifying accurately the value of [the entrainment coefficient]” (Hussain and 

Narang, 1977). They concluded that more work should be done to better determine the value of the 

entrainment coefficient. 
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�w�h�e�r�e�:� �W� �=� �W�e�b�e�r� �n�u�m�b�e�r�,� 

�p� �=� �a�m�b�i�e�n�t� �f�l�u�i�d� �d�e�n�s�i�t�y�,� 

�6�,� �=� �i�n�i�t�i�a�l� �v�e�r�t�i�c�a�l� �b�u�o�y�a�n�c�y� �f�l�u�x�,� 

�o� �=� �s�u�r�f�a�c�e� �t�e�n�s�i�o�n� �a�t� �t�h�e� �a�i�r� �w�a�t�e�r� �i�n�t�e�r�f�a�c�e�,� �a�n�d� 

�g� �=� �a�c�c�e�l�e�r�a�t�i�o�n� �d�u�e� �t�o� �g�r�a�v�i�t�y�.� 

�W�i�l�k�i�n�s�o�n� �h�y�p�o�t�h�e�s�i�z�e�d� �t�h�a�t� �p�l�u�m�e�s� �w�i�t�h� �l�o�w� �W�e�b�e�r� �n�u�m�b�e�r�s� �w�e�r�e� �s�i�m�i�l�a�r� �t�o� �s�i�m�p�l�e� �p�l�u�m�e�s� �a�n�d� 

�t�h�e�r�e�f�o�r�e� �c�o�u�l�d� �b�e� �d�e�s�c�r�i�b�e�d� �b�y� �t�h�e� �p�r�e�v�i�o�u�s�l�y� �m�e�n�t�i�o�n�e�d� �b�u�b�b�l�e� �p�l�u�m�e� �t�h�e�o�r�i�e�s� �w�h�i�l�e� �t�h�o�s�e� �w�i�t�h� 

�h�i�g�h� �W�e�b�e�r� �n�u�m�b�e�r�s� �c�o�u�l�d� �n�o�t�.� 

�W�i�l�k�i�n�s�o�n� �d�e�f�i�n�e�d� �a� �c�h�a�r�a�c�t�e�r�i�s�t�i�c� �w�i�d�t�h� �a�n�d� �c�o�m�p�a�r�e�d� �i�t� �t�o� �e�l�e�v�a�t�i�o�n� �a�b�o�v�e� �t�h�e� �v�i�r�t�u�a�l� 

�s�o�u�r�c�e� �f�o�r� �p�r�e�v�i�o�u�s� �s�t�u�d�i�e�s�.� �T�h�e� �r�e�l�a�t�i�o�n�s�h�i�p� �w�a�s� �f�o�u�n�d� �t�o� �b�e� �l�i�n�e�a�r� �f�o�r� �p�l�u�m�e�s� �w�i�t�h� �l�o�w� �W�e�b�e�r� 

�n�u�m�b�e�r�s�;� �f�o�r� �t�h�e� �B�u�l�s�o�n� �d�a�t�a� �w�h�i�c�h� �h�a�d� �a� �h�i�g�h� �W�e�b�e�r� �n�u�m�b�e�r�,� �t�h�e� �c�h�a�r�a�c�t�e�r�i�s�t�i�c� �w�i�d�t�h� �w�a�s� 

�c�o�n�s�t�a�n�t� �a�n�d� �t�h�e�r�e�f�o�r�e� �i�n�d�e�p�e�n�d�e�n�t� �o�f� �e�l�e�v�a�t�i�o�n�.� �N�o�n�d�i�m�e�n�s�i�o�n�a�l� �v�e�l�o�c�i�t�y� �a�n�d� �b�u�o�y�a�n�c�y� 

�p�a�r�a�m�e�t�e�r�s� �w�e�r�e� �d�e�f�i�n�e�d� �a�s� �w�e�l�l�.� �T�h�e� �v�e�l�o�c�i�t�y� �p�a�r�a�m�e�t�e�r� �w�a�s� �f�o�u�n�d� �t�o� �b�e� �c�o�n�s�t�a�n�t� �i�n� �p�l�u�m�e�s� �w�i�t�h� 

�l�o�w� �W�e�b�e�r� �n�u�m�b�e�r�s� �b�u�t� �d�e�p�e�n�d�e�n�t� �o�n� �e�l�e�v�a�t�i�o�n� �f�o�r� �B�u�l�s�o�n ��s� �d�a�t�a�.� �I�n� �a�d�d�i�t�i�o�n�,� �a� �G�a�u�s�s�i�a�n� �p�r�o�f�i�l�e� 
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�w�a�s� �f�o�u�n�d� �t�o� �f�i�t� �t�h�e� �l�a�b�o�r�a�t�o�r�y� �s�c�a�l�e� �d�a�t�a� �w�e�l�l� �b�u�t� �d�i�d� �n�o�t� �f�i�t� �B�u�l�s�o�n ��s� �d�a�t�a�.� �E�v�a�l�u�a�t�i�o�n� �o�f� �t�h�e� 

�b�u�o�y�a�n�c�y� �f�l�u�x� �p�a�r�a�m�e�t�e�r�s� �i�n�d�i�c�a�t�e�d� �t�h�a�t� �f�u�l�l� �s�c�a�l�e� �b�u�b�b�l�e� �p�l�u�m�e�s� �p�r�o�d�u�c�e� �a� �w�e�a�k�e�r� �v�e�r�t�i�c�a�l� �c�u�r�r�e�n�t� 

�t�h�a�n� �t�h�e� �p�l�u�m�e�s� �w�i�t�h� �l�o�w� �W�e�b�e�r� �n�u�m�b�e�r�s�.� �A�n�o�t�h�e�r� �d�i�f�f�e�r�e�n�c�e� �w�a�s� �f�o�u�n�d� �i�n� �t�h�e� �e�n�t�r�a�i�n�m�e�n�t� 

�c�o�e�f�f�i�c�i�e�n�t�,� �w�h�i�c�h� �w�a�s� �f�o�u�n�d� �t�o� �b�e� �a�b�o�u�t� �t�w�i�c�e� �a�s� �l�a�r�g�e� �f�o�r� �p�l�u�m�e�s� �w�i�t�h� �s�m�a�l�l� �W�e�b�e�r� �n�u�m�b�e�r�s�.� 

�F�o�r� �p�l�u�m�e�s� �w�i�t�h� �h�i�g�h� �W�e�b�e�r� �n�u�m�b�e�r�s�,� �t�h�e� �e�n�t�r�a�i�n�m�e�n�t� �c�o�e�f�f�i�c�i�e�n�t� �w�a�s� �f�o�u�n�d� �t�o� �d�e�c�r�e�a�s�e� �a�s� �t�h�e� 

�p�l�u�m�e� �r�o�s�e�.� 

�I�t� �t�h�e�r�e�f�o�r�e� �a�p�p�e�a�r�s� �t�h�a�t� �a� �s�i�g�n�i�f�i�c�a�n�t� �d�i�f�f�e�r�e�n�c�e� �e�x�i�s�t�s� �b�e�t�w�e�e�n� �l�a�b�o�r�a�t�o�r�y� �s�c�a�l�e� �p�l�u�m�e�s� 

�a�n�d� �f�u�l�l� �s�c�a�l�e� �p�l�u�m�e�s� �w�i�t�h� �h�i�g�h� �g�a�s� �f�l�o�w�r�a�t�e�s�,� �a�l�t�h�o�u�g�h� �t�h�e� �r�e�a�s�o�n� �f�o�r� �t�h�e� �d�i�f�f�e�r�e�n�c�e� �1�s� �n�o�t� �c�l�e�a�r�.� 

�W�i�l�k�i�n�s�o�n� �p�r�o�p�o�s�e�d� �s�o�m�e� �e�x�p�l�a�n�a�t�i�o�n�s�,� �b�u�t� �t�h�e�s�e� �w�e�r�e� �l�a�t�e�r� �s�h�o�w�n� �b�y� �T�s�a�n�g� �(�1�9�8�4�)� �t�o� �b�e� 

�i�n�c�o�r�r�e�c�t�.� �T�s�a�n�g� �a�l�s�o� �c�a�l�l�e�d� �i�n�t�o� �q�u�e�s�t�i�o�n� �t�h�e� �v�a�l�i�d�i�t�y� �o�f� �u�s�i�n�g� �t�h�e� �W�e�b�e�r� �n�u�m�b�e�r� �t�o� �d�i�s�t�i�n�g�u�i�s�h� 

�b�e�t�w�e�e�n� �s�t�r�o�n�g� �a�n�d� �w�e�a�k� �p�l�u�m�e�s�.� �R�e�g�a�r�d�l�e�s�s� �o�f� �t�h�e� �r�e�a�s�o�n�,� �h�o�w�e�v�e�r�,� �i�t� �i�s� �u�m�p�o�r�t�a�n�t� �t�h�a�t� �t�h�e� 

�d�i�f�f�e�r�e�n�c�e� �b�e�t�w�e�e�n� �s�m�a�l�l� �s�c�a�l�e� �a�n�d� �l�a�r�g�e� �s�c�a�l�e� �p�l�u�m�e�s� �i�s� �n�o�t�e�d�.� 

�M�i�l�g�r�a�m� �(�1�9�8�3�)� �c�o�m�p�l�e�t�e�d� �a� �t�h�o�r�o�u�g�h� �s�t�u�d�y� �o�f� �c�i�r�c�u�l�a�r� �b�u�b�b�l�e� �p�l�u�m�e�s� �m� �u�n�s�t�r�a�t�i�f�i�e�d� 

�e�n�v�i�r�o�n�m�e�n�t�s�.� �T�h�e� �b�a�s�i�s� �f�o�r� �t�h�e� �m�o�d�e�l� �w�a�s� �f�o�u�r� �i�n�t�e�g�r�a�l� �e�q�u�a�t�i�o�n�s�:� �g�a�s� �v�o�l�u�m�e� �f�l�u�x�,� �l�i�q�u�i�d� �v�o�l�u�m�e� 

�f�l�u�x�,� �m�o�m�e�n�t�u�m� �f�l�u�x�,� �a�n�d� �b�u�o�y�a�n�c�y� �p�e�r� �u�n�i�t� �h�e�i�g�h�t�.� �A�l�l� �f�o�u�r� �e�q�u�a�t�i�o�n�s� �d�e�p�e�n�d�e�d� �o�n� �t�h�e� �l�o�c�a�l� 

�m�e�a�n� �g�a�s� �f�r�a�c�t�i�o�n� �a�n�d� �t�h�e� �t�h�r�e�e� �f�l�u�x� �e�q�u�a�t�i�o�n�s� �w�e�r�e� �f�u�n�c�t�i�o�n�s� �o�f� �t�h�e� �l�o�c�a�l� �m�e�a�n� �v�e�r�t�i�c�a�l� �v�e�l�o�c�i�t�y�.� 

�T�h�e� �s�t�a�r�t�i�n�g� �p�o�i�n�t� �f�o�r� �i�n�t�e�g�r�a�t�i�o�n�s� �w�a�s� �t�h�e� �b�o�t�t�o�m� �o�f� �t�h�e� �z�o�n�e� �o�f� �e�s�t�a�b�l�i�s�h�e�d� �f�l�o�w�,� �a�s� �o�n�l�y� �t�h�i�s� �z�o�n�e� 

�w�a�s� �m�o�d�e�l�e�d�.� �T�h�e� �d�e�p�t�h� �o�f� �t�h�e� �b�o�t�t�o�m� �o�f� �t�h�i�s� �z�o�n�e� �w�a�s� �d�e�t�e�r�m�i�n�e�d� �e�i�t�h�e�r� �b�y� �a� �m�e�t�h�o�d� �d�e�s�c�r�i�b�e�d� 

�b�y� �C�h�e�n� �a�n�d� �R�o�d�i� �(�1�9�8�0�,� �c�i�t�e�d� �i�n� �M�i�l�g�r�a�m�,� �1�9�8�3�)� �f�o�r� �s�i�m�p�l�e� �p�l�u�m�e�s� �o�r� �b�y� �f�i�v�e� �o�u�t�l�e�t� �d�i�a�m�e�t�e�r�s�,� 

�w�h�i�c�h�e�v�e�r� �w�a�s� �g�r�e�a�t�e�r�.� 

�M�i�l�g�r�a�m� �r�e�d�e�f�i�n�e�d� �A�,� �t�h�e� �s�p�r�e�a�d�i�n�g� �c�o�e�f�f�i�c�i�e�n�t�,� �f�o�r� �b�u�b�b�l�e� �p�l�u�m�e�s� �a�s� �t�h�e�  ��r�a�t�i�o� �o�f�  ��g�a�s�-� 

�c�o�n�t�a�i�n�i�n�g� �r�a�d�i�u�s �� �t�o�  ��p�l�u�m�e� �r�a�d�i�u�s � �� �(�M�i�l�g�r�a�m�,� �1�9�8�3�)� �w�h�i�c�h� �h�a�s� �b�e�c�o�m�e� �t�h�e� �a�c�c�e�p�t�e�d� �d�e�f�i�n�i�t�i�o�n� �o�f� 

�A� �f�o�r� �b�u�b�b�l�e� �p�l�u�m�e�s�.� �M�i�l�g�r�a�m� �s�u�r�v�e�y�e�d� �e�x�i�s�t�i�n�g� �d�a�t�a� �a�n�d� �c�o�n�c�l�u�d�e�d� �t�h�a�t� �a� �c�o�n�s�t�a�n�t� �A� �v�a�l�u�e� �o�f� �0�.�8� 

�1�8



�w�a�s� �s�u�f�f�i�c�i�e�n�t� �f�o�r� �h�i�s� �m�o�d�e�l�.� �H�e� �a�l�s�o� �n�o�t�e�d� �t�h�a�t� �c�h�a�n�g�i�n�g� �4� �b�y� �0�.�1� �h�a�d� �o�n�l�y� �a� �v�e�r�y� �s�m�a�l�l� �e�f�f�e�c�t� �o�n� 

�t�h�e� �r�e�s�u�l�t�s� �o�f� �h�i�s� �s�t�u�d�y�,� �l�e�a�d�i�n�g� �h�i�m� �t�o� �d�e�c�i�d�e� �t�h�a�t� �t�h�e� �u�s�e� �o�f� �t�h�i�s� �a�p�p�r�o�x�i�m�a�t�e� �v�a�l�u�e� �w�a�s� 

�a�c�c�e�p�t�a�b�l�e�.� �T�h�e� �b�u�b�b�l�e� �s�l�i�p� �v�e�l�o�c�i�t�y� �w�a�s� �a�l�s�o� �e�s�t�i�m�a�t�e�d� �u�s�i�n�g� �p�r�e�v�i�o�u�s� �s�t�u�d�i�e�s�.� �A�l�t�h�o�u�g�h� �h�i�s� 

�s�t�u�d�y� �f�o�u�n�d� �a� �r�a�n�g�e� �o�f� �b�u�b�b�l�e� �s�i�z�e�s� �w�h�i�c�h� �r�e�s�u�l�t�e�d� �i�n� �a� �r�a�n�g�e� �o�f� �b�u�b�b�l�e� �v�e�l�o�c�i�t�i�e�s�,� �M�i�l�g�r�a�m� 

�d�e�t�e�r�m�i�n�e�d� �t�h�a�t� �a� �c�o�n�s�t�a�n�t� �v�a�l�u�e� �o�f� �0�.�3�5� �m�e�t�e�r�s� �p�e�r� �s�e�c�o�n�d� �(�m�/�s�)� �w�a�s� �s�u�f�f�i�c�i�e�n�t�l�y� �a�c�c�u�r�a�t�e� �f�o�r� �h�i�s� 

�t�h�e�o�r�y�.� �A�g�a�i�n�,� �c�h�a�n�g�i�n�g� �t�h�e� �b�u�b�b�l�e� �s�l�i�p� �v�e�l�o�c�i�t�y� �d�i�d� �n�o�t� �s�i�g�n�i�f�i�c�a�n�t�l�y� �a�l�t�e�r� �t�h�e� �m�o�d�e�l ��s� �r�e�s�u�l�t�s�.� 

�M�i�l�g�r�a�m� �i�n�t�r�o�d�u�c�e�d� �a� �t�e�r�m� �t�h�a�t� �h�e� �c�a�l�l�e�d� �t�h�e� �m�o�m�e�n�t�u�m� �a�m�p�l�i�f�i�c�a�t�i�o�n� �f�a�c�t�o�r�,� �y�,� �w�h�i�c�h� �h�e� �d�e�f�i�n�e�d� 

�a�s� �t�h�e� �r�a�t�i�o� �o�f� �t�o�t�a�l� �m�o�m�e�n�t�u�m� �f�l�u�x� �t�o� �m�o�m�e�n�t�u�m� �f�l�u�x� �o�f� �t�h�e� �m�e�a�n� �f�l�o�w� �a�n�d� �w�a�s� �t�h�e�r�e�f�o�r�e� �a� 

�m�e�a�s�u�r�e� �o�f� �t�u�r�b�u�l�e�n�t� �m�o�m�e�n�t�u�m� �f�l�u�x�.� �H�e� �u�s�e�d� �e�x�i�s�t�i�n�g� �d�a�t�a� �t�o� �d�e�t�e�r�m�i�n�e� �t�h�a�t� �t�h�e� �e�n�t�r�a�m�m�e�n�t� 

�c�o�e�f�f�i�c�i�e�n�t� �w�a�s� �n�o�t� �c�o�n�s�t�a�n�t�.� 

�A� �m�a�i�n� �o�b�j�e�c�t�i�v�e� �o�f� �M�i�l�g�r�a�m ��s� �s�t�u�d�y� �w�a�s� �t�h�e� �d�e�v�e�l�o�p�m�e�n�t� �o�f� �s�e�m�i�-�e�m�p�i�r�i�c�a�l� �e�q�u�a�t�i�o�n�s� �f�o�r� 

�v�a�l�u�e�s� �o�f� �y� �a�n�d� �a�.� �T�h�e� �e�n�t�r�a�i�n�m�e�n�t� �c�o�e�f�f�i�c�i�e�n�t� �w�a�s� �d�e�t�e�r�m�i�n�e�d� �t�o� �b�e� �a� �f�u�n�c�t�i�o�n� �o�f� �t�h�e� �b�u�b�b�l�e� 

�F�r�o�u�d�e� �n�u�m�b�e�r� �a�n�d� �t�w�o� �c�o�n�s�t�a�n�t�s� �t�h�a�t� �h�e� �d�e�t�e�r�m�i�n�e�d� �e�x�p�e�r�i�m�e�n�t�a�l�l�y�.� �T�h�e� �b�u�b�b�l�e� �F�r�o�u�d�e� �n�u�m�b�e�r�,� 

�F�z�,� �w�a�s� �d�e�f�i�n�e�d� �a�s� �f�o�l�l�o�w�s�:� 

�L� �F�.� �=� �M� 
�B� �x� �(�F� �)� 

�D� 

�w�h�e�r�e�:� �A�=� �c�e�n�t�e�r�l�i�n�e� �g�a�s� �f�r�a�c�t�i�o�n�,� 

�L�u� �=� �d�i�s�t�a�n�c�e� �o�f� �t�u�r�b�u�l�e�n�t� �b�u�b�b�l�e� �m�i�x�i�n�g� �m�o�t�i�o�n�,� �a�n�d� 

�L�p� �=� �c�h�a�r�a�c�t�e�r�i�s�t�i�c� �d�i�s�t�a�n�c�e� �b�e�t�w�e�e�n� �b�u�b�b�l�e�s�.� 

�A�d�d�i�t�i�o�n�a�l� �e�q�u�a�t�i�o�n�s� �w�e�r�e� �p�r�o�v�i�d�e�d� �f�o�r� �A�,� �L�y�,�,� �a�n�d� �L�p�,� �b�u�t� �a�r�e� �n�o�t� �p�e�r�t�i�n�e�n�t� �h�e�r�e�.� �T�h�e� �m�o�m�e�n�t�u�m� 

�a�m�p�l�i�f�i�c�a�t�i�o�n� �f�a�c�t�o�r� �w�a�s� �a� �f�u�n�c�t�i�o�n� �o�f� �t�h�e� �p�l�u�m�e� �v�e�l�o�c�i�t�y� �s�q�u�a�r�e�d�,� �A�,� �a�n�d� �s�e�v�e�r�a�l� �c�o�n�s�t�a�n�t�s�.� 

�M�i�l�g�r�a�m� �m�a�d�e� �a� �n�u�m�b�e�r� �o�f� �i�n�t�e�r�e�s�t�i�n�g� �d�i�s�c�o�v�e�r�i�e�s� �d�u�r�i�n�g� �h�i�s� �f�u�l�l� �s�c�a�l�e� �b�u�b�b�l�e� �p�l�u�m�e� 

�s�t�u�d�y�.� �T�h�e� �f�i�r�s�t� �w�a�s� �t�h�a�t� �t�h�e� �p�l�u�m�e�  ��w�a�n�d�e�r�e�d�, �� �m�e�a�n�i�n�g� �t�h�a�t� �p�r�e�v�i�o�u�s� �s�t�u�d�i�e�s� �t�h�a�t� �c�a�l�c�u�l�a�t�e�d� 
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�v�e�l�o�c�i�t�i�e�s� �b�a�s�e�d� �o�n� �t�i�m�e� �a�v�e�r�a�g�e�s� �(�K�o�b�u�s�,� �f�o�r� �e�x�a�m�p�l�e�)� �r�e�p�o�r�t�e�d� �g�r�e�a�t�e�r� �p�l�u�m�e� �w�i�d�t�h� �a�n�d� �s�m�a�l�l�e�r� 

�c�e�n�t�e�r�l�i�n�e� �v�e�l�o�c�i�t�i�e�s� �t�h�a�n� �a�c�t�u�a�l�l�y� �o�c�c�u�r�r�e�d�.� �S�e�c�o�n�d�,� �h�i�s� �m�o�d�e�l� �p�r�e�d�i�c�t�e�d� �a� �r�a�p�i�d� �i�n�c�r�e�a�s�e� �i�n� 

�v�e�l�o�c�i�t�y� �i�m�m�e�d�i�a�t�e�l�y� �a�b�o�v�e� �t�h�e� �g�a�s� �o�u�t�l�e�t�,� �f�o�l�l�o�w�e�d� �b�y� �a� �f�a�i�r�l�y� �r�a�p�i�d� �d�e�c�r�e�a�s�e� �w�h�i�c�h� �e�v�e�n�t�u�a�l�l�y� 

�b�e�c�a�m�e� �a� �g�r�a�d�u�a�l� �d�e�c�r�e�a�s�e�.� �H�o�w�e�v�e�r�,� �t�h�e� �d�e�e�p�e�s�t� �p�o�i�n�t� �a�t� �w�h�i�c�h� �v�e�l�o�c�i�t�y� �w�a�s� �m�e�a�s�u�r�e�d� �i�n� �t�h�e� �f�i�e�l�d� 

�w�a�s� �a�b�o�v�e� �t�h�e� �r�e�g�i�o�n� �o�f� �r�a�p�i�d� �i�n�c�r�e�a�s�e� �s�o� �t�h�i�s� �w�a�s� �n�o�t� �v�e�r�i�f�i�e�d� �b�y� �t�h�e� �d�a�t�a�.� �H�e� �f�o�u�n�d� �t�h�a�t� �h�i�s� 

�e�s�t�i�m�a�t�e�d� �v�a�l�u�e� �f�o�r� �A� �o�f� �0�.�8� �w�a�s� �a�c�c�u�r�a�t�e� �e�x�c�e�p�t� �f�o�r� �v�e�r�y� �s�m�a�l�l� �o�r� �v�e�r�y� �l�o�w� �v�e�l�o�c�i�t�y� �p�l�u�m�e�s�.� 

�H�o�w�e�v�e�r�,� �f�o�r� �p�l�u�m�e�s� �i�n� �w�h�i�c�h� �t�h�e� �v�e�l�o�c�i�t�y� �w�a�s� �v�e�r�y� �l�a�r�g�e� �r�e�l�a�t�i�v�e� �t�o� �t�h�e� �b�u�b�b�l�e� �s�l�i�p� �v�e�l�o�c�i�t�y� �(�l�i�k�e�l�y� 

�t�r�u�e� �f�o�r� �d�e�p�t�h�s� �g�r�e�a�t�e�r� �t�h�a�n� �1�0� �t�o� �2�0� �m�e�t�e�r�s� �(�m�)� �(�F�a�n�n�e�l�o�p� �e�f� �a�/�.�,� �1�9�9�1�)�)�,� �4� �a�p�p�r�o�a�c�h�e�d� �1�.�0�.� �I�n� 

�r�e�g�a�r�d�s� �t�o� �a�,� �l�a�b�o�r�a�t�o�r�y� �s�c�a�l�e� �s�t�u�d�i�e�s� �w�e�r�e� �f�o�u�n�d� �t�o� �h�a�v�e� �s�m�a�l�l�e�r� �t�h�a�r�i� �p�r�e�d�i�c�t�e�d� �e�n�t�r�a�i�n�m�e�n�t� 

�c�o�e�f�f�i�c�i�e�n�t�s�.� �M�i�l�g�r�a�m� �h�y�p�o�t�h�e�s�i�z�e�d� �t�h�a�t� �a� �m�i�g�h�t� �b�e� �c�o�n�s�t�a�n�t� �f�o�r� �b�u�b�b�l�e� �F�r�o�u�d�e� �n�u�m�b�e�r�s� �e�x�c�e�e�d�i�n�g� 

�5�0�,� �m�e�a�n�i�n�g� �t�h�a�t� �t�h�e� �c�h�a�r�a�c�t�e�r�i�s�t�i�c� �d�i�s�t�a�n�c�e� �b�e�t�w�e�e�n� �b�u�b�b�l�e�s� �i�s� �s�m�a�l�l� �r�e�l�a�t�i�v�e� �t�o� �t�h�e� �o�t�h�e�r� �t�e�r�m�s� �i�n� 

�t�h�e� �e�q�u�a�t�i�o�n�.� 

�L�a�t�e�r� �S�t�u�d�i�e�s�.� 

�L�a�u�r�e�s�h�e�n� �a�n�d� �R�o�w�e� �(�1�9�8�7�)� �d�e�v�e�l�o�p�e�d� �a� �m�o�d�e�l� �f�o�r� �a� �t�w�o�-�d�i�m�e�n�s�i�o�n�a�l� �b�u�b�b�l�e� �p�l�u�m�e� �b�a�s�e�d� 

�o�n� �a� �m�o�d�e�l� �b�y� �R�o�w�e� �a�n�d� �P�o�o�n� �(�1�9�8�5�,� �c�i�t�e�d� �i�n� �L�a�u�r�e�s�h�e�n� �a�n�d� �R�o�w�e�,� �1�9�8�7�)� �f�o�r� �a� �c�i�r�c�u�l�a�r� �p�l�u�m�e�.� 

�T�h�e�y� �n�o�t�e�d� �t�h�a�t� �t�h�e� �v�e�r�t�i�c�a�l� �v�o�l�u�m�e� �f�l�u�x� �o�f� �w�a�t�e�r� �i�n� �a� �t�w�o� �p�h�a�s�e� �p�l�u�m�e� �i�s� �l�e�s�s� �t�h�a�n� �i�n� �a� �s�i�m�p�l�e� 

�p�l�u�m�e� �b�e�c�a�u�s�e� �o�f� �t�h�e� �b�u�b�b�l�e� �s�l�i�p� �t�h�a�t� �o�c�c�u�r�s�.� �I�n� �a�d�d�i�t�i�o�n�,� �t�h�e� �b�u�b�b�l�e�s� �i�n� �b�u�b�b�l�e� �p�l�u�m�e�s� �e�x�p�a�n�d� �a�s� 

�t�h�e�y� �r�i�s�e� �d�u�e� �t�o� �d�e�c�r�e�a�s�i�n�g� �p�r�e�s�s�u�r�e�,� �w�h�i�c�h� �r�e�s�u�l�t�s� �i�n� �a�n� �i�n�c�r�e�a�s�i�n�g� �b�u�o�y�a�n�c�y� �f�l�u�x� �a�s� �t�h�e� �p�l�u�m�e� 

�r�i�s�e�s�.� �E�q�u�a�t�i�o�n�s� �f�o�r� �t�h�e� �c�o�n�s�e�r�v�a�t�i�o�n� �o�f� �t�h�e� �g�a�s� �p�h�a�s�e� �a�n�d� �t�h�e� �l�i�q�u�i�d� �p�h�a�s�e� �a�s� �w�e�l�l� �a�s� �a�n� �e�q�u�a�t�i�o�n� 

�f�o�r� �t�h�e� �c�o�n�s�e�r�v�a�t�i�o�n� �o�f� �m�o�m�e�n�t�u�m� �w�e�r�e� �t�h�e� �b�a�s�i�s� �f�o�r� �t�h�e� �m�o�d�e�l�.� �A� �f�u�l�l�y� �t�u�r�b�u�l�e�n�t� �f�l�o�w� �w�a�s� 

�a�s�s�u�m�e�d�,� �a�n�d�  ��t�h�e� �e�f�f�e�c�t�s� �o�f� �s�u�r�f�a�c�e� �t�e�n�s�i�o�n�,� �d�e�n�s�i�t�y� �a�n�d� �p�r�e�s�s�u�r�e� �f�l�u�c�t�u�a�t�i�o�n�s� �a�n�d� �i�n�t�e�r�f�a�c�i�a�l� �m�a�s�s� 

�t�r�a�n�s�f�e�r �� �w�e�r�e� �i�g�n�o�r�e�d�.� �T�h�e� �b�u�b�b�l�e� �s�l�i�p� �v�e�l�o�c�i�t�y� �w�a�s� �a�s�s�u�m�e�d� �t�o� �b�e� �a� �c�o�n�s�t�a�n�t� �0�.�2�5� �m�/�s�.� �B�u�b�b�l�e�s� 

�2�0



�w�e�r�e� �a�s�s�u�m�e�d� �t�o� �b�e� �s�m�a�l�l� �a�n�d� �s�p�h�e�r�i�c�a�l�;� �t�h�e� �m�o�d�e�l� �w�a�s� �n�o�t� �d�e�v�e�l�o�p�e�d� �f�o�r� �p�l�u�m�e�s� �w�i�t�h� �l�a�r�g�e� �o�r� �c�a�p�-� 

�s�h�a�p�e�d� �b�u�b�b�l�e�s�.� �T�h�r�e�e� �f�a�c�t�o�r�s�,� �t�h�e� �e�n�t�r�a�i�n�m�e�n�t� �c�o�e�f�f�i�c�i�e�n�t� �a�,� �t�h�e� �s�p�r�e�a�d�i�n�g� �c�o�e�f�f�i�c�i�e�n�t� �A�,� �a�n�d� �t�h�e� 

�m�o�m�e�n�t�u�m� �a�m�p�l�i�f�i�c�a�t�i�o�n� �f�a�c�t�o�r� �y�,� �(�a�f�t�e�r� �M�i�l�g�r�a�m�,� �1�9�8�3�)�,� �w�e�r�e� �a�s�s�u�m�e�d� �t�o� �b�e� �f�u�n�c�t�i�o�n�s� �o�f� �t�h�e� 

�p�l�u�m�e� �W�e�b�e�r� �n�u�m�b�e�r�s� �a�n�d� �e�m�p�i�r�i�c�a�l� �c�o�n�s�t�a�n�t�s�.� 

�'� �T�h�e� �m�o�d�e�l� �w�a�s� �t�e�s�t�e�d� �u�s�i�n�g� �d�a�t�a� �f�r�o�m� �K�o�b�u�s� �(�1�9�6�8�)� �(�w�e�a�k� �p�l�u�m�e�s�)� �a�n�d� �B�u�l�s�o�n� �(�1�9�6�8�)� 

�(�s�t�r�o�n�g� �p�l�u�m�e�s�)� �a�n�d� �i�t� �w�a�s� �c�o�n�f�i�r�m�e�d� �t�h�a�t� �t�h�e� �t�h�r�e�e� �f�a�c�t�o�r�s� �w�e�r�e� �f�u�n�c�t�i�o�n�s� �o�f� �t�h�e� �W�e�b�e�r� �n�u�m�b�e�r�.� 

�W�h�i�l�e� �t�h�e� �e�q�u�a�t�i�o�n� �f�o�r� �t�h�e� �W�e�b�e�r� �n�u�m�b�e�r� �w�a�s� �n�o�t� �t�h�e� �s�a�m�e� �f�o�r� �l�i�n�e�a�r� �p�l�u�m�e�s� �a�s� �f�o�r� �r�o�u�n�d� �p�l�u�m�e�s�,� 

�t�h�e� �e�q�u�a�t�i�o�n�s� �a�n�d� �c�o�n�s�t�a�n�t�s� �d�e�v�e�l�o�p�e�d� �p�r�e�v�i�o�u�s�l�y� �b�y� �R�o�w�e� �a�n�d� �P�o�o�n� �(�1�9�8�5�,� �c�i�t�e�d� �i�n� �L�a�u�r�e�s�h�e�n� �a�n�d� 

�R�o�w�e�,� �1�9�8�7�)� �p�r�e�d�i�c�t�e�d� �a�,� �A�,� �a�n�d� �y� �f�o�r� �t�w�o� �d�i�m�e�n�s�i�o�n�a�l� �p�l�u�m�e�s� �r�e�a�s�o�n�a�b�l�y� �w�e�l�l�.� �L�a�u�r�e�s�h�e�n� �a�n�d� 

�R�o�w�e� �b�e�l�i�e�v�e�d� �t�h�a�t� �t�h�e�s�e� �f�a�c�t�o�r�s� �a�l�o�n�g� �w�i�t�h� �t�h�e� �e�q�u�a�t�i�o�n�s� �d�e�v�e�l�o�p�e�d� �w�o�u�l�d� �a�c�c�u�r�a�t�e�l�y� �p�r�e�d�i�c�t� �t�h�e� 

�a�v�e�r�a�g�e� �p�l�u�m�e� �f�l�o�w� �p�r�o�p�e�r�t�i�e�s�.� �B�y� �i�n�c�o�r�p�o�r�a�t�i�n�g� �t�h�e� �W�e�b�e�r� �n�u�m�b�e�r� �i�n�t�o� �t�h�e�i�r� �c�a�l�c�u�l�a�t�i�o�n�s�,� �i�t� �i�s� 

�l�i�k�e�l�y� �t�h�a�t� �t�h�e�y� �e�l�i�m�i�n�a�t�e�d� �t�h�e� �p�r�o�b�l�e�m� �d�e�s�c�r�i�b�e�d� �p�r�e�v�i�o�u�s�l�y� �b�y� �W�i�l�k�i�n�s�o�n� �(�1�9�7�9�)�.� 

�L�e�i�t�c�h� �a�n�d� �B�a�i�n�e�s� �(�1�9�8�9�)� �f�u�r�t�h�e�r� �i�n�v�e�s�t�i�g�a�t�e�d� �b�u�b�b�l�e� �p�l�u�m�e�s� �i�n� �u�n�s�t�r�a�t�i�f�i�e�d� �s�u�r�r�o�u�n�d�i�n�g�s� 

�b�y� �f�o�c�u�s�i�n�g� �o�n� �w�e�a�k� �b�u�b�b�l�e� �p�l�u�m�e�s�.� �U�n�l�i�k�e� �t�h�e� �r�e�s�t� �o�f� �t�h�e� �p�l�u�m�e� �m�o�d�e�l�s� �p�r�e�s�e�n�t�e�d� �i�n� �t�h�i�s� �p�a�p�e�r�,� 

�t�h�e� �w�o�r�k� �b�y� �L�e�i�t�c�h� �a�n�d� �B�a�i�n�e�s� �w�a�s� �l�a�r�g�e�l�y� �e�x�p�e�r�i�m�e�n�t�a�l�.� �T�h�e�y� �p�r�e�s�e�n�t�e�d� �a� �m�e�t�h�o�d� �f�o�r� �m�e�a�s�u�r�i�n�g� 

�p�l�u�m�e� �v�o�l�u�m�e� �f�l�u�x� �a�n�d� �u�s�e�d� �t�h�e�i�r� �m�e�t�h�o�d� �t�o� �d�e�m�o�n�s�t�r�a�t�e� �s�o�m�e� �c�h�a�r�a�c�t�e�r�i�s�t�i�c�s� �o�f� �b�u�b�b�l�e� �p�l�u�m�e�s�.� 

�T�h�e� �r�e�s�u�l�t�s� �o�f� �t�h�e� �s�t�u�d�y� �i�n�d�i�c�a�t�e�d� �t�h�a�t� �f�o�r� �w�e�a�k� �p�l�u�m�e�s� �i�n� �a�n� �u�n�s�t�r�a�t�i�f�i�e�d� �e�n�v�i�r�o�n�m�e�n�t�,� �t�h�e� 

�l�i�q�u�i�d� �v�o�l�u�m�e� �f�l�u�x� �a�n�d� �t�h�e� �t�o�t�a�l� �m�o�m�e�n�t�u�m� �i�n�c�r�e�a�s�e� �l�i�n�e�a�r�l�y� �w�i�t�h� �h�e�i�g�h�t� �a�b�o�v�e� �a� �v�i�r�t�u�a�l� �o�r�i�g�i�n�.� 

�L�i�q�u�i�d� �v�o�l�u�m�e� �f�l�u�x� �w�a�s� �a�l�s�o� �d�e�t�e�r�m�i�n�e�d� �t�o� �v�a�r�y� �w�i�t�h� �t�h�e� �s�q�u�a�r�e� �r�o�o�t� �o�f� �t�h�e� �a�i�r� �f�l�o�w�r�a�t�e� �a�c�c�o�r�d�i�n�g� 

�t�o� �t�h�e� �e�q�u�a�t�i�o�n� 
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�Q�O�,� �=� �5�.�0�0�3 �� �(�z ��2�y�)� 

�w�h�e�r�e�:� �Q�,� �=� �l�i�q�u�i�d� �f�l�o�w�r�a�t�e�,� 

�Q�s� �=� �g�a�s� �f�l�o�w�r�a�t�e�,� 

�z� �=� �e�l�e�v�a�t�i�o�n� �a�b�o�v�e� �t�h�e� �s�o�u�r�c�e�,� �a�n�d� 

�Z�p� �=� �e�l�e�v�a�t�i�o�n� �o�f� �t�h�e� �v�i�r�t�u�a�l� �s�o�u�r�c�e� 

�f�o�r� �t�h�e� �a�i�r� �f�l�o�w�r�a�t�e�s� �a�n�d� �d�e�p�t�h�s� �u�s�e�d� �i�n� �t�h�e� �s�t�u�d�y�.� �T�h�e� �m�a�x�i�m�u�m� �v�e�r�t�i�c�a�l� �l�i�q�u�i�d� �v�e�l�o�c�i�t�y� �w�a�s� �a� 

�f�u�n�c�t�i�o�n� �o�f� �g�a�s� �f�l�o�w�r�a�t�e� �a�s� �w�e�l�l�:� 

�w�,� �=�1�1�3�Q�}�°� 

�w�h�e�r�e�:� �w�,� �=� �m�a�x�i�m�u�m� �l�i�q�u�i�d� �v�e�l�o�c�i�t�y� �a�n�d� 

�Q�s� �=� �g�a�s� �f�l�o�w�r�a�t�e�.� 

�B�u�b�b�l�e� �s�l�i�p� �v�e�l�o�c�i�t�y� �w�a�s� �a�l�s�o� �e�x�a�m�i�n�e�d� �a�n�d� �f�o�u�n�d� �t�o� �b�e� �c�o�n�s�t�a�n�t� �(�a�b�o�v�e� �t�h�e� �i�n�i�t�i�a�l� �z�o�n�e� �o�f� �f�l�o�w� 

�e�s�t�a�b�l�i�s�h�m�e�n�t�)� �a�t� �a�p�p�r�o�x�i�m�a�t�e�l�y� �0�.�2�3� �m�/�s�.� �T�h�e� �b�u�b�b�l�e� �s�p�r�e�a�d� �w�a�s� �f�o�u�n�d� �t�o� �v�a�r�y� �w�i�t�h� �g�a�s� �f�l�o�w�r�a�t�e�;� 

�l�e�s�s� �s�p�r�e�a�d� �o�c�c�u�r�r�e�d� �f�o�r� �l�o�w�e�r� �f�l�o�w�r�a�t�e�s�,� �a�n�d� �f�o�r� �f�l�o�w�r�a�t�e�s� �g�r�e�a�t�e�r� �t�h�a�n� �6� �c�m ��/�s�,� 

�b�=�0�2�2�" �� 

�w�h�e�r�e�:� �b� �=� �l�a�t�e�r�a�l� �e�x�t�e�n�t� �o�f� �b�u�b�b�l�e�s� �(�d�e�n�o�t�e�d� �A� �b�y� �o�t�h�e�r� �i�n�v�e�s�t�i�g�a�t�o�r�s�)� �a�n�d� 

�z� �=� �h�e�i�g�h�t� �a�b�o�v�e� �s�o�u�r�c�e�.� 

�T�h�e� �e�n�t�r�a�i�n�m�e�n�t� �c�o�e�f�f�i�c�i�e�n�t� �w�a�s� �e�x�a�m�i�n�e�d� �a�s� �w�e�l�l�.� �W�h�i�l�e� �t�h�e� �e�n�t�r�a�i�n�m�e�n�t� �c�o�e�f�f�i�c�i�e�n�t� �w�a�s� 

�f�o�u�n�d� �t�o� �v�a�r�y�,� �M�i�l�g�r�a�m ��s� �(�1�9�8�3�)� �m�e�t�h�o�d� �o�f� �s�o�l�v�i�n�g� �f�o�r� �a� �a�s� �a� �f�u�n�c�t�i�o�n� �o�f� �t�h�e� �b�u�b�b�l�e� �F�r�o�u�d�e� 

�n�u�m�b�e�r� �w�a�s� �f�o�u�n�d� �t�o� �b�e� �i�n�a�c�c�u�r�a�t�e� �f�o�r� �t�h�e� �w�e�a�k� �p�l�u�m�e�s� �i�n�v�e�s�t�i�g�a�t�e�d�.� �I�n�s�t�e�a�d�,� �a� �w�a�s� �f�o�u�n�d� �t�o� 

�d�e�p�e�n�d� �u�p�o�n� �t�h�e� �i�n�f�l�o�w� �i�n�t�o� �t�h�e� �b�u�b�b�l�e� �w�a�k�e�s� �a�n�d� �t�h�e� �g�a�s� �f�l�o�w�r�a�t�e�.� 

�W�h�i�l�e� �t�h�i�s� �s�t�u�d�y� �p�r�o�v�i�d�e�d� �i�n�s�i�g�h�t� �i�n�t�o� �t�h�e� �m�e�c�h�a�n�i�c�s� �o�f� �t�h�e� �b�u�b�b�l�e� �p�l�u�m�e�,� �t�h�e� �r�e�s�u�l�t�s� �a�n�d� 

�r�e�l�a�t�i�o�n�s�h�i�p�s� �o�b�t�a�i�n�e�d� �m�u�s�t� �b�e� �u�s�e�d� �w�i�t�h� �c�a�r�e�.� �T�h�e� �e�x�p�e�r�i�m�e�n�t�a�l� �p�r�o�c�e�d�u�r�e� �i�n�v�e�s�t�i�g�a�t�e�d� �w�e�a�k� 
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�p�l�u�m�e�s� �o�n�l�y�,� �a�n�d�,� �a�s� �W�i�l�k�i�n�s�o�n� �(�1�9�7�9�)� �d�e�m�o�n�s�t�r�a�t�e�d�,� �w�e�a�k� �p�l�u�m�e� �r�e�s�u�l�t�s� �c�a�n�n�o�t� �n�e�c�e�s�s�a�r�i�l�y� �b�e� 

�a�p�p�l�i�e�d� �t�o� �s�t�r�o�n�g�e�r� �p�l�u�m�e�s�.� 

�F�a�n�n�e�l�o�p� �e�t� �a�l�.� �(�1�9�9�1�)� �o�r�i�g�i�n�a�l�l�y� �i�n�t�e�n�d�e�d� �t�o� �s�t�u�d�y� �l�i�n�e�a�r� �b�u�b�b�l�e� �p�l�u�m�e�s� �i�n� �s�h�a�l�l�o�w� �(�1� �m�)� 

�w�a�t�e�r� �t�o� �d�e�t�e�r�m�i�n�e� �t�h�e� �m�a�g�n�i�t�u�d�e� �o�f� �t�h�e� �v�e�r�t�i�c�a�l� �a�n�d� �h�o�r�i�z�o�n�t�a�l� �(�s�u�r�f�a�c�e�)� �c�u�r�r�e�n�t�s� �p�r�o�d�u�c�e�d� �(�a�s� 

�o�p�p�o�s�e�d� �t�o� �B�u�l�s�o�n� �(�1�9�6�8�)� �w�h�o� �p�e�r�f�o�r�m�e�d� �a� �s�i�m�i�l�a�r� �s�t�u�d�y� �i�n� �d�e�e�p� �w�a�t�e�r�)�.� �T�h�e�y� �w�e�r�e� �i�n�t�e�r�e�s�t�e�d� �i�n� 

�t�h�e� �s�i�z�e� �o�f� �t�h�e� �c�i�r�c�u�l�a�t�i�n�g� �c�e�l�l� �p�r�o�d�u�c�e�d� �b�y� �t�h�e� �p�l�u�m�e�.� �G�a�u�s�s�i�a�n� �p�r�o�f�i�l�e�s� �w�e�r�e� �a�s�s�u�m�e�d�,� �a� �w�a�s� 

�e�s�t�i�m�a�t�e�d� �t�o� �b�e� �0�.�0�8�,� �a�n�d� �A� �w�a�s� �e�s�t�i�m�a�t�e�d� �t�o� �b�e� �0�.�8�5� �f�r�o�m� �t�h�e�i�r� �s�t�u�d�i�e�s� �o�f� �a� �t�w�o� �d�i�m�e�n�s�i�o�n�a�l� 

�p�l�u�m�e�.� �T�h�e� �s�i�z�e� �o�f� �t�h�e� �c�e�l�l� �w�a�s� �f�o�u�n�d� �t�o� �b�e� �d�e�p�e�n�d�e�n�t� �o�n� �g�a�s� �f�l�o�w�r�a�t�e�.� 

�U�n�f�o�r�t�u�n�a�t�e�l�y�,� �a�f�t�e�r� �p�e�r�f�o�r�m�i�n�g� �t�h�e�i�r� �e�x�p�e�r�i�m�e�n�t�s�,� �F�a�n�n�e�l�o�p� �e�t� �a�/�.� �(�1�9�9�1�)� �d�e�c�i�d�e�d� �t�o� �f�o�c�u�s� 

�o�n� �t�h�e� �c�e�l�l�s� �p�r�o�d�u�c�e�d� �b�y� �n�o�n�-�b�u�o�y�a�n�t� �v�e�r�t�i�c�a�l� �j�e�t�s� �i�n� �t�h�e�i�r� �d�i�s�c�u�s�s�i�o�n�.� �H�o�w�e�v�e�r�,� �t�h�e�y� �d�i�d� 

�c�o�n�t�r�i�b�u�t�e� �u�s�e�f�u�l� �v�a�l�u�e�s� �f�o�r� �«� �a�n�d� �A� �f�o�r� �l�i�n�e�a�r� �b�u�b�b�l�e� �p�l�u�m�e�s�.� �T�h�e�y� �a�l�s�o� �f�o�u�n�d� �t�h�a�t� �v�a�r�y�i�n�g� �t�h�e� 

�b�u�b�b�l�e� �s�l�i�p� �v�e�l�o�c�i�t�i�e�s� �o�v�e�r� �a� �r�a�n�g�e� �o�f� �0�.�0�5� �t�o� �0�.�5� �m�/�s� �h�a�d� �l�i�t�t�l�e� �e�f�f�e�c�t� �o�n� �p�r�e�d�i�c�t�e�d� �p�l�u�m�e� �w�i�d�t�h� �b�u�t� 

�h�a�d� �a� �f�a�i�r�l�y� �s�i�g�n�i�f�i�c�a�n�t� �e�f�f�e�c�t� �o�n� �t�h�e� �p�r�e�d�i�c�t�e�d� �p�l�u�m�e� �v�e�l�o�c�i�t�y� �i�n� �d�e�e�p� �w�a�t�e�r�.� 

�B�u�b�b�l�e� �P�l�u�m�e�s� �i�n� �S�t�r�a�t�i�f�i�e�d� �E�n�v�i�r�o�n�m�e�n�t�s�.� 

�S�e�v�e�r�a�l� �i�n�v�e�s�t�i�g�a�t�o�r�s� �e�x�p�a�n�d�e�d� �t�h�e� �w�o�r�k� �d�o�n�e� �c�o�n�c�e�r�n�i�n�g� �b�u�b�b�l�e� �p�l�u�m�e�s� �i�n� �u�n�s�t�r�a�t�i�f�i�e�d� 

�e�n�v�i�r�o�n�m�e�n�t�s� �t�o� �s�t�r�a�t�i�f�i�e�d� �e�n�v�i�r�o�n�m�e�n�t�s�.� �A� �m�a�j�o�r� �d�i�f�f�e�r�e�n�c�e� �i�n� �t�h�e�s�e� �m�o�d�e�l�s� �i�s� �t�h�e� �u�s�e� �o�f� �a�  ��t�o�p� 

�h�a�t �� �d�i�s�t�r�i�b�u�t�i�o�n�,� �w�h�i�c�h� �w�a�s� �f�o�u�n�d� �b�y� �M�o�r�t�o�n� �(�1�9�5�9�)� �t�o� �d�e�s�c�r�i�b�e� �p�l�u�m�e�s� �i�n� �s�t�r�a�t�i�f�i�e�d� �e�n�v�i�r�o�n�m�e�n�t�s� 

�b�e�t�t�e�r� �t�h�a�n� �a� �G�a�u�s�s�i�a�n� �d�i�s�t�r�i�b�u�t�i�o�n�.� �T�h�e� �v�e�r�t�i�c�a�l� �d�e�n�s�i�t�y� �d�i�f�f�e�r�e�n�c�e�s� �i�n� �t�h�e� �w�a�t�e�r� �b�o�d�y� �h�a�v�e� �a� 

�s�i�g�n�i�f�i�c�a�n�t� �e�f�f�e�c�t� �o�n� �t�h�e� �h�e�i�g�h�t� �t�o� �w�h�i�c�h� �t�h�e� �p�l�u�m�e� �w�i�l�l� �r�i�s�e� �a�n�d� �t�h�e�r�e�f�o�r�e� �m�u�s�t� �b�e� �i�n�c�o�r�p�o�r�a�t�e�d� �i�n�t�o� 

�t�h�e�s�e� �t�h�e�o�r�i�e�s�.� �I�n� �a�d�d�i�t�i�o�n�,� �e�v�e�n� �i�f� �t�h�e� �w�a�t�e�r� �i�n� �t�h�e� �p�l�u�m�e� �r�e�a�c�h�e�s� �i�t�s� �n�e�u�t�r�a�l� �b�u�o�y�a�n�c�y� �d�e�p�t�h� �a�n�d� 

�s�p�r�e�a�d�s� �o�u�t� �a�s� �d�e�s�c�r�i�b�e�d� �b�y� �M�o�r�t�o�n� �(�1�9�5�9�)�,� �t�h�e� �a�i�r� �b�u�b�b�l�e�s� �w�i�l�l� �c�o�n�t�i�n�u�e� �r�i�s�i�n�g� �t�o� �t�h�e� �s�u�r�f�a�c�e� 

�u�n�l�e�s�s� �t�h�e�y� �d�i�s�s�o�l�v�e� �i�n�t�o� �t�h�e� �s�u�r�r�o�u�n�d�i�n�g� �l�i�q�u�i�d�.� �S�i�n�c�e� �n�o�n�e� �o�f� �t�h�e� �m�o�d�e�l�s� �d�i�s�c�u�s�s�e�d� �i�n� �t�h�i�s� �s�e�c�t�i�o�n� 
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�c�o�n�s�i�d�e�r� �g�a�s� �t�r�a�n�s�f�e�r� �b�e�t�w�e�e�n� �t�h�e� �b�u�b�b�l�e�s� �a�n�d� �t�h�e� �w�a�t�e�r�,� �t�h�e� �b�u�b�b�l�e�s� �i�n� �t�h�e�s�e� �t�h�e�o�r�i�e�s� �a�l�l� �r�i�s�e� �t�o� �t�h�e� 

�w�a�t�e�r� �s�u�r�f�a�c�e�.� �T�h�e� �r�i�s�i�n�g� �b�u�b�b�l�e�s� �e�n�t�r�a�i�n� �m�o�r�e� �f�l�u�i�d� �a�n�d� �a�d�d�i�t�i�o�n�a�l� �p�l�u�m�e�s� �c�a�n� �b�e� �f�o�r�m�e�d� �a�b�o�v�e� 

�t�h�e� �o�r�i�g�i�n�a�l� �p�l�u�m�e�.� 

�W�h�i�l�e� �C�e�d�e�r�w�a�l�l� �a�n�d� �D�i�t�m�a�r�s� �(�1�9�7�0�)� �f�o�c�u�s�e�d� �o�n� �u�n�s�t�r�a�t�i�f�i�e�d� �w�a�t�e�r� �b�o�d�i�e�s� �i�n� �t�h�e�i�r� �s�t�u�d�y�,� 

�t�h�e�y� �d�i�d� �m�e�n�t�i�o�n� �b�u�b�b�l�e� �p�l�u�m�e�s� �i�n� �s�t�r�a�t�i�f�i�e�d� �w�a�t�e�r�.� �T�h�e�y� �c�o�n�s�i�d�e�r�e�d� �a� �s�i�t�u�a�t�i�o�n� �i�n� �w�h�i�c�h� �a� �l�i�q�u�i�d� 

�o�f� �o�n�e� �d�e�n�s�i�t�y� �a�t� �t�h�e� �b�o�t�t�o�m� �i�s� �c�o�v�e�r�e�d� �b�y� �a� �s�e�c�o�n�d� �l�i�q�u�i�d� �o�f� �l�o�w�e�r� �d�e�n�s�i�t�y� �a�n�d� �i�n�t�r�o�d�u�c�e�d� �t�h�e� 

�c�o�n�c�e�p�t� �o�f�  ��c�o�m�p�l�e�t�e� �u�n�c�o�u�p�l�i�n�g �� �o�f� �t�h�e� �p�l�u�m�e� �w�a�t�e�r� �a�n�d� �a�i�r� �b�u�b�b�l�e�s�.� �C�o�m�p�l�e�t�e� �u�n�c�o�u�p�l�i�n�g� 

�o�c�c�u�r�r�e�d� �w�h�e�n� �t�h�e� �p�l�u�m�e� �w�a�t�e�r� �w�o�u�l�d� �n�o�t� �c�r�o�s�s� �t�h�e� �d�e�n�s�i�t�y� �d�i�f�f�e�r�e�n�c�e� �w�h�i�l�e� �t�h�e� �b�u�b�b�l�e�s� �w�o�u�l�d� 

�c�o�n�t�i�n�u�e� �t�o� �r�i�s�e� �t�o� �t�h�e� �s�u�r�f�a�c�e�.� �T�h�e� �b�u�o�y�a�n�c�y� �a�n�d� �m�o�m�e�n�t�u�m� �f�l�u�x� �e�q�u�a�t�i�o�n�s� �f�r�o�m� �t�h�e�i�r� �m�o�d�e�l� �f�o�r� 

�u�n�s�t�r�a�t�i�f�i�e�d� �w�a�t�e�r� �a�r�e� �a�l�t�e�r�e�d� �s�l�i�g�h�t�l�y� �t�o� �a�c�c�o�u�n�t� �f�o�r� �t�h�e� �d�e�n�s�i�t�y� �d�i�f�f�e�r�e�n�c�e�.� �T�h�e�y� �n�o�t�e�d� �t�h�a�t� �m�o�r�e� 

�w�o�r�k� �s�h�o�u�l�d� �b�e� �d�o�n�e� �t�o� �e�x�a�m�i�n�e� �b�u�b�b�l�e� �p�l�u�m�e�s� �i�n� �s�t�r�a�t�i�f�i�e�d� �e�n�v�i�r�o�n�m�e�n�t�s�.� 

�T�h�e� �f�i�r�s�t� �k�n�o�w�n� �w�o�r�k� �t�h�a�t� �f�o�c�u�s�e�d� �o�n� �b�u�b�b�l�e� �p�l�u�m�e�s� �i�n� �s�t�r�a�t�i�f�i�e�d� �e�n�v�i�r�o�n�m�e�n�t�s� �w�a�s� �d�o�n�e� 

�b�y� �M�c�D�o�u�g�a�l�l� �(�1�9�7�8�)�.� �H�e� �u�s�e�d� �t�h�e� �e�q�u�a�t�i�o�n�s� �f�o�r� �c�o�n�s�e�r�v�a�t�i�o�n� �o�f� �m�a�s�s�,� �m�o�m�e�n�t�u�m�,� �a�n�d� �b�u�o�y�a�n�c�y� 

�d�e�v�e�l�o�p�e�d� �b�y� �M�o�r�t�o�n�,� �T�a�y�l�o�r�,� �a�n�d� �T�u�m�e�r� �(�1�9�5�6�,� �c�i�t�e�d� �i�n� �M�c�D�o�u�g�a�l�l�,� �1�9�7�8�)� �b�u�t� �a�l�s�o� �c�o�n�s�i�d�e�r�e�d� 

�b�u�b�b�l�e� �e�x�p�a�n�s�i�o�n�,� �b�u�b�b�l�e� �s�l�i�p�,� �a�n�d� �s�t�r�a�t�i�f�i�c�a�t�i�o�n�.� �T�h�e� �e�n�t�r�a�i�n�m�e�n�t� �c�o�e�f�f�i�c�i�e�n�t� �a�n�d� �t�h�e� �b�u�b�b�l�e� �s�l�i�p� 

�v�e�l�o�c�i�t�y� �w�e�r�e� �c�o�n�s�i�d�e�r�e�d� �t�o� �b�e� �c�o�n�s�t�a�n�t�,� �a�n�d� �t�o�p� �h�a�t� �b�u�o�y�a�n�c�y� �a�n�d� �v�e�l�o�c�i�t�y� �d�i�s�t�r�i�b�u�t�i�o�n�s� �w�e�r�e� 

�a�s�s�u�m�e�d�.� �M�c�D�o�u�g�a�l�l� �d�e�f�i�n�e�d� �t�w�o� �n�e�w� �c�o�n�s�t�a�n�t�s�:� �M� �m�e�a�s�u�r�e�d� �t�h�e�  ��r�e�l�a�t�i�v�e� �i�m�p�o�r�t�a�n�c�e� �o�f� �t�h�e� 

�v�o�l�u�m�e� �f�l�u�x� �o�f� �g�a�s� �a�t� �t�h�e� �s�o�u�r�c�e� �a�n�d� �t�h�e� �t�o�t�a�l� �w�a�t�e�r� �d�e�p�t�h� �i�n� �t�h�e� �n�o�n�-�d�i�m�e�n�s�i�o�n�a�l� �s�o�l�u�t�i�o�n�s �� 

�(�M�c�D�o�u�g�a�l�l�,� �1�9�7�8�)�,� �a�n�d� �C�,� �w�h�i�c�h� �w�a�s� �c�a�l�l�e�d� �t�h�e� �s�t�r�a�t�i�f�i�c�a�t�i�o�n� �p�a�r�a�m�e�t�e�r�,� �d�e�s�c�r�i�b�e�d� �t�h�e� �s�t�a�b�i�l�i�t�y� �o�f� 

�t�h�e� �s�u�r�r�o�u�n�d�i�n�g� �s�t�r�a�t�i�f�i�c�a�t�i�o�n� �r�e�l�a�t�i�v�e� �t�o� �t�h�e� �s�o�u�r�c�e� �s�t�r�e�n�g�t�h�.� 

�M�c�D�o�u�g�a�l�l� �s�u�g�g�e�s�t�e�d� �t�h�a�t� �t�h�e� �l�i�q�u�i�d� �i�n� �b�u�b�b�l�e� �p�l�u�m�e�s� �w�o�u�l�d� �f�o�l�l�o�w� �t�h�e� �s�a�m�e� �p�a�t�t�e�r�n� �a�s� 

�d�e�s�c�r�i�b�e�d� �b�y� �M�o�r�t�o�n� �(�1�9�5�9�)� �f�o�r� �s�i�m�p�l�e� �p�l�u�m�e�s�;� �i�t� �w�o�u�l�d� �r�i�s�e� �p�a�s�t� �i�t�s� �n�e�u�t�r�a�l� �b�u�o�y�a�n�c�y� �d�e�p�t�h�,� �t�h�e�n� 

�s�l�o�w�,� �s�t�o�p�,� �a�n�d� �f�a�l�l� �b�a�c�k� �t�o� �t�h�a�t� �d�e�p�t�h�.� �T�h�e� �g�a�s� �f�r�a�c�t�i�o�n� �o�f� �t�h�e� �b�u�b�b�l�e� �p�l�u�m�e�,� �h�o�w�e�v�e�r�,� �w�o�u�l�d� 
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�c�o�n�t�i�n�u�e� �r�i�s�i�n�g� �t�o� �t�h�e� �t�o�p� �o�f� �t�h�e� �l�a�k�e�.� �T�h�i�s� �p�r�o�m�p�t�e�d� �M�c�D�o�u�g�a�l�l� �t�o� �p�r�o�p�o�s�e� �a� �d�o�u�b�l�e� �p�l�u�m�e� �t�h�e�o�r�y� 

�i�n� �w�h�i�c�h� �t�h�e� �i�n�n�e�r� �p�l�u�m�e� �c�o�n�t�a�i�n�e�d� �t�h�e� �b�u�b�b�l�e�s� �a�n�d� �t�h�e� �o�u�t�e�r� �p�l�u�m�e� �c�o�n�t�a�i�n�e�d� �b�u�b�b�l�e�-�f�r�e�e� �l�i�q�u�i�d� 

�t�h�a�t� �c�o�u�l�d� �r�i�s�e� �a�n�d� �s�p�r�e�a�d� �o�u�t� �a�t� �v�a�r�i�o�u�s� �l�e�v�e�l�s�.� �T�h�e� �i�n�n�e�r� �p�l�u�m�e� �r�a�d�i�u�s� �w�a�s� �s�e�e�n� �e�x�p�e�r�i�m�e�n�t�a�l�l�y� �t�o� 

�b�e� �a�b�o�u�t� �o�n�e�-�t�h�i�r�d� �t�h�e� �o�u�t�e�r� �p�l�u�m�e� �r�a�d�i�u�s�.� �T�h�e� �v�e�l�o�c�i�t�y� �o�f� �t�h�e� �o�u�t�e�r� �p�l�u�m�e� �w�a�s� �i�n�i�t�i�a�l�l�y� �l�e�s�s� �t�h�a�n� 

�t�h�e� �v�e�l�o�c�i�t�y� �o�f� �t�h�e� �i�n�n�e�r� �p�l�u�m�e�;� �t�h�e� �o�u�t�e�r� �p�l�u�m�e� �v�e�l�o�c�i�t�y� �s�l�o�w�e�d� �r�e�l�a�t�i�v�e� �t�o� �t�h�e� �i�n�n�e�r� �p�l�u�m�e� �a�s� �t�h�e� 

�p�l�u�m�e� �r�o�s�e� �a�n�d� �e�v�e�n�t�u�a�l�l�y� �s�p�r�e�a�d� �o�u�t� �a�t� �i�t�s� �l�e�v�e�l� �o�f� �n�e�u�t�r�a�l� �b�u�o�y�a�n�c�y�.� �T�h�e� �d�o�u�b�l�e� �p�l�u�m�e� �t�h�e�o�r�y� 

�n�e�c�e�s�s�i�t�a�t�e�d� �t�h�e� �u�s�e� �o�f� �t�w�o� �s�e�p�a�r�a�t�e� �e�n�t�r�a�i�n�m�e�n�t� �c�o�n�s�t�a�n�t�s�:� �o�n�e� �d�e�s�c�r�i�b�i�n�g� �e�n�t�r�a�m�m�e�n�t� �f�r�o�m� �t�h�e� 

�s�u�r�r�o�u�n�d�i�n�g� �w�a�t�e�r� �t�o� �t�h�e� �o�u�t�e�r� �p�l�u�m�e� �a�n�d� �o�n�e� �f�o�r� �t�h�e� �e�n�t�r�a�i�n�m�e�n�t� �o�f� �w�a�t�e�r� �f�r�o�m� �t�h�e� �o�u�t�e�r� �p�l�u�m�e� �t�o� 

�t�h�e� �i�n�n�e�r� �p�l�u�m�e�.� �T�h�e� �a�c�t�u�a�l� �v�a�l�u�e�s� �u�s�e�d� �f�o�r� �t�h�e�s�e� �t�w�o� �c�o�e�f�f�i�c�i�e�n�t�s� �w�e�r�e� �n�o�t� �p�r�o�v�i�d�e�d�.� 

�S�c�h�l�a�d�o�w� �(�1�9�9�2�)� �e�x�p�a�n�d�e�d� �u�p�o�n� �t�h�e� �w�o�r�k� �d�o�n�e� �b�y� �M�c�D�o�u�g�a�l�l� �(�1�9�7�8�)�.� �H�e� �u�s�e�d� �a� �v�a�l�u�e� 

�f�o�r� �a� �o�f� �0�.�0�8�3� �a�n�d� �a� �b�u�b�b�l�e� �s�l�i�p� �v�e�l�o�c�i�t�y� �o�f� �0�.�3� �m�/�s�.� �H�e� �n�o�t�e�d� �t�h�a�t� �b�o�t�h� �o�f� �t�h�e�s�e� �p�a�r�a�m�e�t�e�r�s� 

�p�r�o�b�a�b�l�y� �v�a�r�i�e�d� �w�i�t�h� �t�h�e� �f�l�o�w� �c�o�n�d�i�t�i�o�n�s� �b�u�t� �t�h�a�t� �h�o�l�d�i�n�g� �t�h�e�m� �c�o�n�s�t�a�n�t� �s�h�o�u�l�d� �n�o�t� �h�a�v�e� �a� 

�s�i�g�n�i�f�i�c�a�n�t� �e�f�f�e�c�t� �o�n� �t�h�e� �m�o�d�e�l ��s� �p�r�e�d�i�c�t�i�o�n� �o�f� �t�h�e� �p�l�u�m�e ��s� �f�e�a�t�u�r�e�s�.� �H�e� �m�o�d�i�f�i�e�d� �M�c�D�o�u�g�a�l�l ��s� 

�e�q�u�a�t�i�o�n� �f�o�r� �C� �a�n�d� �c�o�n�c�l�u�d�e�d� �t�h�a�t� �t�h�e� �n�e�w� �v�a�l�u�e� �f�o�r� �C� �a�l�o�n�g� �w�i�t�h� �M�c�D�o�u�g�a�l�l ��s� �M� �v�a�l�u�e� 

�d�e�t�e�r�m�i�n�e�d� �w�h�e�t�h�e�r� �a� �g�i�v�e�n� �p�l�u�m�e� �r�o�s�e� �t�o� �t�h�e� �s�u�r�f�a�c�e� �o�r� �s�p�r�e�a�d� �o�u�t� �a�t� �o�n�e� �o�r� �m�o�r�e� �l�e�v�e�l�s�.� �S�t�r�o�n�g�l�y� 

�s�t�r�a�t�i�f�i�e�d� �w�a�t�e�r� �b�o�d�i�e�s� �(�w�h�i�c�h� �w�o�u�l�d� �h�a�v�e� �h�i�g�h� �C� �v�a�l�u�e�s�)� �w�e�r�e� �m�o�r�e� �d�i�f�f�i�c�u�l�t� �t�o� �m�i�x� �t�h�a�n� �l�e�s�s� 

�s�t�r�o�n�g�l�y� �s�t�r�a�t�i�f�i�e�d� �b�o�d�i�e�s�.� 

�S�c�h�l�a�d�o�w� �(�1�9�9�3�)� �p�r�e�s�e�n�t�e�d� �t�h�e� �m�o�d�e�l� �f�r�o�m� �h�i�s� �1�9�9�2� �p�a�p�e�r� �a�n�d� �d�e�s�c�r�i�b�e�d� �t�h�e� �m�e�t�h�o�d� �b�y� 

�w�h�i�c�h� �h�e� �c�o�m�b�i�n�e�d� �h�i�s� �p�l�u�m�e� �m�o�d�e�l� �w�i�t�h� �t�h�e� �l�a�k�e� �m�o�d�e�l� �D�Y�R�E�S�M�.� �H�e� �p�r�o�v�i�d�e�d� �e�x�a�m�p�l�e�s� �t�h�a�t� 

�d�e�m�o�n�s�t�r�a�t�e�d� �t�h�a�t� �t�h�i�s� �c�o�m�b�i�n�e�d� �m�o�d�e�l� �c�o�u�l�d� �b�e� �u�s�e�d� �s�u�c�c�e�s�s�f�u�l�l�y� �t�o� �d�e�s�i�g�n� �l�a�k�e� �m�i�x�i�n�g� �s�y�s�t�e�m�s�.� 

�W�h�i�l�e� �S�c�h�l�a�d�o�w ��s� �m�o�d�e�l� �s�e�e�m�s� �t�o� �h�a�v�e� �b�e�e�n� �s�u�c�c�e�s�s�f�u�l�,� �h�i�s� �p�a�p�e�r�s� �(�1�9�9�2�,� �1�9�9�3�)� �c�o�n�t�a�i�n� 

�t�w�o� �p�o�t�e�n�t�i�a�l� �f�l�a�w�s�.� �F�i�r�s�t�,� �h�e� �u�s�e�d� �G�a�u�s�s�i�a�n� �r�a�t�h�e�r� �t�h�a�n� �t�o�p� �h�a�t� �d�i�s�t�r�i�b�u�t�i�o�n�s� �i�n� �h�i�s� �m�o�d�e�l� �w�h�i�c�h� 

�h�a�v�e� �b�e�e�n� �s�h�o�w�n� �t�o� �m�i�s�r�e�p�r�e�s�e�n�t� �t�h�e� �a�c�t�u�a�l� �p�r�o�f�i�l�e�s� �i�n� �s�t�r�a�t�i�f�i�e�d� �w�a�t�e�r�.� �S�e�c�o�n�d�,� �S�c�h�l�a�d�o�w� �r�e�f�e�r�s� �t�o� 

�2�5



�a� �p�r�e�v�i�o�u�s� �s�t�u�d�y� �a�s� �s�t�a�t�i�n�g� �t�h�a�t� �A� �i�s� �0�.�3�,� �a� �v�a�l�u�e� �t�h�a�t� �c�o�m�p�a�r�e�s� �t�o� �M�c�D�o�u�g�a�l�l� �(�1�9�7�9�)� �b�u�t� �s�e�e�m�s� �l�o�w� 

�w�h�e�n� �c�o�m�p�a�r�e�d� �t�o� �t�h�o�s�e� �o�b�t�a�i�n�e�d� �b�y� �o�t�h�e�r� �a�u�t�h�o�r�s�.� 

�A�s�a�e�d�a� �a�n�d� �I�m�b�e�r�g�e�r� �(�1�9�9�3�)� �p�r�e�s�e�n�t�e�d� �w�h�a�t� �i�s� �p�e�r�h�a�p�s� �t�h�e� �m�o�s�t� �c�o�m�p�l�e�x� �o�f� �t�h�e� �m�o�d�e�l�s� �f�o�r� 

�a� �b�u�b�b�l�e� �p�l�u�m�e� �i�n� �a� �s�t�r�a�t�i�f�i�e�d� �e�n�v�i�r�o�n�m�e�n�t�.� �T�h�e�i�r� �m�o�d�e�l� �i�n�c�l�u�d�e�d�  ��a�n� �u�p�w�a�r�d�-�m�o�v�i�n�g� �b�u�b�b�l�e� �c�o�r�e�,� 

�a�n� �i�n�n�e�r� �p�l�u�m�e� �c�o�n�s�i�s�t�i�n�g� �o�f� �a� �m�i�x�t�u�r�e� �o�f� �b�u�b�b�l�e�s� �a�n�d� �r�e�l�a�t�i�v�e�l�y� �d�e�n�s�e� �f�l�u�i�d�,� �a�n� �a�n�n�u�l�a�r� 

�d�o�w�n�d�r�a�u�g�h�t�,� �a�n�d� �b�e�y�o�n�d� �t�h�a�t� �a� �h�o�r�i�z�o�n�t�a�l� �i�n�t�r�u�s�i�o�n� �f�l�o�w �� �(�A�s�a�e�d�a� �a�n�d� �I�m�b�e�r�g�e�r�,� �1�9�9�3�)�.� �T�h�e�y� 

�a�s�s�u�m�e�d� �a� �t�o�p� �h�a�t� �d�i�s�t�r�i�b�u�t�i�o�n� �a�n�d� �c�o�n�s�t�a�n�t� �v�a�l�u�e�s� �f�o�r� �t�h�e� �b�u�b�b�l�e� �s�l�i�p� �v�e�l�o�c�i�t�y� �a�n�d� �f�o�r� �a�,� �n�o�t�i�n�g� 

�t�h�a�t� �p�r�e�v�i�o�u�s� �s�t�u�d�i�e�s� �s�h�o�w�e�d� �t�h�a�t� �a� �c�o�u�l�d� �v�a�r�y� �b�e�t�w�e�e�n� �0�.�0�4� �a�n�d� �0�.�1�2�.� �T�h�e�y� �u�s�e�d� �t�h�r�e�e� �d�i�f�f�e�r�e�n�t� 

�e�n�t�r�a�i�n�m�e�n�t� �c�o�e�f�f�i�c�i�e�n�t�s� �f�o�r� �t�h�e� �d�i�f�f�e�r�e�n�t� �r�e�g�i�o�n�s� �o�f� �t�h�e�i�r� �p�l�u�m�e� �b�u�t� �d�i�d� �n�o�t� �p�r�e�s�e�n�t� �t�h�e� �a�c�t�u�a�l� �v�a�l�u�e�s� 

�u�s�e�d�.� �T�h�r�e�e� �n�e�w� �p�a�r�a�m�e�t�e�r�s� �w�e�r�e� �i�n�t�r�o�d�u�c�e�d� �t�o� �d�e�s�c�r�i�b�e� �t�h�e� �p�l�u�m�e ��s� �b�e�h�a�v�i�o�r� �a�n�d� �t�h�e�s�e� �t�h�r�e�e� 

�p�a�r�a�m�e�t�e�r�s� �w�e�r�e� �u�s�e�d� �f�o�r� �d�e�s�i�g�n� �o�f� �l�a�k�e� �d�e�s�t�r�a�t�i�f�i�c�a�t�i�o�n� �s�y�s�t�e�m�s�.� 

�T�h�e�i�r� �l�a�b�o�r�a�t�o�r�y� �s�c�a�l�e� �e�x�p�e�r�i�m�e�n�t�s� �s�h�o�w�e�d� �t�h�a�t� �h�i�g�h� �g�a�s� �f�l�o�w�r�a�t�e�s� �r�e�s�u�l�t�e�d� �i�n� �o�n�e� �p�l�u�m�e� 

�t�h�a�t� �r�e�a�c�h�e�d� �t�h�e� �t�o�p� �o�f� �t�h�e� �t�a�n�k� �w�h�i�l�e� �l�o�w�e�r� �f�l�o�w�r�a�t�e�s� �r�e�s�u�l�t�e�d� �i�n� �a� �v�e�r�t�i�c�a�l� �s�e�r�i�e�s� �o�f� �p�l�u�m�e�s�.� �V�e�r�y� 

�l�o�w� �g�a�s� �f�l�o�w�r�a�t�e�s� �r�e�s�u�l�t�e�d� �i�n� �a�n� �u�n�s�t�e�a�d�y� �p�l�u�m�e� �w�i�t�h� �i�r�r�e�g�u�l�a�r� �t�u�r�b�u�l�e�n�t� �e�d�d�i�e�s�,� �a�n�d� �t�h�e� �p�l�u�m�e�s� 

�w�a�n�d�e�r�e�d� �a� �g�r�e�a�t� �d�e�a�l�.� 

�G�a�s� �T�r�a�n�s�f�e�r� �i�n� �B�u�b�b�l�e� �P�l�u�m�e�s�.� 

�O�n�l�y� �a� �f�e�w� �s�t�u�d�i�e�s� �o�f� �b�u�b�b�l�e� �p�l�u�m�e�s� �h�a�v�e� �c�o�n�s�i�d�e�r�e�d� �g�a�s� �t�r�a�n�s�f�e�r� �b�e�t�w�e�e�n� �t�h�e� �b�u�b�b�l�e�s� �a�n�d� 

�t�h�e� �s�u�r�r�o�u�n�d�i�n�g� �l�i�q�u�i�d�.� �I�f� �b�u�b�b�l�e� �p�l�u�m�e�s� �a�r�e� �t�o� �b�e� �u�s�e�d� �f�o�r� �l�a�k�e� �a�e�r�a�t�i�o�n�,� �g�a�s� �t�r�a�n�s�f�e�r� �i�s� �o�n�e� �o�f� �t�h�e� 

�m�o�s�t� �s�i�g�n�i�f�i�c�a�n�t� �c�o�m�p�o�n�e�n�t�s� �o�f� �t�h�e� �m�o�d�e�l�.� �T�h�e� �f�i�v�e� �b�u�b�b�l�e� �p�l�u�m�e� �m�o�d�e�l�s� �t�h�a�t� �a�c�c�o�u�n�t� �f�o�r� �g�a�s� 

�t�r�a�n�s�f�e�r� �a�r�e� �d�i�s�c�u�s�s�e�d� �b�e�l�o�w�.� 
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�S�p�e�e�c�e� �a�n�d� �R�a�y�y�a�n�,� �1�9�7�3�.� 

�S�p�e�e�c�e� �a�n�d� �R�a�y�y�a�n� �(�1�9�7�3�)� �w�e�r�e� �t�h�e� �f�i�r�s�t� �t�o� �i�n�c�o�r�p�o�r�a�t�e� �g�a�s� �t�r�a�n�s�f�e�r� �i�n�t�o� �a� �b�u�b�b�l�e� �p�l�u�m�e� 

�m�o�d�e�l�.� �T�h�e�i�r� �p�u�r�p�o�s�e� �w�a�s� �t�o� �d�e�r�i�v�e� �a� �m�o�d�e�l� �f�o�r� �h�y�p�o�l�i�m�n�e�t�i�c� �a�e�r�a�t�i�o�n� �a�n�d� �t�h�e�r�e�f�o�r�e� �t�h�e�y� 

�d�e�v�e�l�o�p�e�d� �t�h�e�i�r� �m�o�d�e�l� �f�o�r� �a�n� �u�n�s�t�r�a�t�i�f�i�e�d� �e�n�v�i�r�o�n�m�e�n�t�.� �E�q�u�a�t�i�o�n�s� �f�o�r� �t�h�e� �r�a�t�e� �o�f� �w�a�t�e�r� �d�i�s�c�h�a�r�g�e�,� 

�w�a�t�e�r� �m�o�m�e�n�t�u�m� �f�l�u�x�,� �a�i�r�-�w�a�t�e�r� �b�u�o�y�a�n�c�y� �f�l�u�x� �a�n�d� �w�a�t�e�r� �k�i�n�e�t�i�c� �e�n�e�r�g�y� �f�l�u�x� �w�e�r�e� �d�e�r�i�v�e�d� �f�o�r� 

�b�o�t�h� �z�e�r�o� �a�n�d� �n�o�n�-�z�e�r�o� �b�u�b�b�l�e� �s�l�i�p� �v�e�l�o�c�i�t�i�e�s�.� �T�h�e�y� �a�s�s�u�m�e�d� �t�h�a�t� �t�h�e� �b�u�b�b�l�e� �s�p�r�e�a�d� �w�a�s� �s�m�a�l�l� 

�c�o�m�p�a�r�e�d� �t�o� �t�h�e� �p�l�u�m�e� �e�x�p�a�n�s�i�o�n� �a�n�d� �u�s�e�d� �a� �v�a�l�u�e� �f�o�r� �A� �o�f� �0�.�2�.� �T�h�e�y� �a�s�s�u�m�e�d�,� �b�u�t� �d�i�d� �n�o�t� 

�a�t�t�e�m�p�t� �t�o� �v�e�r�i�f�y� �i�n� �t�h�e�i�r� �f�u�l�l� �s�c�a�l�e� �s�t�u�d�y�,� �t�h�a�t� �b�o�t�h� �A� �a�n�d� �a� �w�e�r�e� �c�o�n�s�t�a�n�t�.� �I�n�c�r�e�a�s�m�g� �a� �f�r�o�m� �t�h�e� 

�0�.�0�3� �u�s�e�d� �i�n� �t�h�e� �m�o�d�e�l� �r�e�s�u�l�t�e�d� �i�n� �a� �d�e�c�r�e�a�s�e� �i�n� �p�r�e�d�i�c�t�e�d� �v�e�l�o�c�i�t�y�,� �a�n� �i�n�c�r�e�a�s�e� �i�n� �p�r�e�d�i�c�t�e�d� �p�l�u�m�e� 

�w�i�d�t�h�,� �a�n�d� �a�n� �i�n�c�r�e�a�s�e� �i�n� �p�r�e�d�i�c�t�e�d� �w�a�t�e�r� �f�l�o�w�r�a�t�e�.� 

�T�h�e� �d�a�t�a� �c�o�l�l�e�c�t�e�d� �s�h�o�w�e�d� �t�h�a�t� �t�h�e� �p�r�o�p�o�s�e�d� �m�o�d�e�l� �p�r�e�d�i�c�t�e�d� �t�h�e� �d�a�t�a� �w�e�l�l�.� �L�e�s�s� �t�h�a�n� �1�3� 

�p�e�r�c�e�n�t� �e�r�r�o�r� �w�a�s� �f�o�u�n�d� �f�o�r� �t�h�e� �p�r�e�d�i�c�t�i�o�n�s� �o�f� �c�e�n�t�e�r�l�i�n�e� �v�e�l�o�c�i�t�i�e�s� �a�t� �v�a�r�i�o�u�s� �d�e�p�t�h�s� �a�n�d� �f�l�o�w�r�a�t�e�s�.� 

�T�h�e� �p�l�u�m�e� �d�i�a�m�e�t�e�r� �w�a�s� �a�s� �p�r�e�d�i�c�t�e�d� �f�o�r� �s�h�a�l�l�o�w� �w�a�t�e�r� �b�u�t� �w�a�s� �s�i�g�n�i�f�i�c�a�n�t�l�y� �s�m�a�l�l�e�r� �t�h�a�n� 

�p�r�e�d�i�c�t�e�d� �f�o�r� �d�e�e�p� �w�a�t�e�r�.� �D�y�e� �s�t�u�d�i�e�s� �f�o�u�n�d� �t�h�a�t� �t�h�e� �h�y�p�o�l�i�m�n�i�o�n� �d�i�d� �n�o�t� �m�i�x� �w�i�t�h� �t�h�e� �u�p�p�e�r� �l�a�y�e�r�s� 

�o�f� �t�h�e� �l�a�k�e� �a�s� �a� �r�e�s�u�l�t� �o�f� �t�h�e� �p�l�u�m�e� �a�n�d� �i�t� �w�a�s� �a�s�s�u�m�e�d� �t�h�a�t� �c�o�m�p�l�e�t�e� �u�n�c�o�u�p�l�i�n�g�,� �a�s� �p�r�o�p�o�s�e�d� �b�y� 

�C�e�d�e�r�w�a�l�l� �a�n�d� �D�i�t�m�a�r�s� �(�1�9�7�0�)�,� �o�c�c�u�r�r�e�d�.� �A�l�t�h�o�u�g�h� �W�i�l�k�i�n�s�o�n� �(�1�9�7�9�)� �f�o�u�n�d� �t�h�a�t� �t�h�e� �S�p�e�e�c�e� �a�n�d� 

�R�a�y�y�a�n� �t�h�e�o�r�y� �w�a�s� �n�o�t� �a�c�c�u�r�a�t�e� �w�h�e�n� �u�s�e�d� �t�o� �p�r�e�d�i�c�t� �t�h�e� �p�e�r�f�o�r�m�a�n�c�e� �o�f� �f�u�l�l� �s�c�a�l�e� �p�l�u�m�e�s� �w�i�t�h� 

�h�i�g�h� �f�l�o�w�r�a�t�e�s�,� �t�h�e� �t�h�e�o�r�y� �s�e�e�m�e�d� �a�c�c�u�r�a�t�e� �f�o�r� �t�h�e� �f�l�o�w�r�a�t�e�s� �e�x�a�m�i�n�e�d� �i�n� �t�h�e�i�r� �s�t�u�d�y�.� 

�I�n� �a�d�d�i�t�i�o�n� �t�o� �t�h�e� �t�h�e�o�r�y� �p�r�e�s�e�n�t�e�d�,� �S�p�e�e�c�e� �a�n�d� �R�a�y�y�a�n� �p�r�o�v�i�d�e� �a�n� �e�x�c�e�l�l�e�n�t�,� �a�l�t�h�o�u�g�h� �n�o�w� 

�o�u�t� �d�a�t�e�d�,� �r�e�v�i�e�w� �o�f� �s�t�u�d�i�e�s� �o�f� �b�u�b�b�l�e� �f�o�r�m�a�t�i�o�n� �a�n�d� �b�u�b�b�l�e� �v�e�l�o�c�i�t�y�.� 
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�S�p�e�e�c�e� �a�n�d� �M�u�r�f�e�e�,� �1�9�7�3�.� 

�S�p�e�e�c�e� �a�n�d� �M�u�r�f�e�e� �(�1�9�7�3�)� �p�r�e�s�e�n�t�e�d� �a� �p�u�r�e�l�y� �p�r�a�c�t�i�c�a�l� �g�u�i�d�e� �t�o� �d�e�s�i�g�n�i�n�g� �h�y�p�o�l�i�m�n�e�t�i�c� 

�a�e�r�a�t�i�o�n� �s�y�s�t�e�m�s�.� �T�h�e� �f�i�r�s�t� �s�t�e�p� �i�n�v�o�l�v�e�s� �c�h�o�o�s�i�n�g� �t�h�e� �h�e�i�g�h�t� �t�o� �w�h�i�c�h� �t�h�e� �p�l�u�m�e� �s�h�o�u�l�d� �r�i�s�e� �b�a�s�e�d� 

�o�n� �t�h�e� �d�e�p�t�h� �o�f� �t�h�e� �h�y�p�o�l�i�m�n�i�o�n�.� �A� �g�r�a�p�h� �i�s� �p�r�o�v�i�d�e�d� �f�r�o�m� �w�h�i�c�h� �a� �b�u�b�b�l�e� �s�i�z�e� �i�s� �s�e�l�e�c�t�e�d� �t�o� 

�c�o�r�r�e�s�p�o�n�d� �w�i�t�h� �t�h�e� �m�a�x�i�m�u�m� �h�e�i�g�h�t� �o�f� �p�l�u�m�e� �r�i�s�e� �d�e�s�i�r�e�d�.� �A�i�r� �f�l�o�w� �r�a�t�e� �a�n�d� �d�i�f�f�u�s�e�r� �t�y�p�e� �t�o� 

�p�r�o�v�i�d�e� �t�h�e� �a�p�p�r�o�p�r�i�a�t�e� �b�u�b�b�l�e� �s�i�z�e� �a�r�e� �t�h�e�n� �s�e�l�e�c�t�e�d�.� �F�i�n�a�l�l�y�,� �t�h�e� �o�x�y�g�e�n� �r�e�q�u�i�r�e�m�e�n�t� �i�s� 

�d�e�t�e�r�m�i�n�e�d� �a�n�d� �t�h�e� �a�r�e�a� �o�f� �d�i�f�f�u�s�e�r� �u�n�i�t�s� �r�e�q�u�i�r�e�d� �i�s� �c�a�l�c�u�l�a�t�e�d�.� 

�A�s� �m�e�n�t�i�o�n�e�d�,� �t�h�i�s� �a�p�p�r�o�a�c�h� �i�s� �p�u�r�e�l�y� �p�r�a�c�t�i�c�a�l� �a�n�d� �d�o�e�s� �n�o�t� �c�o�n�s�i�d�e�r� �t�h�e� �p�r�o�p�e�r�t�i�e�s� �o�f� 

�b�u�b�b�l�e� �p�l�u�m�e�s�.� �S�o�m�e� �d�i�f�f�i�c�u�l�t�i�e�s� �c�o�u�l�d� �r�e�s�u�l�t� �f�r�o�m� �t�h�e� �u�s�e� �o�f� �t�h�i�s� �m�e�t�h�o�d�.� �F�o�r� �e�x�a�m�p�l�e�,� �t�h�e� 

�b�o�t�t�o�m� �o�f� �t�h�e� �m�e�t�a�l�i�m�n�i�o�n� �i�s� �a�s�s�u�m�e�d� �t�o� �b�e� �1�5� �m�e�t�e�r�s� �f�r�o�m� �t�h�e� �w�a�t�e�r� �s�u�r�f�a�c�e�.� �D�i�f�f�i�c�u�l�t�i�e�s� �m�a�y� 

�o�c�c�u�r� �i�f� �t�h�i�s� �p�r�o�c�e�d�u�r�e� �i�s� �u�s�e�d� �t�o� �s�i�z�e� �a�e�r�a�t�i�o�n� �s�y�s�t�e�m�s� �f�o�r� �l�a�k�e�s� �w�h�o�s�e� �p�r�o�f�i�l�e�s� �d�o� �n�o�t� �c�o�n�f�o�r�m� �t�o� 

�t�h�i�s� �d�e�p�t�h�.� �A�n�o�t�h�e�r� �p�r�o�b�l�e�m� �i�s� �t�h�a�t� �S�p�e�e�c�e� �a�n�d� �M�u�r�f�e�e� �g�i�v�e� �n�o� �g�u�i�d�a�n�c�e� �c�o�n�c�e�r�n�i�n�g� �t�h�e� �s�e�l�e�c�t�i�o�n� 

�o�f� �t�h�e� �a�i�r� �f�l�o�w�r�a�t�e� �a�n�d� �d�i�f�f�u�s�e�r� �t�y�p�e� �t�o� �o�b�t�a�i�n� �t�h�e� �d�e�s�i�r�e�d� �b�u�b�b�l�e� �s�i�z�e�,� �a�n�d� �b�u�b�b�l�e� �s�i�z�e� �i�s� �v�e�r�y� 

�d�i�f�f�i�c�u�l�t� �t�o� �p�r�e�d�i�c�t�.� 

�R�a�y�y�a�n� �a�n�d� �S�p�e�e�c�e�,� �1�9�7�7�.� 

�I�n� �1�9�7�7�,� �R�a�y�y�a�n� �a�n�d� �S�p�e�e�c�e� �p�r�e�s�e�n�t�e�d� �a� �m�o�d�e�l� �f�o�r� �h�y�p�o�l�i�m�n�e�t�i�c� �a�e�r�a�t�i�o�n� �i�n� �a� �s�t�r�a�t�i�f�i�e�d� 

�w�a�t�e�r� �b�o�d�y� �b�a�s�e�d� �o�n� �t�h�e� �C�e�d�e�r�w�a�l�l� �a�n�d� �D�i�t�m�a�r�s� �(�1�9�7�0�)� �b�u�b�b�l�e� �p�l�u�m�e� �m�o�d�e�l�.� �T�h�e�y� �a�d�d�e�d� �t�e�r�m�s� �t�o� 

�a�c�c�o�u�n�t� �f�o�r� �n�o�n�-�l�i�n�e�a�r� �s�t�r�a�t�i�f�i�c�a�t�i�o�n� �a�n�d� �o�x�y�g�e�n� �t�r�a�n�s�f�e�r�.� �T�h�e� �b�a�s�i�s� �f�o�r� �t�h�i�s� �m�o�d�e�l� �w�e�r�e� �e�q�u�a�t�i�o�n�s� 

�f�o�r� �v�o�l�u�m�e� �f�l�u�x�,� �o�x�y�g�e�n� �f�l�o�w�,� �m�o�m�e�n�t�u�m� �f�l�u�x�,� �a�n�d� �b�u�o�y�a�n�c�y� �f�l�u�x�.� �A�n� �e�q�u�a�t�i�o�n� �f�o�r� �t�h�e� 

�c�o�n�s�e�r�v�a�t�i�o�n� �o�f� �h�e�a�t� �w�a�s� �a�l�s�o� �i�n�c�l�u�d�e�d�.� �P�r�e�d�i�c�t�e�d� �p�l�u�m�e� �v�e�l�o�c�i�t�y� �a�n�d� �d�i�a�m�e�t�e�r� �a�g�r�e�e�d� �w�i�t�h� �d�a�t�a� 

�m�e�a�s�u�r�e�d� �i�n� �t�h�e� �l�a�b�o�r�a�t�o�r�y� �a�n�d� �i�n� �t�h�e� �f�i�e�l�d� �w�i�t�h� �a�n� �e�r�r�o�r� �o�f� �o�n�l�y� �1�0� �p�e�r�c�e�n�t�.� �P�r�e�d�i�c�t�e�d� �m�a�x�i�m�u�m� 

�p�l�u�m�e� �r�i�s�e� �h�e�i�g�h�t� �a�n�d� �t�e�m�p�e�r�a�t�u�r�e� �d�i�s�t�r�i�b�u�t�i�o�n� �w�e�r�e� �a�l�s�o� �a�c�c�u�r�a�t�e�.� �O�x�y�g�e�n� �t�r�a�n�s�f�e�r� �p�r�e�d�i�c�t�i�o�n�s� 
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�w�e�r�e� �n�o�t� �t�e�s�t�e�d�.� �R�a�y�y�a�n� �a�n�d� �S�p�e�e�c�e� �u�s�e�d� �G�a�u�s�s�i�a�n� �v�e�l�o�c�i�t�y� �a�n�d� �b�u�o�y�a�n�c�y� �p�r�o�f�i�l�e�s�,� �b�u�t� �t�h�i�s� 

�p�r�o�b�a�b�l�y� �d�i�d� �n�o�t� �m�a�k�e� �a� �d�i�f�f�e�r�e�n�c�e� �a�s� �t�h�e�i�r� �p�r�e�d�i�c�t�i�o�n�s� �w�e�r�e� �c�o�n�c�e�r�n�e�d� �w�i�t�h� �t�h�e� �h�y�p�o�l�i�m�n�i�o�n�.� 

�R�a�y�y�a�n� �a�n�d� �S�p�e�e�c�e� �f�o�u�n�d� �t�h�a�t� �t�h�e�i�r� �o�x�y�g�e�n� �p�l�u�m�e� �s�t�o�p�p�e�d� �w�h�e�n� �i�t� �r�e�a�c�h�e�d� �t�h�e� 

�t�h�e�r�m�o�c�l�i�n�e�.� �M�i�x�i�n�g� �o�c�c�u�r�r�e�d� �b�e�t�w�e�e�n� �t�h�e� �m�e�t�a�l�i�m�n�i�o�n� �a�n�d� �e�p�i�l�i�m�n�i�o�n�,� �b�u�t� �t�h�e� �h�y�p�o�l�i�m�n�i�o�n� �d�i�d� 

�n�o�t� �m�i�x� �w�i�t�h� �t�h�e� �l�a�y�e�r�s� �a�b�o�v�e� �i�t�.� 

�T�s�a�n�g�,� �1�9�9�0�.� 

�T�s�a�n�g� �(�1�9�9�0�)� �a�l�s�o� �d�e�v�e�l�o�p�e�d� �a� �m�o�d�e�l� �f�o�r� �o�x�y�g�e�n�a�t�i�n�g� �b�u�b�b�l�e� �p�l�u�m�e�s�.� �T�s�a�n�g� �b�a�s�e�d� �h�i�s� 

�m�o�d�e�l� �o�n� �c�o�n�s�e�r�v�a�t�i�o�n� �o�f� �m�a�s�s� �(�w�a�t�e�r� �v�o�l�u�m�e� �f�l�u�x�)�,� �c�o�n�s�e�r�v�a�t�i�o�n� �o�f� �e�n�e�r�g�y�,� �v�o�l�u�m�e�t�r�i�c� �g�a�s� �f�l�u�x�,� 

�b�u�b�b�l�e� �n�u�m�b�e�r� �(�a�s�s�u�m�e�d� �c�o�n�s�t�a�n�t�)�,� �b�u�b�b�l�e� �r�a�d�i�u�s�,� �g�a�s� �t�r�a�n�s�f�e�r� �a�c�r�o�s�s� �t�h�e� �b�u�b�b�l�e� �s�u�r�f�a�c�e�,� �a�n�d� 

�b�u�b�b�l�e� �e�x�p�a�n�s�i�o�n� �d�u�e� �t�o� �d�e�c�r�e�a�s�i�n�g� �p�r�e�s�s�u�r�e�.� �B�e�c�a�u�s�e� �t�h�i�s� �m�o�d�e�l� �w�a�s� �f�o�r� �b�u�b�b�l�e� �p�l�u�m�e�s� �i�n� 

�u�n�s�t�r�a�t�i�f�i�e�d� �s�u�r�r�o�u�n�d�i�n�g�s�,� �t�h�e� �e�x�p�a�n�s�i�o�n� �a�n�g�l�e� �o�f� �t�h�e� �p�l�u�m�e� �w�a�s� �a�s�s�u�m�e�d� �t�o� �b�e� �s�m�a�l�l� �a�n�d� �c�o�n�s�t�a�n�t�.� 

�W�h�i�l�e� �t�h�i�s� �i�s� �l�i�k�e�l�y� �a�n� �a�c�c�u�r�a�t�e� �a�s�s�u�m�p�t�i�o�n� �f�o�r� �p�l�u�m�e�s� �i�n� �w�e�a�k�l�y� �s�t�r�a�t�i�f�i�e�d� �e�n�v�i�r�o�n�m�e�n�t�s� �o�r� �f�o�r� �h�i�g�h� 

�g�a�s� �f�l�o�w�r�a�t�e�s�,� �A�s�a�e�d�a� �a�n�d� �I�m�b�e�r�g�e�r ��s� �(�1�9�8�3�)� �w�o�r�k� �s�h�o�w�e�d� �t�h�a�t� �t�h�i�s� �i�s� �p�r�o�b�a�b�l�y� �n�o�t� �t�r�u�e� �w�h�e�n� �t�h�e� 

�e�n�v�i�r�o�n�m�e�n�t� �i�s� �s�t�r�o�n�g�l�y� �s�t�r�a�t�i�f�i�e�d� �o�r� �w�h�e�n� �t�h�e� �p�l�u�m�e� �i�s� �w�e�a�k�.� �T�h�e�r�e�f�o�r�e�,� �T�s�a�n�g ��s� �m�o�d�e�l�,� �w�h�i�c�h� 

�a�p�p�e�a�r�e�d� �v�e�r�y� �t�h�o�r�o�u�g�h�,� �c�o�u�l�d� �b�e� �u�s�e�d� �o�n�l�y� �f�o�r� �h�y�p�o�l�i�m�n�e�t�i�c� �a�e�r�a�t�i�o�n� �o�r� �f�o�r� �p�r�e�d�i�c�t�i�n�g� �p�l�u�m�e� 

�p�e�r�f�o�r�m�a�n�c�e� �i�n� �u�n�s�t�r�a�t�i�f�i�e�d� �w�a�t�e�r� �b�o�d�i�e�s�.� 

�W�u�e�s�t� �e�t� �a�l�.�,� �1�9�9�2�.� 

�T�h�e� �m�o�s�t� �r�e�c�e�n�t� �b�u�b�b�l�e� �p�l�u�m�e� �m�o�d�e�l� �f�o�r� �s�t�r�a�t�i�f�i�e�d� �w�a�t�e�r� �b�o�d�i�e�s� �t�h�a�t� �i�n�c�l�u�d�e�s� �g�a�s� �t�r�a�n�s�f�e�r� 

�w�a�s� �d�e�v�e�l�o�p�e�d� �b�y� �W�u�e�s�t� �e�f� �a�l�.� �(�1�9�9�2�)�.� �T�h�e� �b�a�s�i�s� �f�o�r� �t�h�i�s� �m�o�d�e�l� �w�a�s� �e�i�g�h�t� �d�i�f�f�e�r�e�n�t�i�a�l� �f�l�u�x� 

�e�q�u�a�t�i�o�n�s�.� �W�a�t�e�r� �v�o�l�u�m�e� �f�l�u�x�,� �m�o�m�e�n�t�u�m� �f�l�u�x�,� �t�e�m�p�e�r�a�t�u�r�e� �f�l�u�x�,� �d�i�s�s�o�l�v�e�d� �s�o�l�i�d�s� �f�l�u�x�,� �d�i�s�s�o�l�v�e�d� 

�o�x�y�g�e�n� �f�l�u�x�,� �d�i�s�s�o�l�v�e�d� �n�i�t�r�o�g�e�n� �f�l�u�x�,� �g�a�s�e�o�u�s� �o�x�y�g�e�n� �f�l�u�x�,� �a�n�d� �g�a�s�e�o�u�s� �n�i�t�r�o�g�e�n� �f�l�u�x� �w�e�r�e� �a�l�l� 

�2�9



�c�o�n�s�i�d�e�r�e�d�.� �T�h�e� �c�h�a�n�g�e� �i�n� �m�o�m�e�n�t�u�m� �a�s� �t�h�e� �p�l�u�m�e� �r�o�s�e� �w�a�s� �c�o�n�s�i�d�e�r�e�d� �e�q�u�a�l� �t�o� �t�h�e� �b�u�o�y�a�n�t� �f�o�r�c�e� 

�a�t� �t�h�a�t� �h�e�i�g�h�t�.� �T�h�e� �e�n�t�r�a�i�n�m�e�n�t� �c�o�e�f�f�i�c�i�e�n�t� �w�a�s� �a�s�s�u�m�e�d� �t�o� �b�e� �a� �c�o�n�s�t�a�n�t� �0�.�1�1�;� �t�h�e� �s�p�r�e�a�d�i�n�g� 

�c�o�e�f�f�i�c�i�e�n�t� �w�a�s� �a�s�s�u�m�e�d� �t�o� �b�e� �0�.�8�,� �a�n�d� �t�h�e� �b�u�b�b�l�e� �s�l�i�p� �v�e�l�o�c�i�t�y� �w�a�s� �a� �f�u�n�c�t�i�o�n� �o�f� �b�u�b�b�l�e� �r�a�d�i�u�s�.� 

�T�o�p� �h�a�t� �p�r�o�f�i�l�e�s� �w�e�r�e� �a�s�s�u�m�e�d�.� 

�T�h�e� �e�i�g�h�t� �d�i�f�f�e�r�e�n�t�i�a�l� �e�q�u�a�t�i�o�n�s� �w�e�r�e� �s�o�l�v�e�d� �n�u�m�e�r�i�c�a�l�l�y� �a�l�o�n�g� �w�i�t�h� �a� �n�u�m�b�e�r� �o�f� �e�q�u�a�t�i�o�n�s� 

�o�f� �s�t�a�t�e� �t�h�a�t� �v�a�r�i�e�d� �w�i�t�h� �d�e�p�t�h�.� �T�h�e� �p�r�e�d�i�c�t�e�d� �h�e�i�g�h�t� �o�f� �m�a�x�i�m�u�m� �p�l�u�m�e� �r�i�s�e� �a�n�d� �t�h�e� �a�m�o�u�n�t� �o�f� 

�o�x�y�g�e�n� �t�r�a�n�s�f�e�r�r�e�d� �t�o� �t�h�e� �w�a�t�e�r� �w�e�r�e� �f�o�u�n�d� �t�o� �b�e� �m�o�s�t� �s�e�n�s�i�t�i�v�e� �t�o� �i�n�i�t�i�a�l� �b�u�b�b�l�e� �s�i�z�e� �(�w�h�i�c�h� �h�a�d� �t�o� 

�b�e� �e�s�t�i�m�a�t�e�d�)� �a�n�d� �g�a�s� �f�l�o�w�r�a�t�e�.� �T�h�e� �v�a�l�u�e� �a�s�s�u�m�e�d� �f�o�r� �a� �h�a�d� �a� �s�i�g�n�i�f�i�c�a�n�t� �e�f�f�e�c�t� �o�n� �t�h�e� �p�r�e�d�i�c�t�e�d� 

�h�e�i�g�h�t� �o�f� �m�a�x�i�m�u�m� �p�l�u�m�e� �r�i�s�e�.� �I�n�i�t�i�a�l� �p�l�u�m�e� �a�r�e�a� �a�n�d� �i�n�i�t�i�a�l� �p�l�u�m�e� �v�e�l�o�c�i�t�y� �w�e�r�e� �n�o�t� �f�o�u�n�d� �t�o� 

�h�a�v�e� �a� �s�i�g�n�i�f�i�c�a�n�t� �e�f�f�e�c�t� �o�n� �e�i�t�h�e�r� �o�f� �t�h�e� �t�w�o� �p�r�e�d�i�c�t�i�o�n�s�.� 

�A� �c�o�m�p�a�r�i�s�o�n� �w�a�s� �m�a�d�e� �b�e�t�w�e�e�n� �t�h�e� �p�r�e�d�i�c�t�e�d� �h�e�i�g�h�t� �o�f� �m�a�x�i�m�u�m� �p�l�u�m�e� �r�i�s�e� �a�s� �a� 

�f�u�n�c�t�i�o�n� �o�f� �i�n�i�t�i�a�l� �b�u�b�b�l�e� �r�a�d�i�u�s� �f�o�r� �t�h�e� �m�o�d�e�l� �w�i�t�h� �a�n�d� �w�i�t�h�o�u�t� �g�a�s� �e�x�c�h�a�n�g�e�.� �F�o�r� �b�u�b�b�l�e�s� �l�e�s�s� 

�t�h�a�n� �0�.�0�1� �m� �i�n� �r�a�d�i�u�s�,� �t�h�e� �m�o�d�e�l� �w�i�t�h�o�u�t� �g�a�s� �e�x�c�h�a�n�g�e� �g�r�e�a�t�l�y� �o�v�e�r�p�r�e�d�i�c�t�e�d� �t�h�e� �h�e�i�g�h�t� �o�f� 

�m�a�x�i�m�u�m� �p�l�u�m�e� �r�i�s�e�.� �F�o�r� �e�x�a�m�p�l�e�,� �f�o�r� �0�.�0�0�1� �m� �(�1� �m�m�)� �r�a�d�i�u�s� �b�u�b�b�l�e�s�,� �t�h�e� �m�o�d�e�l� �w�i�t�h�o�u�t� �g�a�s� 

�e�x�c�h�a�n�g�e� �p�r�e�d�i�c�t�e�d� �t�h�a�t� �t�h�e� �p�l�u�m�e� �w�o�u�l�d� �r�i�s�e� �a�p�p�r�o�x�i�m�a�t�e�l�y� �2�0� �m�e�t�e�r�s� �h�i�g�h�e�r� �t�h�a�n� �w�a�s� �p�r�e�d�i�c�t�e�d� 

�W�h�e�n� �g�a�s� �e�x�c�h�a�n�g�e� �w�a�s� �c�o�n�s�i�d�e�r�e�d�.� �T�h�i�s� �w�a�s� �t�h�e� �r�e�s�u�l�t� �o�f� �b�u�b�b�l�e� �d�i�s�s�o�l�u�t�i�o�n� �w�h�i�c�h� �w�o�u�l�d� �b�e� 

�m�o�r�e� �p�r�o�n�o�u�n�c�e�d� �i�n� �s�m�a�l�l�e�r� �b�u�b�b�l�e�s�.� �T�h�e�r�e�f�o�r�e�,� �t�h�e� �i�n�c�l�u�s�i�o�n� �o�f� �g�a�s� �t�r�a�n�s�f�e�r� �i�s� �i�m�p�o�r�t�a�n�t� �t�o� 

�b�u�b�b�l�e� �p�l�u�m�e� �m�o�d�e�l�s� �n�o�t� �o�n�l�y� �f�o�r� �o�x�y�g�e�n� �s�u�p�p�l�y� �p�r�e�d�i�c�t�i�o�n�s� �b�u�t� �a�l�s�o� �f�o�r� �t�h�e� �a�c�c�u�r�a�t�e� 

�d�e�t�e�r�m�i�n�a�t�i�o�n� �o�f� �t�h�e� �h�e�i�g�h�t� �o�f� �m�a�x�i�m�u�m� �p�l�u�m�e� �r�i�s�e�.� 

�A�s� �t�h�i�s� �m�o�d�e�l� �w�a�s� �u�s�e�d� �a�s� �t�h�e� �b�a�s�i�s� �f�o�r� �t�h�e� �l�i�n�e�a�r� �m�o�d�e�l� �p�r�o�p�o�s�e�d� �i�n� �t�h�i�s� �t�h�e�s�i�s�,� �t�h�e� 

�m�e�t�h�o�d�s� �u�s�e�d� �b�y� �W�u�e�s�t� �e�f� �a�l�.� �i�n� �d�e�v�e�l�o�p�i�n�g� �t�h�e� �m�o�d�e�l� �a�r�e� �d�i�s�c�u�s�s�e�d� �i�n� �g�r�e�a�t�e�r� �d�e�t�a�i�l� �i�n� �t�h�e� �M�o�d�e�l� 

�D�e�v�e�l�o�p�m�e�n�t� �p�o�r�t�i�o�n� �o�f� �t�h�i�s� �p�a�p�e�r�.� 
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�S�u�m�m�a�r�y� �o�f� �P�l�u�m�e� �T�h�e�o�r�i�e�s�.� 

�A� �s�i�g�n�i�f�i�c�a�n�t� �n�u�m�b�e�r� �o�f� �p�l�u�m�e� �t�h�e�o�r�i�e�s� �e�x�i�s�t�.� �N�o�t� �a�l�l� �s�t�u�d�i�e�s� �e�x�a�m�i�n�e�d� �t�h�e� �s�a�m�e� �t�o�p�i�c�s� 

�a�n�d� �t�h�o�s�e� �t�h�a�t� �d�i�d� �s�o�m�e�t�i�m�e�s� �f�o�u�n�d� �o�p�p�o�s�i�n�g� �r�e�s�u�l�t�s�.� �H�o�w�e�v�e�r�,� �t�h�e�r�e� �a�r�e� �s�o�m�e� �i�s�s�u�e�s� �a�b�o�u�t� �w�h�i�c�h� 

�m�o�s�t� �t�h�e�o�r�i�e�s� �t�e�n�d� �t�o� �a�g�r�e�e�.� �F�o�r� �e�x�a�m�p�l�e�,� �w�h�i�l�e� �t�h�e� �e�n�t�r�a�i�n�m�e�n�t� �c�o�e�f�f�i�c�i�e�n�t�,� �a�,� �i�s� �p�r�o�b�a�b�l�y� �n�o�t� 

�c�o�n�s�t�a�n�t�,� �r�e�a�s�o�n�a�b�l�e� �p�r�e�d�i�c�t�i�o�n�s� �c�a�n� �b�e� �m�a�d�e� �w�h�e�n� �i�t� �i�s� �a�s�s�u�m�e�d� �t�o� �b�e� �c�o�n�s�t�a�n�t�.� �(�S�e�e� �T�a�b�l�e� �1� �f�o�r� �a� 

�s�u�m�m�a�r�y� �o�f� �r�e�p�o�r�t�e�d� �v�a�l�u�e�s� �f�o�r� �a�.�)� �T�h�e� �s�p�r�e�a�d�i�n�g� �c�o�e�f�f�i�c�i�e�n�t�,� �A�,� �i�s� �c�o�n�s�i�d�e�r�e�d� �b�y� �m�o�s�t� �t�o� �b�e� 

�c�o�n�s�t�a�n�t� �b�u�t� �t�h�e�r�e� �a�r�e� �t�w�o� �d�i�f�f�e�r�i�n�g� �v�i�e�w�s� �a�s� �t�o� �i�t�s� �v�a�l�u�e�.� �S�o�m�e� �a�u�t�h�o�r�s� �(�C�e�d�e�r�w�a�l�l� �a�n�d� �D�i�t�m�a�r�s�,� 

�1�9�7�0�;� �S�p�e�e�c�e� �a�n�d� �R�a�y�y�a�n�,� �1�9�7�7�;� �M�c�D�o�u�g�a�l�l�,� �1�9�7�8�;� �S�c�h�l�a�d�o�w�,� �1�9�9�2� �a�n�d� �1�9�9�3�)� �h�a�v�e� �f�o�u�n�d� �t�h�e� 

�v�a�l�u�e� �t�o� �b�e� �i�n� �t�h�e� �0�.�2� �t�o� �0�.�3� �r�a�n�g�e� �w�h�i�l�e� �o�t�h�e�r�s� �(�M�i�l�g�r�a�m�,� �1�9�8�3�;� �F�a�n�n�e�l�o�p� �e�t� �a�/�.�,� �1�9�9�1�;� �W�u�e�s�t� �e�t� 

�a�l�.�,� �1�9�9�2�)� �h�a�v�e� �f�o�u�n�d� �t�h�a�t� �i�t� �i�s� �0�.�8� �o�r� �l�a�r�g�e�r�.� �B�u�b�b�l�e� �s�l�i�p� �v�e�l�o�c�i�t�y� �i�s� �k�n�o�w�n� �t�o� �v�a�r�y� �w�i�t�h� �b�u�b�b�l�e� 

�s�i�z�e� �b�u�t� �e�s�t�i�m�a�t�e�s� �o�f� �a� �c�o�n�s�t�a�n�t� �0�.�2� �t�o� �0�.�3� �m�/�s� �g�i�v�e� �r�e�a�s�o�n�a�b�l�e� �r�e�s�u�l�t�s�.� �F�o�r� �l�i�n�e�a�r� �s�o�u�r�c�e�s�,� �v�e�r�t�i�c�a�l� 

�p�l�u�m�e� �v�e�l�o�c�i�t�y� �a�p�p�e�a�r�s� �t�o� �b�e� �a� �f�u�n�c�t�i�o�n� �o�f� �g�a�s� �f�l�o�w�r�a�t�e� �t�o� �t�h�e� �1�/�3� �p�o�w�e�r�.� �F�i�n�a�l�l�y�,� �t�h�e� �v�e�l�o�c�i�t�y� �a�n�d� 

�b�u�o�y�a�n�c�y� �p�r�o�f�i�l�e�s� �r�e�s�e�m�b�l�e� �a� �G�a�u�s�s�i�a�n� �d�i�s�t�r�i�b�u�t�i�o�n� �i�n� �u�n�s�t�r�a�t�i�f�i�e�d� �w�a�t�e�r� �b�u�t� �a�r�e� �b�e�t�t�e�r� �d�e�s�c�r�i�b�e�d� 

�b�y� �a� �t�o�p� �h�a�t� �d�i�s�t�r�i�b�u�t�i�o�n� �i�n� �s�t�r�a�t�i�f�i�e�d� �w�a�t�e�r�.� 

�S�o�m�e� �i�s�s�u�e�s� �c�o�n�c�e�r�n�i�n�g� �b�u�b�b�l�e� �p�l�u�m�e�s� �r�e�m�a�i�n� �u�n�r�e�s�o�l�v�e�d�.� �W�e�a�k� �p�l�u�m�e�s� �s�e�e�m� �t�o� �h�a�v�e� 

�d�i�f�f�e�r�e�n�t� �c�h�a�r�a�c�t�e�r�i�s�t�i�c�s� �f�r�o�m� �s�t�r�o�n�g� �p�l�u�m�e�s�,� �b�u�t� �t�h�e� �r�e�a�s�o�n� �f�o�r� �t�h�i�s� �d�i�f�f�e�r�e�n�c�e� �i�s� �n�o�t� �c�l�e�a�r�.� 

�T�h�e�r�e�f�o�r�e�,� �t�t� �i�s� �s�t�i�l�l� �u�n�c�e�r�t�a�i�n� �w�h�e�t�h�e�r� �a� �s�i�n�g�l�e� �b�u�b�b�l�e� �p�l�u�m�e� �t�h�e�o�r�y� �c�a�n� �d�e�s�c�r�i�b�e� �a�l�l� �b�u�b�b�l�e� �p�l�u�m�e�s�.� 

�M�o�s�t� �o�f� �t�h�e� �w�o�r�k� �d�o�n�e� �h�a�s� �f�o�c�u�s�e�d� �o�n� �c�i�r�c�u�l�a�r� �p�l�u�m�e�s� �a�n�d� �u�n�s�t�r�a�t�i�f�i�e�d� �e�n�v�i�r�o�n�m�e�n�t�s�.� �B�e�t�t�e�r� �d�a�t�a� 

�c�o�n�c�e�r�n�i�n�g� �t�h�e� �e�n�t�r�a�m�m�e�n�t� �a�n�d� �s�p�r�e�a�d�i�n�g� �c�o�e�f�f�i�c�i�e�n�t�s� �f�o�r� �l�i�n�e�a�r� �p�l�u�m�e�s� �i�n� �s�t�r�a�t�i�f�i�e�d� �s�u�r�r�o�u�n�d�i�n�g�s� 

�a�r�e� �n�e�e�d�e�d�.� 
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�T�a�b�l�e� �1�.� �S�u�m�m�a�r�y� �o�f� �a� �V�a�l�u�e�s� �i�n� �P�l�u�m�e� �T�h�e�o�r�i�e�s�.� 
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�I�n�v�e�s�t�i�g�a�t�o�r� �a� �(�A�x�i�s�y�m�m�e�t�r�i�c� �P�l�u�m�e�s�)� �a� �(�T�w�o� �D�i�m�e�n�s�i�o�n�a�l� �P�l�u�m�e�s�)� 
�M�o�r�t�o�n� �(�1�9�5�9�)� �0�.�0�8�2� �(�u�n�s�t�r�a�t�i�f�i�e�d�)� 

�0�.�1�1�6� �(�s�t�r�a�t�i�f�i�e�d�)� 
�C�e�d�e�r�w�a�l�l� �a�n�d� �_� �D�i�t�m�a�r�s� �0�.�1�6� 
�(�1�9�7�0�)� 
�F�a�n�n�e�l�o�p� �e�t� �a�l�,� �(�1�9�9�1�)� �0�.�0�8� 
�S�c�h�l�a�d�o�w� �(�1�9�9�2�,� �1�9�9�3�)� �0�.�0�8�3� 
�A�s�a�e�d�a� �a�n�d� �I�m�b�e�r�g�e�r� �(�1�9�9�3�)� �0�.�0�4�-�0�.�1�2� 
�S�p�e�e�c�e� �a�n�d� �R�a�y�y�a�n� �(�1�9�7�3�)� �0�.�0�3� 
�W�u�e�s�t� �e�t� �a�l�.� �(�1�9�9�2�)� �0�.�1�]� 
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�H�I�.� �M�O�D�E�L� �D�E�V�E�L�O�P�M�E�N�T� 

�W�u�e�s�t� �e�t� �a�l�, ��s� �C�i�r�c�u�l�a�r� �B�u�b�b�l�e� �P�l�u�m�e� �M�o�d�e�l� �(�1�9�9�2�)�.� 

�A�s� �m�e�n�t�i�o�n�e�d� �i�n� �t�h�e� �p�r�e�v�i�o�u�s� �s�e�c�t�i�o�n�,� �W�u�e�s�t� �e�t� �a�l�.� �(�1�9�9�2�)� �d�e�v�e�l�o�p�e�d� �a� �m�o�d�e�l� �f�o�r� �a� �b�u�b�b�l�e� 

� � 

�p�l�u�m�e� �g�e�n�e�r�a�t�e�d� �b�y� �a� �c�i�r�c�u�l�a�r� �s�o�u�r�c�e� �i�n� �a� �s�t�r�a�t�i�f�i�e�d� �w�a�t�e�r� �b�o�d�y�.� �S�i�n�c�e� �t�h�e� �m�o�d�e�l� �d�e�v�e�l�o�p�e�d� �i�n� �t�h�i�s� 

�p�a�p�e�r� �i�s� �b�a�s�e�d� �o�n� �t�h�e� �m�o�d�e�l� �p�r�e�s�e�n�t�e�d� �b�y� �W�u�e�s�t� �e�f� �a�l�.�,� �t�h�e�i�r� �m�o�d�e�l� �w�i�l�l� �b�e� �e�x�p�l�a�i�n�e�d� �i�n� �m�o�r�e� �d�e�t�a�i�l� 

�h�e�r�e�.� 

�W�u�e�s�t� �e�t� �a�l�.� �M�o�d�e�l� �E�q�u�a�t�i�o�n�s�.� 

�T�h�e� �c�o�r�e� �o�f� �t�h�e� �c�i�r�c�u�l�a�r� �p�l�u�m�e� �m�o�d�e�l� �i�s� �a� �s�e�t� �o�f� �e�i�g�h�t� �d�i�f�f�e�r�e�n�t�i�a�l� �e�q�u�a�t�i�o�n�s� �f�o�r� �t�h�e� �v�o�l�u�m�e�,� 

�m�o�m�e�n�t�u�m�,� �t�e�m�p�e�r�a�t�u�r�e�,� �s�a�l�i�n�i�t�y�,� �d�i�s�s�o�l�v�e�d� �o�x�y�g�e�n�,� �d�i�s�s�o�l�v�e�d� �n�i�t�r�o�g�e�n�,� �g�a�s�e�o�u�s� �o�x�y�g�e�n�,� �a�n�d� 

�g�a�s�e�o�u�s� �n�i�t�r�o�g�e�n� �f�l�u�x�e�s�.� �(�S�e�e� �T�a�b�l�e� �2�.�)� �(�D�e�f�i�n�i�t�i�o�n�s� �o�f� �t�h�e� �e�i�g�h�t� �f�l�u�x� �v�a�r�i�a�b�l�e�s� �a�r�e� �p�r�o�v�i�d�e�d� �i�n� 

�T�a�b�l�e� �3�.�)� �T�h�e� �v�o�l�u�m�e� �f�l�u�x� �i�s� �t�h�e� �c�h�a�n�g�e� �i�n� �t�h�e� �p�l�u�m�e� �v�o�l�u�m�e� �w�i�t�h� �h�e�i�g�h�t� �a�n�d� �i�s� �e�q�u�a�l� �t�o� �t�h�e� �w�a�t�e�r� 

�e�n�t�r�a�m�e�d� �i�n�t�o� �t�h�e� �p�l�u�m�e�.� �T�h�e� �B�o�u�s�s�i�n�e�s�q� �a�s�s�u�m�p�t�i�o�n� �a�l�l�o�w�s� �t�h�e� �c�o�n�t�r�i�b�u�t�i�o�n� �o�f� �t�h�e� �g�a�s� �v�o�l�u�m�e� �t�o� 

�b�e� �n�e�g�l�e�c�t�e�d�.� �T�h�e� �m�o�m�e�n�t�u�m� �f�l�u�x� �e�q�u�a�t�i�o�n�,� �w�h�i�c�h� �a�g�a�i�n� �i�n�v�o�k�e�s� �t�h�e� �B�o�u�s�s�i�n�e�s�q� �a�s�s�u�m�p�t�i�o�n�,� �i�s� 

�b�a�s�e�d� �o�n� �t�h�e� �b�u�o�y�a�n�t� �f�l�u�x� �i�n� �t�h�e� �i�n�n�e�r�,� �b�u�b�b�l�e� �c�o�n�t�a�i�n�i�n�g� �p�o�r�t�i�o�n� �o�f� �t�h�e� �p�l�u�m�e� �a�n�d� �t�h�e� �o�u�t�e�r�,� 

�b�u�b�b�l�e�-�f�r�e�e� �p�o�r�t�i�o�n� �o�f� �t�h�e� �p�l�u�m�e�.� �T�h�e� �c�h�a�n�g�e� �i�n� �t�e�m�p�e�r�a�t�u�r�e� �w�i�t�h� �h�e�i�g�h�t� �(�n�e�g�l�e�c�t�i�n�g� �t�h�e� �g�a�s� �h�e�a�t� 

�c�o�n�t�e�n�t�)� �i�s� �a� �r�e�s�u�l�t� �o�f� �t�h�e� �e�n�t�r�a�i�n�m�e�n�t� �o�f� �a�m�b�i�e�n�t� �w�a�t�e�r�,� �a�n�d� �t�h�e�r�e�f�o�r�e� �d�e�p�e�n�d�s� �o�n� �t�h�e� �w�a�t�e�r� �v�o�l�u�m�e� 

�f�l�u�x� �a�n�d� �t�h�e� �a�m�b�i�e�n�t� �w�a�t�e�r� �t�e�m�p�e�r�a�t�u�r�e�.� �S�i�m�i�l�a�r�l�y�,� �t�h�e� �t�o�t�a�l� �d�i�s�s�o�l�v�e�d� �s�o�l�i�d�s� �f�l�u�x� �r�e�s�u�l�t�s� �f�r�o�m� �t�h�e� 

�v�o�l�u�m�e� �f�l�u�x� �a�n�d� �a�m�b�i�e�n�t� �s�a�l�i�n�i�t�y�.� �T�h�e� �d�i�s�s�o�l�v�e�d� �o�x�y�g�e�n� �a�n�d� �d�i�s�s�o�l�v�e�d� �n�i�t�r�o�g�e�n� �f�l�u�x�e�s� �a�r�e� 

�f�u�n�c�t�i�o�n�s� �o�f� �b�o�t�h� �t�h�e� �e�n�t�r�a�m�m�e�n�t� �o�f� �a�m�b�i�e�n�t� �w�a�t�e�r� �a�n�d� �t�h�e� �d�i�f�f�u�s�i�o�n� �o�f� �t�h�e� �g�a�s�e�s� �t�h�r�o�u�g�h� �t�h�e� 

�b�u�b�b�l�e� �s�u�r�f�a�c�e�s� �i�n�t�o� �t�h�e� �s�u�r�r�o�u�n�d�i�n�g� �w�a�t�e�r�.� �T�h�e� �g�a�s�e�o�u�s� �o�x�y�g�e�n� �a�n�d� �n�i�t�r�o�g�e�n� �f�l�u�x�e�s� �r�e�s�u�l�t� �f�r�o�m� 

�d�i�f�f�u�s�i�o�n� �o�f� �t�h�e� �g�a�s�e�s� �e�i�t�h�e�r� �i�n�t�o� �o�r� �o�u�t� �o�f� �t�h�e� �b�u�b�b�l�e�s� �b�a�s�e�d� �o�n� �t�h�e� �m�a�s�s� �t�r�a�n�s�f�e�r� �c�o�e�f�f�i�c�i�e�n�t�,� �t�h�e� 
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�T�a�b�l�e� �2�.� �E�i�g�h�t� �F�l�u�x� �E�q�u�a�t�i�o�n�s� �U�s�e�d� �b�y� �W�u�e�s�t� �e�f� �a�l�.� �(�1�9�9�2�)� �f�o�r� �t�h�e� �C�i�r�c�u�l�a�r� �P�l�u�m�e� �M�o�d�e�l�.� 
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�F�l�u�x� �E�q�u�a�t�i�o�n� 
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�W�a�t�e�r� �V�o�l�u�m�e� �F�l�u�x� �d�u� �1�/�2� 
 �� �=�2�a� �7�M�)� �]� �(� 

� � 

�M�o�m�e�n�t�u�m� �F�l�u�x�  �� �2� �_� �2� 
�d�M� �_�P�.� �P�e� �g�a�z� �5� �P�a� �P�u�g�h� �(�J�?�)� � � 
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�d�z� �P�»� �M� �?� 

�T�e�m�p�e�r�a�t�u�r�e� �F�l�u�x� �d�r� �_� �2�a�(�m�M�)�"�?� �T� 
�d�z� �a� 

�S�a�l�i�n�i�t�y� �F�I� �d�F� �I�n�i�t�y� �U�x� �_� �2�a�(�a�M�)�" �� �p�S�,� 

�D�i�s�s�o�l�v�e�d� �O�x�y�g�e�n� �F�l�u�x� �d�D� �4�a�r ��?�N� �D� 
�=� �2�a�(�m�M�)�"�"� �c�y�,� �+�>�7 �� �B�o� �(�K�o�P�o�  �� �|�.� 
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�T�v� 

�D�i�s�s�o�l�v�e�d� �N�i�t�r�o�g�e�n� �F�l�u�x� �d�D� �4�a�r�?�N� �D� 
�r�=� �2�0�(�7�M�)�"�"� �C�y�,� �+�4�  �� �B�y� �(�K�y� �P�w� �~�T�P� 

 ��+�w�,� 
�L�u� 

�G�a�s�e�o�u�s� �O�x�y�g�e�n� �F�l�u�x� �d�G�,� �4�a�r ��N� �D�z� 
�d�z� �=�  ��F� �B�o� �(�K�o�P�o� �- ��)� 

 ��+�w�,� �B� 
�i�v� 

�G�a�s�e�o�u�s� �N�i�t�r�o�g�e�n� �F�l�u�x� �d�G�,� �4�a�r�?�N� �D�y� 
�a�e� �=�~� �M� �B�y� �(�K�y� �P�y� �- ��)� 

�a� �+�W�,� �H�B� � � � � 
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�T�a�b�l�e� �3�.� �D�e�f�i�n�i�t�i�o�n�s� �o�f� �t�h�e� �E�i�g�h�t� �F�l�u�x� �V�a�r�i�a�b�l�e�s� �(�f�r�o�m� �W�u�e�s�t� �e�t� �a�l�.�,� �1�9�9�2�)�.� 
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�V�a�r�i�a�b�l�e� �E�q�u�a�t�i�o�n� �U�n�i�t�s� 

�P�l�u�m�e� �W�a�t�e�r� �V�o�l�u�m�e� �F�l�u�x� �=� �n�b�?�w� �m ��/�s� 

�M�o�m�e�n�t�u�m� �F�l�u�x� �M� �=� �n�b �� �w�?� �m�*�/�s� 

�T�e�m�p�e�r�a�t�u�r�e� �F�l�u�x� �F�,� �=� �p�T� �°�C�m ��/�s� 

�D�i�s�s�o�l�v�e�d� �S�o�l�i�d�s� �F�l�u�x� �F�,� �=� �u�p�,� �k�g�/�s� 

�D�i�s�s�o�l�v�e�d� �O�,� �a�n�d� �N�,� �F�l�u�x�e�s� �D�,� �=� �y�e�,� �G�@�=�0�,�N�)� �m�o�l�/�s� 

�G�a�s�e�o�u�s� �Q�O�,� �a�n�d� �N�;� �F�l�u�x�e�s� �m�o�l�/�s� � � �G�,� �=� �2�b �� �(�w�t�+�w�,�)�m�,� 
�G�=�9�0�,�N�)� � � � � 
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�s�a�t�u�r�a�t�i�o�n� �c�o�n�c�e�n�t�r�a�t�i�o�n� �o�f� �t�h�e� �g�a�s�,� �t�h�e� �c�o�n�c�e�n�t�r�a�t�i�o�n� �o�f� �t�h�e� �g�a�s� �i�n� �t�h�e� �s�u�r�r�o�u�n�d�i�n�g� �w�a�t�e�r�,� �a�n�d� �t�h�e� 

�t�o�t�a�l� �n�u�m�b�e�r� �o�f� �b�u�b�b�l�e�s� �p�e�r� �u�n�i�t� �h�e�i�g�h�t�.� 

�T�h�e� �e�i�g�h�t� �f�l�u�x� �e�q�u�a�t�i�o�n�s� �r�e�q�u�i�r�e�d� �t�h�a�t� �a� �n�u�m�b�e�r� �o�f� �o�t�h�e�r� �f�a�c�t�o�r�s� �b�e� �c�a�l�c�u�l�a�t�e�d�.� �T�h�e�s�e� 

�f�a�c�t�o�r�s� �i�n�c�l�u�d�e� �t�h�e� �a�m�b�i�e�n�t� �p�r�o�f�i�l�e�s� �f�o�r� �t�e�m�p�e�r�a�t�u�r�e�,� �d�i�s�s�o�l�v�e�d� �s�o�l�i�d�s�,� �d�i�s�s�o�l�v�e�d� �o�x�y�g�e�n�,� �a�n�d� 

�d�i�s�s�o�l�v�e�d� �n�i�t�r�o�g�e�n�;� �t�h�e� �m�i�t�i�a�l� �p�l�u�m�e� �v�e�l�o�c�i�t�y� �a�t� �t�h�e� �s�o�u�r�c�e� �(�w�h�i�c�h� �c�a�n� �b�e� �c�a�l�c�u�l�a�t�e�d� �f�r�o�m� �a�n� 

�a�d�d�i�t�i�o�n�a�l� �e�q�u�a�t�i�o�n� �i�f� �t�h�e� �F�r�o�u�d�e� �n�u�m�b�e�r� �i�s� �a�s�s�u�m�e�d� �t�o� �b�e� �a� �c�o�n�s�t�a�n�t� �1�.�6�)�;� �t�h�e� �m�i�t�i�a�l� �p�l�u�m�e� �r�a�d�i�u�s�;� 

�t�h�e� �a�i�r� �f�l�o�w�r�a�t�e� �i�n� �t�h�e� �d�i�f�f�u�s�e�r�;� �a�n�d� �t�h�e� �n�u�m�b�e�r� �o�f� �b�u�b�b�l�e�s� �p�r�o�d�u�c�e�d� �(�o�r� �t�h�e� �i�n�i�t�i�a�l� �b�u�b�b�l�e� �r�a�d�i�u�s�)�.� 

�F�r�o�m� �t�h�e�s�e� �f�a�c�t�o�r�s�,� �t�h�e� �p�r�e�s�s�u�r�e�,� �p�a�r�t�i�a�l� �p�r�e�s�s�u�r�e�s� �o�f� �o�x�y�g�e�n� �a�n�d� �n�i�t�r�o�g�e�n�,� �a�m�b�i�e�n�t� �d�e�n�s�i�t�y�,� �p�l�u�m�e� 

�d�e�n�s�i�t�y�,� �p�l�u�m�e� �w�a�t�e�r� �d�e�n�s�i�t�y�,� �g�a�s� �v�o�l�u�m�e� �i�n� �t�h�e� �p�l�u�m�e�,� �b�u�b�b�l�e� �r�a�d�i�u�s�,� �b�u�b�b�l�e� �s�l�i�p� �v�e�l�o�c�i�t�y�,� �o�x�y�g�e�n� 

�a�n�d� �n�i�t�r�o�g�e�n� �g�a�s� �t�r�a�n�s�f�e�r� �c�o�e�f�f�i�c�i�e�n�t�s�,� �a�n�d� �o�x�y�g�e�n� �a�n�d� �n�i�t�r�o�g�e�n� �s�o�l�u�b�i�l�i�t�y� �(�b�a�s�e�d� �o�n� �H�e�n�r�y ��s� �l�a�w�)� 

�c�o�n�s�t�a�n�t�s� �a�t� �a�n�y� �d�e�p�t�h� �c�o�u�l�d� �b�e� �o�b�t�a�i�n�e�d�.� �T�h�e� �e�q�u�a�t�i�o�n�s� �u�s�e�d� �i�n� �t�h�e� �c�a�l�c�u�l�a�t�i�o�n� �o�f� �t�h�e�s�e� �f�a�c�t�o�r�s� �a�r�e� 

�s�h�o�w�n� �i�n� �T�a�b�l�e� �4�.� �T�h�e� �e�n�t�r�a�i�n�m�e�n�t� �c�o�e�f�f�i�c�i�e�n�t�,� �a�,� �i�s� �0�.�1�1� �a�n�d� �t�h�e� �s�p�r�e�a�d�i�n�g� �c�o�e�f�f�i�c�i�e�n�t�,� �A�,� �i�s� �0�.�8�.� 

�W�u�e�s�t� �e�t� �a�l�.� �M�o�d�e�l� �A�s�s�u�m�p�t�i�o�n�s�.� 

�I�n� �o�r�d�e�r� �t�o� �m�a�k�e� �t�h�e� �t�a�s�k� �o�f� �m�o�d�e�l�i�n�g� �t�h�e� �b�u�b�b�l�e� �p�l�u�m�e� �m�a�n�a�g�e�a�b�l�e�,� �i�t� �w�a�s� �n�e�c�e�s�s�a�r�y� �f�o�r� 

�W�u�e�s�t� �e�t� �a�l�.� �t�o� �m�a�k�e� �a� �n�u�m�b�e�r� �o�f� �a�s�s�u�m�p�t�i�o�n�s�.� �F�i�r�s�t�,� �t�h�e�y� �m�a�d�e� �t�h�e� �B�o�u�s�s�i�n�e�s�q� �a�s�s�u�m�p�t�i�o�n� �w�h�i�c�h� 

�h�a�d� �b�e�e�n� �u�s�e�d� �i�n� �a�l�l� �p�r�e�v�i�o�u�s�l�y� �k�n�o�w�n� �p�l�u�m�e� �m�o�d�e�l�s�.� �T�h�i�s� �a�s�s�u�m�p�t�i�o�n� �s�t�a�t�e�s� �t�h�a�t� �t�h�e� �d�i�f�f�e�r�e�n�c�e� �i�n� 

�d�e�n�s�i�t�y� �i�n� �t�h�e� �p�l�u�m�e� �a�n�d� �a�m�b�i�e�n�t� �w�a�t�e�r� �i�s� �n�e�g�l�i�g�i�b�l�e� �i�n� �t�h�e� �m�a�s�s� �t�e�r�m�s�.� �T�h�e� �g�a�s� �m�a�s�s� �d�e�n�s�i�t�y� �w�a�s� 

�n�e�g�l�e�c�t�e�d�.� �S�e�c�o�n�d�,� �a�  ��t�o�p� �h�a�t �� �d�i�s�t�r�i�b�u�t�i�o�n�,� �r�a�t�h�e�r� �t�h�a�n� �a� �G�a�u�s�s�i�a�n� �d�i�s�t�r�i�b�u�t�i�o�n�,� �w�a�s� �a�s�s�u�m�e�d� �f�o�r� 

�a�l�l� �c�o�m�p�o�n�e�n�t�s� �o�f� �t�h�e� �m�o�d�e�l�.� �H�o�r�i�z�o�n�t�a�l�l�y�,� �t�h�e� �e�x�t�e�n�t� �o�f� �t�h�e� �t�e�m�p�e�r�a�t�u�r�e� �a�n�d� �t�h�e� �d�i�s�s�o�l�v�e�d� �s�o�l�i�d�s�,� 

�o�x�y�g�e�n�,� �a�n�d� �n�i�t�r�o�g�e�n� �w�a�s� �a�s�s�u�m�e�d� �t�o� �e�q�u�a�l� �t�h�e� �p�l�u�m�e� �r�a�d�i�u�s�,� �w�h�i�l�e� �t�h�e� �r�a�d�i�u�s� �o�f� �t�h�e� �i�n�n�e�r� �c�o�r�e� �o�f� 

�t�h�e� �p�l�u�m�e� �c�o�n�t�a�i�n�i�n�g� �t�h�e� �b�u�b�b�l�e�s� �w�a�s� �o�n�l�y� �a� �f�r�a�c�t�i�o�n� �o�f� �t�h�e� �t�o�t�a�l� �r�a�d�i�u�s�,� �r�e�p�r�e�s�e�n�t�e�d� �b�y� �t�h�e� �p�l�u�m�e� 

�3�6



�T�a�b�l�e� �4�.� �E�q�u�a�t�i�o�n�s� �o�f� �S�t�a�t�e� �a�n�d� �P�a�r�a�m�e�t�e�r� �A�p�p�r�o�x�i�m�a�t�i�o�n�s� �U�s�e�d� �b�y� �W�u�e�s�t� �e�f� �a�l�.� �(�1�9�9�2�)� �f�o�r� 

� � 

� � 

�t�h�e� �C�i�r�c�u�l�a�r� �P�l�u�m�e� �M�o�d�e�l�.� 

�P�a�r�a�m�e�t�e�r� �E�q�u�a�t�i�o�n� �N�o�t�e�s� 
�T�o�t�a�l� �P�r�e�s�s�u�r�e� �p�=�p�,�+�1�0�°�  �� �P�a� �g�(�z�,� �-� �a�m� �u�n�i�t�s�:� �b�a�r� 
� � 

�P�a�r�t�i�a�l� �P�r�e�s�s�u�r�e�s� 
�p�,�;� �=�| � � �� �M�o� �+�m�,� �G�o� �S�G�.� �I�p�=�l�,�1� �P�P� 

�I� �=� �s�p�e�c�i�e�s� �(�o�x�y�g�e�n� �o�r� �n�i�t�r�o�g�e�n�)� 
�u�n�i�t�s�:� �b�a�r� 

� � 

�A�m�b�i�e�n�t� �a�n�d� �P�l�u�m�e� 

�W�a�t�e�r� �D�e�n�s�i�t�i�e�s� 
�P�,� �=� �9�9�9�.�8�6�8� �+� �1�0�°� �x� �[�6�5�.�1�8�5�7�,� �J� �=� �s�p�e�c�i�e�s� �(�a�m�b�i�e�n�t� �o�r� �p�l�u�m�e�)� 

�f�s� �=� �0�.�8�0�2� �k�g�*�m!"�(�%�o�)�"� �o�r� 

� � 

� � 
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�I�n�i�t�i�a�l� �P�l�u�m�e� �-�p� �F�r� �=� �F�r�o�u�d�e� �N�u�m�b�e�r� �(�a�s�s�u�m�e�d� �t�o� 
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�O�x�y�g�e�n� �a�n�d� �B�=�0�6�r� �r�<�6�6�7�x�1�0�~�*� �|� �B� �u�n�i�t�s�:� �m�/�s� 

�N�i�t�r�o�g�e�n� �G�a�s� �B�=�4�x�1�0�*� �=�|� �r�>�6�6�7�x�1�0�"� 
�T�r�a�n�s�f�e�r� �C�o�e�f�f�i�c�i�e�n�t� 

�M�o�l�e�c�u�l�a�r� �O�x�y�g�e�n� �|� �K�,� �=� �2�.�1�2�5 ��0�.�0�5�0�2�1�7� �+� �u�n�i�t�s�:� �m�o�l� �m�*�/�b�a�r� 
�S�o�l�u�b�i�l�i�t�y� �C�o�n�s�t�a�n�t� �5�7�7� �x� �1�0�4�7�?� 

�M�o�l�e�c�u�l�a�r� �N�i�t�r�o�g�e�n� �|� �K�,�,� �=� �1�.�0�4�2�  �� �0�.�0�2�4�5�7� �+� �u�n�i�t�s�:� �m�o�l� �m ��/�b�a�r� 
�S�o�l�u�b�i�l�i�t�y� �C�o�n�s�t�a�n�t� �3�1�7�1�x�1�0�4�7�?� 
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�r�a�d�i�u�s� �m�u�l�t�i�p�l�i�e�d� �b�y� �4�.� �T�h�e� �p�l�u�m�e� �w�a�s� �a�s�s�u�m�e�d� �t�o� �b�e� �f�u�l�l�y� �t�u�r�b�u�l�e�n�t� �a�n�d� �t�h�e� �s�u�r�r�o�u�n�d�i�n�g� �w�a�t�e�r� 

�w�a�s� �a�s�s�u�m�e�d� �t�o� �h�a�v�e� �n�o� �c�u�r�r�e�n�t�s�.� �A�l�t�h�o�u�g�h� �t�h�e� �p�l�u�m�e� �i�s� �t�u�r�b�u�l�e�n�t�,� �t�h�e� �t�u�r�b�u�l�e�n�t� �t�r�a�n�s�p�o�r�t� �o�f� 

�t�e�m�p�e�r�a�t�u�r�e�,� �m�o�m�e�n�t�u�m�,� �d�i�s�s�o�l�v�e�d� �s�o�l�i�d�s�,� �a�n�d� �d�i�s�s�o�l�v�e�d� �g�a�s�e�s� �w�a�s� �c�o�n�s�i�d�e�r�e�d� �n�e�g�l�i�g�i�b�l�e� �a�s� 

�c�o�m�p�a�r�e�d� �t�o� �t�h�e� �a�d�v�e�c�t�i�v�e� �t�r�a�n�s�p�o�r�t� �o�f� �t�h�e�s�e� �s�u�b�s�t�a�n�c�e�s�.� �N�e�x�t�,� �i�t� �w�a�s� �a�s�s�u�m�e�d� �t�h�a�t� �b�u�b�b�l�e�s� �w�e�r�e� 

�p�r�o�d�u�c�e�d� �a�t� �a� �c�o�n�s�t�a�n�t� �r�a�t�e� �a�n�d� �w�e�r�e� �d�i�s�t�r�i�b�u�t�e�d� �e�q�u�a�l�l�y� �o�v�e�r� �t�h�e� �a�r�e�a� �o�f� �t�h�e� �c�i�r�c�u�l�a�r� �s�o�u�r�c�e�.� �T�h�e� 

�n�u�m�b�e�r� �o�f� �b�u�b�b�l�e�s� �w�a�s� �a�s�s�u�m�e�d� �t�o� �r�e�m�a�m� �c�o�n�s�t�a�n�t�,� �a�n�d� �a�l�l� �b�u�b�b�l�e�s� �a�t� �a� �g�i�v�e�n� �h�e�i�g�h�t� �w�e�r�e� 

�a�s�s�u�m�e�d� �t�o� �b�e� �s�p�h�e�r�i�c�a�l� �a�n�d� �o�f� �u�n�i�f�o�r�m� �s�i�z�e�.� �G�a�s� �e�x�c�h�a�n�g�e� �b�e�t�w�e�e�n� �t�h�e� �b�u�b�b�l�e�s� �a�n�d� �s�u�r�r�o�u�n�d�i�n�g� 

�p�l�u�m�e� �w�a�t�e�r� �f�o�r� �a�l�l� �g�a�s�e�s� �e�x�c�e�p�t� �f�o�r� �o�x�y�g�e�n� �a�n�d� �n�i�t�r�o�g�e�n� �w�a�s� �n�e�g�l�e�c�t�e�d�.� �F�i�n�a�l�l�y�,� �t�h�e� �i�i�t�i�a�l� 

�p�r�o�p�e�r�t�i�e�s� �o�f� �t�h�e� �p�l�u�m�e�,� �i�n�c�l�u�d�i�n�g� �t�e�m�p�e�r�a�t�u�r�e�,� �d�i�s�s�o�l�v�e�d� �o�x�y�g�e�n�,� �d�i�s�s�o�l�v�e�d� �n�i�t�r�o�g�e�n�,� �a�n�d� �d�i�s�s�o�l�v�e�d� 

�s�o�l�i�d�s�,� �w�e�r�e� �a�s�s�u�m�e�d� �t�o� �b�e� �t�h�e� �s�a�m�e� �a�s� �i�n� �t�h�e� �a�m�b�i�e�n�t� �w�a�t�e�r� �i�n� �t�h�e� �l�a�k�e� �a�t� �t�h�e� �s�a�m�e� �d�e�p�t�h�.� 

�W�u�e�s�t� �e�¢� �a�l�.� �S�o�l�u�t�i�o�n� �P�r�o�c�e�d�u�r�e�.� 

�T�h�e� �f�i�r�s�t� �s�t�e�p� �i�n� �s�o�l�v�i�n�g� �t�h�e� �m�o�d�e�l� �w�a�s� �t�o� �d�e�t�e�r�m�i�n�e� �t�h�e� �i�n�i�t�i�a�l� �c�o�n�d�i�t�i�o�n�s�.� �B�e�c�a�u�s�e� �t�h�e� 

�p�l�u�m�e� �w�a�t�e�r� �w�a�s� �a�s�s�u�m�e�d� �t�o� �h�a�v�e� �t�h�e� �c�h�a�r�a�c�t�e�r�i�s�t�i�c�s� �o�f� �t�h�e� �l�a�k�e� �w�a�t�e�r� �i�n�i�t�i�a�l�l�y�,� �t�h�e� �t�e�m�p�e�r�a�t�u�r�e�,� 

�d�i�s�s�o�l�v�e�d� �s�o�l�i�d�s�,� �d�i�s�s�o�l�v�e�d� �o�x�y�g�e�n�,� �a�n�d� �d�i�s�s�o�l�v�e�d� �n�i�t�r�o�g�e�n� �p�r�o�f�i�l�e�s� �w�e�r�e� �u�s�e�d� �t�o� �d�e�t�e�r�m�i�n�e� �t�h�e� 

�r�e�s�p�e�c�t�i�v�e� �i�n�i�t�i�a�l� �v�a�l�u�e�s�.� �T�h�e� �e�q�u�a�t�i�o�n�s� �f�o�r� �t�h�e� �i�n�i�t�i�a�l� �v�a�l�u�e�s� �f�o�r� �t�h�e� �e�i�g�h�t� �f�l�u�x� �v�a�r�i�a�b�l�e�s� �a�r�e� �t�h�e� 

�d�e�f�i�n�i�t�i�o�n�s� �o�f� �t�h�e� �v�a�r�i�a�b�l�e�s� �s�h�o�w�n� �i�n� �T�a�b�l�e� �3�.� �T�h�e� �e�q�u�a�t�i�o�n� �f�o�r� �t�h�e� �m�i�t�i�a�l� �p�l�u�m�e� �v�e�l�o�c�i�t�y� �w�a�s� 

�s�h�o�w�n� �i�n� �T�a�b�l�e� �4�.� 

�W�u�e�s�t� �e�f� �a�l�.� �i�m�p�l�e�m�e�n�t�e�d� �t�h�e�i�r� �m�o�d�e�l� �f�o�r� �t�w�o� �d�i�f�f�e�r�e�n�t� �s�e�a�s�o�n�s�.� �D�a�t�a� �w�a�s� �g�a�t�h�e�r�e�d� �a�n�d� 

�t�h�e� �m�o�d�e�l� �w�a�s� �r�u�n� �i�n� �b�o�t�h� �J�u�l�y� �a�n�d� �N�o�v�e�m�b�e�r�.� �T�h�e� �i�n�i�t�i�a�l� �c�o�n�d�i�t�i�o�n�s� �v�a�r�i�e�d� �b�a�s�e�d� �o�n� �t�h�e� �m�o�n�t�h� �i�n� 

�q�u�e�s�t�i�o�n�.� �A� �s�u�m�m�a�r�y� �o�f� �t�h�e� �i�m�i�t�i�a�l� �c�o�n�d�i�t�i�o�n�s� �u�s�e�d� �i�s� �p�r�o�v�i�d�e�d� �i�n� �T�a�b�l�e� �5�.� �T�h�e� �a�m�b�i�e�n�t� �p�r�o�f�i�l�e�s� 

�u�s�e�d� �a�r�e� �s�h�o�w�n� �i�n� �A�p�p�e�n�d�i�x� �A�.� 
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�T�a�b�l�e� �5�.� �I�n�p�u�t� �V�a�l�u�e�s� �f�o�r� �J�u�l�y� �a�n�d� �N�o�v�e�m�b�e�r� �(�W�u�e�s�t� �e�f� �a�l�.�,� �1�9�9�2�)�.� 
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�M�o�n�t�h� �J�u�l�y� �N�o�v�e�m�b�e�r� 

�D�i�f�f�u�s�e�r� �D�e�p�t�h� �(�m�)� �6�5� �6�5� 

�I�n�i�t�i�a�l� �P�l�u�m�e� �S�i�z�e� �(�m ��)� �2�0� �(�b�o�=�2�.�5�m�)� �2�0� �(�b�o�=�2�.�5�m�)� 

�G�a�s� �I�n�p�u�t� �R�a�t�e� �(�N�m�°�/�s�)�'� �0�.�0�0�6�2�,� �o�x�y�g�e�n� �0�.�0�1�4�,� �a�i�r� 

�I�n�i�t�i�a�l� �P�l�u�m�e� �V�e�l�o�c�i�t�y� �(�m�/�s�)� �0�.�1�2�5� �0�.�1�7�2� 

�I�n�i�t�i�a�l� �B�u�b�b�l�e� �R�a�d�i�u�s� �(�m�)� �0�.�0�0�1� �0�.�0�0�6� � � � � � � 
�"� �m ��/�s�,� �n�o�r�m�a�l�i�z�e�d� �t�o� �1� �b�a�r� �a�n�d� �0�°�C�.� 
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�W�u�e�s�t� �e�f� �a�l�.� �s�o�l�v�e�d� �t�h�e�i�r� �m�o�d�e�l� �u�s�i�n�g� �E�u�l�e�r ��s� �m�e�t�h�o�d�.� �E�u�l�e�r ��s� �m�e�t�h�o�d� �w�a�s� �t�h�e� �f�i�r�s�t� �m�e�t�h�o�d� 

�d�e�v�i�s�e�d� �t�o� �s�o�l�v�e� �d�i�f�f�e�r�e�n�t�i�a�l� �e�q�u�a�t�i�o�n�s� �n�u�m�e�r�i�c�a�l�l�y�.� �T�h�e� �m�e�t�h�o�d� �i�n�v�o�l�v�e�s� �d�i�v�i�d�i�n�g� �a� �f�u�n�c�t�i�o�n� �i�n�t�o� �a� 

�d�i�s�c�r�e�t�e� �n�u�m�b�e�r� �o�f� �s�t�e�p�s� �a�n�d� �a�p�p�r�o�x�i�m�a�t�i�n�g� �t�h�e� �v�a�l�u�e� �o�f� �t�h�e� �f�u�n�c�t�i�o�n� �a�t� �e�a�c�h� �s�t�e�p� �b�a�s�e�d� �o�n� �t�a�n�g�e�n�t� 

�l�i�n�e�s�.� �T�h�e� �s�l�o�p�e� �o�f� �t�h�e� �l�i�n�e� �t�a�n�g�e�n�t� �t�o� �t�h�e� �f�u�n�c�t�i�o�n� �a�t� �t�h�e� �i�n�i�t�i�a�l� �v�a�l�u�e�,� �w�h�i�c�h� �m�u�s�t� �b�e� �k�n�o�w�n�,� �i�s� 

�c�a�l�c�u�l�a�t�e�d�.� �T�h�i�s� �s�l�o�p�e� �i�s� �t�h�e�n� �u�s�e�d� �t�o� �e�s�t�i�m�a�t�e� �t�h�e� �f�u�n�c�t�i�o�n ��s� �v�a�l�u�e� �a�t� �t�h�e� �n�e�x�t� �s�t�e�p�,� �a�n�d� �s�o� �o�n�.� �T�h�e� 

�m�e�t�h�o�d� �b�e�c�o�m�e�s� �i�n�c�r�e�a�s�i�n�g�l�y� �a�c�c�u�r�a�t�e� �a�s� �t�h�e� �s�t�e�p� �s�i�z�e� �b�e�c�o�m�e�s� �s�m�a�l�l�e�r� �(�B�o�y�c�e� �a�n�d� �D�e�P�r�i�m�a�,� 

�1�9�9�2�)�.� �W�u�e�s�t� �e�t� �a�l�.� �c�h�o�s�e� �t�h�e�i�r� �v�e�r�t�i�c�a�l� �i�n�c�r�e�m�e�n�t� �s�o� �t�h�a�t� �t�h�e� �f�l�u�x� �v�a�r�i�a�b�l�e�s� �c�h�a�n�g�e�d� �b�y� �l�e�s�s� �t�h�a�n� 

�0�.�0�1� �p�e�r�c�e�n�t� �f�r�o�m� �o�n�e� �s�t�e�p� �t�o� �t�h�e� �n�e�x�t�.� �O�n�c�e� �t�h�e� �i�m�i�t�i�a�l� �v�a�l�u�e�s� �w�e�r�e� �o�b�t�a�i�n�e�d�,� �t�h�e� �f�i�r�s�t� �s�t�e�p� �u�p� �w�a�s� 

�t�a�k�e�n�,� �a�n�d� �t�h�e� �e�i�g�h�t� �d�i�f�f�e�r�e�n�t�i�a�l� �e�q�u�a�t�i�o�n�s� �(�T�a�b�l�e� �2�)� �w�e�r�e� �s�o�l�v�e�d�.� �T�h�e�n� �t�h�e� �s�u�p�p�o�r�t�i�n�g� �e�q�u�a�t�i�o�n�s� 

�(�T�a�b�l�e� �4�)� �w�e�r�e� �s�o�l�v�e�d� �b�a�s�e�d� �o�n� �t�h�e� �r�e�s�u�l�t�s� �o�f� �t�h�e� �e�i�g�h�t� �d�i�f�f�e�r�e�n�t�i�a�l� �e�q�u�a�t�i�o�n�s�.� �T�h�i�s� �p�r�o�c�e�d�u�r�e� �w�a�s� 

�r�e�p�e�a�t�e�d� �u�n�t�i�l� �e�r�t�h�e�r� �t�h�e� �p�l�u�m�e� �v�e�l�o�c�i�t�y� �r�e�a�c�h�e�d� �z�e�r�o� �o�r� �t�h�e� �p�l�u�m�e� �r�e�a�c�h�e�d� �t�h�e� �l�a�k�e� �s�u�r�f�a�c�e�.� 

�C�i�r�c�u�l�a�r� �M�o�d�e�l� �P�r�o�g�r�a�m�.� 

�C�i�r�c�u�l�a�r� �M�o�d�e�l� �P�r�o�g�r�a�m� �D�e�v�e�l�o�p�m�e�n�t�.� 

�T�h�e� �c�o�m�p�u�t�e�r� �p�r�o�g�r�a�m� �u�s�e�d� �t�o� �s�o�l�v�e� �t�h�e� �e�q�u�a�t�i�o�n�s� �f�o�r� �t�h�e� �c�i�r�c�u�l�a�r� �p�l�u�m�e� �m�o�d�e�l� �w�a�s� 

�d�e�v�e�l�o�p�e�d� �u�s�i�n�g� �M�i�c�r�o�s�o�f�t� �F�O�R�T�R�A�N� �P�o�w�e�r�s�t�a�t�i�o�n�.� �T�h�e� �s�t�e�p�s� �t�a�k�e�n� �t�o� �s�o�l�v�e� �t�h�e� �e�q�u�a�t�i�o�n�s� �w�e�r�e� 

�t�h�e� �s�a�m�e� �a�s� �t�h�o�s�e� �o�u�t�l�i�n�e�d� �i�n� �W�u�e�s�t� �e�f� �a�/�. ��s� �s�o�l�u�t�i�o�n� �p�r�o�c�e�d�u�r�e�.� 

�F�i�r�s�t�,� �t�h�e� �p�r�o�g�r�a�m� �a�s�k�s� �t�h�e� �u�s�e�r� �f�o�r� �t�h�e� �i�m�i�t�i�a�l� �p�a�r�a�m�e�t�e�r�s�,� �i�n�c�l�u�d�i�n�g� �t�h�e� �r�a�d�i�u�s� �o�f� �t�h�e� 

�d�i�f�f�u�s�e�r�,� �t�h�e� �m�i�t�i�a�l� �b�u�b�b�l�e� �r�a�d�i�u�s�,� �t�h�e� �a�i�r� �f�l�o�w�r�a�t�e�,� �a�n�d� �t�h�e� �t�e�m�p�e�r�a�t�u�r�e�,� �d�i�s�s�o�l�v�e�d� �s�o�l�i�d�s�,� �d�i�s�s�o�l�v�e�d� 

�o�x�y�g�e�n�,� �a�n�d� �d�i�s�s�o�l�v�e�d� �n�i�t�r�o�g�e�n� �p�r�o�f�i�l�e�s�.� �T�h�e� �p�r�o�f�i�l�e�s� �a�r�e� �e�n�t�e�r�e�d� �i�n� �t�h�e� �f�o�r�m� �o�f� �a� �f�o�u�r�t�h� �o�r�d�e�r� 

�p�o�l�y�n�o�m�i�a�l� �e�q�u�a�t�i�o�n� �(�i�.�e�.�,� �a�x�*�+�b�x�*�+�c�x ��+�d�x�+�e�)�.� �T�h�e� �p�r�o�g�r�a�m� �a�l�l�o�w�s� �t�h�e� �u�s�e�r� �t�o� �d�e�t�e�r�m�i�n�e� �t�h�e� 

�n�u�m�b�e�r� �o�f� �i�n�t�e�r�v�a�l�s� �m�t�o� �w�h�i�c�h� �t�o� �d�i�v�i�d�e� �t�h�e� �d�e�p�t�h� �o�f� �t�h�e� �l�a�k�e� �f�o�r� �E�u�l�e�r ��s� �m�e�t�h�o�d�.� �T�h�e� �i�n�i�t�i�a�l� 

�c�o�n�d�i�t�i�o�n�s� �a�r�e� �t�h�e�n� �c�a�l�c�u�l�a�t�e�d� �a�s� �d�e�s�c�r�i�b�e�d� �p�r�e�v�i�o�u�s�l�y� �u�s�i�n�g� �t�h�e� �e�q�u�a�t�i�o�n�s� �i�n� �T�a�b�l�e� �3�.� �N�e�x�t� �t�h�e� 
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�p�r�o�g�r�a�m� �e�n�t�e�r�s� �a� �l�a�r�g�e�  ��d�o� �l�o�o�p�. �� �I�n� �t�h�i�s� �l�o�o�p�,� �a� �s�t�e�p� �u�p�,� �t�h�e� �s�i�z�e� �o�f� �w�h�i�c�h� �i�s� �d�e�t�e�r�m�i�n�e�d� �b�y� �t�h�e� 

�n�u�m�b�e�r� �o�f� �i�n�t�e�r�v�a�l�s� �c�h�o�s�e�n� �b�y� �t�h�e� �u�s�e�r�,� �i�s� �t�a�k�e�n� �a�n�d� �t�h�e� �i�n�c�r�e�m�e�n�t�a�l� �c�h�a�n�g�e�s� �i�n� �t�h�e� �e�i�g�h�t� 

�d�i�f�f�e�r�e�n�t�i�a�l� �f�l�u�x� �e�q�u�a�t�i�o�n�s� �s�h�o�w�n� �i�n� �T�a�b�l�e� �2� �a�r�e� �c�a�l�c�u�l�a�t�e�d�.� �T�h�e� �c�h�a�n�g�e� �i�n� �t�h�e� �f�l�u�x� �v�a�r�i�a�b�l�e�s� �i�s� 

�a�d�d�e�d� �t�o� �t�h�e� �v�a�l�u�e� �o�f� �t�h�e� �f�l�u�x� �v�a�r�i�a�b�l�e� �f�r�o�m� �t�h�e� �p�r�e�v�i�o�u�s� �s�t�e�p� �t�o� �o�b�t�a�i�n� �t�h�e� �n�e�w� �v�a�l�u�e� �o�f� �t�h�e� �f�l�u�x� 

�v�a�r�i�a�b�l�e�s� �a�t� �e�a�c�h� �s�t�e�p�.� �N�e�x�t� �t�h�e� �T�a�b�l�e� �4� �e�q�u�a�t�i�o�n�s� �a�r�e� �c�a�l�c�u�l�a�t�e�d�.� �T�h�e� �p�r�o�g�r�a�m� �t�h�e�n� �r�e�t�u�r�n�s� �t�o� �t�h�e� 

�b�e�g�i�n�n�i�n�g� �o�f� �t�h�e� �d�o� �l�o�o�p� �f�o�r� �a�n�o�t�h�e�r� �i�t�e�r�a�t�i�o�n�.� �T�h�e� �r�e�s�u�l�t�s� �o�f� �t�h�e� �p�r�o�g�r�a�m� �a�r�e� �s�a�v�e�d� �t�o� �a� �d�a�t�a� �f�i�l�e�.� 

�T�h�e� �p�r�o�g�r�a�m� �s�t�o�p�s� �w�h�e�n� �t�h�e� �p�l�u�m�e ��s� �m�o�m�e�n�t�u�m� �i�s� �l�e�s�s� �t�h�a�n� �z�e�r�o�,� �i�m�p�l�y�i�n�g� �t�h�a�t� �t�h�e� �p�l�u�m�e� �h�a�s� 

�r�e�a�c�h�e�d� �i�t�s� �m�a�x�i�m�u�m� �h�e�i�g�h�t�,� �w�h�e�n� �t�h�e� �p�l�u�m�e� �v�e�l�o�c�i�t�y� �r�e�a�c�h�e�s� �z�e�r�o�,� �o�r� �w�h�e�n� �t�h�e� �p�l�u�m�e� �r�e�a�c�h�e�s� �t�h�e� 

�l�a�k�e� �s�u�r�f�a�c�e�.� �A� �c�o�p�y� �o�f� �t�h�e� �p�r�o�g�r�a�m� �i�s� �p�r�o�v�i�d�e�d� �i�n� �A�p�p�e�n�d�i�x� �B�.� 

�A�l�l� �e�q�u�a�t�i�o�n�s� �i�n� �t�h�e� �p�r�o�g�r�a�m� �w�e�r�e� �t�a�k�e�n� �d�i�r�e�c�t�l�y� �f�r�o�m� �W�u�e�s�t� �e�f� �a�l�. ��s� �p�a�p�e�r� �w�i�t�h� �t�w�o� 

�e�x�c�e�p�t�i�o�n�s�.� �I�n� �t�h�e� �p�a�p�e�r�,� �t�w�o� �e�q�u�a�t�i�o�n�s� �w�e�r�e� �g�i�v�e�n� �f�o�r� �t�h�e� �v�o�l�u�m�e� �o�f� �g�a�s� �i�n� �t�h�e� �p�l�u�m�e�.� �U�p�o�n� 

�o�b�t�a�i�n�i�n�g� �a� �c�o�p�y� �o�f� �t�h�e� �a�u�t�h�o�r�s �� �p�r�o�g�r�a�m�,� �w�h�i�c�h� �w�a�s� �w�r�i�t�t�e�n� �i�n� �B�a�s�i�c�,� �i�t� �w�a�s� �d�i�s�c�o�v�e�r�e�d� �t�h�a�t� �V�a�n� 

�d�e�r� �W�a�a�l�s� �g�a�s� �l�a�w�,� �t�h�e� �s�e�c�o�n�d� �e�q�u�a�t�i�o�n� �i�n� �t�h�e� �p�a�p�e�r�,� �w�a�s� �u�s�e�d� �i�m� �t�h�e� �c�a�l�c�u�l�a�t�i�o�n� �o�f� �g�a�s� �v�o�l�u�m�e�.� 

�H�o�w�e�v�e�r�,� �i�t� �w�a�s� �d�e�t�e�r�m�i�n�e�d� �t�h�a�t� �t�h�e� �v�o�l�u�m�e� �o�f� �g�a�s� �c�a�l�c�u�l�a�t�e�d� �u�s�i�n�g� �t�h�e� �i�d�e�a�l� �g�a�s� �l�a�w� �r�e�s�u�l�t�e�d� �i�n� 

�o�n�l�y� �0�.�0�4� �p�e�r�c�e�n�t� �e�r�r�o�r� �a�s� �c�o�m�p�a�r�e�d� �t�o� �t�h�a�t� �p�r�e�d�i�c�t�e�d� �b�y� �V�a�n� �d�e�r� �W�a�a�l�s� �l�a�w�.� �T�h�i�s� �c�a�l�c�u�l�a�t�i�o�n� �w�a�s� 

�p�e�r�f�o�r�m�e�d� �a�t� �t�h�e� �d�i�f�f�u�s�e�r� �d�e�p�t�h� �o�f� �6�5� �m�e�t�e�r�s� �u�s�e�d� �b�y� �W�u�e�s�t� �e�f� �a�/�.� �a�n�d�,� �b�e�c�a�u�s�e� �t�h�e� �p�r�e�s�s�u�r�e� �i�s� 

�h�i�g�h�e�s�t� �a�t� �t�h�a�t� �p�o�i�n�t�,� �s�h�o�u�l�d� �h�a�v�e� �r�e�s�u�l�t�e�d� �i�n� �t�h�e� �g�r�e�a�t�e�s�t� �a�m�o�u�n�t� �o�f� �e�r�r�o�r�,� �m�e�a�n�i�n�g� �t�h�a�t� �t�h�e� �e�r�r�o�r� 

�t�h�r�o�u�g�h�o�u�t� �t�h�e� �l�a�k�e� �w�o�u�l�d� �b�e� �l�e�s�s� �t�h�a�n� �0�.�0�4� �p�e�r�c�e�n�t� �a�s� �a� �r�e�s�u�l�t� �o�f� �u�s�i�n�g� �t�h�e� �i�d�e�a�l� �g�a�s� �l�a�w�.� �E�v�e�n� �a�t� 

�5�0�0� �m�e�t�e�r�s�,� �t�h�e� �e�r�r�o�r� �w�a�s� �c�a�l�c�u�l�a�t�e�d� �t�o� �b�e� �o�n�l�y� �5� �p�e�r�c�e�n�t�.� �F�i�n�a�l�l�y�,� �c�h�a�n�g�i�n�g� �t�h�e� �c�a�l�c�u�l�a�t�i�o�n� �o�f� �t�h�e� 

�v�o�l�u�m�e� �o�f� �g�a�s� �i�n� �a� �v�e�r�s�i�o�n� �o�f� �W�u�e�s�t� �e�t� �a�l�. ��s� �p�r�o�g�r�a�m� �t�h�a�t� �h�a�d� �b�e�e�n� �r�e�-�w�r�i�t�t�e�n� �i�n� �F�O�R�T�R�A�N� 

�r�e�s�u�l�t�e�d� �i�n� �o�n�l�y� �v�e�r�y� �s�m�a�l�l� �d�i�f�f�e�r�e�n�c�e�s� �i�n� �t�h�e� �p�r�e�d�i�c�t�i�o�n�s�.� �T�h�e�r�e�f�o�r�e�,� �t�h�e� �i�d�e�a�l� �g�a�s� �l�a�w� �w�a�s� �u�s�e�d� �i�n� 

�a�l�l� �g�a�s� �v�o�l�u�m�e� �c�a�l�c�u�l�a�t�i�o�n�s� �i�n� �t�h�e� �p�r�o�g�r�a�m�.� �T�h�e� �s�e�c�o�n�d� �e�x�c�e�p�t�i�o�n� �w�a�s� �i�n� �t�h�e� �c�a�l�c�u�l�a�t�i�o�n� �o�f� �t�h�e� 

�n�u�m�b�e�r� �o�f� �m�o�l�e�s� �o�f� �n�i�t�r�o�g�e�n� �a�n�d� �o�x�y�g�e�n� �e�n�t�e�r�i�n�g� �t�h�e� �p�l�u�m�e� �w�h�i�c�h� �w�a�s� �r�e�q�u�i�r�e�d� �f�o�r� �t�h�e� �c�a�l�c�u�l�a�t�i�o�n�s� 
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�o�f� �t�h�e� �d�i�s�s�o�l�v�e�d� �a�n�d� �g�a�s�e�o�u�s� �c�o�n�c�e�n�t�r�a�t�i�o�n�s� �o�f� �b�o�t�h� �g�a�s�e�s�.� �T�h�e�r�e� �w�a�s� �n�o� �e�q�u�a�t�i�o�n� �f�o�r� �t�h�i�s� �p�r�o�v�i�d�e�d� 

�i�n� �t�h�e� �p�a�p�e�r� �s�o� �t�h�e� �i�d�e�a�l� �g�a�s� �l�a�w� �w�a�s� �u�s�e�d�.� �I�t� �w�a�s� �l�a�t�e�r� �d�e�t�e�r�m�i�n�e�d� �t�h�a�t� �t�h�e� �p�a�p�e�r ��s� �a�u�t�h�o�r�s� �a�l�s�o� 

�u�s�e�d� �t�h�e� �i�d�e�a�l� �g�a�s� �l�a�w� �f�o�r� �t�h�i�s� �c�a�l�c�u�l�a�t�i�o�n� �i�n� �t�h�e�i�r� �o�w�n� �c�o�m�p�u�t�e�r� �p�r�o�g�r�a�m�.� 

�C�i�r�c�u�l�a�r� �M�o�d�e�l� �V�a�l�i�d�a�t�i�o�n�.� 

�A�f�t�e�r� �t�h�e� �p�r�o�g�r�a�m� �w�a�s� �c�o�m�p�l�e�t�e�d�,� �i�t�s� �a�c�c�u�r�a�c�y� �w�a�s� �r�e�v�i�e�w�e�d� �b�y� �c�o�m�p�a�r�i�n�g� �i�t�s� �r�e�s�u�l�t�s� �t�o� 

�t�h�o�s�e� �r�e�p�o�r�t�e�d� �b�y� �W�u�e�s�t� �e�f� �a�l�.� �A�s� �a� �f�i�r�s�t� �s�t�e�p�,� �e�a�c�h� �p�o�i�n�t� �o�n� �t�h�e�i�r� �t�e�m�p�e�r�a�t�u�r�e�,� �s�a�l�i�n�i�t�y�,� �d�i�s�s�o�l�v�e�d� 

�o�x�y�g�e�n�,� �a�n�d� �d�i�s�s�o�l�v�e�d� �n�i�t�r�o�g�e�n� �p�r�o�f�i�l�e�s� �f�r�o�m� �b�o�t�h� �J�u�l�y� �a�n�d� �N�o�v�e�m�b�e�r� �w�a�s� �r�e�c�o�r�d�e�d�.� �T�h�e� �p�o�i�n�t�s� 

�w�e�r�e� �p�l�o�t�t�e�d� �u�s�i�n�g� �M�i�c�r�o�s�o�f�t� �E�x�c�e�l� �V�e�r�s�i�o�n� �5�.�0� �a�n�d� �a� �c�u�r�v�e� �w�a�s� �f�i�t�t�e�d� �t�o� �e�a�c�h� �p�r�o�f�i�l�e�.� �T�h�e� 

�e�q�u�a�t�i�o�n�s� �f�o�r� �t�h�e� �c�u�r�v�e�s� �w�e�r�e� �u�s�e�d� �a�s� �t�h�e� �p�r�o�f�i�l�e�s� �r�e�q�u�e�s�t�e�d� �b�y� �t�h�e� �c�o�m�p�u�t�e�r� �p�r�o�g�r�a�m� �a�n�d� �w�e�r�e� 

�l�i�s�t�e�d� �i�n� �A�p�p�e�n�d�i�x� �A�.� �V�a�l�u�e�s� �f�o�r� �a�i�r� �f�l�o�w�r�a�t�e�,� �i�n�i�t�i�a�l� �v�e�l�o�c�i�t�y�,� �d�i�f�f�u�s�e�r� �r�a�d�i�u�s�,� �a�n�d� �i�n�i�t�i�a�l� �b�u�b�b�l�e� 

�s�i�z�e� �w�e�r�e� �t�a�k�e�n� �f�r�o�m� �t�h�e� �W�u�e�s�t� �e�t� �a�/�.� �p�a�p�e�r�.� �R�a�t�h�e�r� �t�h�a�n� �u�s�i�n�g� �t�h�e� �F�r�o�u�d�e� �n�u�m�b�e�r� �e�q�u�a�t�i�o�n� �t�o� 

�d�e�t�e�r�m�i�n�e� �t�h�e� �v�e�l�o�c�i�t�y� �i�n� �t�h�e�s�e� �c�o�m�p�a�r�i�s�o�n�s�,� �t�h�e� �i�n�i�t�i�a�l� �v�e�l�o�c�i�t�y� �g�i�v�e�n� �b�y� �W�u�e�s�t� �e�f� �a�l�.� �w�a�s� �f�o�r�c�e�d� �t�o� 

�b�e� �t�h�e� �i�n�i�t�i�a�l� �v�e�l�o�c�i�t�y� �u�s�e�d� �b�y� �t�h�e� �p�r�o�g�r�a�m� �a�s� �u�s�i�n�g� �t�h�e� �F�r�o�u�d�e� �n�u�m�b�e�r� �e�q�u�a�t�i�o�n� �r�e�s�u�l�t�e�d� �i�n� �s�l�i�g�h�t�l�y� 

�d�i�f�f�e�r�e�n�t� �v�e�l�o�c�i�t�i�e�s� �t�h�a�n� �t�h�o�s�e� �g�i�v�e�n� �i�n� �t�h�e� �p�a�p�e�r�.� �B�y� �p�a�t�t�e�r�n�i�n�g� �t�h�e� �d�a�t�a� �p�u�t� �i�n�t�o� �t�h�e� �F�O�R�T�R�A�N� 

�p�r�o�g�r�a�m� �a�s� �c�l�o�s�e�l�y� �a�s� �p�o�s�s�i�b�l�e� �t�o� �t�h�a�t� �u�s�e�d� �i�n� �t�h�e� �W�u�e�s�t� �e�¢� �a�l�.� �p�a�p�e�r�,� �i�t� �c�o�u�l�d� �b�e� �d�e�t�e�r�m�i�n�e�d� 

�w�h�e�t�h�e�r� �t�h�e� �p�r�o�g�r�a�m� �w�a�s� �w�o�r�k�i�n�g� �a�c�c�u�r�a�t�e�l�y�.� �A�f�t�e�r� �c�o�m�p�a�r�i�s�o�n�s� �b�e�t�w�e�e�n� �t�h�e� �m�o�d�e�l ��s� �p�r�e�d�i�c�t�i�o�n�s� 

�a�n�d� �t�h�e� �p�a�p�e�r� �w�e�r�e� �c�o�m�p�l�e�t�e�d�,� �n�e�c�e�s�s�a�r�y� �a�l�t�e�r�a�t�i�o�n�s� �w�e�r�e� �m�a�d�e� �t�o� �c�r�e�a�t�e� �t�h�e� �f�i�n�a�l� �v�e�r�s�i�o�n� �o�f� �t�h�e� 

�c�i�r�c�u�l�a�r� �m�o�d�e�l�.� 

�C�i�r�c�u�l�a�r� �M�o�d�e�l� �S�e�n�s�i�t�i�v�i�t�y� �A�n�a�l�y�s�i�s�.� 

�W�u�e�s�t� �e�t� �a�l�.� �(�1�9�9�2�)� �e�x�a�m�i�n�e�d� �t�h�e� �s�e�n�s�i�t�i�v�i�t�y� �o�f� �t�h�e� �d�e�p�t�h� �o�f� �m�a�x�i�m�u�m� �p�l�u�m�e� �r�i�s�e� �t�o� �i�n�i�t�i�a�l� 

�b�u�b�b�l�e� �r�a�d�i�u�s�,� �a�i�r� �f�l�o�w�r�a�t�e�,� �i�n�i�t�i�a�l� �p�l�u�m�e� �a�r�e�a�,� �m�i�t�i�a�l� �F�r�o�u�d�e� �n�u�m�b�e�r� �(�i�n�i�t�i�a�l� �v�e�l�o�c�i�t�y�)�,� �a�n�d� �t�h�e� 
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�e�n�t�r�a�i�n�m�e�n�t� �f�a�c�t�o�r�.� �T�h�e�r�e�f�o�r�e�,� �a� �s�e�n�s�i�t�i�v�i�t�y� �a�n�a�l�y�s�i�s� �w�a�s� �p�e�r�f�o�r�m�e�d� �o�n� �t�h�e� �c�i�r�c�u�l�a�r� �p�l�u�m�e� �m�o�d�e�l� �t�o� 

�d�e�t�e�r�m�i�n�e� �i�t�s� �s�e�n�s�i�t�i�v�i�t�y� �t�o� �t�h�e�s�e� �s�a�m�e� �f�a�c�t�o�r�s�.� �I�n�i�t�i�a�l� �b�u�b�b�l�e� �r�a�d�i�u�s� �w�a�s� �v�a�r�i�e�d� �f�r�o�m� �1�.�0�x�1�0�"� �t�o� 

�1�.�0�x�1�0�7� �m�e�t�e�r�s�;� �o�x�y�g�e�n� �i�n�p�u�t� �r�a�t�e� �f�r�o�m� �1�.�0�x�1�0�°� �t�o� �1�.�0�x�1�0�7� �N�m ��/�s� �(�m ��/�s� �n�o�r�m�a�l�i�z�e�d� �t�o� �s�t�a�n�d�a�r�d� 

�c�o�n�d�i�t�i�o�n�s� �o�f� �1� �b�a�r� �a�n�d� �0�°�C�)�;� �i�n�i�t�i�a�l� �p�l�u�m�e� �a�r�e�a� �f�r�o�m� �3�.�1�4� �t�o� �5�0� �m ��,� �i�n�i�t�i�a�l� �F�r�o�u�d�e� �n�u�m�b�e�r� �f�r�o�m� �1�.�0� 

�t�o� �2�.�0�,� �a�n�d� �t�h�e� �e�n�t�r�a�i�n�m�e�n�t� �f�a�c�t�o�r� �f�r�o�m� �0�.�0�5� �t�o� �0�.�2�0�,� �w�h�i�c�h� �w�e�r�e� �t�h�e� �s�a�m�e� �i�n�t�e�r�v�a�l�s� �u�s�e�d� �b�y� �W�u�e�s�t� 

�e�t� �a�l�.� �e�x�c�e�p�t� �f�o�r� �t�h�e� �i�n�i�t�i�a�l� �p�l�u�m�e� �a�r�e�a�,� �f�o�r� �w�h�i�c�h� �t�h�e�y� �r�e�p�o�r�t�e�d� �a� �r�a�n�g�e� �o�f� �0� �t�o� �5�0� �m ��.� �I�n� �a�d�d�i�t�i�o�n�,� 

�t�h�e� �e�f�f�e�c�t�s� �o�f� �t�h�e� �t�e�m�p�e�r�a�t�u�r�e�,� �d�i�s�s�o�l�v�e�d� �s�o�l�i�d�s�,� �o�x�y�g�e�n�,� �a�n�d� �n�i�t�r�o�g�e�n� �p�r�o�f�i�l�e�s� �o�n� �t�h�e� �v�e�l�o�c�i�t�y� �a�n�d� 

�h�e�i�g�h�t� �o�f� �m�a�x�i�m�u�m� �p�l�u�m�e� �r�i�s�e� �w�e�r�e� �e�x�a�m�i�n�e�d�.� �T�h�e� �t�e�m�p�e�r�a�t�u�r�e� �p�r�o�f�i�l�e� �w�a�s� �i�n�c�r�e�a�s�e�d� �b�y� �5�.�0�,� �2�.�0�,� 

�a�n�d� �1�.�0� �d�e�g�r�e�e�s� �a�n�d� �d�e�c�r�e�a�s�e�d� �b�y� �1�.�0�,� �2�.�0�,� �a�n�d� �5�.�0� �d�e�g�r�e�e�s�.� �T�h�e� �e�f�f�e�c�t�s� �o�f� �c�h�a�n�g�i�n�g� �t�h�e� �s�l�o�p�e� �o�f� 

�t�h�e� �t�e�m�p�e�r�a�t�u�r�e� �p�r�o�f�i�l�e� �w�e�r�e� �e�x�p�l�o�r�e�d� �a�s� �w�e�l�l�.� �T�h�e� �s�a�l�i�n�i�t�y� �p�r�o�f�i�l�e� �w�a�s� �a�l�t�e�r�e�d� �b�y� �0�.�0�1� �a�n�d� �0�.�0�2� 

�p�e�r�c�e�n�t� �i�n� �e�i�t�h�e�r� �d�i�r�e�c�t�i�o�n�,� �a�n�d� �t�h�e� �o�x�y�g�e�n� �p�r�o�f�i�l�e� �w�a�s� �v�a�r�i�e�d� �b�y� �0�.�2� �a�n�d� �0�.�1� �m�o�l�/�m �� �i�n� �b�o�t�h� 

�d�i�r�e�c�t�i�o�n�s�.� �S�i�n�c�e� �t�h�e� �n�i�t�r�o�g�e�n� �c�o�n�c�e�n�t�r�a�t�i�o�n� �w�a�s� �a� �c�o�n�s�t�a�n�t� �0�.�7�1�4� �m�o�l�/�m �� �t�h�r�o�u�g�h�o�u�t� �t�h�e� �d�e�p�t�h� �o�f� 

�t�h�e� �l�a�k�e�,� �t�h�e� �e�f�f�e�c�t� �o�f� �c�h�a�n�g�i�n�g� �t�h�e� �n�i�t�r�o�g�e�n� �c�o�n�c�e�n�t�r�a�t�i�o�n� �t�o� �0�.�6�6�4� �a�n�d� �0�.�7�6�4� �w�a�s� �d�e�t�e�r�m�i�n�e�d�.� 

�L�i�n�e�a�r� �P�l�u�m�e� �M�o�d�e�l�.� 

�O�n�c�e� �t�h�e� �p�r�o�g�r�a�m� �f�o�r� �t�h�e� �c�i�r�c�u�l�a�r� �p�l�u�m�e� �w�a�s� �c�o�m�p�l�e�t�e�d�,� �t�h�e� �n�e�x�t� �s�t�e�p� �w�a�s� �t�o� �d�e�v�e�l�o�p� �a� 

�m�o�d�e�l� �f�o�r� �a�n� �a�i�r� �b�u�b�b�l�e� �p�l�u�m�e� �e�m�i�t�t�e�d� �f�r�o�m� �a� �l�i�n�e�a�r� �s�o�u�r�c�e�.� �T�h�i�s� �m�o�d�e�l� �w�a�s� �b�a�s�e�d� �d�i�r�e�c�t�l�y� �o�n� �t�h�e� 

�c�i�r�c�u�l�a�r� �p�l�u�m�e� �m�o�d�e�l� �d�e�v�e�l�o�p�e�d� �b�y� �W�u�e�s�t� �e�f� �a�/�.� �B�e�c�a�u�s�e� �t�h�e� �p�l�u�m�e� �i�s� �f�o�r�m�e�d� �b�y� �a� �l�i�n�e� �s�o�u�r�c�e�,� �t�h�e� 

�m�o�d�e�l� �w�i�l�l� �b�e� �c�a�l�l�e�d� �t�h�e� �l�i�n�e�a�r� �m�o�d�e�l�.� 

�L�i�n�e�a�r� �M�o�d�e�l� �E�q�u�a�t�i�o�n�s�.� 

�F�i�r�s�t�,� �t�h�e� �e�i�g�h�t� �d�i�f�f�e�r�e�n�t�i�a�l� �f�l�u�x� �e�q�u�a�t�i�o�n�s� �a�n�d� �t�h�e� �i�m�i�t�i�a�l� �c�o�n�d�i�t�i�o�n�s� �w�e�r�e� �m�o�d�i�f�i�e�d� �f�r�o�m� �a� 

�c�i�r�c�u�l�a�r� �t�o� �a� �r�e�c�t�a�n�g�u�l�a�r� �g�e�o�m�e�t�r�y�.� �T�h�i�s� �r�e�s�u�l�t�e�d� �i�n� �t�h�e� �d�i�f�f�e�r�e�n�t�i�a�l� �f�l�u�x� �e�q�u�a�t�i�o�n�s� �s�h�o�w�n� �i�n� �T�a�b�l�e� 
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�6� �a�n�d� �t�h�e� �i�n�i�t�i�a�l� �c�o�n�d�i�t�i�o�n�s� �s�h�o�w�n� �i�n� �T�a�b�l�e� �7�.� �A�s� �b�e�f�o�r�e�,� �t�h�e� �v�o�l�u�m�e� �o�f� �g�a�s� �w�a�s� �c�a�l�c�u�l�a�t�e�d� �u�s�i�n�g� 

�t�h�e� �i�d�e�a�l� �g�a�s� �l�a�w�.� �T�h�e� �s�u�p�p�o�r�t�i�n�g� �e�q�u�a�t�i�o�n�s� �r�e�m�a�i�n�e�d� �t�h�e� �s�a�m�e� �a�s� �i�n� �t�h�e� �c�i�r�c�u�l�a�r� �m�o�d�e�l� �e�x�c�e�p�t� �f�o�r� 

�t�h�e� �b�u�b�b�l�e� �r�a�d�i�u�s� �e�q�u�a�t�i�o�n�,� �w�h�i�c�h� �a�l�s�o� �h�a�d� �t�o� �b�e� �m�o�d�i�f�i�e�d� �f�o�r� �a� �r�e�c�t�a�n�g�u�l�a�r� �g�e�o�m�e�t�r�y�.� �T�h�e� �r�e�v�i�s�e�d� 

�a� �[�3�V�,� �A�B�L�(�w� �+�w�,�)� 

�4�a�N� 

�A�n� �a�p�p�r�o�x�i�m�a�t�i�o�n� �h�a�d� �t�o� �b�e� �m�a�d�e� �i�n� �t�h�e� �c�a�l�c�u�l�a�t�i�o�n� �o�f� �t�h�e� �i�n�i�t�i�a�l� �p�l�u�m�e� �v�e�l�o�c�i�t�y�.� �W�h�i�l�e� 

�b�u�b�b�l�e� �r�a�d�i�u�s� �e�q�u�a�t�i�o�n� �i�s� �a�s� �f�o�l�l�o�w�s�:� 

�t�h�e� �c�i�r�c�u�l�a�r� �m�o�d�e�l� �u�s�e�d� �t�h�e� �T�a�b�l�e� �4� �i�n�i�t�i�a�l� �p�l�u�m�e� �v�e�l�o�c�i�t�y� �e�q�u�a�t�i�o�n� �w�i�t�h� �t�h�e� �F�r�o�u�d�e� �n�u�m�b�e�r� �e�q�u�a�l� �t�o� 

�1�.�6� �t�o� �f�i�n�d� �t�h�e� �i�n�i�t�i�a�l� �v�e�l�o�c�i�t�y�,� �a� �c�o�r�r�e�s�p�o�n�d�i�n�g� �F�r�o�u�d�e� �n�u�m�b�e�r� �f�o�r� �a� �l�i�n�e�a�r� �s�o�u�r�c�e� �c�o�u�l�d� �n�o�t� �b�e� 

�f�o�u�n�d� �i�n� �t�h�e� �l�i�t�e�r�a�t�u�r�e�.� �T�h�e� �e�q�u�a�t�i�o�n� �u�s�e�d� �t�o� �c�a�l�c�u�l�a�t�e� �t�h�e� �i�n�i�t�i�a�l� �v�e�l�o�c�i�t�y� �w�a�s� �a�l�t�e�r�e�d� �f�r�o�m� 

�f�r�=� �"� 

�2�A�b�g� �L�P� 
�P� 

�f�o�r� �a� �c�i�r�c�u�l�a�r� �s�o�u�r�c�e� �t�o� 

�F�r� �-�  � � �� 

�g�l�  �� 
�P�p� 

�f�o�r� �a� �l�i�n�e�a�r� �s�o�u�r�c�e� 

�w�h�e�r�e�:� �F�r� �=� �F�r�o�u�d�e� �n�u�m�b�e�r�,� 

�w� �=� �v�e�r�t�i�c�a�l� �p�l�u�m�e� �v�e�l�o�c�i�t�y�,� 

�p� �=� �d�e�n�s�i�t�y�,� 

�g� �=� �a�c�c�e�l�e�r�a�t�i�o�n� �d�u�e� �t�o� �g�r�a�v�i�t�y�,� 

�A� �=� �c�i�r�c�u�l�a�r� �s�p�r�e�a�d�i�n�g� �c�o�e�f�f�i�c�i�e�n�t�,� 
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�b� �=� �c�i�r�c�u�l�a�r� �p�l�u�m�e� �r�a�d�i�u�s�,� �a�n�d� 

�L� �=� �l�e�n�g�t�h� �o�f� �t�h�e� �l�i�n�e�a�r� �p�l�u�m�e�.� 

�T�h�e� �F�r�o�u�d�e� �n�u�m�b�e�r� �w�a�s� �a�s�s�u�m�e�d� �t�o� �b�e� �1�.�6� �n�e�a�r� �t�h�e� �I�m�e�a�r� �s�o�u�r�c�e� �a�s� �w�e�l�l� �s�i�n�c�e� �n�o� �b�e�t�t�e�r� 

�a�p�p�r�o�x�i�m�a�t�i�o�n� �w�a�s� �a�v�a�i�l�a�b�l�e�.� 

�T�h�e� �e�n�t�r�a�i�n�m�e�n�t� �c�o�e�f�f�i�c�i�e�n�t�,� �a�,� �i�s� �0�.�0�8� �a�n�d� �t�h�e� �s�p�r�e�a�d�i�n�g� �c�o�e�f�f�i�c�i�e�n�t�,� �A�,� �i�s� �0�.�8�5�,� �a�s� �r�e�p�o�r�t�e�d� 

�b�y� �F�a�n�n�e�l�o�p� �e�f� �a�/�.� �(�1�9�9�1�)�.� 

�L�i�n�e�a�r� �M�o�d�e�l� �A�s�s�u�m�p�t�i�o�n�s�.� 

�T�h�e� �l�i�n�e�a�r� �m�o�d�e�l� �m�a�d�e� �t�h�e� �s�a�m�e� �a�s�s�u�m�p�t�i�o�n�s� �a�s� �m�a�d�e� �b�y� �W�u�e�s�t� �e�f� �a�l�. ��s� �c�i�r�c�u�l�a�r� �m�o�d�e�l�.� 

�A�d�d�i�t�i�o�n�a�l� �a�s�s�u�m�p�t�i�o�n�s� �w�e�r�e� �n�e�c�e�s�s�a�r�y� �a�s� �w�e�l�l�.� �T�h�e� �p�l�u�m�e� �w�a�s� �a�s�s�u�m�e�d� �t�o� �b�e� �l�o�n�g�,� �a�n�d�,� 

�t�h�e�r�e�f�o�r�e�,� �e�n�d� �e�f�f�e�c�t�s� �w�e�r�e� �n�o�t� �c�o�n�s�i�d�e�r�e�d�.� �A�s� �s�u�c�h�,� �t�h�e� �s�p�r�e�a�d�i�n�g� �c�o�e�f�f�i�c�i�e�n�t� �w�a�s� �a�p�p�l�i�e�d� �t�o� �t�h�e� 

�w�i�d�t�h� �o�n�l�y�,� �a�n�d� �e�n�t�r�a�m�m�e�n�t� �w�a�s� �c�o�n�s�i�d�e�r�e�d� �t�o� �o�c�c�u�r� �o�n�l�y� �a�l�o�n�g� �t�h�e� �s�i�d�e�s� �o�f� �t�h�e� �p�l�u�m�e�.� �T�h�e� �p�l�u�m�e� 

�w�a�s� �a�s�s�u�m�e�d� �t�o� �h�a�v�e� �a�n� �i�n�i�t�i�a�l� �a�r�e�a� �o�f� �t�h�e� �l�e�n�g�t�h� �o�f� �t�h�e� �d�i�f�f�u�s�e�r� �m�u�l�t�i�p�l�i�e�d� �b�y� �t�h�e� �w�i�d�t�h� �o�f� �t�h�e� 

�d�i�f�f�u�s�e�r�.� �W�h�i�l�e� �s�o�m�e� �h�a�v�e� �f�o�u�n�d� �t�h�a�t� �t�h�e� �e�n�t�r�a�i�n�m�e�n�t� �c�o�e�f�f�i�c�i�e�n�t� �i�s� �n�o�t� �a� �c�o�n�s�t�a�n�t�,� �i�t� �w�a�s� �a�s�s�u�m�e�d� 

�t�o� �b�e� �c�o�n�s�t�a�n�t� �f�o�r� �t�h�e� �p�u�r�p�o�s�e�s� �o�f� �t�h�i�s� �m�o�d�e�l� �s�i�n�c�e� �o�t�h�e�r�s� �h�a�v�e� �s�u�g�g�e�s�t�e�d� �t�h�a�t� �t�h�i�s� �i�s� �a� �g�o�o�d� 

�a�p�p�r�o�x�i�m�a�t�i�o�n� �a�n�d� �s�i�n�c�e� �W�u�e�s�t� �e�t� �a�/�.� �(�1�9�9�2�)� �a�s�s�u�m�e�d� �i�t� �t�o� �b�e� �c�o�n�s�t�a�n�t�.� �F�i�n�a�l�l�y�,� �s�i�n�c�e� �t�h�e� �c�i�r�c�u�l�a�r� 

�e�n�t�r�a�i�n�m�e�n�t� �c�o�e�f�f�i�c�i�e�n�t� �w�a�s� �f�o�u�n�d� �t�o� �b�e� �p�r�o�p�o�r�t�i�o�n�a�l� �t�o� �t�h�e� �p�l�u�m�e� �v�e�l�o�c�i�t�y� �a�n�d� �t�h�e� �c�i�r�c�u�m�f�e�r�e�n�c�e� �o�f� 

�t�h�e� �c�i�r�c�l�e�,� �t�h�e� �l�i�n�e�a�r� �e�n�t�r�a�i�n�m�e�n�t� �c�o�e�f�f�i�c�i�e�n�t� �w�a�s� �a�s�s�u�m�e�d� �t�o� �b�e� �p�r�o�p�o�r�t�i�o�n�a�l� �t�o� �t�h�e� �p�l�u�m�e� �v�e�l�o�c�i�t�y� 

�a�n�d� �t�h�e� �l�e�n�g�t�h� �o�f� �t�h�e� �t�w�o� �s�i�d�e�s� �o�f� �t�h�e� �r�e�c�t�a�n�g�l�e�,� �a�s� �e�n�d� �e�f�f�e�c�t�s� �w�e�r�e� �n�e�g�l�e�c�t�e�d�.� 
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�T�a�b�l�e� �6�.� �E�i�g�h�t� �F�l�u�x� �E�q�u�a�t�i�o�n�s� �f�o�r� �t�h�e� �L�i�n�e�a�r� �P�l�u�m�e� �M�o�d�e�l� �(�M�o�d�i�f�i�e�d� �f�r�o�m� �W�u�e�s�t� �e�t� �a�l�.�,� 
�1�9�9�2�)�.� 
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�F�l�u�x� �E�q�u�a�t�i�o�n� 

�W�a�t�e�r� �V�o�l�u�m�e� �F�l�u�x� �d�u� �2�a�l�w� �:� 

�M�o�m�e�n�t�u�m� �F�l�u�x� �d�M� �_� �P�s�P�,� �g�A�L�b� �4� �P�a� �P�n� �g�L�b�(�1 �� �A�)� 

�d�z� �P�,� �M� �P�»� 

�T�e�m�p�e�r�a�t�u�r�e� �F�l�u�x� �d�F�,� �r�a�l�w�T� 
�a�z� �a� 

�S�a�l�i�n�i�t�y� �F�l�u�x� �d�F�,� �_� �r�a�l�w�o� �S� 
�d�z� �~� �P�a� �a� 

�D�i�s�s�o�l�v�e�d� �O�x�y�g�e�n� �F�l�u�x� �d�D� �4�n�r ��? ��N� �D� 
�z� �=� �2�a�L�w�e�,�,� �+� �P�o� �(�K�o�P�o�  ��T�P� 

 ��-�+�w�W�,� 
�L�t� 

�D�i�s�s�o�l�v�e�d� �N�i�t�r�o�g�e�n� �F�l�u�x� �d�D� �A�n�r�?�N� �D� 
�=�z� �=� �2�a�L�w�e�y� �,� �+�7�5� �B�n� �(�K�y� �P�y� �T�P� 

 ��+�W�,� 
�L�i� 

�G�a�s�e�o�u�s� �O�x�y�g�e�n� �F�l�u�x� �d�G�,� �_�_� �A�a�r�?�N� �B�A�K� �_� �D�e� �)� 
�a�M� �o�\�4�K�o�P�o� �U�l� 

 ��+�w�W�,� 
�L� 

�G�a�s�e�o�u�s� �N�i�t�r�o�g�e�n� �F�l�u�x� �d�G�y� �_� �4�a�r�?�N� �B�A�K� �_� �D�y� �.� 
�a�M� �n� �\�A�y� �P�y� �U�l� 

 ��+�w�,� 
�v�y� � � � � 
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�T�a�b�l�e� �7�.� �D�e�f�i�n�i�t�i�o�n�s� �o�f� �t�h�e� �E�i�g�h�t� �F�l�u�x� �V�a�r�i�a�b�l�e�s� �f�o�r� �L�i�n�e�a�r� �M�o�d�e�l� �(�m�o�d�i�f�i�e�d� �f�r�o�m� �W�u�e�s�t� �e�t� 
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� � � � 

�a�l�.�,� �1�9�9�2�)�.� 

�V�a�r�i�a�b�l�e� �E�q�u�a�t�i�o�n� �U�n�i�t�s� 

�P�l�u�m�e� �W�a�t�e�r� �V�o�l�u�m�e� �F�l�u�x� �u�=� �L�b�w� �m ��/�s� 

�M�o�m�e�n�t�u�m� �F�l�u�x� �M� �_� �L�b�w�?� �m�/�s �� 

�T�e�m�p�e�r�a�t�u�r�e� �F�l�u�x� �F�F�,� �=� �p�T� �°�C�m ��/�s� 

�D�i�s�s�o�l�v�e�d� �S�o�l�i�d�s� �F�l�u�x� �F�f�,� �=� �u�P�,� �k�g�/�s� 

�D�i�s�s�o�l�v�e�d� �O�,� �a�n�d� �N�;� �F�l�u�x�e�s� �|� �D�.� �=� �u�c�,� �G�=�0�,�N�)� �m�o�l�/�s� 

�G�a�s�e�o�u�s� �O�,� �a�n�d� �N�;� �F�l�u�x�e�s� �G�,� �=� �A�L�b�(�w� �+� �w�,� �)�m�,� �m�o�l�/�s� � � �G�=�0�,�N�)� � � � � 
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�L�i�n�e�a�r� �M�o�d�e�l� �S�o�l�u�t�i�o�n� �P�r�o�c�e�d�u�r�e�.� 

�T�h�e� �s�t�e�p�s� �t�a�k�e�n� �i�n� �s�o�l�v�i�n�g� �t�h�e� �l�i�n�e�a�r� �m�o�d�e�l� �w�e�r�e� �t�h�e� �s�a�m�e� �a�s� �t�h�o�s�e� �t�a�k�e�n� �i�n� �s�o�l�v�i�n�g� �t�h�e� 

�c�i�r�c�u�l�a�r� �m�o�d�e�l�.� �B�r�i�e�f�l�y�,� �t�h�e� �i�n�i�t�i�a�l� �c�o�n�d�i�t�i�o�n�s� �w�e�r�e� �c�a�l�c�u�l�a�t�e�d�,� �a� �s�t�e�p� �u�p� �w�a�s� �t�a�k�e�n�,� �t�h�e� �n�e�w� �v�a�l�u�e�s� 

�f�o�r� �t�h�e� �f�l�u�x� �v�a�r�i�a�b�l�e�s� �w�e�r�e� �c�a�l�c�u�l�a�t�e�d�,� �t�h�e� �s�u�p�p�o�r�t�i�n�g� �e�q�u�a�t�i�o�n�s� �w�e�r�e� �c�a�l�c�u�l�a�t�e�d�,� �a�n�d� �t�h�e� �p�r�o�c�e�s�s� 

�w�a�s� �r�e�p�e�a�t�e�d�.� �T�h�e� �o�u�t�p�u�t� �w�a�s� �p�r�i�n�t�e�d� �s�o� �t�h�a�t� �1�0�0� �s�t�e�p�s� �(�0�.�6�5� �m�e�t�e�r�s� �e�a�c�h�)� �w�e�r�e� �s�a�v�e�d� �t�o� �a� �d�a�t�a� 

�f�i�l�e� �e�a�c�h� �t�i�m�e� �t�h�e� �p�r�o�g�r�a�m� �w�a�s� �r�u�n�.� 

�E�u�l�e�r ��s� �m�e�t�h�o�d� �w�a�s� �u�s�e�d� �t�o� �n�u�m�e�r�i�c�a�l�l�y� �s�o�l�v�e� �t�h�e� �e�i�g�h�t� �d�i�f�f�e�r�e�n�t�i�a�l� �e�q�u�a�t�i�o�n�s�,� �a�n�d� �t�h�e� 

�p�r�o�g�r�a�m� �w�a�s� �r�u�n� �u�n�d�e�r� �w�i�n�t�e�r� �a�n�d� �s�u�m�m�e�r� �c�o�n�d�i�t�i�o�n�s� �f�o�r� �a� �n�u�m�b�e�r� �o�f� �s�t�e�p� �s�i�z�e�s�.� �F�o�r� �s�u�m�m�e�r� 

�c�o�n�d�i�t�i�o�n�s�,� �t�h�e� �r�e�s�u�l�t�s� �u�s�i�n�g� �1�0�0�,�0�0�0� �s�t�e�p�s� �w�e�r�e� �c�o�m�p�a�r�e�d� �t�o� �t�h�e� �r�e�s�u�l�t�s� �a�t� �t�h�e� �s�a�m�e� �d�e�p�t�h�s� �u�s�i�n�g� 

�2�0�0�,�0�0�0� �s�t�e�p�s�.� �T�h�e� �l�a�r�g�e�s�t� �d�i�f�f�e�r�e�n�c�e� �i�n�c�u�r�r�e�d� �a�t� �a�n�y� �d�i�s�p�l�a�y�e�d� �d�e�p�t�h� �a�s� �a� �r�e�s�u�l�t� �o�f� �i�n�c�r�e�a�s�i�n�g� �t�h�e� 

�n�u�m�b�e�r� �o�f� �s�t�e�p�s� �t�o� �2�0�0�,�0�0�0� �w�a�s� �0�.�0�5� �p�e�r�c�e�n�t�.� �T�h�i�s� �e�r�r�o�r� �o�c�c�u�r�r�e�d� �i�n� �t�h�e� �m�o�m�e�n�t�u�m� �d�a�t�a�;� �e�r�r�o�r�s� 

�i�n� �t�h�e� �v�e�l�o�c�i�t�y�,� �t�e�m�p�e�r�a�t�u�r�e�,� �a�n�d� �d�e�n�s�i�t�y� �d�a�t�a� �w�e�r�e� �a�l�l� �b�e�l�o�w� �0�.� �0�5� �p�e�r�c�e�n�t�.� �T�h�e�r�e�f�o�r�e�,� �1�0�0�,�0�0�0� 

�s�t�e�p�s� �w�e�r�e� �c�o�n�s�i�d�e�r�e�d� �s�u�f�f�i�c�i�e�n�t� �t�o� �o�b�t�a�i�n� �r�e�l�i�a�b�l�e� �r�e�s�u�l�t�s� �f�o�r� �t�h�e� �s�u�m�m�e�r� �d�a�t�a�.� �F�o�r� �t�h�e� �w�i�n�t�e�r� �d�a�t�a�,� 

�5�0�0�,�0�0�0� �s�t�e�p�s� �w�e�r�e� �r�e�q�u�i�r�e�d� �s�o� �t�h�a�t� �t�h�e� �m�a�x�i�m�u�m� �e�r�r�o�r� �c�r�e�a�t�e�d� �a�t� �a�n�y� �d�i�s�p�l�a�y�e�d� �d�e�p�t�h� �b�y� 

�i�n�c�r�e�a�s�i�n�g� �t�h�e� �n�u�m�b�e�r� �o�f� �s�t�e�p�s� �t�o� �6�0�0�,�0�0�0� �w�a�s� �0�.�0�3� �p�e�r�c�e�n�t�.� �A�g�a�i�n�,� �t�h�i�s� �m�a�x�i�m�u�m� �e�r�r�o�r� �o�c�c�u�r�r�e�d� 

�i�n� �t�h�e� �m�o�m�e�n�t�u�m� �d�a�t�a�.� �T�o� �e�n�s�u�r�e� �t�h�a�t� �E�u�l�e�r ��s� �m�e�t�h�o�d� �a�c�c�u�r�a�t�e�l�y� �c�a�l�c�u�l�a�t�e�d� �t�h�e� �r�e�s�u�l�t�s�,� �5�0�0�,�0�0�0� 

�s�t�e�p�s� �w�e�r�e� �u�s�e�d� �i�n� �c�a�l�c�u�l�a�t�i�n�g� �a�l�l� �d�a�t�a� �b�a�s�e�d� �o�n� �W�u�e�s�t� �e�t� �a�l�. ��s� �c�o�n�d�i�t�i�o�n�s� �f�o�r� �b�o�t�h� �t�h�e� �c�i�r�c�u�l�a�r� �a�n�d� 

�l�i�n�e�a�r� �p�l�u�m�e� �m�o�d�e�l�s� �f�o�r� �b�o�t�h� �J�u�l�y� �a�n�d� �N�o�v�e�m�b�e�r� �c�o�n�d�i�t�i�o�n�s�.� �A�s� �t�h�i�s� �c�o�r�r�e�s�p�o�n�d�e�d� �t�o� �a� �s�t�e�p� �s�i�z�e� �o�f� 

�0�.�0�0�0�1�3� �m�e�t�e�r�s�,� �t�h�e� �n�u�m�b�e�r� �o�f� �E�u�l�e�r ��s� �i�n�t�e�r�v�a�l�s� �f�o�r� �a�l�l� �o�t�h�e�r� �d�a�t�a� �s�e�t�s� �w�a�s� �c�h�o�s�e�n� �s�o� �t�h�a�t� �t�h�e� �s�t�e�p� 

�s�i�z�e� �n�e�v�e�r� �e�x�c�e�e�d�e�d� �t�h�i�s� �v�a�l�u�e�.� �E�a�c�h� �t�i�m�e� �t�h�e� �p�r�o�g�r�a�m� �w�a�s� �r�u�n� �u�n�d�e�r� �a� �d�i�f�f�e�r�e�n�t� �s�e�t� �o�f� �c�o�n�d�i�t�i�o�n�s�,� 

�t�h�e� �r�e�s�u�l�t�s� �w�e�r�e� �t�e�s�t�e�d� �t�o� �i�n�s�u�r�e� �t�h�a�t� �a�d�d�i�n�g� �a�d�d�i�t�i�o�n�a�l� �s�t�e�p�s� �r�e�s�u�l�t�e�d� �i�n� �a�n� �e�r�r�o�r� �o�f� �l�e�s�s� �t�h�a�t� �0�.�0�5� 

�p�e�r�c�e�n�t� �a�t� �a�n�y� �g�i�v�e�n� �d�e�p�t�h�.� 
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�L�i�n�e�a�r� �M�o�d�e�l� �P�r�o�g�r�a�m� �D�e�v�e�l�o�p�m�e�n�t�.� 

�A�g�a�i�n�,� �F�O�R�T�R�A�N� �P�o�w�e�r�s�t�a�t�i�o�n� �w�a�s� �u�s�e�d� �a�s� �t�h�e� �p�r�o�g�r�a�m�m�i�n�g� �l�a�n�g�u�a�g�e�.� �T�h�e� �l�i�n�e�a�r� 

�p�r�o�g�r�a�m� �w�a�s� �i�d�e�n�t�i�c�a�l� �t�o� �t�h�e� �c�i�r�c�u�l�a�r� �p�r�o�g�r�a�m� �w�i�t�h� �t�h�e� �e�x�c�e�p�t�i�o�n�s� �n�o�t�e�d� �a�b�o�v�e� �t�h�a�t� �t�h�e� �e�i�g�h�t� �b�a�s�i�c� 

�e�q�u�a�t�i�o�n�s�,� �t�h�e� �b�u�b�b�l�e� �r�a�d�i�u�s� �e�q�u�a�t�i�o�n�,� �t�h�e� �n�u�m�b�e�r� �o�f� �b�u�b�b�l�e�s� �e�q�u�a�t�i�o�n�,� �a�n�d� �t�h�e� �e�q�u�a�t�i�o�n� �f�o�r� �t�h�e� 

�i�n�i�t�i�a�l� �p�l�u�m�e� �v�e�l�o�c�i�t�y� �w�e�r�e� �a�l�t�e�r�e�d� �f�o�r� �t�h�e� �n�e�w� �g�e�o�m�e�t�r�y�.� �(�A�p�p�e�n�d�i�x� �C� �p�r�e�s�e�n�t�s� �t�h�e� �l�i�n�e�a�r� �m�o�d�e�l� 

�F�O�R�T�R�A�N� �p�r�o�g�r�a�m�.�)� 

�L�i�n�e�a�r� �M�o�d�e�l� �V�a�l�i�d�a�t�i�o�n�.� 

�T�h�e� �f�i�r�s�t� �s�t�e�p� �i�n� �d�e�t�e�r�m�i�n�i�n�g� �w�h�e�t�h�e�r� �t�h�e� �l�i�n�e�a�r� �m�o�d�e�l� �w�a�s� �p�e�r�f�o�r�m�i�n�g� �c�o�r�r�e�c�t�l�y� �w�a�s� �t�o� 

�c�o�m�p�a�r�e� �i�t�s� �r�e�s�u�l�t�s� �t�o� �t�h�e� �c�i�r�c�u�l�a�r� �m�o�d�e�l ��s� �r�e�s�u�l�t�s�.� �T�h�e� �m�o�d�e�l� �w�a�s� �r�u�n� �a�s� �t�h�o�u�g�h� �t�h�e� �s�o�u�r�c�e� �w�a�s� �a� 

�2�.�4�5�m� �x� �2�.�4�5�m� �s�q�u�a�r�e�,� �w�h�i�c�h� �h�a�d� �a�p�p�r�o�x�i�m�a�t�e�l�y� �t�h�e� �s�a�m�e� �a�r�e�a� �a�s� �t�h�e� �2�.�5�m� �r�a�d�i�u�s� �c�i�r�c�u�l�a�r� �s�o�u�r�c�e� 

�i�n� �t�h�e� �W�u�e�s�t� �e�f� �a�l�.� �p�a�p�e�r� �w�h�i�c�h� �w�a�s� �u�s�e�d� �t�o� �t�e�s�t� �t�h�e� �c�i�r�c�u�l�a�r� �m�o�d�e�l�.� �A�f�t�e�r� �t�h�e� �n�u�m�b�e�r� �o�f� �s�t�e�p�s� 

�n�e�c�e�s�s�a�r�y� �t�o� �p�r�e�v�e�n�t� �e�r�r�o�r� �f�r�o�m� �u�s�i�n�g� �E�u�l�e�r ��s� �m�e�t�h�o�d� �w�e�r�e� �d�e�t�e�r�m�i�n�e�d�,� �t�h�e� �l�i�n�e�a�r� �m�o�d�e�l� �w�a�s� �r�u�n� 

�u�n�d�e�r� �b�o�t�h� �J�u�l�y� �a�n�d� �N�o�v�e�m�b�e�r� �c�o�n�d�i�t�i�o�n�s� �w�i�t�h� �i�n�i�t�i�a�l� �c�o�n�d�i�t�i�o�n�s� �i�d�e�n�t�i�c�a�l� �t�o� �t�h�o�s�e� �p�r�e�s�e�n�t�e�d� �m� �t�h�e� 

�W�u�e�s�t� �e�f� �a�l�.� �p�a�p�e�r�.� 

�T�h�e� �a�s�s�u�m�p�t�i�o�n� �t�h�a�t� �e�n�d� �e�n�t�r�a�i�n�m�e�n�t� �c�o�u�l�d� �b�e� �n�e�g�l�e�c�t�e�d� �w�a�s� �t�e�s�t�e�d� �a�s� �w�e�l�l�.� �T�h�e� �l�i�n�e�a�r� 

�m�o�d�e�l� �w�a�s� �r�u�n� �b�o�t�h� �w�i�t�h� �a�n�d� �w�i�t�h�o�u�t� �e�n�t�r�a�i�n�m�e�n�t� �a�t� �t�h�e� �e�n�d�s� �a�n�d� �b�o�t�h� �s�e�t�s� �o�f� �r�e�s�u�l�t�s� �w�e�r�e� 

�c�o�m�p�a�r�e�d� �t�o� �t�h�e� �c�i�r�c�u�l�a�r� �m�o�d�e�l ��s� �r�e�s�u�l�t�s�.� 

�A�f�t�e�r� �t�h�e� �l�i�n�e�a�r� �m�o�d�e�l� �w�a�s� �c�o�m�p�a�r�e�d� �t�o� �t�h�e� �c�i�r�c�u�l�a�r� �m�o�d�e�l�,� �i�t� �w�a�s� �r�u�n� �f�o�r� �f�u�l�l� �s�c�a�l�e� 

�c�o�n�d�i�t�i�o�n�s� �i�n� �a� �l�m�e�a�r� �c�o�n�f�i�g�u�r�a�t�i�o�n� �t�o� �d�e�t�e�r�m�i�n�e� �w�h�e�t�h�e�r� �i�t�s� �p�r�e�d�i�c�t�i�o�n�s� �s�e�e�m�e�d� �r�e�a�s�o�n�a�b�l�e�.� 

�T�e�m�p�e�r�a�t�u�r�e�,� �s�a�l�i�n�i�t�y�,� �d�i�s�s�o�l�v�e�d� �o�x�y�g�e�n�,� �a�n�d� �d�i�s�s�o�l�v�e�d� �n�i�t�r�o�g�e�n� �p�r�o�f�i�l�e�s� �a�s� �w�e�l�l� �a�s� �i�n�i�t�i�a�l� �c�o�n�d�i�t�i�o�n�s� 

�f�r�o�m� �b�o�t�h� �s�e�a�s�o�n�s� �i�n� �W�u�e�s�t� �e�f� �a�l�. ��s� �(�1�9�9�2�)� �s�t�u�d�y� �w�e�r�e� �a�g�a�i�n� �u�s�e�d�.� �T�h�e� �m�o�d�e�l� �w�a�s� �r�u�n� �f�o�r� �a� 
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�d�i�f�f�u�s�e�r� �s�i�m�i�l�a�r� �t�o� �t�h�a�t� �d�e�s�i�g�n�e�d� �a�n�d� �u�s�e�d� �b�y� �M�o�b�l�e�y� �a�n�d� �B�r�o�c�k� �(�1�9�9�6�)�,� �a�n�d� �t�h�e� �r�e�s�u�l�t�s� �w�e�r�e� 

�r�e�c�o�r�d�e�d�.� 

�S�i�n�c�e� �t�h�e� �m�o�d�e�l� �i�n� �t�h�i�s� �c�a�s�e� �w�a�s� �r�u�n� �f�o�r� �t�h�e� �c�o�n�f�i�g�u�r�a�t�i�o�n� �f�o�r� �w�h�i�c�h� �i�t� �w�a�s� �d�e�s�i�g�n�e�d�,� �t�h�e� 

�e�f�f�e�c�t�s� �o�f� �e�n�d� �e�n�t�r�a�i�n�m�e�n�t� �w�e�r�e� �a�g�a�i�n� �e�x�a�m�i�n�e�d�.� �T�h�e� �m�o�d�e�l� �w�a�s� �r�u�n� �t�w�i�c�e� �f�o�r� �e�a�c�h� �s�e�a�s�o�n�,� �o�n�c�e� 

�w�i�t�h� �a�n�d� �o�n�c�e� �w�i�t�h�o�u�t� �e�n�d� �e�n�t�r�a�i�n�m�e�n�t�.� �I�n� �t�h�i�s� �w�a�y�,� �t�h�e� �e�f�f�e�c�t� �o�f� �n�e�g�l�e�c�t�i�n�g� �e�n�d� �e�n�t�r�a�i�n�m�e�n�t� �o�n� �t�h�e� 

�l�i�n�e�a�r� �m�o�d�e�l� �c�o�u�l�d� �b�e� �d�e�t�e�r�m�i�n�e�d�.� 

�T�h�e� �l�i�n�e�a�r� �m�o�d�e�l� �w�a�s� �t�h�e�n� �c�o�m�p�a�r�e�d� �t�o� �d�a�t�a� �c�o�l�l�e�c�t�e�d� �b�y� �P�r�o�v�o�s�t� �(�1�9�7�3�)�,� �W�e�n� �(�1�9�7�4�)�,� �a�n�d� 

�T�V�A� �(�1�9�9�4�)�.� �T�h�e� �m�o�d�e�l ��s� �p�r�e�d�i�c�t�i�o�n�s� �o�f� �p�l�u�m�e� �v�e�l�o�c�i�t�y� �w�e�r�e� �c�o�m�p�a�r�e�d� �t�o� �P�r�o�v�o�s�t ��s� �s�t�u�d�y� �a�n�d� �t�h�e� 

�o�x�y�g�e�n� �t�r�a�n�s�f�e�r� �p�r�e�d�i�c�t�i�o�n�s� �t�o� �W�e�n ��s� �w�o�r�k�.� �P�r�e�d�i�c�t�e�d� �o�x�y�g�e�n� �c�o�n�c�e�n�t�r�a�t�i�o�n�s� �a�n�d� �p�l�u�m�e� 

�t�e�m�p�e�r�a�t�u�r�e�s� �w�e�r�e� �c�o�m�p�a�r�e�d� �t�o� �t�h�e� �d�a�t�a� �c�o�l�l�e�c�t�e�d� �b�y� �T�V�A�.� �B�r�i�e�f� �d�e�s�c�r�i�p�t�i�o�n�s� �o�f� �t�h�e�s�e� �w�o�r�k�s� 

�f�o�l�l�o�w�.� 

�P�r�o�v�o�s�t� �(�1�9�7�3�)�.� �I�n� �1�9�7�3�,� �R�i�c�h�a�r�d� �P�r�o�v�o�s�t� �c�o�m�p�l�e�t�e�d� �a� �M�a�s�t�e�r ��s� �t�h�e�s�i�s� �e�n�t�i�t�l�e�d� 

�C�i�r�c�u�l�a�t�i�o�n� �a�n�d� �F�l�o�w�s� �i�n� �W�a�t�e�r� �T�a�n�k�s� �I�n�d�u�c�e�d� �b�y� �t�h�e� �R�e�l�e�a�s�e� �o�f� �A�i�r� �f�r�o�m� �a� �M�a�n�i�f�o�l�d�.� �T�h�e� 

�p�u�r�p�o�s�e� �o�f� �t�h�e� �t�h�e�s�i�s� �w�a�s� �t�o� �s�t�u�d�y�  ��c�u�r�r�e�n�t�s� �a�n�d� �c�i�r�c�u�l�a�t�i�o�n� �p�a�t�t�e�m�s� �i�n�d�u�c�e�d� �b�y� �t�h�e� �r�e�l�e�a�s�e� �o�f� �a�i�r� 

�f�r�o�m� �a� �m�a�n�i�f�o�l�d� �p�l�a�c�e�d� �b�e�l�o�w� �w�a�t�e�r�. �� �A� �n�u�m�b�e�r� �o�f� �v�e�r�t�i�c�a�l� �a�n�d� �h�o�r�i�z�o�n�t�a�l� �(�s�u�r�f�a�c�e�)� �v�e�l�o�c�i�t�y� 

�m�e�a�s�u�r�e�m�e�n�t�s� �w�e�r�e� �m�a�d�e� �u�s�i�n�g� �a� �P�i�t�o�t� �t�u�b�e� �a�n�d� �t�h�e� �r�e�l�a�t�i�o�n�s�h�i�p� �t�h�a�t� 

�v� �=� �1�2�.�1�9�,�/�A�P�(�p�s�i�)� 

�w�h�e�r�e�:� �v�=� �v�e�l�o�c�i�t�y� �(�f�t�/�s�)� 

�A�P� �=� �p�r�e�s�s�u�r�e� �d�i�f�f�e�r�e�n�c�e� �b�e�t�w�e�e�n� �s�t�a�t�i�c� �a�n�d� �s�t�a�g�n�a�t�i�o�n� �p�r�e�s�s�u�r�e�s� 

�(�P�e�r�r�y� �e�t� �a�l�.�,� �1�9�6�3�,� �q�u�o�t�e�d� �i�n� �P�r�o�v�o�s�t�,� �1�9�7�3�)�.� 

�T�h�e� �h�i�g�h� �r�e�p�r�o�d�u�c�i�b�i�l�i�t�y� �o�f� �P�r�o�v�o�s�t ��s� �v�e�l�o�c�i�t�y� �m�e�a�s�u�r�e�m�e�n�t�s� �i�n�d�i�c�a�t�e�d� �t�h�a�t� �t�h�e� �m�e�a�s�u�r�e�m�e�n�t�s� �w�e�r�e� 

�r�e�l�i�a�b�l�e�.� 
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�T�h�e� �m�o�d�e�l� �w�a�s� �r�u�n� �f�o�r� �t�h�e� �c�o�n�d�i�t�i�o�n�s� �g�i�v�e�n� �i�n� �t�h�e� �t�h�e�s�i�s�.� �U�n�f�o�r�t�u�n�a�t�e�l�y�,� �P�r�o�v�o�s�t� �d�i�d� �n�o�t� 

�p�r�o�v�i�d�e� �a�l�l� �t�h�e� �v�a�l�u�e�s� �r�e�q�u�i�r�e�d� �t�o� �r�u�n� �t�h�e� �m�o�d�e�l� �r�e�q�u�i�r�i�n�g� �t�h�a�t� �s�o�m�e� �e�s�t�i�m�a�t�i�o�n�s� �b�e� �m�a�d�e�.� �O�x�y�g�e�n� 

�c�o�n�c�e�n�t�r�a�t�i�o�n�,� �n�i�t�r�o�g�e�n� �c�o�n�c�e�n�t�r�a�t�i�o�n�,� �a�n�d� �d�i�s�s�o�l�v�e�d� �s�o�l�i�d�s� �c�o�n�c�e�n�t�r�a�t�i�o�n�s� �w�e�r�e� �n�o�t� �a�v�a�i�l�a�b�l�e�.� 

�O�x�y�g�e�n� �c�o�n�c�e�n�t�r�a�t�i�o�n� �i�n� �t�h�e� �a�m�b�i�e�n�t� �w�a�t�e�r� �w�a�s� �a�s�s�u�m�e�d� �t�o� �b�e� �0�.�2�9� �m�o�l�/�m �� �w�h�i�c�h� �i�s� �t�h�e� �s�a�t�u�r�a�t�i�o�n� 

�v�a�l�u�e� �a�t� �2�0�°� �C� �(�S�i�n�c�e�r�o� �a�n�d� �S�i�n�c�e�r�o�,� �1�9�9�6�)� �a�n�d� �n�i�t�r�o�g�e�n� �c�o�n�c�e�n�t�r�a�t�i�o�n� �w�a�s� �a�s�s�u�m�e�d� �t�o� �b�e� �0�.�7�1� 

�m�o�l�/�m ��®� �w�h�i�c�h� �i�s� �t�h�e� �s�a�t�u�r�a�t�i�o�n� �v�a�l�u�e� �a�t� �2�0�°� �C� �(�L�i�d�e�,� �1�9�9�5�)�.� �T�h�e� �t�o�t�a�l� �d�i�s�s�o�l�v�e�d� �s�o�l�i�d�s� 

�c�o�n�c�e�n�t�r�a�t�i�o�n� �w�a�s� �e�s�t�i�m�a�t�e�d� �t�o� �b�e� �0�.�2�0� �m�g�/�g�,� �w�h�i�c�h� �s�e�e�m�e�d� �t�o� �b�e� �a� �r�e�a�s�o�n�a�b�l�e� �v�a�l�u�e� �b�a�s�e�d� �o�n� �a�n� 

�e�x�a�m�i�n�a�t�i�o�n� �o�f� �s�e�v�e�r�a�l� �s�o�u�r�c�e�s�.� �S�i�n�c�e� �t�h�e� �b�e�s�t� �m�e�t�h�o�d� �f�o�r� �e�s�t�i�m�a�t�i�n�g� �t�h�e� �t�o�t�a�l� �d�i�s�s�o�l�v�e�d� �s�o�l�i�d�s� 

�c�o�n�c�e�n�t�r�a�t�i�o�n� �w�a�s� �u�n�c�l�e�a�r�,� �t�h�e� �s�a�l�i�n�i�t�y� �w�a�s� �v�a�r�i�e�d� �b�e�t�w�e�e�n� �0�.�0� �a�n�d� �0�.�4�0� �m�g�/�g� �t�o� �d�e�t�e�r�m�i�n�e� �t�h�e� 

�e�f�f�e�c�t� �o�n� �p�l�u�m�e� �v�e�l�o�c�i�t�y�.� �B�u�b�b�l�e� �s�i�z�e� �h�a�d� �t�o� �b�e� �e�s�t�i�m�a�t�e�d�,� �a�s� �w�e�l�l�.� �E�s�t�i�m�a�t�e�s� �o�f� �b�u�b�b�l�e� �s�i�z�e� �w�e�r�e� 

�c�a�l�c�u�l�a�t�e�d� �u�s�m�g� �a�n� �e�q�u�a�t�i�o�n� �d�e�r�i�v�e�d� �b�y� �B�i�s�c�h�o�f� �e�t� �a�/�.� �(�1�9�9�4�)� �f�o�r� �b�u�b�b�l�e� �f�o�r�m�a�t�i�o�n� �f�r�o�m� �a� 

�s�u�b�m�e�r�g�e�d� �d�i�f�f�u�s�e�r� �i�n� �2�0�°� �C� �w�a�t�e�r�:� 

�D� �=� �3�.�2�3�6�x�3�/�D�,� 

�w�h�e�r�e�:� �D� �=� �b�u�b�b�l�e� �d�i�a�m�e�t�e�r� �(�m�m�)� �a�n�d� 

�D�,� �=� �o�r�i�f�i�c�e� �d�i�a�m�e�t�e�r� �(�m�m�)�.� 

�A�f�t�e�r� �i�t� �w�a�s� �d�e�t�e�r�m�i�n�e�d� �t�h�a�t� �t�h�e� �m�o�d�e�l� �o�v�e�r�p�r�e�d�i�c�t�e�d� �t�h�e� �v�e�l�o�c�i�t�i�e�s� �g�i�v�e�n� �b�y� �P�r�o�v�o�s�t� 

�(�1�9�7�3�)�,� �t�h�e� �m�e�t�h�o�d� �f�o�r� �d�e�t�e�r�m�i�n�i�n�g� �t�h�e� �i�n�i�t�i�a�l� �v�e�l�o�c�i�t�y� �w�a�s� �e�x�a�m�i�n�e�d�.� �T�h�e� �p�o�s�s�i�b�i�l�i�t�y� �o�f� �u�s�i�n�g� 

�B�u�l�s�o�n ��s� �(�1�9�6�9�)� �r�e�l�a�t�i�o�n�s�h�i�p� �t�h�a�t� �v�e�l�o�c�i�t�y� �i�s� �p�r�o�p�o�r�t�i�o�n�a�l� �t�o� �t�h�e� �a�i�r� �f�l�o�w�r�a�t�e� �r�a�i�s�e�d� �t�o� �t�h�e� �1�/�3� �p�o�w�e�r� 

�a�c�c�o�r�d�i�n�g� �t�o� �t�h�e� �e�q�u�a�t�i�o�n�s� 

�v�>� �=� �k�g�Q�,� 

�J�k� �=� �1�4�6�,� �a�n�d� 

�w�=�0�7�5�v�,�,� 
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�w�h�e�r�e�:� �v�V�,�,� �=� �h�o�r�i�z�o�n�t�a�l� �s�u�r�f�a�c�e� �c�u�r�r�e�n�t� �v�e�l�o�c�i�t�y�,� 

�g� �=� �a�c�c�e�l�e�r�a�t�i�o�n� �d�u�e� �t�o� �g�r�a�v�i�t�y�,� 

�Q� �=� �q�u�a�n�t�i�t�y� �o�f� �a�i�r� �p�e�r� �s�e�c�o�n�d� �p�e�r� �f�o�o�t� �o�f� �p�i�p�e�,� �a�n�d� 

�w� �=� �v�e�r�t�i�c�a�l� �p�l�u�m�e� �v�e�l�o�c�i�t�y� 

�t�o� �c�a�l�c�u�l�a�t�e� �i�n�i�t�i�a�l� �v�e�l�o�c�i�t�y� �w�a�s� �e�x�a�m�i�n�e�d�.� �H�o�w�e�v�e�r�,� �s�i�n�c�e� �t�h�e�s�e� �c�o�n�s�t�a�n�t�s� �w�e�r�e� �r�e�p�o�r�t�e�d� �b�y� �B�u�l�s�o�n� 

�f�o�r� �o�n�l�y� �o�n�e� �s�e�t� �o�f� �c�o�n�d�i�t�i�o�n�s� �(�m�e�a�s�u�r�e�d� �i�n� �t�h�e� �o�c�e�a�n� �a�t� �a�p�p�r�o�x�i�m�a�t�e�l�y� �3�0�m� �d�e�p�t�h�)�,� �t�h�e�y� �w�e�r�e� �u�s�e�d� 

�w�i�t�h� �c�a�u�t�i�o�n� �i�n� �p�r�e�d�i�c�t�i�n�g� �t�h�e� �r�e�s�u�l�t�s� �o�f� �t�h�i�s� �l�a�b�o�r�a�t�o�r�y� �s�c�a�l�e� �e�x�p�e�r�i�m�e�n�t�.� �B�o�t�h� �t�h�e� �i�n�i�t�i�a�l� �v�e�l�o�c�i�t�i�e�s� 

�d�e�r�i�v�e�d� �f�r�o�m� �t�h�e� �m�o�d�e�l� �a�n�d� �t�h�e� �m�i�t�i�a�l� �v�e�l�o�c�i�t�i�e�s� �u�s�i�n�g� �B�u�l�s�o�n ��s� �r�e�l�a�t�i�o�n�s�h�i�p�s� �w�e�r�e� �c�o�m�p�a�r�e�d� �t�o� 

�P�r�o�v�o�s�t ��s� �d�a�t�a� �t�o� �d�e�t�e�r�m�i�n�e� �w�h�i�c�h� �m�e�t�h�o�d� �m�o�r�e� �a�c�c�u�r�a�t�e�l�y� �p�r�e�d�i�c�t�e�d� �t�h�e� �d�a�t�a�.� 

�A�l�l� �o�t�h�e�r� �p�a�r�a�m�e�t�e�r�s�,� �i�n�c�l�u�d�i�n�g� �w�a�t�e�r� �t�e�m�p�e�r�a�t�u�r�e�,� �w�a�t�e�r� �d�e�p�t�h�,� �l�e�n�g�t�h� �a�n�d� �w�i�d�t�h� �o�f� 

�d�i�f�f�u�s�e�r�,� �a�n�d� �a�i�r� �f�l�o�w�r�a�t�e� �w�e�r�e� �p�r�o�v�i�d�e�d�.� �T�h�e� �v�a�l�u�e�s� �u�s�e�d� �t�o� �r�u�n� �t�h�e� �m�o�d�e�l� �a�r�e� �p�r�o�v�i�d�e�d� �i�n� �T�a�b�l�e� �8�.� 

�W�e�n� �(�1�9�7�4�)�.� �C�h�u�n�g� �W�e�n� �p�e�r�f�o�r�m�e�d� �a� �s�t�u�d�y� �t�o� �e�x�p�a�n�d� �u�p�o�n� �t�h�e� �w�o�r�k� �p�e�r�f�o�r�m�e�d� �b�y� 

�P�r�o�v�o�s�t�.� �W�h�i�l�e� �h�e� �f�o�c�u�s�e�d� �o�n� �s�u�r�f�a�c�e� �v�e�l�o�c�i�t�i�e�s� �p�r�o�d�u�c�e�d� �b�y� �p�l�u�m�e�s�,� �h�e� �a�l�s�o� �e�x�a�m�i�n�e�d� �t�h�e� �e�f�f�e�c�t� 

�o�f� �t�h�e� �p�l�u�m�e� �o�n� �t�h�e� �o�x�y�g�e�n� �c�o�n�c�e�n�t�r�a�t�i�o�n� �i�n� �a� �t�a�n�k� �o�f� �w�a�t�e�r� �f�r�o�m� �w�h�i�c�h� �a�l�l� �o�f� �t�h�e� �o�x�y�g�e�n� �h�a�d� �b�e�e�n� 

�r�e�m�o�v�e�d�.� �T�h�e� �o�x�y�g�e�n� �w�a�s� �r�e�m�o�v�e�d� �u�s�i�n�g� �a�n�h�y�d�r�o�u�s� �s�o�d�i�u�m� �s�u�l�f�i�t�e� �a�n�d� �t�h�e� �c�a�t�a�l�y�s�t� �c�o�b�a�l�t� 

�c�h�l�o�r�i�d�e�.� �D�i�s�s�o�l�v�e�d� �o�x�y�g�e�n� �c�o�n�c�e�n�t�r�a�t�i�o�n�s� �w�e�r�e� �m�e�a�s�u�r�e�d� �u�s�i�n�g� �a� �C�h�e�m�t�r�i�x� �T�y�p�e� �3�0� �D�i�s�s�o�l�v�e�d� 

�O�x�y�g�e�n� �M�e�t�e�r� �w�h�i�c�h�,� �a�c�c�o�r�d�i�n�g� �t�o� �t�h�e� �m�a�n�u�f�a�c�t�u�r�e�r�,� �w�a�s� �a�c�c�u�r�a�t�e� �t�o� �+�0�.�2� �p�p�m�.� �W�e�n� 

�d�e�m�o�n�s�t�r�a�t�e�d� �t�h�a�t� �h�i�s� �d�i�s�s�o�l�v�e�d� �o�x�y�g�e�n� �m�e�a�s�u�r�e�m�e�n�t�s� �w�e�r�e� �e�x�t�r�e�m�e�l�y� �r�e�p�r�o�d�u�c�i�b�l�e�.� 

�A�g�a�i�n�,� �n�o�t� �a�l�l� �n�u�m�b�e�r�s� �r�e�q�u�i�r�e�d� �b�y� �t�h�e� �l�i�n�e�a�r� �p�r�o�g�r�a�m� �w�e�r�e� �p�r�o�v�i�d�e�d� �i�n� �t�h�e� �t�h�e�s�i�s�.� �T�h�e� 

�d�i�s�s�o�l�v�e�d� �n�i�t�r�o�g�e�n� �c�o�n�c�e�n�t�r�a�t�i�o�n� �w�a�s� �a�s�s�u�m�e�d� �t�o� �b�e� �0�.�9�5� �m�o�l�/�m �� �w�h�i�c�h� �i�s� �t�h�e� �s�a�t�u�r�a�t�i�o�n� �v�a�l�u�e� �a�t� 

�t�h�e� �w�a�t�e�r� �t�e�m�p�e�r�a�t�u�r�e� �r�e�p�o�r�t�e�d� �b�y� �W�e�n� �(�4�.�4�4�°�C�)� �(�L�i�d�e�,� �1�9�9�5�)�.� �T�h�e� �d�i�s�s�o�l�v�e�d� �s�o�l�i�d�s� �c�o�n�c�e�n�t�r�a�t�i�o�n� 

�w�a�s� �a�s�s�u�m�e�d� �t�o� �b�e� �0�.�2�0� �m�g�/�g� �a�s� �i�n� �P�r�o�v�o�s�t ��s� �(�1�9�7�3�)� �s�t�u�d�y� �a�n�d� �w�a�s� �v�a�r�i�e�d� �h�o�l�d�i�n�g� �o�n�e� �g�a�s� 
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�T�a�b�l�e� �8�.� �V�a�l�u�e�s� �f�r�o�m� �P�r�o�v�o�s�t� �(�1�9�7�3�)� �U�s�e�d� �t�o� �T�e�s�t� �L�i�n�e�a�r� �M�o�d�e�l� �V�e�l�o�c�i�t�y� �P�r�e�d�i�c�t�i�o�n�s�.� 
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�P�a�r�a�m�e�t�e�r� �T�e�s�t� �1� �(�V�a�r�i�a�b�l�e� �G�a�s� �T�e�s�t� �2� �(�V�a�r�i�a�b�l�e� �W�a�t�e�r� 
�F�l�o�w�r�a�t�e�)� �D�e�p�t�h�)� 

�L�e�n�g�t�h� �o�f� �D�i�f�f�u�s�e�r� �(�m�)� �0�.�3�1� �0�.�3�1� 
�W�i�d�t�h� �o�f� �D�i�f�f�u�s�e�r� �(�m�)� �0�.�0�2� �0�.�0�2� 
�I�n�i�t�i�a�l� �B�u�b�b�l�e� �R�a�d�i�u�s� �(�m�)� �0�.�0�0�1�9� �0�.�0�0�1�9� 
�(�c�a�l�c�u�l�a�t�e�d�)� 
�W�a�t�e�r� �T�e�m�p�e�r�a�t�u�r�e� �(�C�)� �2�0� �2�0� 
�D�i�s�s�o�l�v�e�d� �S�o�l�i�d�s� �0�.�2�0� �0�.�2�0� 
�C�o�n�c�e�n�t�r�a�t�i�o�n� �(�g�/�1�0�0�0�g�)� 
�(�a�s�s�u�m�e�d�)� 
�D�i�s�s�o�l�v�e�d� �O�x�y�g�e�n� �0�.�2�9� �0�.�2�9� 
�C�o�n�c�e�n�t�r�a�t�i�o�n� �(�m�o�l�/�m ��)� 
�(�a�s�s�u�m�e�d�)� 
�D�i�s�s�o�l�v�e�d� �N�i�t�r�o�g�e�n� �0�.�7�1� �0�.�7�1� 
�C�o�n�c�e�n�t�r�a�t�i�o�n� �(�m�o�l�/�m ��*�)� 
�(�a�s�s�u�m�e�d�)� 
�G�a�s� �I�n�p�u�t� �R�a�t�e� �(�N�m ��/�s�)� �0�.�0�0�0�5�2� �0�.�0�0�1�3� 

�0�.�0�0�1�0� 
�0�.�0�0�1�5� 

�W�a�t�e�r� �D�e�p�t�h� �(�m�)� �0�.�2�5� �0�.�2�0� 
�0�.�3�0� 
�0�.�4�0� 
�0�.�6�0� 
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�f�l�o�w�r�a�t�e� �c�o�n�s�t�a�n�t� �t�o� �d�e�t�e�r�m�i�n�e� �w�h�e�t�h�e�r� �i�t� �a�f�f�e�c�t�e�d� �t�h�e� �o�x�y�g�e�n� �c�o�n�c�e�n�t�r�a�t�i�o�n� �c�a�l�c�u�l�a�t�i�o�n�s�.� �I�n�i�t�i�a�l� 

�p�l�u�m�e� �v�e�l�o�c�i�t�y� �w�a�s� �c�a�l�c�u�l�a�t�e�d� �u�s�i�n�g� �t�h�e� �F�r�o�u�d�e� �n�u�m�b�e�r� �e�q�u�a�t�i�o�n� �a�n�d� �i�n�i�t�i�a�l� �b�u�b�b�l�e� �r�a�d�i�u�s� �w�a�s� 

�c�a�l�c�u�l�a�t�e�d� �u�s�i�n�g� �B�i�s�c�h�o�f� �e�f� �a�l�. ��s� �(�1�9�9�4�)� �e�q�u�a�t�i�o�n�.� �T�h�e� �t�e�m�p�e�r�a�t�u�r�e�,� �d�i�s�s�o�l�v�e�d� �o�x�y�g�e�n� 

�c�o�n�c�e�n�t�r�a�t�i�o�n� �(�z�e�r�o� �i�n�i�t�i�a�l�l�y�)�,� �a�n�d� �a�l�l� �r�e�q�u�i�r�e�d� �d�i�m�e�n�s�i�o�n�s� �w�e�r�e� �i�n�c�l�u�d�e�d� �i�n� �t�h�e� �t�h�e�s�i�s�.� �T�h�e� �l�i�n�e�a�r� 

�m�o�d�e�l� �w�a�s� �r�u�n� �u�s�i�n�g� �t�h�e�s�e� �c�o�n�d�i�t�i�o�n�s� �w�h�i�c�h� �a�r�e� �s�h�o�w�n� �i�n� �T�a�b�l�e� �9�.� 

�T�V�A� �(�1�9�9�4�)�.� �A� �l�i�m�i�t�e�d� �a�m�o�u�n�t� �o�f� �d�a�t�a� �w�a�s� �a�v�a�i�l�a�b�l�e� �f�o�r� �t�h�e� �B�l�u�e� �R�i�d�g�e� �R�e�s�e�r�v�o�i�r� �i�n� 

�T�e�n�n�e�s�s�e�e� �i�n�t�o� �w�h�i�c�h� �a� �T�V�A� �d�i�f�f�u�s�e�d� �o�x�y�g�e�n� �s�y�s�t�e�m� �h�a�d� �b�e�e�n� �i�n�s�t�a�l�l�e�d�.� �O�n� �t�h�e� �d�a�y� �o�n� �w�h�i�c�h� �t�h�e� 

�d�a�t�a� �w�a�s� �c�o�l�l�e�c�t�e�d�,� �o�n�e� �5�4�9�m� �l�i�n�e� �d�i�f�f�u�s�e�r� �s�u�p�p�l�i�e�d� �0�.�0�5�1�0� �N�m ��/�s� �o�f� �o�x�y�g�e�n� �t�o� �t�h�e� �r�e�s�e�r�v�o�i�r�.� 

�T�e�m�p�e�r�a�t�u�r�e� �a�n�d� �d�i�s�s�o�l�v�e�d� �o�x�y�g�e�n� �d�a�t�a� �w�e�r�e� �c�o�l�l�e�c�t�e�d� �a�t� �t�h�r�e�e� �d�e�p�t�h�s�:� �2�3�.�5�,� �3�0�.�0�,� �a�n�d� �3�5�.�0� �m�e�t�e�r�s� 

�f�r�o�m� �t�h�e� �s�u�r�f�a�c�e�.� �T�h�e�s�e� �v�a�l�u�e�s� �f�o�r� �t�h�e� �a�r�e�a� �o�f� �t�h�e� �r�e�s�e�r�v�o�i�r� �o�u�t�s�i�d�e� �t�h�e� �i�n�f�l�u�e�n�c�e� �o�f� �t�h�e� �p�l�u�m�e� �w�e�r�e� 

�u�s�e�d� �a�s� �t�h�e� �a�m�b�i�e�n�t� �p�r�o�f�i�l�e�s�.� �T�h�e� �d�i�s�s�o�l�v�e�d� �n�i�t�r�o�g�e�n� �c�o�n�c�e�n�t�r�a�t�i�o�n� �w�a�s� �a�s�s�u�m�e�d� �t�o� �b�e� �a�t� �s�a�t�u�r�a�t�i�o�n� 

�a�n�d� �t�h�e� �d�i�s�s�o�l�v�e�d� �s�o�l�i�d�s� �c�o�n�c�e�n�t�r�a�t�i�o�n� �w�a�s� �a�s�s�u�m�e�d� �t�o� �b�e� �a� �c�o�n�s�t�a�n�t� �0�.�3�9� �g�/�1�0�0�0�g�,� �a� �t�y�p�i�c�a�l� �v�a�l�u�e� 

�b�a�s�e�d� �o�n� �W�u�e�s�t� �e�t� �a�l�.� �(�1�9�9�2�)�,� �f�o�r� �l�a�c�k� �o�f� �a�n�y� �b�e�t�t�e�r� �i�n�f�o�r�m�a�t�i�o�n�.� �T�h�e� �t�o�t�a�l� �d�e�p�t�h� �o�f� �t�h�e� �r�e�s�e�r�v�o�i�r� 

�w�a�s� �a�s�s�u�m�e�d� �t�o� �b�e� �4�0�m� �w�h�e�n� �t�h�e� �m�o�d�e�l� �w�a�s� �r�u�n�.� �(�F�o�r� �a� �s�u�m�m�a�r�y� �o�f� �i�n�p�u�t� �v�a�l�u�e�s�,� �s�e�e� �T�a�b�l�e� �1�0�.�)� 

�T�h�e� �t�e�m�p�e�r�a�t�u�r�e� �a�n�d� �d�i�s�s�o�l�v�e�d� �o�x�y�g�e�n� �c�o�n�c�e�n�t�r�a�t�i�o�n�s� �p�r�e�d�i�c�t�e�d� �b�y� �t�h�e� �m�o�d�e�l� �w�e�r�e� �c�o�m�p�a�r�e�d� �t�o� �t�h�e� 

�d�a�t�a� �c�o�l�l�e�c�t�e�d� �t�o� �d�e�t�e�r�m�i�n�e� �h�o�w� �w�e�l�l� �t�h�e� �m�o�d�e�l� �p�r�e�d�i�c�t�e�d� �f�u�l�l� �s�c�a�l�e� �v�a�l�u�e�s�.� 

�L�i�n�e�a�r� �M�o�d�e�l� �S�e�n�s�i�t�i�v�i�t�y� �A�n�a�l�y�s�i�s�.� 

�A� �s�e�n�s�i�t�i�v�i�t�y� �a�n�a�l�y�s�i�s� �i�d�e�n�t�i�c�a�l� �t�o� �t�h�a�t� �p�e�r�f�o�r�m�e�d� �o�n� �t�h�e� �c�i�r�c�u�l�a�r� �m�o�d�e�l� �w�a�s� �p�e�r�f�o�r�m�e�d� �o�n� 

�t�h�e� �l�i�n�e�a�r� �m�o�d�e�l�.� �T�h�e� �s�a�m�e� �v�a�r�i�a�b�l�e�s�,� �i�n�c�l�u�d�i�n�g� �i�n�i�t�i�a�l� �b�u�b�b�l�e� �r�a�d�i�u�s�,� �o�x�y�g�e�n� �i�n�p�u�t� �r�a�t�e�,� �i�n�i�t�i�a�l� 

�p�l�u�m�e� �a�r�e�a�,� �i�n�i�t�i�a�l� �F�r�o�u�d�e� �n�u�m�b�e�r�,� �e�n�t�r�a�i�n�m�e�n�t� �c�o�e�f�f�i�c�i�e�n�t�,� �n�i�t�r�o�g�e�n� �c�o�n�c�e�n�t�r�a�t�i�o�n�,� �a�n�d� 

�t�e�m�p�e�r�a�t�u�r�e�,� �d�i�s�s�o�l�v�e�d� �s�o�l�i�d�s�,� �a�n�d� �d�i�s�s�o�l�v�e�d� �o�x�y�g�e�n� �p�r�o�f�i�l�e�s� �w�e�r�e� �a�l�t�e�r�e�d�.� �T�h�e� �v�a�r�i�a�b�l�e�s� �w�e�r�e� 

�5�4



�a�l�t�e�r�e�d� �b�y� �t�h�e� �s�a�m�e� �a�m�o�u�n�t�s� �a�s� �d�e�s�c�r�i�b�e�d� �i�n� �t�h�e� �c�i�r�c�u�l�a�r� �m�o�d�e�l� �s�e�c�t�i�o�n� �e�x�c�e�p�t� �f�o�r� �i�n�i�t�i�a�l� �p�l�u�m�e� 

�a�r�e�a�,� �w�h�i�c�h� �w�a�s� �a�l�t�e�r�e�d� �o�v�e�r� �a� �r�a�n�g�e� �o�f� �0�.�2�5� �t�o� �5�0� �m ��.� �T�h�e� �c�o�n�d�i�t�i�o�n�s� �u�n�d�e�r� �w�h�i�c�h� �t�h�e� �l�i�n�e�a�r� 

�m�o�d�e�l� �w�a�s� �r�u�n� �f�o�r� �t�h�e� �s�e�n�s�i�t�i�v�i�t�y� �a�n�a�l�y�s�i�s� �w�e�r�e� �t�h�e� �s�a�m�e� �a�s� �t�h�o�s�e� �u�s�e�d� �t�o� �d�e�t�e�r�m�i�n�e� �t�h�e� �p�r�e�d�i�c�t�i�o�n�s� 

�t�h�e� �m�o�d�e�l� �w�o�u�l�d� �m�a�k�e� �i�n� �f�u�l�l� �s�c�a�l�e� �c�o�n�d�i�t�i�o�n�s�,� �d�e�s�c�r�i�b�e�d� �i�n� �a� �p�r�e�c�e�d�i�n�g� �s�e�c�t�i�o�n�.� 
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�T�a�b�l�e� �9�.� �V�a�l�u�e�s� �f�r�o�m� �W�e�n� �(�1�9�7�4�)� �U�s�e�d� �t�o� �T�e�s�t� �L�i�n�e�a�r� �M�o�d�e�l� �O�x�y�g�e�n� �T�r�a�n�s�f�e�r� �P�r�e�d�i�c�t�i�o�n�s�.� 
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�P�a�r�a�m�e�t�e�r� �V�a�l�u�e� 
�L�e�n�g�t�h� �o�f� �D�i�f�f�u�s�e�r� �(�m�)� �0�.�3�1� 
�W�i�d�t�h� �o�f� �D�i�f�f�u�s�e�r� �(�m�)� �0�.�0�2� 
�I�n�i�t�i�a�l� �B�u�b�b�l�e� �R�a�d�i�u�s� �(�m�)� �(�c�a�l�c�u�l�a�t�e�d�)� �0�.�0�0�1�9� 
�W�a�t�e�r� �T�e�m�p�e�r�a�t�u�r�e� �(�C�)� �4�.�4�4� 
�D�i�s�s�o�l�v�e�d� �S�o�l�i�d�s� �C�o�n�c�e�n�t�r�a�t�i�o�n� �0�.�2�0� 

�1�0�0�0�g�)� �(�a�s�s�u�m�e�d�)� 
�s�c�o�l�d� �O�x�y�g�e�n� �C�o�n�c�e�n�t�r�a�t�i�o�n� �0�.�0� 

�(�m�o�l�/�m�*�)� 
�D�i�s�s�o�l�v�e�d� �N�i�t�r�o�g�e�n� �C�o�n�c�e�n�t�r�a�t�i�o�n� �0�.�9�5� 
�(�m�o�l�/�m�*�)� �(�a�s�s�u�m�e�d�)� 
�G�a�s� �I�n�p�u�t� �R�a�t�e�s� �(�N�m ��/�s�)� �0�.�0�0�1�9� 

�0�.�0�0�1�7� 
�0�.�0�0�0�7�8� 
�0�.�0�0�0�3�9� 
�0�.�0�0�0�2�1� 

�W�a�t�e�r� �D�e�p�t�h� �(�m�)� �0�.�2�5� 
�W�a�t�e�r� �V�o�l�u�m�e� �(�m ��*�)� �0�.�4�6� 
� � 

�5�6� 

� 



�T�a�b�l�e� �1�0�.� �P�r�o�f�i�l�e�s� �U�s�e�d� �t�o� �T�e�s�t� �L�i�n�e�a�r� �M�o�d�e�l� �P�r�e�d�i�c�t�i�o�n�s� �o�f� �T�V�A� �D�a�t�a�.� 
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�P�a�r�a�m�e�t�e�r� �1�0� �M�e�t�e�r�s� �A�b�o�v�e� �1�6�.�5� �M�e�t�e�r�s� �A�b�o�v�e� �4�0� �M�e�t�e�r�s� �A�b�o�v�e� 
�D�i�f�f�u�s�e�r� �D�i�f�f�u�s�e�r� �D�i�f�f�u�s�e�r� �(�L�a�k�e� 

�S�u�r�f�a�c�e�)� 
�T�e�m�p�e�r�a�t�u�r�e� �(�C�)� �1�8�.�4�0� �1�9�.�0�5� �1�9�.�7�5� 

�D�i�s�s�o�l�v�e�d� �S�o�l�i�d�s� �0�.�3�9� �0�.�3�9� �0�.�3�9� 

�|� �(�g�/�1�0�0�0�g�)� 
�D�i�s�s�o�l�v�e�d� �O�x�y�g�e�n� �0�.�1�2�3� �0�.�1�2�5� �0�.�1�3�1� 
�m�o�l�/�m�*�)� �_� 

�D�i�s�s�o�l�v�e�d� �N�i�t�r�o�g�e�n� �0�.�7�2�5� �0�.�7�1�7� �0�.�7�0�9� 
�(�m�o�l�/�m ��*�)� 
� � 
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�I�V�.� �R�E�S�U�L�T�S� �A�N�D� �D�I�S�C�U�S�S�I�O�N� 

�C�i�r�c�u�l�a�r� �P�l�u�m�e� �M�o�d�e�l� �v�s�.� �W�u�e�s�t� �e�t� �a�l�.� �M�o�d�e�l�.� 

�T�h�e� �c�i�r�c�u�l�a�r� �p�l�u�m�e� �m�o�d�e�l� �w�a�s� �i�m�p�l�e�m�e�n�t�e�d� �u�n�d�e�r� �t�h�e� �c�o�n�d�i�t�i�o�n�s� �p�r�o�v�i�d�e�d� �i�n� �t�h�e� �W�u�e�s�t� �e�f� 

�a�l�.� �(�1�9�9�2�)� �p�a�p�e�r� �w�h�i�c�h� �w�e�r�e� �s�h�o�w�n� �i�n� �T�a�b�l�e� �5�.� �S�i�n�c�e� �t�h�e� �W�u�e�s�t� �e�t� �a�l�.� �c�o�n�d�i�t�i�o�n�s� �w�e�r�e� �u�s�e�d� �i�n� �t�h�i�s� 

�t�e�s�t� �t�h�e� �c�i�r�c�u�l�a�r� �p�l�u�m�e� �m�o�d�e�l�,� �a� �c�o�m�p�a�r�i�s�o�n� �o�f� �t�h�e� �c�i�r�c�u�l�a�r� �m�o�d�e�l ��s� �r�e�s�u�l�t�s� �w�i�t�h� �t�h�e� �r�e�s�u�l�t�s� �p�r�o�v�i�d�e�d� 

�i�n� �t�h�e� �W�u�e�s�t� �e�t� �a�l�.� �p�a�p�e�r� �c�o�u�l�d� �d�e�t�e�r�m�i�n�e� �w�h�e�t�h�e�r� �t�h�e� �c�i�r�c�u�l�a�r� �m�o�d�e�l� �c�o�r�r�e�c�t�l�y� �s�o�l�v�e�d� �a�n�d� 

�i�m�p�l�e�m�e�n�t�e�d� �t�h�e� �p�a�p�e�r ��s� �e�q�u�a�t�i�o�n�s� �f�o�r� �a� �c�i�r�c�u�l�a�r� �p�l�u�m�e�.� 

�A� �c�o�m�p�a�r�i�s�o�n� �o�f� �t�h�e� �c�i�r�c�u�l�a�r� �m�o�d�e�l ��s� �r�e�s�u�l�t�s� �w�i�t�h� �t�h�e� �r�e�s�u�l�t�s� �o�b�t�a�i�n�e�d� �b�y� �W�u�e�s�t� �e�t� �a�l�.� 

�s�h�o�w�e�d� �s�i�g�n�i�f�i�c�a�n�t� �d�i�f�f�e�r�e�n�c�e�s� �f�o�r� �b�o�t�h� �J�u�l�y� �a�n�d� �N�o�v�e�m�b�e�r� �c�o�n�d�i�t�i�o�n�s�.� �W�h�i�l�e� �t�h�e� �b�u�b�b�l�e� �r�a�d�i�i� �a�n�d� 

�p�l�u�m�e� �t�e�m�p�e�r�a�t�u�r�e�s� �f�r�o�m� �b�o�t�h� �t�h�e� �J�u�l�y� �a�n�d� �N�o�v�e�m�b�e�r� �c�o�n�d�i�t�i�o�n�s� �w�e�r�e� �a� �f�a�i�r�l�y� �g�o�o�d� �m�a�t�c�h� �t�o� �t�h�e� 

�d�a�t�a� �p�r�e�s�e�n�t�e�d� �i�n� �t�h�e� �W�u�e�s�t� �e�f� �a�/�.� �p�a�p�e�r�,� �t�h�e� �p�l�u�m�e� �v�e�l�o�c�i�t�i�e�s�,� �w�a�t�e�r� �v�o�l�u�m�e� �f�l�u�x�e�s�,� �p�l�u�m�e� 

�d�e�n�s�i�t�i�e�s�,� �a�n�d� �a�m�b�i�e�n�t� �d�e�n�s�i�t�i�e�s� �w�e�r�e� �v�e�r�y� �d�i�f�f�e�r�e�n�t�.� �T�h�e� �v�e�l�o�c�i�t�i�e�s� �p�r�e�d�i�c�t�e�d� �b�y� �t�h�e� �c�i�r�c�u�l�a�r� �p�l�u�m�e� 

�m�o�d�e�l� �w�e�r�e� �h�i�g�h�e�r� �t�h�a�n� �t�h�o�s�e� �i�n� �W�u�e�s�t� �e�f� �a�l�. ��s� �m�o�d�e�l�.� �T�h�e� �J�u�l�y� �p�l�u�m�e� �r�o�s�e� �h�i�g�h�e�r� �i�n� �t�h�e� �c�i�r�c�u�l�a�r� 

�p�l�u�m�e� �m�o�d�e�l� �w�h�i�c�h� �w�a�s� �c�o�n�s�i�s�t�e�n�t� �w�i�t�h� �t�h�e� �h�i�g�h�e�r� �v�e�l�o�c�i�t�i�e�s�.� �U�n�l�i�k�e� �i�n� �t�h�e� �W�u�e�s�t� �e�t� �a�/�.� �m�o�d�e�l�,� �t�h�e� 

�c�i�r�c�u�l�a�r� �m�o�d�e�l� �v�e�l�o�c�i�t�i�e�s� �s�h�o�w�e�d� �a�n� �i�n�i�t�i�a�l� �i�n�c�r�e�a�s�e� �b�e�f�o�r�e� �t�h�e�y� �d�e�c�r�e�a�s�e�d�.� �T�h�e� �i�n�i�t�i�a�l� �i�n�c�r�e�a�s�e� �w�a�s� 

�c�o�n�s�i�s�t�e�n�t� �w�i�t�h� �t�h�e� �m�o�d�e�l� �p�r�o�p�o�s�e�d� �b�y� �M�i�l�g�r�a�m� �(�1�9�8�3�)� �a�n�d� �t�h�e� �e�x�p�e�r�i�m�e�n�t�a�l� �r�e�s�u�l�t�s� �o�f� �P�r�o�v�o�s�t� 

�(�1�9�7�3�)� �b�u�t� �w�a�s� �n�o�t� �s�h�o�w�n� �i�n� �t�h�e� �p�a�p�e�r� �b�y� �W�u�e�s�t� �e�¢� �a�/�.� �(�1�9�9�2�)�.� 

�V�o�l�u�m�e� �f�l�u�x� �v�a�l�u�e�s� �w�e�r�e� �s�l�i�g�h�t�l�y� �h�i�g�h�e�r� �i�n� �t�h�e� �c�i�r�c�u�l�a�r� �p�l�u�m�e� �m�o�d�e�l� �a�t� �a�n�y� �g�i�v�e�n� �h�e�i�g�h�t�.� 

�T�h�e� �c�h�a�n�g�e� �i�n� �t�h�e� �v�o�l�u�m�e� �f�l�u�x� �w�i�t�h� �h�e�i�g�h�t� �w�a�s� �g�r�e�a�t�e�r� �i�n� �t�h�e� �c�i�r�c�u�l�a�r� �m�o�d�e�l� �t�h�a�n� �i�n� �t�h�e� �W�u�e�s�t� �e�t� 

�a�l�.� �p�a�p�e�r�.� �D�i�f�f�e�r�e�n�c�e�s� �e�x�i�s�t�e�d� �i�n� �t�h�e� �d�e�n�s�i�t�y� �p�r�e�d�i�c�t�i�o�n�s� �a�s� �w�e�l�l�.� �A�l�t�h�o�u�g�h� �t�h�e� �c�i�r�c�u�l�a�r� �m�o�d�e�l ��s� 

�a�m�b�i�e�n�t� �a�n�d� �p�l�u�m�e� �d�e�n�s�i�t�y� �d�a�t�a� �f�o�l�l�o�w�e�d� �t�h�e� �s�a�m�e� �g�e�n�e�r�a�l� �t�r�e�n�d�s� �a�s� �W�u�e�s�t� �e�f� �a�l�. ��s� �d�e�n�s�i�t�y� �d�a�t�a�,� 
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�t�h�e� �v�a�l�u�e�s� �p�r�e�d�i�c�t�e�d� �b�y� �t�h�e� �c�i�r�c�u�l�a�r� �m�o�d�e�l� �w�e�r�e� �d�i�f�f�e�r�e�n�t�.� �T�h�e� �d�i�f�f�e�r�e�n�c�e� �i�n� �t�h�e� �d�e�n�s�i�t�y� �d�a�t�a�,� 

�p�a�r�t�i�c�u�l�a�r�l�y� �i�n� �t�h�e� �a�m�b�i�e�n�t� �d�e�n�s�i�t�y� �d�a�t�a�,� �w�a�r�r�a�n�t�e�d� �f�u�r�t�h�e�r� �i�n�v�e�s�t�i�g�a�t�i�o�n�.� 

�T�h�e� �p�l�u�m�e� �v�e�l�o�c�i�t�y� �a�t� �a� �g�i�v�e�n� �h�e�i�g�h�t� �w�a�s� �c�a�l�c�u�l�a�t�e�d� �b�y� �d�i�v�i�d�i�n�g� �t�h�e� �m�o�m�e�n�t�u�m� �b�y� �t�h�e� 

�w�a�t�e�r� �v�o�l�u�m�e� �f�l�u�x� �a�t� �t�h�a�t� �h�e�i�g�h�t�.� �B�e�c�a�u�s�e� �t�h�e� �m�o�m�e�n�t�u�m� �f�l�u�x� �i�s� �s�t�r�o�n�g�l�y� �d�e�p�e�n�d�e�n�t� �u�p�o�n� �d�e�n�s�i�t�y� 

�(�S�e�e� �T�a�b�l�e� �2�.�)� �t�h�e� �d�e�n�s�i�t�y� �d�i�f�f�e�r�e�n�c�e� �c�o�u�l�d� �h�a�v�e� �c�a�u�s�e�d� �t�h�e� �v�e�l�o�c�i�t�y� �d�i�f�f�e�r�e�n�c�e�.� �T�h�e� �v�o�l�u�m�e� �f�l�u�x� 

�d�e�p�e�n�d�s� �o�n� �t�h�e� �p�l�u�m�e� �v�e�l�o�c�i�t�y�,� �s�o� �t�h�e� �d�e�n�s�i�t�y� �d�i�f�f�e�r�e�n�c�e� �c�o�u�l�d� �h�a�v�e� �r�e�s�u�l�t�e�d� �i�n� �t�h�e� �d�i�f�f�e�r�e�n�c�e� �i�n� �t�h�e� 

�c�i�r�c�u�l�a�r� �p�l�u�m�e� �m�o�d�e�l ��s� �p�r�e�d�i�c�t�e�d� �v�o�l�u�m�e� �f�l�u�x�e�s� �a�s� �w�e�l�l�.� �F�i�n�a�l�l�y�,� �t�h�e� �a�m�b�i�e�n�t� �d�e�n�s�i�t�y� �w�a�s� 

�c�a�l�c�u�l�a�t�e�d� �u�s�i�n�g� �a� �s�i�m�p�l�e� �e�q�u�a�t�i�o�n� �t�h�a�t� �w�a�s� �a� �f�u�n�c�t�i�o�n� �o�f� �t�h�e� �a�m�b�i�e�n�t� �t�e�m�p�e�r�a�t�u�r�e� �a�n�d� �d�i�s�s�o�l�v�e�d� 

�s�o�l�i�d�s� �c�o�n�c�e�n�t�r�a�t�i�o�n�;� �t�h�e�r�e�f�o�r�e�,� �t�h�e�r�e� �s�h�o�u�l�d� �b�e� �n�o� �s�i�g�n�i�f�i�c�a�n�t� �d�i�f�f�e�r�e�n�c�e� �b�e�t�w�e�e�n� �t�h�e� �a�m�b�i�e�n�t� 

�d�e�n�s�i�t�y� �c�a�l�c�u�l�a�t�e�d� �b�y� �t�h�e� �c�i�r�c�u�l�a�r� �m�o�d�e�l� �c�o�m�p�a�r�e�d� �t�o� �t�h�e� �W�u�e�s�t� �e�f� �a�/�.� �m�o�d�e�l�.� 

�W�u�e�s�t� �e�t� �a�l�.� �p�r�o�v�i�d�e�d� �a� �c�o�p�y� �o�f� �t�h�e� �p�r�o�g�r�a�m� �t�h�e�y� �u�s�e�d� �b�y� �t�o� �u�m�p�l�e�m�e�n�t� �t�h�e�i�r� �m�o�d�e�l� �i�n� �a� 

�d�i�f�f�e�r�e�n�t� �l�a�k�e� �t�h�a�n� �w�a�s� �d�e�s�c�r�i�b�e�d� �i�n� �t�h�e�i�r� �p�a�p�e�r�.� �A�n� �e�x�a�m�i�n�a�t�i�o�n� �o�f� �t�h�e� �p�r�o�g�r�a�m� �r�e�v�e�a�l�e�d� �t�h�e� 

�e�q�u�a�t�i�o�n� �u�s�e�d� �f�o�r� �t�h�e� �a�m�b�i�e�n�t� �a�n�d� �p�l�u�m�e� �w�a�t�e�r� �d�e�n�s�i�t�y� �e�q�u�a�t�i�o�n�s� �w�a�s� �n�o�t� �t�h�e� �s�a�m�e� �a�s� �t�h�a�t� �p�r�o�v�i�d�e�d� 

�i�n� �t�h�e� �p�a�p�e�r�.� �H�o�w�e�v�e�r�,� �s�u�b�s�t�i�t�u�t�i�n�g� �t�h�e� �W�u�e�s�t� �e�f� �a�l�.� �p�r�o�g�r�a�m� �e�q�u�a�t�i�o�n� �i�n�t�o� �t�h�e� �c�i�r�c�u�l�a�r� �m�o�d�e�l� 

�p�r�o�g�r�a�m� �s�t�i�l�l� �d�i�d� �n�o�t� �r�e�s�u�l�t� �i�n� �i�d�e�n�t�i�c�a�l� �d�e�n�s�i�t�y� �p�r�o�f�i�l�e�s�.� �A�p�p�a�r�e�n�t�l�y�,� �a� �t�h�i�r�d� �v�e�r�s�i�o�n� �o�f� �t�h�e� �d�e�n�s�i�t�y� 

�e�q�u�a�t�i�o�n� �w�a�s� �u�s�e�d� �t�o� �c�a�l�c�u�l�a�t�e� �t�h�e� �a�m�b�i�e�n�t� �a�n�d� �p�l�u�m�e� �w�a�t�e�r� �d�e�n�s�i�t�i�e�s� �i�n� �t�h�e� �p�a�p�e�r�.� �A�s� �t�h�a�t� 

�e�q�u�a�t�i�o�n� �w�a�s� �u�n�a�v�a�i�l�a�b�l�e�,� �t�h�e� �a�m�b�i�e�n�t� �d�e�n�s�i�t�y� �p�r�o�f�i�l�e� �w�a�s� �m�a�n�i�p�u�l�a�t�e�d� �u�n�t�i�l� �i�t� �m�a�t�c�h�e�d� �t�h�e� �p�r�o�f�i�l�e� 

�p�r�o�v�i�d�e�d� �b�y� �W�u�e�s�t� �e�f� �a�l�.� �B�y� �r�u�n�n�i�n�g� �t�h�e� �m�o�d�e�l� �w�i�t�h� �t�h�i�s� �n�e�w� �e�q�u�a�t�i�o�n� �f�o�r� �t�h�e� �a�m�b�i�e�n�t� �a�n�d� �p�l�u�m�e� 

�w�a�t�e�r� �d�e�n�s�i�t�i�e�s�,� �i�t� �c�o�u�l�d� �b�e� �d�e�t�e�r�m�i�n�e�d� �w�h�e�t�h�e�r� �t�h�e� �d�i�f�f�e�r�e�n�c�e� �i�n� �c�a�l�c�u�l�a�t�e�d� �d�e�n�s�i�t�y� �w�a�s� �t�h�e� �c�a�u�s�e� �o�f� 

�t�h�e� �d�i�f�f�e�r�e�n�c�e�s� �i�n� �p�r�e�d�i�c�t�e�d� �p�l�u�m�e� �v�e�l�o�c�i�t�y� �a�n�d� �w�a�t�e�r� �v�o�l�u�m�e� �f�l�u�x�.� �T�h�e� �n�e�w� �d�e�n�s�i�t�y� �e�q�u�a�t�i�o�n� �w�a�s� 
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�p� �=� �(�0�.�0�5�9�3�8�5�7�°�  �� �8�.�5�6�2�7�2�7�"� �+�6�5�.�4�8�9�1�7�)� �x� �1�0�°� �+� �9�9�9�8�4�2�9�8� �+� 

�0�.�2�8� �+�0�8�0�2�( ��> ��)� 
�1�0�0�0� 

�w�h�e�r�e�:� �p�=� �a�m�b�i�e�n�t� �o�r� �p�l�u�m�e� �w�a�t�e�r� �d�e�n�s�i�t�y�,� 

�T� �=� �a�m�b�i�e�n�t� �o�r� �p�l�u�m�e� �w�a�t�e�r� �t�e�m�p�e�r�a�t�u�r�e�,� �a�n�d� 

�S� �=� �a�m�b�i�e�n�t� �o�r� �p�l�u�m�e� �w�a�t�e�r� �d�i�s�s�o�l�v�e�d� �s�o�l�i�d�s� �c�o�n�c�e�n�t�r�a�t�i�o�n�.� 

�T�h�e� �c�i�r�c�u�l�a�r� �p�r�o�g�r�a�m� �w�a�s� �t�h�e�n� �r�u�n� �w�i�t�h� �t�h�e� �a�d�j�u�s�t�e�d� �a�m�b�i�e�n�t� �d�e�n�s�i�t�y� �p�r�o�f�i�l�e�s� �t�o� �d�e�t�e�r�m�i�n�e� 

�w�h�e�t�h�e�r� �t�h�e� �a�l�t�e�r�i�n�g� �t�h�e� �d�e�n�s�i�t�y� �e�q�u�a�t�i�o�n� �e�l�i�m�i�n�a�t�e�d� �t�h�e� �d�i�f�f�e�r�e�n�c�e�s� �b�e�t�w�e�e�n� �t�h�e� �c�i�r�c�u�l�a�r� �p�l�u�m�e� 

�m�o�d�e�l� �a�n�d� �t�h�e� �W�u�e�s�t� �e�t� �a�/�.� �m�o�d�e�l�.� �T�h�e� �r�e�s�u�l�t�s� �f�o�r� �t�h�e� �J�u�l�y� �a�n�d� �N�o�v�e�m�b�e�r� �c�o�n�d�i�t�i�o�n�s� �a�r�e� �s�h�o�w�n� �i�n� 

�F�i�g�u�r�e�s� �2� �t�h�r�o�u�g�h� �8�.� 

�T�h�e� �J�u�l�y� �a�m�b�i�e�n�t� �d�e�n�s�i�t�y� �p�r�e�d�i�c�t�e�d� �b�y� �t�h�e� �t�w�o� �m�o�d�e�l�s� �i�s� �n�e�a�r�l�y� �i�d�e�n�t�i�c�a�l� �(�F�i�g�u�r�e� �7�)� �w�h�i�c�h� 

�i�s� �t�o� �b�e� �e�x�p�e�c�t�e�d� �s�i�n�c�e� �t�h�e� �d�e�n�s�i�t�y� �e�q�u�a�t�i�o�n� �w�a�s� �m�a�n�i�p�u�l�a�t�e�d� �t�o� �f�i�t� �t�h�e� �W�u�e�s�t� �e�f� �a�l�.� �r�e�s�u�l�t�s�.� �T�h�e� 

�p�l�u�m�e� �d�e�n�s�i�t�y� �p�r�o�f�i�l�e� �i�s� �v�e�r�y� �s�i�m�i�l�a�r� �w�i�t�h� �s�o�m�e� �d�i�f�f�e�r�e�n�c�e� �i�n� �t�h�e� �b�o�t�t�o�m� �p�o�r�t�i�o�n� �o�f� �t�h�e� �p�l�u�m�e�.� �V�e�r�y� 

�s�m�a�l�l� �d�i�f�f�e�r�e�n�c�e�s� �e�x�i�s�t� �i�n� �t�h�e� �J�u�l�y� �p�l�u�m�e� �v�e�l�o�c�i�t�y� �a�n�d� �w�a�t�e�r� �v�o�l�u�m�e� �f�l�u�x� �d�a�t�a� �(�F�i�g�u�r�e�s� �2� �a�n�d� �3�)�.� 

�T�h�e�s�e� �d�i�f�f�e�r�e�n�c�e�s� �a�r�e� �s�o� �s�m�a�l�l� �t�h�a�t� �t�h�e�y� �a�r�e� �l�i�k�e�l�y� �a�t�t�r�i�b�u�t�a�b�l�e� �t�o� �s�l�i�g�h�t� �d�i�f�f�e�r�e�n�c�e�s� �b�e�t�w�e�e�n� �t�h�e� 

�t�e�m�p�e�r�a�t�u�r�e�,� �d�i�s�s�o�l�v�e�d� �s�o�l�i�d�s�,� �d�i�s�s�o�l�v�e�d� �o�x�y�g�e�n�,� �a�n�d� �d�i�s�s�o�l�v�e�d� �n�i�t�r�o�g�e�n� �p�r�o�f�i�l�e�s� �u�s�e�d� �i�n� �t�h�e� �c�i�r�c�u�l�a�r� 

�m�o�d�e�l� �c�o�m�p�a�r�e�d� �t�o� �t�h�e� �a�c�t�u�a�l� �d�a�t�a� �p�o�i�n�t�s� �u�s�e�d� �b�y� �W�u�e�s�t� �e�f� �a�l�.� �T�h�e� �h�e�i�g�h�t� �o�f� �m�a�x�i�m�u�m� �p�l�u�m�e� �r�i�s�e� 

�i�n� �J�u�l�y� �w�i�t�h� �t�h�e� �a�l�t�e�r�e�d� �d�e�n�s�i�t�y� �e�q�u�a�t�i�o�n�s� �i�s� �w�i�t�h�i�n� �0�.�5� �m� �o�f� �t�h�a�t� �p�r�e�d�i�c�t�e�d� �b�y� �W�u�e�s�t� �e�f� �a�l�.� 

�T�h�e� �b�u�b�b�l�e� �r�a�d�i�u�s� �p�r�e�d�i�c�t�e�d� �b�y� �t�h�e� �c�i�r�c�u�l�a�r� �m�o�d�e�l� �i�n� �J�u�l�y� �i�s� �c�o�n�s�i�s�t�e�n�t�l�y� �l�a�r�g�e�r� �a�t� �a�n�y� 

�g�i�v�e�n� �d�e�p�t�h� �t�h�a�n� �t�h�a�t� �p�r�e�d�i�c�t�e�d� �i�n� �t�h�e� �p�a�p�e�r� �e�x�c�e�p�t� �a�t� �t�h�e� �t�o�p� �o�f� �t�h�e� �p�l�u�m�e� �(�F�i�g�u�r�e� �4�)�.� �T�h�i�s� �i�s� �l�i�k�e�l�y� 

�d�u�e� �t�o� �a� �m�i�s�t�a�k�e� �m� �t�h�e� �p�a�p�e�r� �w�h�i�c�h� �w�a�s� �f�o�u�n�d� �b�y� �t�h�e� �a�u�t�h�o�r�s� �a�f�t�e�r� �t�h�e� �p�a�p�e�r� �w�a�s� �p�u�b�l�i�s�h�e�d� 
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�t�o� �t�h�e� �W�u�e�s�t� �e�f� �a�l�.� �r�e�s�u�l�t�s� �i�n� �t�h�e� �b�o�t�t�o�m� �p�o�r�t�i�o�n�s� �o�f� �t�h�e� �l�a�k�e� �u�n�d�e�r� �N�o�v�e�m�b�e�r� �c�o�n�d�i�t�i�o�n�s� �b�u�t� 

�s�h�o�w�e�d� �l�e�s�s� �s�i�m�i�l�a�r�i�t�y� �a�t� �t�h�e� �t�o�p�.� �T�h�e� �p�r�e�d�i�c�t�e�d� �p�l�u�m�e� �d�e�n�s�i�t�y� �w�a�s� �c�o�n�s�i�s�t�e�n�t�l�y� �s�m�a�l�l�e�r� �t�h�a�n� �t�h�e� 

�p�l�u�m�e� �d�e�n�s�i�t�y� �r�e�p�o�r�t�e�d� �i�n� �t�h�e� �p�a�p�e�r�.� �H�o�w�e�v�e�r�,� �t�h�e� �p�r�e�d�i�c�t�e�d� �v�o�l�u�m�e� �f�l�u�x� �w�a�s� �a�g�a�i�n� �v�e�r�y� �s�i�m�i�l�a�r� �t�o� 

�t�h�a�t� �p�r�e�d�i�c�t�e�d� �b�y� �W�u�e�s�t� �e�f� �a�l�.� �(�F�i�g�u�r�e� �3�)�.� �T�h�e� �p�l�u�m�e� �v�e�l�o�c�i�t�y� �d�a�t�a� �(�F�i�g�u�r�e� �2�)� �f�o�l�l�o�w�e�d� �t�h�e� �s�a�m�e� 

�p�a�t�t�e�r�n� �a�s� �t�h�e� �d�e�n�s�i�t�y� �d�a�t�a�:� �i�t� �w�a�s� �s�i�m�i�l�a�r� �t�o� �t�h�e� �W�u�e�s�t� �e�¢� �a�l�.� �d�a�t�a� �i�n� �t�h�e� �b�o�t�t�o�m� �p�a�r�t� �o�f� �t�h�e� �p�l�u�m�e� 

�b�u�t� �d�e�v�i�a�t�e�d� �f�r�o�m� �t�h�e� �p�a�p�e�r ��s� �d�a�t�a� �i�n� �t�h�e� �u�p�p�e�r� �p�o�r�t�i�o�n�s� �o�f� �t�h�e� �p�l�u�m�e�.� �T�h�i�s� �i�s� �t�o� �b�e� �e�x�p�e�c�t�e�d� �d�u�e� �t�o� 

�t�h�e� �d�e�p�e�n�d�e�n�c�e� �o�f� �v�e�l�o�c�i�t�y� �o�n� �d�e�n�s�i�t�y� �a�s� �d�e�s�c�r�i�b�e�d� �p�r�e�v�i�o�u�s�l�y�.� 

�T�h�e� �N�o�v�e�m�b�e�r� �b�u�b�b�l�e� �r�a�d�u� �p�r�e�d�i�c�t�e�d� �b�y� �t�h�e� �c�i�r�c�u�l�a�r� �p�l�u�m�e� �m�o�d�e�l� �w�e�r�e� �s�i�m�i�l�a�r� �t�o� �t�h�o�s�e� 

�p�r�e�d�i�c�t�e�d� �b�y� �W�u�e�s�t� �e�f� �a�i�.� �(�F�i�g�u�r�e� �4�)�.� �H�o�w�e�v�e�r�,� �n�o� �c�l�e�a�r� �t�r�e�n�d� �c�o�u�l�d� �b�e� �s�e�e�n�.� �A�t� �t�h�e� �t�o�p� �a�n�d� 

�b�o�t�t�o�m� �o�f� �t�h�e� �p�l�u�m�e�,� �t�h�e� �r�a�d�i�i� �p�r�e�d�i�c�t�e�d� �b�y� �t�h�e� �c�i�r�c�u�l�a�r� �m�o�d�e�l� �w�e�r�e� �s�m�a�l�l�e�r� �t�h�a�n� �p�r�e�d�i�c�t�e�d� �i�n� �t�h�e� 

�p�a�p�e�r�,� �w�h�i�c�h� �i�s� �t�h�e� �o�p�p�o�s�i�t�e� �o�f� �w�h�a�t� �i�s� �e�x�p�e�c�t�e�d� �b�a�s�e�d� �o�n� �t�h�e� �e�r�r�o�r� �i�n� �t�h�e� �p�a�p�e�r�.� �I�n� �t�h�e� �m�i�d�d�l�e� 
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�p�o�r�t�i�o�n� �o�f� �t�h�e� �p�l�u�m�e�,� �t�h�e� �c�i�r�c�u�l�a�r� �m�o�d�e�l� �p�r�e�d�i�c�t�s� �a� �s�l�i�g�h�t�l�y� �l�a�r�g�e�r� �r�a�d�i�u�s�,� �w�h�i�c�h� �i�s� �c�o�n�s�i�s�t�e�n�t� �w�i�t�h� 

�t�h�e� �e�r�r�o�r� �i�n� �t�h�e� �p�a�p�e�r�.� 

�S�i�m�i�l�a�r� �t�o� �t�h�e� �J�u�l�y� �c�a�s�e�,� �t�h�e� �N�o�v�e�m�b�e�r� �p�l�u�m�e� �t�e�m�p�e�r�a�t�u�r�e� �p�r�e�d�i�c�t�e�d� �b�y� �t�h�e� �c�i�r�c�u�l�a�r� �m�o�d�e�l� 

�i�s� �s�l�i�g�h�t�l�y� �c�o�o�l�e�r� �t�h�a�t� �t�h�a�t� �p�r�e�d�i�c�t�e�d� �b�y� �W�u�e�s�t� �e�f� �a�/�.� �(�F�i�g�u�r�e� �6�)�.� �W�h�i�l�e� �t�h�e� �s�a�m�e� �p�o�s�s�i�b�i�l�i�t�i�e�s� �f�o�r� 

�e�r�r�o�r� �e�x�i�s�t� �a�s� �e�x�p�l�a�i�n�e�d� �p�r�e�v�i�o�u�s�l�y�,� �t�h�e� �a�c�t�u�a�l� �r�e�a�s�o�n� �f�o�r� �t�h�i�s� �d�i�f�f�e�r�e�n�c�e� �i�s� �n�o�t� �c�l�e�a�r�.� 

�A�l�t�h�o�u�g�h� �s�o�m�e� �s�m�a�l�l� �d�i�f�f�e�r�e�n�c�e�s� �e�x�i�s�t�,� �t�h�e� �s�i�m�i�l�a�r�i�t�y� �i�n� �t�h�e� �p�r�e�d�i�c�t�i�o�n�s� �m�a�d�e� �b�y� �t�h�e� 

�c�i�r�c�u�l�a�r� �m�o�d�e�l� �w�h�e�n� �t�h�e� �d�e�n�s�i�t�y� �e�q�u�a�t�i�o�n�s� �w�e�r�e� �a�l�t�e�r�e�d� �t�o� �m�a�t�c�h� �t�h�e� �W�u�e�s�t� �e�f� �a�/�.� �d�e�n�s�i�t�i�e�s� �t�o� �t�h�e� 

�r�e�s�u�l�t�s� �i�n� �t�h�e� �p�a�p�e�r� �s�u�g�g�e�s�t� �t�h�a�t� �t�h�e� �l�a�r�g�e� �d�i�s�c�r�e�p�a�n�c�i�e�s� �f�o�u�n�d� �i�n�i�t�i�a�l�l�y� �w�e�r�e� �d�u�e� �t�o� �t�h�e� �d�i�f�f�e�r�e�n�c�e� �i�n� 

�c�a�l�c�u�l�a�t�e�d� �d�e�n�s�i�t�i�e�s�.� �F�o�r�c�i�n�g� �t�h�e� �a�m�b�i�e�n�t� �d�e�n�s�i�t�i�e�s� �t�o� �b�e� �s�i�m�i�l�a�r� �r�e�s�u�l�t�e�d� �i�n� �v�e�r�y� �s�i�m�i�l�a�r� �p�l�u�m�e� 

�d�e�n�s�i�t�i�e�s�,� �p�l�u�m�e� �v�e�l�o�c�i�t�i�e�s�,� �a�n�d� �w�a�t�e�r� �v�o�l�u�m�e� �f�l�u�x�e�s� �i�n� �J�u�l�y� �a�n�d� �n� �N�o�v�e�m�b�e�r�.� �T�h�e� �f�a�c�t� �t�h�a�t� �t�h�e� 

�N�o�v�e�m�b�e�r� �p�r�e�d�i�c�t�e�d� �v�e�l�o�c�i�t�i�e�s� �i�n� �t�h�e� �u�p�p�e�r� �p�o�r�t�i�o�n�s� �o�f� �t�h�e� �p�l�u�m�e� �v�a�r�i�e�d� �f�r�o�m� �t�h�o�s�e� �p�r�o�v�i�d�e�d� �i�n� �t�h�e� 

�p�a�p�e�r� �c�o�n�f�i�r�m�e�d� �t�h�a�t� �d�e�n�s�i�t�y� �w�a�s� �t�h�e� �r�e�a�s�o�n� �f�o�r� �t�h�e� �d�i�f�f�e�r�e�n�c�e�s� �a�s� �t�h�e� �a�m�b�i�e�n�t� �d�e�n�s�i�t�y� �a�l�s�o� �d�e�v�i�a�t�e�d� 

�f�r�o�m� �t�h�a�t� �i�n� �t�h�e� �p�a�p�e�r� �m� �t�h�e� �u�p�p�e�r� �p�a�r�t� �o�f� �t�h�e� �p�l�u�m�e�.� �T�h�e� �c�i�r�c�u�l�a�r� �m�o�d�e�l ��s� �p�r�e�d�i�c�t�i�o�n�s� �f�o�r� �b�u�b�b�l�e� 

�r�a�d�i�u�s� �a�n�d� �p�l�u�m�e� �t�e�m�p�e�r�a�t�u�r�e� �w�e�r�e� �f�a�i�r�l�y� �a�c�c�u�r�a�t�e� �w�i�t�h� �b�o�t�h� �d�e�n�s�i�t�y� �e�q�u�a�t�i�o�n�s�;� �t�h�e�s�e� �c�a�l�c�u�l�a�t�i�o�n�s� 

�a�r�e� �l�e�s�s� �s�e�n�s�i�t�i�v�e� �t�o� �d�e�n�s�i�t�y�.� 

�A�n�o�t�h�e�r� �p�o�s�s�i�b�l�e� �e�x�p�l�a�n�a�t�i�o�n� �e�x�i�s�t�s� �f�o�r� �t�h�e� �s�m�a�l�l� �d�i�f�f�e�r�e�n�c�e�s� �i�n� �t�h�e� �c�i�r�c�u�l�a�r� �m�o�d�e�l� �a�n�d� �t�h�e� 

�W�u�e�s�t� �e�t� �a�l�.� �m�o�d�e�l ��s� �p�r�e�d�i�c�t�i�o�n�s�.� �A� �c�a�r�e�f�u�l� �e�x�a�m�i�n�a�t�i�o�n� �o�f� �t�h�e� �p�r�o�g�r�a�m� �t�h�e�y� �p�r�o�v�i�d�e�d� �r�e�v�e�a�l�e�d� 

�t�h�a�t� �i�n� �s�e�v�e�r�a�l� �c�a�s�e�s� �W�u�e�s�t� �e�f� �a�l�.� �u�s�e�d� �s�l�i�g�h�t�l�y� �d�i�f�f�e�r�e�n�t� �v�a�l�u�e�s� �f�o�r� �c�o�n�s�t�a�n�t�s� �i�n� �t�h�e� �p�r�o�g�r�a�m� �t�h�a�n� 

�w�e�r�e� �u�s�e�d� �i�n� �t�h�e� �p�a�p�e�r�.� �T�h�e� �d�i�f�f�e�r�e�n�c�e� �i�n� �t�h�e� �d�e�n�s�i�t�y� �e�q�u�a�t�i�o�n� �h�a�s� �a�l�r�e�a�d�y� �b�e�e�n� �d�i�s�c�u�s�s�e�d�.� �O�t�h�e�r� 

�d�i�f�f�e�r�e�n�c�e�s� �i�n�c�l�u�d�e� �a� �d�i�f�f�e�r�e�n�t� �v�a�l�u�e� �f�o�r� �t�h�e� �b�u�b�b�l�e� �s�l�i�p� �v�e�l�o�c�i�t�y� �(�0�.�2�2� �v�s�.� �0�.�2�3� �m�/�s� �f�o�r� �7�.�0�x�1�0�7� �<� 

�b�u�b�b�l�e� �r�a�d�i�u�s� �<� �5�.�1�1�0 �� �m�)� �a�n�d� �f�o�r� �A� �(�1�.�0� �v�s�.� �0�.�8�)�.� �T�h�e�s�e� �a�n�d� �o�t�h�e�r� �p�o�t�e�n�t�i�a�l� �d�i�s�c�r�e�p�a�n�c�i�e�s� �i�n� �t�h�e� 

�W�u�e�s�t� �e�f� �a�l�.� �p�r�o�g�r�a�m� �c�o�m�p�a�r�e�d� �t�o� �t�h�e�i�r� �p�a�p�e�r� �c�o�u�l�d� �a�c�c�o�u�n�t� �f�o�r� �t�h�e� �d�i�f�f�e�r�e�n�c�e�s� �i�n� �t�h�e� �c�i�r�c�u�l�a�r� 
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�m�o�d�e�l�,� �w�h�i�c�h� �w�a�s� �b�a�s�e�d� �o�n� �t�h�e� �e�q�u�a�t�i�o�n�s� �i�n� �t�h�e� �p�a�p�e�r�,� �c�o�m�p�a�r�e�d� �t�o� �t�h�e� �r�e�s�u�l�t�s� �o�f� �t�h�e� �W�u�e�s�t� �e�f� �a�l�.� 

�p�r�o�g�r�a�m�.� 

�R�e�v�i�s�e�d� �C�i�r�c�u�l�a�r� �P�l�u�m�e� �M�o�d�e�l� �v�s�.� �W�u�e�s�t� �e�f� �a�l�.� �M�o�d�e�l�.� 

�O�n�c�e� �i�t� �w�a�s� �d�e�t�e�r�m�i�n�e�d� �t�h�a�t� �d�i�f�f�e�r�e�n�c�e�s� �i�n� �d�e�n�s�i�t�y� �c�a�l�c�u�l�a�t�i�o�n�s� �w�e�r�e� �t�h�e� �c�a�u�s�e� �o�f� �t�h�e� �i�n�i�t�i�a�l� 

�d�i�s�c�r�e�p�a�n�c�i�e�s� �i�n� �t�h�e� �c�i�r�c�u�l�a�r� �p�l�u�m�e� �m�o�d�e�l� �c�o�m�p�a�r�e�d� �t�o� �t�h�e� �W�u�e�s�t� �e�f� �a�l�.� �p�a�p�e�r�,� �t�h�e� �a�m�b�i�e�n�t� �a�n�d� 

�p�l�u�m�e� �w�a�t�e�r� �d�e�n�s�i�t�y� �e�q�u�a�t�i�o�n�s� �w�e�r�e� �r�e�v�i�s�e�d�.� �T�h�e� �d�e�n�s�i�t�y� �o�f� �f�r�e�s�h� �w�a�t�e�r� �f�r�o�m� �0� �t�o� �3�0�°� �C�,� �i�n� �1�°� 

�i�n�c�r�e�m�e�n�t�s� �w�a�s� �o�b�t�a�i�n�e�d� �f�r�o�m� �t�h�e� �C�R�C� �H�a�n�d�b�o�o�k� �o�f� �C�h�e�m�i�s�t�r�y� �a�n�d� �P�h�y�s�i�c�s� �(�L�i�d�e�,� �1�9�9�5�)� �a�n�d� �a� 

�c�u�r�v�e� �w�a�s� �f�i�t�t�e�d� �t�o� �t�h�e� �d�a�t�a�.� �T�h�e� �r�e�s�u�l�t�i�n�g� �e�q�u�a�t�i�o�n� �w�a�s� 

�p�=�6�x�1�0�7�7�*� �+�8�5�3� �x�1�0�°�7�*�  ��8�9�1�x� �1�0�°�7�7�?� �+�6�7�2� �x� �1�0�7� �T�+�9�9�9�8�4�3� �k�g�/�m �� 

�T�h�e� �s�a�l�i�n�i�t�y� �t�e�r�m� �p�r�o�v�i�d�e�d� �b�y� �W�u�e�s�t� �e�t� �a�l�.� �w�a�s� �a�d�d�e�d� �t�o� �t�h�e� �a�b�o�v�e� �e�q�u�a�t�i�o�n�.� �T�h�e� �a�d�d�i�t�i�o�n�a�l� �t�e�r�m� 

�w�a�s� �0�.�8�0�2�x�S� �i�f� �d�i�s�s�o�l�v�e�d� �s�o�l�i�d�s� �c�o�n�c�e�n�t�r�a�t�i�o�n� �i�s� �g�i�v�e�n� �i�n� �g�r�a�m�s� �p�e�r� �1�0�0�0� �g�r�a�m�s� �o�r� �0�.�7�0�5�x�1�0�°�x�S� �i�f� 

�s�a�l�i�n�i�t�y� �i�s� �p�r�o�v�i�d�e�d� �i�n� �e�l�e�c�t�r�i�c�a�l� �c�o�n�d�u�c�t�i�v�i�t�y� �(�u�S�/�c�m�)� �a�t� �2�0�°� �C�.� 

�T�h�e� �m�e�t�h�o�d� �u�s�e�d� �f�o�r� �c�a�l�c�u�l�a�t�i�n�g� �t�h�e� �i�n�i�t�i�a�l� �p�l�u�m�e� �v�e�l�o�c�i�t�y� �w�a�s� �r�e�v�i�s�e�d� �a�s� �w�e�l�l�.� �P�r�e�v�i�o�u�s�l�y�,� 

�t�h�e� �i�m�i�t�i�a�l� �c�o�n�d�i�t�i�o�n�s� �f�o�r� �t�h�e� �c�i�r�c�u�l�a�r� �p�l�u�m�e� �m�o�d�e�l� �w�e�r�e� �f�o�r�c�e�d� �t�o� �b�e� �i�d�e�n�t�i�c�a�l� �t�o� �t�h�o�s�e� �g�i�v�e�n� �i�n� �t�h�e� 

�W�u�e�s�t� �e�f� �a�l�.� �p�a�p�e�r� �b�y� �s�e�t�t�i�m�g� �t�h�e� �i�n�i�t�i�a�l� �v�e�l�o�c�i�t�y� �e�q�u�a�l� �t�o� �t�h�a�t� �g�i�v�e�n� �i�m� �t�h�e� �p�a�p�e�r�.� �T�h�i�s� �w�a�s� �d�o�n�e� 

�a�f�t�e�r� �i�t� �w�a�s� �d�e�t�e�r�m�i�n�e�d� �t�h�a�t� �t�h�e� �u�s�e� �o�f� �t�h�e� �F�r�o�u�d�e� �n�u�m�b�e�r� �e�q�u�a�t�i�o�n� �g�i�v�e�n� �i�n� �t�h�e� �p�a�p�e�r� �d�i�d� �n�o�t� �r�e�s�u�l�t� 

�i�n� �t�h�e� �s�a�m�e� �i�n�i�t�i�a�l� �v�e�l�o�c�i�t�y� �a�s� �t�h�a�t� �p�r�o�v�i�d�e�d� �i�n� �t�h�e� �p�a�p�e�r�.� �H�o�w�e�v�e�r�,� �t�o� �m�a�k�e� �t�h�e� �c�i�r�c�u�l�a�r� �m�o�d�e�l� 

�m�o�r�e� �g�e�n�e�r�a�l�l�y� �a�p�p�l�i�c�a�b�l�e�,� �t�h�e� �m�i�t�i�a�l� �v�e�l�o�c�i�t�y� �h�a�d� �t�o� �b�e� �c�a�l�c�u�l�a�t�e�d�.� �T�h�e�r�e�f�o�r�e�,� �t�h�e� �p�r�o�g�r�a�m� �w�a�s� 

�a�l�t�e�r�e�d� �t�o� �a�s�k� �t�h�e� �u�s�e�r� �f�o�r� �a� �g�u�e�s�s�e�d� �i�n�i�t�i�a�l� �v�e�l�o�c�i�t�y�.� �F�r�o�m� �t�h�i�s� �g�u�e�s�s�,� �t�h�e� �p�r�o�g�r�a�m� �e�n�t�e�r�e�d� �a� �d�o�-� 

�l�o�o�p� �i�n� �w�h�i�c�h� �t�h�e� �i�i�t�i�a�l� �c�o�n�c�e�n�t�r�a�t�i�o�n�s� �o�f� �d�i�s�s�o�l�v�e�d� �o�x�y�g�e�n� �a�n�d� �n�i�t�r�o�g�e�n�,� �v�o�l�u�m�e� �o�f� �g�a�s�,� �p�l�u�m�e� 

�d�e�n�s�i�t�y� �(�u�s�i�n�g� �t�h�e� �T�a�b�l�e� �4� �e�q�u�a�t�i�o�n�s�)�,� �a�n�d� �i�n�i�t�i�a�l� �v�e�l�o�c�i�t�y� �(�u�s�i�n�g� �t�h�e� �F�r�o�u�d�e� �n�u�m�b�e�r� �e�q�u�a�t�i�o�n�)� �w�e�r�e� 
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�c�a�l�c�u�l�a�t�e�d� �t�h�r�o�u�g�h� �3�0� �i�t�e�r�a�t�i�o�n�s�.� �T�h�i�r�t�y� �i�t�e�r�a�t�i�o�n�s� �w�e�r�e� �c�o�n�s�i�d�e�r�e�d� �v�e�r�y� �c�o�n�s�e�r�v�a�t�i�v�e� �a�s� �i�t� �w�a�s� 

�d�e�t�e�r�m�i�n�e�d� �t�h�a�t� �t�h�e� �i�n�i�t�i�a�l� �v�e�l�o�c�i�t�y� �v�a�l�u�e� �b�e�c�a�m�e� �s�t�a�b�l�e� �a�f�t�e�r� �a�p�p�r�o�x�i�m�a�t�e�l�y� �t�e�n� �i�t�e�r�a�t�i�o�n�s�.� 

�H�e�r�e�a�f�t�e�r�,� �t�h�e� �c�i�r�c�u�l�a�r� �p�l�u�m�e� �m�o�d�e�l� �w�i�t�h� �t�h�e� �n�e�w� �d�e�n�s�i�t�y� �e�q�u�a�t�i�o�n� �a�n�d� �t�h�e� �i�t�e�r�a�t�i�v�e� �m�e�t�h�o�d� �o�f� 

�f�i�n�d�i�n�g� �t�h�e� �i�n�i�t�i�a�l� �p�l�u�m�e� �v�e�l�o�c�i�t�y� �w�i�l�l� �b�e� �c�a�l�l�e�d� �t�h�e� �r�e�v�i�s�e�d� �c�i�r�c�u�l�a�r� �p�l�u�m�e� �m�o�d�e�l� �o�r� �s�i�m�p�l�y� �t�h�e� 

�r�e�v�i�s�e�d� �m�o�d�e�l�.� 

�T�h�e� �r�e�v�i�s�e�d� �c�i�r�c�u�l�a�r� �p�l�u�m�e� �m�o�d�e�l� �w�a�s� �r�u�n� �u�n�d�e�r� �W�u�e�s�t� �e�f� �a�l�. ��s� �J�u�l�y� �a�n�d� �N�o�v�e�m�b�e�r� 

�c�o�n�d�i�t�i�o�n�s� �a�n�d� �t�h�e� �r�e�s�u�l�t�s� �w�e�r�e� �c�o�m�p�a�r�e�d� �t�o� �t�h�o�s�e� �r�e�p�o�r�t�e�d� �i�n� �t�h�e� �W�u�e�s�t� �e�f� �a�l�.� �p�a�p�e�r�.� �T�h�e� �r�e�s�u�l�t�s� 

�a�r�e� �s�h�o�w�n� �i�n� �F�i�g�u�r�e�s� �9�-�1�4�.� 

�T�h�e� �a�m�b�i�e�n�t� �a�n�d� �p�l�u�m�e� �d�e�n�s�i�t�i�e�s� �f�o�r� �t�h�e� �t�w�o� �s�e�a�s�o�n�s� �(�F�i�g�u�r�e�s� �1�3� �a�n�d� �1�4�)� �s�h�o�w� 

�a�p�p�r�o�x�i�m�a�t�e�l�y� �t�h�e� �s�a�m�e� �s�h�a�p�e�s� �a�s� �t�h�o�s�e� �p�r�o�v�i�d�e�d� �i�n� �t�h�e� �p�a�p�e�r�;� �h�o�w�e�v�e�r�,� �t�h�e� �v�a�l�u�e�s� �a�r�e� �d�i�f�f�e�r�e�n�t�.� 

�A�g�a�i�n�,� �t�h�e� �J�u�l�y� �d�e�n�s�i�t�i�e�s� �a�r�e� �m�o�r�e� �s�i�m�i�l�a�r� �t�o� �t�h�e� �p�a�p�e�r� �t�h�a�n� �a�r�e� �t�h�e� �N�o�v�e�m�b�e�r� �d�e�n�s�i�t�i�e�s�.� �T�h�e� 

�N�o�v�e�m�b�e�r� �d�e�n�s�i�t�i�e�s� �v�a�r�y� �m�o�s�t� �f�r�o�m� �t�h�e� �W�u�e�s�t� �e�f� �a�/�.� �m�o�d�e�l� �d�e�n�s�i�t�i�e�s� �n�e�a�r� �t�h�e� �t�o�p� �o�f� �t�h�e� �p�l�u�m�e�.� �A�s� 

�s�h�o�w�n� �i�n� �F�i�g�u�r�e� �9�,� �t�h�e� �v�e�l�o�c�i�t�i�e�s� �a�r�e� �v�e�r�y� �s�i�m�i�l�a�r� �t�o� �t�h�o�s�e� �p�r�e�d�i�c�t�e�d� �b�y� �W�u�e�s�t� �e�f� �a�l�.� �f�o�r� �b�o�t�h� �J�u�l�y� 

�a�n�d� �N�o�v�e�m�b�e�r� �c�o�n�d�i�t�i�o�n�s�.� �O�n�c�e� �a�g�a�i�n�,� �t�h�e� �N�o�v�e�m�b�e�r� �v�e�l�o�c�i�t�y� �d�a�t�a� �d�i�f�f�e�r�s� �n�e�a�r� �t�h�e� �t�o�p� �o�f� �t�h�e� 

�p�l�u�m�e� �w�h�e�r�e� �t�h�e� �m�o�d�e�l� �a�n�d� �p�a�p�e�r ��s� �a�m�b�i�e�n�t� �d�e�n�s�i�t�i�e�s� �a�r�e� �d�i�f�f�e�r�e�n�t�.� �A�n�o�t�h�e�r� �n�o�t�i�c�e�a�b�l�e� �d�i�f�f�e�r�e�n�c�e� 

�i�s� �t�h�a�t� �t�h�e� �J�u�l�y� �p�l�u�m�e� �r�i�s�e�s� �h�i�g�h�e�r� �t�h�a�n� �W�u�e�s�t� �e�¢� �a�/�. ��s� �a�n�d� �t�h�e� �N�o�v�e�m�b�e�r� �p�l�u�m�e� �d�o�e�s� �n�o�t� �r�i�s�e� �t�o� �t�h�e� 

�t�o�p� �o�f� �t�h�e� �l�a�k�e� �w�i�t�h� �t�h�e� �r�e�v�i�s�e�d� �c�i�r�c�u�l�a�r� �p�l�u�m�e� �m�o�d�e�l�.� �T�h�e� �s�m�a�l�l� �d�i�f�f�e�r�e�n�c�e�s� �i�n� �t�h�e� �p�r�e�d�i�c�t�e�d� 

�v�e�l�o�c�i�t�i�e�s� �a�n�d� �i�n� �t�h�e� �h�e�i�g�h�t� �o�f� �m�a�x�i�m�u�m� �p�l�u�m�e� �r�i�s�e� �l�i�k�e�l�y� �r�e�s�u�l�t� �f�r�o�m� �i�t�e�r�a�t�i�n�g� �t�o� �o�b�t�a�i�n� �t�h�e� �i�n�i�t�i�a�l� 

�v�e�l�o�c�i�t�y� �r�a�t�h�e�r� �t�h�a�n� �f�o�r�c�i�n�g� �t�h�e� �i�n�i�t�i�a�l� �v�e�l�o�c�i�t�y� �t�o� �b�e� �t�h�e� �s�a�m�e� �a�s� �r�e�p�o�r�t�e�d� �i�n� �t�h�e� �p�a�p�e�r�.� �T�h�e� �n�e�w� 

�a�m�b�i�e�n�t� �a�n�d� �p�l�u�m�e� �w�a�t�e�r� �d�e�n�s�i�t�y� �e�q�u�a�t�i�o�n�s� �p�l�a�y� �a� �p�a�r�t� �i�n� �t�h�e�s�e� �d�i�f�f�e�r�e�n�c�e�s� �a�s� �w�e�l�l�.� 
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�T�h�e� �w�a�t�e�r� �v�o�l�u�m�e� �f�l�u�x�e�s� �p�r�e�d�i�c�t�e�d� �b�y� �t�h�e� �r�e�v�i�s�e�d� �m�o�d�e�l� �w�e�r�e� �v�e�r�y� �s�i�m�i�l�a�r� �t�o� �t�h�o�s�e� 

�p�r�e�d�i�c�t�e�d� �i�n� �t�h�e� �W�u�e�s�t� �e�f� �a�/�.� �p�a�p�e�r� �(�F�i�g�u�r�e� �1�0�)�.� �T�h�e� �b�u�b�b�l�e� �r�a�d�i�u�s� �p�r�e�d�i�c�t�i�o�n�s� �a�r�e� �a�l�s�o� �s�i�m�i�l�a�r� �b�u�t� 

�s�h�o�w� �t�h�e� �s�a�m�e� �t�r�e�n�d�s� �a�s� �i�n� �t�h�e� �o�r�i�g�i�n�a�l� �c�i�r�c�u�l�a�r� �m�o�d�e�l� �w�i�t�h� �t�h�e� �a�m�b�i�e�n�t� �a�n�d� �p�l�u�m�e� �w�a�t�e�r� �d�e�n�s�i�t�i�e�s� 

�f�o�r�c�e�d� �t�o� �W�u�e�s�t� �e�t� �a�i�/�. ��s� �d�e�n�s�i�t�i�e�s� �(�F�i�g�u�r�e� �1�1�)�.� �S�i�m�i�l�a�r�l�y�,� �t�h�e� �p�l�u�m�e� �t�e�m�p�e�r�a�t�u�r�e� �p�r�e�d�i�c�t�i�o�n�s� �a�r�e� 

�s�i�m�i�l�a�r� �t�o� �W�u�e�s�t� �e�f� �a�i�l�. ��s� �b�u�t� �a�r�e� �s�l�i�g�h�t�l�y� �c�o�o�l�e�r� �t�h�a�t� �t�h�e� �p�l�u�m�e� �t�e�m�p�e�r�a�t�u�r�e�s� �p�r�e�d�i�c�t�e�d� �i�n� �t�h�e� �p�a�p�e�r� 

�(�F�i�g�u�r�e� �1�2�)�.� 

�A�f�t�e�r� �e�x�a�m�i�n�i�n�g� �t�h�e� �r�e�s�u�l�t�s� �o�f� �t�h�e� �r�e�v�i�s�e�d� �c�i�r�c�u�l�a�r� �p�l�u�m�e� �m�o�d�e�l� �c�o�m�p�a�r�e�d� �t�o� �t�h�e� �r�e�s�u�l�t�s� 

�o�b�t�a�i�n�e�d� �b�y� �W�u�e�s�t� �e�f� �a�l�.�,� �i�t� �w�a�s� �c�o�n�c�l�u�d�e�d� �t�h�a�t� �t�h�e� �r�e�v�i�s�e�d� �m�o�d�e�l� �a�c�c�u�r�a�t�e�l�y� �s�o�l�v�e�d� �t�h�e� �e�q�u�a�t�i�o�n�s� 

�p�r�e�s�e�n�t�e�d� �b�y� �W�u�e�s�t� �e�f� �a�l�.� �f�o�r� �a� �c�i�r�c�u�l�a�r� �p�l�u�m�e�.� �A�f�t�e�r� �r�u�n�n�i�n�g� �a� �s�e�n�s�i�t�i�v�i�t�y� �a�n�a�l�y�s�i�s�,� �t�h�e�n�,� �t�h�e� �n�e�x�t� 

�s�t�e�p� �w�a�s� �t�o� �c�o�n�v�e�r�t� �t�h�e� �r�e�v�i�s�e�d� �c�i�r�c�u�l�a�r� �p�l�u�m�e� �m�o�d�e�l� �i�n�t�o� �a� �l�i�n�e�a�r� �m�o�d�e�l�.� �T�h�e� �r�e�s�u�l�t�s� �a�r�e� �d�e�s�c�r�i�b�e�d� 

�i�n� �t�h�e� �f�o�l�l�o�w�i�n�g� �s�e�c�t�i�o�n�.� 

�L�i�n�e�a�r� �P�l�u�m�e� �M�o�d�e�l� �v�s�.� �R�e�v�i�s�e�d� �C�i�r�c�u�l�a�r� �P�l�u�m�e� �M�o�d�e�l�.� 

�A�f�t�e�r� �t�h�e� �l�i�n�e�a�r� �m�o�d�e�l� �w�a�s� �c�o�m�p�l�e�t�e�d� �b�a�s�e�d� �o�n� �t�h�e� �r�e�v�i�s�e�d� �c�i�r�c�u�l�a�r� �p�l�u�m�e� �m�o�d�e�l�,� �i�t�s� �r�e�s�u�l�t�s� 

�w�e�r�e� �c�o�m�p�a�r�e�d� �t�o� �t�h�o�s�e� �o�b�t�a�i�n�e�d� �f�r�o�m� �t�h�e� �r�e�v�i�s�e�d� �c�i�r�c�u�l�a�r� �m�o�d�e�l� �t�o� �d�e�t�e�r�m�i�n�e� �w�h�e�t�h�e�r� �t�h�e� �l�i�n�e�a�r� 

�m�o�d�e�l� �w�a�s� �p�e�r�f�o�r�m�i�n�g� �a�s� �e�x�p�e�c�t�e�d�.� �T�o� �d�o� �t�h�i�s�,� �t�h�e� �c�o�n�d�i�t�i�o�n�s� �u�n�d�e�r� �w�h�i�c�h� �t�h�e� �l�i�n�e�a�r� �m�o�d�e�l� �w�a�s� 

�r�u�n� �h�a�d� �t�o� �b�e� �s�i�m�i�l�a�r� �t�o� �t�h�o�s�e� �u�n�d�e�r� �w�h�i�c�h� �t�h�e� �r�e�v�i�s�e�d� �c�i�r�c�u�l�a�r� �p�l�u�m�e� �m�o�d�e�l� �w�a�s� �r�u�n�.� �T�h�e�r�e�f�o�r�e�,� 

�t�h�e�  ��l�i�n�e�a�r �� �s�o�u�r�c�e� �w�a�s� �a�s�s�u�m�e�d� �t�o� �b�e� �a� �2�.�4�5�m� �x� �2�.�4�5�m� �s�q�u�a�r�e�,� �w�h�i�c�h� �p�r�o�v�i�d�e�s� �a�p�p�r�o�x�i�m�a�t�e�l�y� �t�h�e� 

�s�a�m�e� �a�r�e�a� �a�s� �t�h�e� �c�i�r�c�u�l�a�r� �s�o�u�r�c�e� �w�i�t�h� �a� �2�.�5�m� �r�a�d�i�u�s�.� �T�h�e� �l�i�n�e�a�r� �m�o�d�e�l� �w�a�s� �r�u�n� �u�n�d�e�r� �J�u�l�y� �a�n�d� 

�N�o�v�e�m�b�e�r� �c�o�n�d�i�t�i�o�n�s� �w�i�t�h� �t�e�m�p�e�r�a�t�u�r�e�,� �d�i�s�s�o�l�v�e�d� �s�o�l�i�d�s�,� �d�i�s�s�o�l�v�e�d� �o�x�y�g�e�n�,� �a�n�d� �d�i�s�s�o�l�v�e�d� �n�i�t�r�o�g�e�n� 

�p�r�o�f�i�l�e�s�;� �g�a�s� �m�p�u�t� �r�a�t�e�s�;� �a�n�d� �i�n�i�t�i�a�l� �b�u�b�b�l�e� �s�i�z�e� �i�d�e�n�t�i�c�a�l� �t�o� �t�h�o�s�e� �p�r�o�v�i�d�e�d� �i�n� �W�u�e�s�t� �e�f� �a�l�. ��s� �p�a�p�e�r� 

�(�T�a�b�l�e� �5�)� �t�o� �d�u�p�l�i�c�a�t�e� �t�h�e� �c�o�n�d�i�t�i�o�n�s� �u�n�d�e�r� �w�h�i�c�h� �t�h�e� �r�e�v�i�s�e�d� �c�i�r�c�u�l�a�r� �p�l�u�m�e� �m�o�d�e�l� �w�a�s� �r�u�n�.� �I�n� 

�7�2



�a�d�d�i�t�i�o�n�,� �t�h�e� �l�i�n�e�a�r� �m�o�d�e�l ��s� �a�s�s�u�m�p�t�i�o�n� �t�h�a�t� �e�n�t�r�a�i�n�m�e�n�t� �a�t� �t�h�e� �e�n�d�s� �o�f� �t�h�e� �p�l�u�m�e� �c�o�u�l�d� �b�e� 

�n�e�g�l�e�c�t�e�d� �w�a�s� �t�e�s�t�e�d� �b�y� �c�o�m�p�a�r�i�n�g� �t�h�e� �l�i�n�e�a�r� �m�o�d�e�l ��s� �p�r�e�d�i�c�t�i�o�n�s� �w�i�t�h� �a�n�d� �w�i�t�h�o�u�t� �e�n�d� �e�n�t�r�a�i�n�m�e�n�t� 

�t�o� �t�h�e� �r�e�s�u�l�t�s� �o�b�t�a�i�n�e�d� �f�r�o�m� �t�h�e� �r�e�v�i�s�e�d� �c�i�r�c�u�l�a�r� �m�o�d�e�l�.� �T�h�e� �a�s�s�u�m�p�t�i�o�n� �w�a�s� �t�e�s�t�e�d� �b�o�t�h� �u�n�d�e�r� �t�h�e� 

�c�o�n�d�i�t�i�o�n� �d�e�s�c�r�i�b�e�d� �a�b�o�v�e�,� �i�n� �w�h�i�c�h� �t�h�e� �m�o�d�e�l� �i�s� �r�u�n� �i�n� �a� �s�q�u�a�r�e� �c�o�n�f�i�g�u�r�a�t�i�o�n�,� �a�n�d� �u�n�d�e�r� �f�u�l�l� �s�c�a�l�e� 

�c�o�n�d�i�t�i�o�n�s�.� �A�s� �a�n� �e�x�a�m�p�l�e� �o�f� �h�o�w� �t�h�e� �m�o�d�e�l� �w�a�s� �i�m�p�l�e�m�e�n�t�e�d� �w�i�t�h� �e�n�d� �e�n�t�r�a�m�m�e�n�t�,� �t�h�e� �e�q�u�a�t�i�o�n� 

�f�o�r� �t�h�e� �c�h�a�n�g�e� �i�n� �w�a�t�e�r� �v�o�l�u�m�e� �f�l�u�x� �w�i�t�h� �h�e�i�g�h�t� �w�a�s� �c�h�a�n�g�e�d� �f�r�o�m� 

�o�H� �_� �e�t�y� 
�d�z� 

�t�o� 

�a�u� �=�2�a�(�L�+�b�)�w�.� 

�E�q�u�a�t�i�o�n�s� �f�o�r� �t�e�m�p�e�r�a�t�u�r�e� �f�l�u�x�,� �s�a�l�i�n�i�t�y� �f�l�u�x�,� �a�n�d� �d�i�s�s�o�l�v�e�d� �g�a�s� �f�l�u�x� �w�e�r�e� �c�h�a�n�g�e�d� �i�n� �a� �s�i�m�u�l�a�r� 

�m�a�n�n�e�r�.� 

�T�h�e� �l�i�n�e�a�r� �m�o�d�e�l� �w�a�s� �r�u�n� �f�o�r� �J�u�l�y� �a�n�d� �N�o�v�e�m�b�e�r� �c�o�n�d�i�t�i�o�n�s�.� �T�h�e� �J�u�l�y� �r�e�s�u�l�t�s� �a�r�e� �s�h�o�w�n� 

�i�n� �F�i�g�u�r�e�s� �1�5�,� �1�7�,� �1�9�,� �2�1�,� �a�n�d� �2�3� �a�n�d� �t�h�e� �N�o�v�e�m�b�e�r� �r�e�s�u�l�t�s� �i�n� �F�i�g�u�r�e�s� �1�6�,� �1�8�,� �2�0�,� �2�2�,� �a�n�d� �2�4�.� �T�h�e� 

�r�e�s�u�l�t�s� �f�r�o�m� �b�o�t�h� �s�e�a�s�o�n�s� �c�l�e�a�r�l�y� �s�h�o�w�e�d� �t�h�a�t� �t�h�e� �a�s�s�u�m�p�t�i�o�n� �t�h�a�t� �e�n�d� �e�f�f�e�c�t�s� �c�o�u�l�d� �b�e� �n�e�g�l�e�c�t�e�d� 

�w�a�s� �i�n�c�o�r�r�e�c�t� �i�n� �t�h�i�s� �s�i�t�u�a�t�i�o�n�,� �a�s� �t�h�e� �l�i�n�e�a�r� �m�o�d�e�l� �w�i�t�h� �e�n�d� �e�n�t�r�a�i�n�m�e�n�t� �c�o�n�s�i�d�e�r�e�d� �p�e�r�f�o�r�m�e�d� 
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�m�o�d�e�l� �r�e�v�e�a�l�s� �v�e�r�y� �s�i�m�i�l�a�r� �p�e�r�f�o�r�m�a�n�c�e� �o�f� �t�h�e� �t�w�o� �m�o�d�e�l�s�.� �S�i�n�c�e� �a� �c�o�m�p�a�r�i�s�o�n� �o�f� �t�h�e� �r�e�v�i�s�e�d� 

�c�i�r�c�u�l�a�r� �m�o�d�e�l� �w�i�t�h� �W�u�e�s�t� �e�f� �a�/�. ��s� �d�a�t�a� �d�e�m�o�n�s�t�r�a�t�e�d� �t�h�a�t� �t�h�e� �r�e�v�i�s�e�d� �m�o�d�e�l� �p�e�r�f�o�r�m�e�d� �w�e�l�l�,� �t�h�e� 

�s�i�m�i�l�a�r�i�t�y� �o�f� �t�h�e� �l�i�n�e�a�r� �m�o�d�e�l� �t�o� �t�h�e� �r�e�v�i�s�e�d� �m�o�d�e�l� �i�m�p�l�i�e�d� �t�h�a�t� �i�t� �t�o�o� �w�a�s� �p�e�r�f�o�r�m�i�n�g� �a�s� �e�x�p�e�c�t�e�d�.� 

�F�o�r� �t�h�e� �J�u�l�y� �c�o�n�d�i�t�i�o�n�s�,� �F�i�g�u�r�e� �2�3� �s�h�o�w�s� �t�h�a�t� �t�h�e� �a�m�b�i�e�n�t� �d�e�n�s�i�t�i�e�s� �a�r�e� �i�d�e�n�t�i�c�a�l� �f�o�r� �t�h�e� 

�t�w�o� �m�o�d�e�l�s�.� �T�h�i�s� �w�a�s� �e�x�p�e�c�t�e�d� �s�i�n�c�e� �t�h�e� �s�a�m�e� �d�e�n�s�i�t�y� �e�q�u�a�t�i�o�n�,� �t�e�m�p�e�r�a�t�u�r�e� �p�r�o�f�i�l�e�,� �a�n�d� �d�i�s�s�o�l�v�e�d� 

�s�o�l�i�d�s� �p�r�o�f�i�l�e� �w�e�r�e� �u�s�e�d� �i�n� �t�e�s�t�i�n�g� �b�o�t�h� �m�o�d�e�l�s�.� �S�l�i�g�h�t� �d�i�f�f�e�r�e�n�c�e�s� �c�a�n� �b�e� �s�e�e�n� �i�n� �p�l�u�m�e� �d�e�n�s�i�t�y�,� �b�u�t� 

�t�h�e�s�e� �d�i�f�f�e�r�e�n�c�e�s� �a�r�e� �r�e�s�t�r�i�c�t�e�d� �t�o� �t�h�e� �b�o�t�t�o�m� �1�0� �m�e�t�e�r�s� �o�f� �t�h�e� �p�l�u�m�e�.� 

�T�h�e� �p�r�e�d�i�c�t�e�d� �p�l�u�m�e� �v�e�l�o�c�i�t�i�e�s� �f�o�r� �J�u�l�y� �a�r�e� �s�i�m�i�l�a�r� �i�n� �t�h�e� �l�i�n�e�a�r� �a�n�d� �t�h�e� �r�e�v�i�s�e�d� �c�i�r�c�u�l�a�r� 

�m�o�d�e�l�s� �(�F�i�g�u�r�e� �1�5�)�.� �T�h�e� �l�i�n�e�a�r� �m�o�d�e�l� �v�e�l�o�c�i�t�y� �i�s� �a�p�p�r�o�x�i�m�a�t�e�l�y� �0�.�0�2�5� �m�/�s� �f�a�s�t�e�r� �t�h�a�n� �t�h�e� �r�e�v�i�s�e�d� 

�c�i�r�c�u�l�a�r� �m�o�d�e�l� �a�t� �t�h�e� �b�o�t�t�o�m� �o�f� �t�h�e� �p�l�u�m�e�.� �H�o�w�e�v�e�r�,� �t�h�e� �l�i�n�e�a�r� �v�e�l�o�c�i�t�y� �s�l�o�w�s� �m�o�r�e� �q�u�i�c�k�l�y� �t�h�a�n� 

�t�h�e� �c�i�r�c�u�l�a�r� �v�e�l�o�c�i�t�y� �a�n�d� �t�h�e�r�e�f�o�r�e� �t�h�e� �l�i�n�e�a�r� �m�o�d�e�l� �p�r�e�d�i�c�t�s� �a� �m�a�x�i�m�u�m� �p�l�u�m�e� �r�i�s�e� �o�f� 

�a�p�p�r�o�x�i�m�a�t�e�l�y� �5� �m�e�t�e�r�s� �l�e�s�s� �t�h�a�n� �i�s� �p�r�e�d�i�c�t�e�d� �b�y� �t�h�e� �r�e�v�i�s�e�d� �c�i�r�c�u�l�a�r� �m�o�d�e�l�.� 

�W�h�i�l�e� �t�h�e� �b�u�b�b�l�e� �r�a�d�i�i� �p�r�e�d�i�c�t�e�d� �b�y� �t�h�e� �t�w�o� �m�o�d�e�l�s� �f�o�r� �J�u�l�y� �a�r�e� �p�r�a�c�t�i�c�a�l�l�y� �i�d�e�n�t�i�c�a�l� 

�(�F�i�g�u�r�e� �1�9�)�,� �t�h�e� �p�l�u�m�e� �t�e�m�p�e�r�a�t�u�r�e�s� �s�h�o�w� �s�i�g�n�i�f�i�c�a�n�t� �d�i�f�f�e�r�e�n�c�e�s�.� �T�h�e� �l�i�n�e�a�r� �p�l�u�m�e� �t�e�m�p�e�r�a�t�u�r�e� �a�t� 

�a�n�y� �g�i�v�e�n� �h�e�i�g�h�t� �a�b�o�v�e� �5� �m�e�t�e�r�s� �i�s� �c�o�l�d�e�r� �t�h�a�n� �p�r�e�d�i�c�t�e�d� �b�y� �t�h�e� �r�e�v�i�s�e�d� �c�i�r�c�u�l�a�r� �p�l�u�m�e�,� �a�n�d� �t�h�e� 

�d�i�f�f�e�r�e�n�c�e� �b�e�c�o�m�e�s� �m�o�r�e� �p�r�o�n�o�u�n�c�e�d� �a�s� �t�h�e� �p�l�u�m�e� �r�i�s�e�s�.� �(�S�e�e� �F�i�g�u�r�e� �2�1�.�)� �H�o�w�e�v�e�r�,� �t�h�e� �d�i�f�f�e�r�e�n�c�e� 

�c�a�n� �b�e� �e�x�p�l�a�i�n�e�d�.� �A�s� �t�h�e� �p�l�u�m�e� �r�i�s�e�s�,� �i�t� �f�l�o�w�s� �t�h�r�o�u�g�h� �w�a�r�m�e�r� �a�n�d� �w�a�r�m�e�r� �a�m�b�i�e�n�t� �w�a�t�e�r�.� �A�s� �i�t� 

�e�n�t�r�a�m�s� �t�h�i�s� �w�a�r�m�e�r� �w�a�t�e�r�,� �t�h�e� �p�l�u�m�e� �i�t�s�e�l�f� �b�e�c�o�m�e�s� �w�a�r�m�e�r�.� �D�u�e� �t�o� �t�h�e� �s�h�a�p�e� �o�f� �t�h�e� �c�i�r�c�u�l�a�r� 

�p�l�u�m�e� �c�o�m�p�a�r�e�d� �t�o� �t�h�e� �l�i�n�e�a�r� �p�l�u�m�e� �(�w�h�i�c�h� �i�s� �i�n� �t�h�i�s� �c�a�s�e� �a� �s�q�u�a�r�e�)�,� �t�h�e� �c�i�r�c�u�l�a�r� �p�l�u�m�e� �h�a�s� �l�e�s�s� 

 ��p�l�u�m�e� �s�u�r�f�a�c�e� �a�r�e�a �� �w�i�t�h� �w�h�i�c�h� �t�o� �e�n�t�r�a�i�n� �w�a�t�e�r�.� �S�i�n�c�e� �e�n�t�r�a�i�n�m�e�n�t� �i�s� �p�r�o�p�o�r�t�i�o�n�a�l� �t�o� �t�h�e� �d�i�s�t�a�n�c�e� 

�a�r�o�u�n�d� �t�h�e� �p�l�u�m�e� �a�n�d� �t�h�e� �p�e�r�i�m�e�t�e�r� �o�f� �a� �s�q�u�a�r�e� �i�s� �l�a�r�g�e�r� �t�h�a�n� �t�h�e� �c�i�r�c�u�m�f�e�r�e�n�c�e� �o�f� �a� �c�i�r�c�l�e� �w�i�t�h� �t�h�e� 

�s�a�m�e� �a�r�e�a�,� �t�h�e� �p�l�u�m�e� �m�o�d�e�l�e�d� �a�s� �a� �s�q�u�a�r�e� �e�n�t�r�a�i�n�s� �m�o�r�e� �w�a�t�e�r� �a�n�d� �t�h�u�s� �b�e�c�o�m�e�s� �w�a�r�m�e�r� �m�o�r�e� 
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�q�u�i�c�k�l�y�.� �(�T�h�e� �l�i�n�e�a�r� �m�o�d�e�l� �n�e�g�l�e�c�t�i�n�g� �e�n�d� �e�f�f�e�c�t�s�,� �w�h�i�c�h� �e�n�t�r�a�i�n�s� �w�a�t�e�r� �o�n� �o�n�l�y� �t�w�o� �s�i�d�e�s� �o�f� �t�h�e� 

�s�q�u�a�r�e�,� �w�a�s� �f�o�u�n�d� �t�o� �w�a�r�m� �m�o�r�e� �s�l�o�w�l�y� �t�h�a�n� �e�i�t�h�e�r� �t�h�e� �r�e�v�i�s�e�d� �c�i�r�c�u�l�a�r� �m�o�d�e�l� �o�r� �t�h�e� �l�i�n�e�a�r� �m�o�d�e�l� 

�i�n�c�l�u�d�i�n�g� �e�n�d� �e�n�t�r�a�i�n�m�e�n�t�.�)� �T�h�e� �e�n�t�r�a�i�n�m�e�n�t� �c�o�e�f�f�i�c�i�e�n�t�,� �a�,� �i�s� �s�l�i�g�h�t�l�y� �s�m�a�l�l�e�r� �f�o�r� �t�h�e� �l�i�n�e�a�r� �p�l�u�m�e� 

�m�o�d�e�l� �(�0�.�0�8�)� �t�h�a�n� �f�o�r� �t�h�e� �c�i�r�c�u�l�a�r� �p�l�u�m�e� �m�o�d�e�l� �(�0�.�1�1�)�,� �b�u�t� �t�h�i�s� �s�m�a�l�l� �d�i�f�f�e�r�e�n�c�e� �i�s� �n�o�t� �e�n�o�u�g�h� �t�o� 

�c�o�u�n�t�e�r�a�c�t� �t�h�e� �e�f�f�e�c�t� �o�f� �t�h�e� �i�n�c�r�e�a�s�e�d� �p�l�u�m�e� �s�u�r�f�a�c�e� �a�r�e�a�.� 

�A� �s�i�g�n�i�f�i�c�a�n�t� �d�i�f�f�e�r�e�n�c�e� �c�a�n� �b�e� �s�e�e�n� �i�n� �t�h�e� �J�u�l�y� �w�a�t�e�r� �v�o�l�u�m�e� �f�l�u�x� �d�a�t�a� �a�s� �w�e�l�l� �(�F�i�g�u�r�e� �1�7�)�.� 

�R�a�t�h�e�r� �t�h�a�n� �s�l�o�w�i�n�g� �w�i�t�h� �h�e�i�g�h�t� �a�s� �i�n� �t�h�e� �r�e�v�i�s�e�d� �c�i�r�c�u�l�a�r� �m�o�d�e�l�,� �t�h�e� �v�o�l�u�m�e� �f�l�u�x� �p�r�e�d�i�c�t�e�d� �b�y� �t�h�e� 

�l�i�n�e�a�r� �m�o�d�e�l� �w�i�t�h� �e�n�d� �e�n�t�r�a�i�n�m�e�n�t� �r�e�m�a�i�n�s� �c�o�n�s�t�a�n�t� �w�i�t�h� �h�e�i�g�h�t�.� �T�h�e� �l�m�e�a�r� �v�o�l�u�m�e� �f�l�u�x� �i�s� �l�a�r�g�e�r� 

�t�h�a�n� �t�h�e� �r�e�v�i�s�e�d� �c�i�r�c�u�l�a�r� �v�o�l�u�m�e� �f�l�u�x� �i�n� �a�p�p�r�o�x�i�m�a�t�e�l�y� �t�h�e� �b�o�t�t�o�m� �t�w�o�-�t�h�i�r�d�s� �o�f� �t�h�e� �p�l�u�m�e� �b�u�t� 

�b�e�c�o�m�e�s� �s�m�a�l�l�e�r� �n�e�a�r� �t�h�e� �t�o�p�.� �T�h�i�s� �i�s� �a� �r�e�s�u�l�t� �o�f� �t�h�e� �a�s�s�u�m�p�t�i�o�n�s� �t�h�a�t� �L�,� �t�h�e� �p�l�u�m�e� �l�e�n�g�t�h�,� �i�s� 

�c�o�n�s�t�a�n�t�,� �a�n�d� �t�h�a�t� �t�h�e� �e�n�t�r�a�i�n�m�e�n�t� �i�s� �p�r�o�p�o�r�t�i�o�n�a�l� �t�o� �L�.� �I�n�i�t�i�a�l�l�y�,� �t�h�e� �l�a�r�g�e�r� �s�u�r�f�a�c�e� �a�r�e�a� �o�f� �t�h�e� 

�l�i�n�e�a�r� �p�l�u�m�e� �c�o�m�p�a�r�e�d� �t�o� �t�h�e� �c�i�r�c�u�l�a�r� �p�l�u�m�e� �a�l�l�o�w�s� �t�h�e� �l�i�n�e�a�r� �p�l�u�m�e� �t�o� �e�n�t�r�a�i�n� �m�o�r�e� �w�a�t�e�r�.� 

�T�h�e�r�e�f�o�r�e�,� �i�n�i�t�i�a�l�l�y� �t�h�e� �l�i�n�e�a�r� �p�l�u�m�e� �h�a�s� �a� �h�i�g�h�e�r� �f�l�o�w�r�a�t�e� �t�h�a�n� �t�h�e� �c�i�r�c�u�l�a�r� �p�l�u�m�e�.� �H�o�w�e�v�e�r�,� �a�s� �t�h�e� 

�p�l�u�m�e� �r�i�s�e�s�,� �t�h�e� �w�i�d�t�h� �a�l�o�n�e� �i�n�c�r�e�a�s�e�s�.� �E�v�e�n�t�u�a�l�l�y�,� �t�h�e� �s�u�r�f�a�c�e� �a�r�e�a� �o�f� �t�h�e� �s�q�u�a�r�e� �p�l�u�m�e� �w�i�t�h� �t�h�e� 

�l�e�n�g�t�h� �o�f� �t�w�o� �s�i�d�e�s� �h�e�l�d� �c�o�n�s�t�a�n�t� �i�s� �s�u�r�p�a�s�s�e�d� �b�y� �t�h�e� �s�u�r�f�a�c�e� �a�r�e�a� �o�f� �t�h�e� �r�o�u�n�d� �p�l�u�m�e� �w�i�t�h� �a�n� 

�m�c�r�e�a�s�i�n�g� �r�a�d�i�u�s�,� �a�n�d� �a�s� �a� �r�e�s�u�l�t� �a� �s�m�a�l�l�e�r� �v�o�l�u�m�e� �o�f� �w�a�t�e�r� �f�l�o�w�s� �i�n� �t�h�e� �l�i�n�e�a�r� �p�l�u�m�e� �t�h�a�n� �i�n� �t�h�e� 

�c�i�r�c�u�l�a�r� �p�l�u�m�e� �p�e�r� �u�n�i�t� �t�i�m�e�.� 

�S�i�m�i�l�a�r� �t�r�e�n�d�s� �a�r�e� �s�e�e�n� �i�n� �t�h�e� �N�o�v�e�m�b�e�r� �d�a�t�a�.� �A�g�a�i�n�,� �t�h�e� �a�m�b�i�e�n�t� �d�e�n�s�i�t�i�e�s� �f�o�r� �t�h�e� �l�i�n�e�a�r� 

�a�n�d� �r�e�v�i�s�e�d� �c�i�r�c�u�l�a�r� �p�l�u�m�e� �m�o�d�e�l�s� �a�r�e� �i�d�e�n�t�i�c�a�l� �a�n�d� �t�h�e�r�e�f�o�r�e� �n�o�t� �s�h�o�w�n� �i�n� �F�i�g�u�r�e� �2�4�,� �w�h�i�c�h� �s�h�o�w�s� 

�t�h�e� �p�r�e�d�i�c�t�e�d� �p�l�u�m�e� �d�e�n�s�i�t�i�e�s�.� �T�h�e� �l�i�n�e�a�r� �p�l�u�m�e� �d�e�n�s�i�t�y� �f�o�l�l�o�w�s� �t�h�e� �s�a�m�e� �g�e�n�e�r�a�l� �t�r�e�n�d� �a�s� �t�h�e� 

�c�i�r�c�u�l�a�r� �p�l�u�m�e� �d�e�n�s�i�t�y� �b�u�t� �s�h�o�w�s� �s�i�g�n�i�f�i�c�a�n�t� �d�i�f�f�e�r�e�n�c�e�,� �e�s�p�e�c�i�a�l�l�y� �t�o�w�a�r�d�s� �t�h�e� �b�o�t�t�o�m� �o�f� �t�h�e� 

�p�l�u�m�e�.� 
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�T�h�e� �p�r�e�d�i�c�t�e�d� �N�o�v�e�m�b�e�r� �v�e�l�o�c�i�t�i�e�s� �(�F�i�g�u�r�e� �1�6�)� �s�h�o�w� �t�h�e� �s�a�m�e� �p�a�t�t�e�r�n� �a�s� �t�h�e� �J�u�l�y� �p�l�u�m�e� 

�v�e�l�o�c�i�t�i�e�s�.� �T�h�e� �l�i�n�e�a�r� �p�l�u�m�e� �w�i�t�h� �e�n�d� �e�n�t�r�a�i�n�m�e�n�t� �c�o�n�s�i�d�e�r�e�d� �h�a�s� �a� �h�i�g�h�e�r� �m�i�t�i�a�l� �v�e�l�o�c�i�t�y� �t�h�a�n� �t�h�e� 

�r�e�v�i�s�e�d� �c�i�r�c�u�l�a�r� �p�l�u�m�e�.� �H�o�w�e�v�e�r�,� �i�t�s� �s�p�e�e�d� �d�i�m�i�n�i�s�h�e�s� �m�o�r�e� �q�u�i�c�k�l�y� �t�h�a�n� �t�h�e� �c�i�r�c�u�l�a�r� �p�l�u�m�e� �a�s� �i�t� 

�r�i�s�e�s� �a�n�d� �p�r�e�d�i�c�t�s� �t�h�a�t� �t�h�e� �p�l�u�m�e� �w�i�l�l� �r�i�s�e� �a�p�p�r�o�x�i�m�a�t�e�l�y� �6� �t�o� �7� �m�e�t�e�r�s� �l�e�s�s� �t�h�a�n� �p�r�e�d�i�c�t�e�d� �b�y� �t�h�e� 

�r�e�v�i�s�e�d� �c�i�r�c�u�l�a�r� �m�o�d�e�l�.� �T�h�e� �b�u�b�b�l�e� �r�a�d�i�i� �p�r�e�d�i�c�t�e�d� �b�y� �t�h�e� �l�i�n�e�a�r� �m�o�d�e�l� �(�F�i�g�u�r�e� �2�0�)� �a�r�e� �v�i�r�t�u�a�l�l�y� 

�i�d�e�n�t�i�c�a�l� �t�o� �t�h�o�s�e� �p�r�e�d�i�c�t�e�d� �b�y� �t�h�e� �r�e�v�i�s�e�d� �c�i�r�c�u�l�a�r� �m�o�d�e�l�.� 

�A�s� �i�n� �t�h�e� �J�u�l�y� �c�o�n�d�i�t�i�o�n�s�,� �t�h�e� �l�i�n�e�a�r� �m�o�d�e�l� �w�i�t�h� �e�n�d� �e�n�t�r�a�i�n�m�e�n�t� �i�n� �N�o�v�e�m�b�e�r� �s�t�a�r�t�s� �a�t� �t�h�e� 

�s�a�m�e� �p�l�u�m�e� �t�e�m�p�e�r�a�t�u�r�e� �a�s� �t�h�e� �r�e�v�i�s�e�d� �c�i�r�c�u�l�a�r� �p�l�u�m�e� �b�u�t� �w�a�r�m�s� �m�o�r�e� �q�u�i�c�k�l�y� �a�s� �i�t� �r�i�s�e�s�.� �(�S�e�e� 

�F�i�g�u�r�e� �2�2�.�)� �T�h�i�s� �i�s� �d�u�e� �t�o� �e�n�t�r�a�i�n�m�e�n�t� �a�s� �e�x�p�l�a�i�n�e�d� �p�r�e�v�i�o�u�s�l�y�.� 

�T�h�e� �N�o�v�e�m�b�e�r� �w�a�t�e�r� �v�o�l�u�m�e� �f�l�u�x� �(�F�i�g�u�r�e� �1�8�)� �f�o�l�l�o�w�s� �t�h�e� �s�a�m�e� �t�r�e�n�d� �a�s� �t�h�e� �J�u�l�y� �w�a�t�e�r� 

�v�o�l�u�m�e� �f�l�u�x�.� �A�t� �t�h�e� �b�o�t�t�o�m� �o�f� �t�h�e� �s�q�u�a�r�e� �s�h�a�p�e�d� �l�i�n�e�a�r� �p�l�u�m�e� �a� �g�r�e�a�t�e�r� �w�a�t�e�r� �v�o�l�u�m�e� �f�l�u�x� �o�c�c�u�r�s� 

�b�e�c�a�u�s�e� �i�t� �e�n�t�r�a�i�n�s� �m�o�r�e� �w�a�t�e�r� �t�h�a�n� �t�h�e� �c�i�r�c�u�l�a�r� �p�l�u�m�e�.� �H�o�w�e�v�e�r�,� �s�i�n�c�e� �t�h�e� �p�l�u�m�e� �l�e�n�g�t�h� �i�s� 

�a�s�s�u�m�e�d� �c�o�n�s�t�a�n�t�,� �t�h�e� �v�o�l�u�m�e� �o�f� �w�a�t�e�r� �t�r�a�n�s�p�o�r�t�e�d� �p�e�r� �u�n�i�t� �t�i�m�e� �d�e�c�r�e�a�s�e�s� �r�e�l�a�t�i�v�e� �t�o� �t�h�e� �r�e�v�i�s�e�d� 

�c�i�r�c�u�l�a�r� �p�l�u�m�e� �m�o�d�e�l� �u�n�t�i�l� �t�h�e� �l�i�n�e�a�r� �v�o�l�u�m�e� �f�l�u�x� �i�s� �l�e�s�s� �t�h�a�n� �t�h�e� �c�i�r�c�u�l�a�r� �w�a�t�e�r� �v�o�l�u�m�e� �f�l�u�x�.� 

�T�e�s�t�i�n�g� �E�n�d� �E�n�t�r�a�i�n�m�e�n�t� �A�s�s�u�m�p�t�i�o�n� �u�n�d�e�r� �S�i�m�u�l�a�t�e�d� �F�u�l�l� �S�c�a�l�e� �C�o�n�d�i�t�i�o�n�s�.� 

�T�h�e� �l�i�n�e�a�r� �m�o�d�e�l� �w�a�s� �n�e�x�t� �r�u�n� �u�n�d�e�r� �t�h�e� �c�o�n�d�i�t�i�o�n�s� �i�n� �t�h�e� �W�u�e�s�t� �e�f� �a�/�.� �p�a�p�e�r� �f�o�r� �a� �d�i�f�f�u�s�e�r� 

�s�i�m�i�l�a�r� �t�o� �t�h�a�t� �d�e�s�i�g�n�e�d� �b�y� �T�V�A� �(�M�o�b�l�e�y� �a�n�d� �B�r�o�c�k�,� �1�9�9�6�)� �t�o� �t�e�s�t� �t�h�e� �a�s�s�u�m�p�t�i�o�n� �t�h�a�t� �e�n�d� 

�e�n�t�r�a�i�n�m�e�n�t� �c�o�u�l�d� �b�e� �n�e�g�l�e�c�t�e�d� �w�h�e�n� �t�h�e� �m�o�d�e�l� �w�a�s� �i�m�p�l�e�m�e�n�t�e�d� �f�o�r� �a� �l�i�n�e�a�r� �s�o�u�r�c�e�.� �T�h�e� �d�i�f�f�u�s�e�r� 

�u�n�i�t� �m�o�d�e�l�e�d� �w�a�s� �1�0�0� �m�e�t�e�r�s� �l�o�n�g� �a�n�d� �0�.�2�5� �m�e�t�e�r�s� �w�i�d�e�.� �O�t�h�e�r� �i�m�i�t�i�a�l� �c�o�n�d�i�t�i�o�n�s�,� �s�u�c�h� �a�s� �g�a�s� 

�i�n�p�u�t� �r�a�t�e� �a�n�d� �i�n�i�t�i�a�l� �b�u�b�b�l�e� �s�i�z�e�,� �w�e�r�e� �a�s� �g�i�v�e�n� �i�n� �t�h�e� �W�u�e�s�t� �e�¢� �a�l�.� �p�a�p�e�r� �(�T�a�b�l�e� �5�)�.� 

�T�h�e� �o�n�l�y� �n�o�t�a�b�l�e� �d�i�f�f�e�r�e�n�c�e�s� �i�n� �t�h�e� �m�o�d�e�l ��s� �p�r�e�d�i�c�t�i�o�n�s� �w�i�t�h� �a�n�d� �w�i�t�h�o�u�t� �e�n�d� �e�n�t�r�a�i�n�m�e�n�t� 

�w�e�r�e� �i�n� �t�h�e� �p�l�u�m�e� �v�e�l�o�c�i�t�y�,� �w�a�t�e�r� �v�o�l�u�m�e� �f�l�u�x�,� �a�n�d� �p�l�u�m�e� �w�i�d�t�h� �p�r�e�d�i�c�t�i�o�n�s�.� �T�h�e� �m�o�s�t� �s�t�r�i�k�i�n�g� 
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�d�i�f�f�e�r�e�n�c�e� �b�e�t�w�e�e�n� �t�h�e� �t�w�o� �v�e�r�s�i�o�n�s� �o�f� �t�h�e� �l�m�e�a�r� �m�o�d�e�l� �w�a�s� �s�e�e�n� �i�n� �t�h�e� �p�l�u�m�e� �w�i�d�t�h� �c�a�l�c�u�l�a�t�i�o�n�s�.� 

�F�o�r� �b�o�t�h� �s�e�a�s�o�n�s�,� �t�h�e� �t�w�o� �v�e�r�s�i�o�n�s� �p�r�e�d�i�c�t�e�d� �v�e�r�y� �s�i�m�i�l�a�r� �p�l�u�m�e� �w�i�d�t�h�s� �t�h�r�o�u�g�h�o�u�t� �m�o�s�t� �o�f� �t�h�e� 

�h�e�i�g�h�t� �o�f� �t�h�e� �p�l�u�m�e�.� �N�e�a�r� �t�h�e� �t�o�p� �o�f� �t�h�e� �p�l�u�m�e�,� �t�h�e� �m�o�d�e�l� �t�h�a�t� �i�n�c�l�u�d�e�d� �e�n�d� �e�n�t�r�a�m�m�e�n�t� �b�e�g�a�n� �t�o� 

�p�r�e�d�i�c�t� �s�l�i�g�h�t�l�y� �l�a�r�g�e�r� �p�l�u�m�e� �w�i�d�t�h�s� �t�h�a�t� �t�h�e� �m�o�d�e�l� �t�h�a�t� �d�i�d� �n�o�t� �i�n�c�l�u�d�e� �e�n�d� �e�n�t�r�a�m�m�e�n�t�.� �H�o�w�e�v�e�r�,� 

�a�t� �t�h�e� �h�e�i�g�h�t� �o�f� �m�a�x�i�m�u�m� �p�l�u�m�e� �r�i�s�e� �f�o�r� �b�o�t�h� �J�u�l�y� �a�n�d� �N�o�v�e�m�b�e�r�,� �t�h�e� �v�e�r�s�i�o�n� �i�n� �w�h�i�c�h� �e�n�d� 

�e�n�t�r�a�m�m�e�n�t� �w�a�s� �c�o�n�s�i�d�e�r�e�d� �p�r�e�d�i�c�t�e�d� �a� �m�u�c�h� �l�a�r�g�e�r� �v�a�l�u�e� �f�o�r� �t�h�e� �p�l�u�m�e� �w�i�d�t�h� �w�h�i�c�h� �s�h�o�u�l�d� �n�o�t� 

�o�c�c�u�r� �i�n� �t�h�e� �z�o�n�e� �o�f� �e�s�t�a�b�l�i�s�h�e�d� �f�l�o�w� �b�a�s�e�d� �o�n� �t�h�e� �r�e�s�u�l�t�s� �o�f� �p�r�e�v�i�o�u�s� �s�t�u�d�i�e�s�.� �T�h�i�s� �d�r�a�m�a�t�i�c� 

�i�n�c�r�e�a�s�e� �i�n� �p�r�e�d�i�c�t�e�d� �p�l�u�m�e� �w�i�d�t�h� �a�t� �t�h�e� �t�o�p� �o�f� �t�h�e� �p�l�u�m�e� �i�m�p�l�i�e�s� �t�h�a�t� �t�h�e� �m�o�d�e�l� �i�n�c�l�u�d�i�n�g� �t�h�e� 

�e�f�f�e�c�t�s� �o�f� �e�n�d� �e�n�t�r�a�i�n�m�e�n�t� �m�a�y� �n�o�t� �b�e� �a�s� �r�e�l�i�a�b�l�e� �a�s� �t�h�e� �m�o�d�e�l� �n�e�g�l�e�c�t�i�n�g� �t�h�e� �e�n�d� �e�f�f�e�c�t�s� �f�o�r� �f�u�l�l� 

�s�c�a�l�e� �a�p�p�l�i�c�a�t�i�o�n�s� �w�h�e�n� �t�h�e� �s�o�u�r�c�e� �i�s� �l�i�n�e�a�r� �r�a�t�h�e�r� �t�h�a�n� �s�q�u�a�r�e� �a�s� �i�m� �t�h�e� �p�r�e�v�i�o�u�s� �c�a�s�e�.� 

�O�t�h�e�r� �t�h�a�n� �t�h�e� �p�l�u�m�e� �w�i�d�t�h� �p�r�e�d�i�c�t�i�o�n�s�,� �b�o�t�h� �v�e�r�s�i�o�n�s� �o�f� �t�h�e� �l�i�n�e�a�r� �m�o�d�e�l� �a�p�p�e�a�r�e�d� �t�o� �m�a�k�e� 

�r�e�a�s�o�n�a�b�l�e� �p�r�e�d�i�c�t�i�o�n�s�.� �T�h�e� �v�a�r�i�a�b�l�e�s� �f�o�l�l�o�w�e�d� �t�h�e� �t�r�e�n�d�s� �o�f� �t�h�e� �c�i�r�c�u�l�a�r� �p�l�u�m�e� �m�o�d�e�l� �a�n�d� 

�t�h�e�r�e�f�o�r�e� �s�e�e�m�e�d� �t�o� �b�e� �p�e�r�f�o�r�m�i�n�g� �w�e�l�l�.� �F�o�r� �a�p�p�l�i�c�a�t�i�o�n�s� �i�n� �w�h�i�c�h� �t�h�e� �m�o�d�e�l� �i�s� �r�u�n� �a�s� �i�t� �w�a�s� 

�d�e�s�i�g�n�e�d�,� �t�h�e� �b�e�s�t� �r�e�s�u�l�t�s� �w�e�r�e� �o�b�t�a�i�n�e�d� �w�h�e�n� �e�n�d� �e�f�f�e�c�t�s� �w�e�r�e� �n�e�g�l�e�c�t�e�d�.� �I�f� �t�h�e� �s�h�a�p�e� �o�f� �t�h�e� �l�i�n�e�a�r� 

�m�o�d�e�l� �s�o�u�r�c�e� �i�s� �m�o�d�i�f�i�e�d� �t�o� �a� �s�q�u�a�r�e� �s�h�a�p�e�,� �e�n�d� �e�n�t�r�a�i�n�m�e�n�t� �m�u�s�t� �b�e� �c�o�n�s�i�d�e�r�e�d� �t�o� �o�b�t�a�i�n� �a�c�c�u�r�a�t�e� 

�p�r�e�d�i�c�t�i�o�n�s�,� �a�n�d�,� �i�n� �f�a�c�t�,� �i�t� �m�a�y� �n�o�t� �b�e� �a�d�v�i�s�a�b�l�e� �t�o� �r�u�n� �t�h�e� �l�i�n�e�a�r� �m�o�d�e�l� �f�o�r� �c�o�n�f�i�g�u�r�a�t�i�o�n�s� �o�t�h�e�r� 

�t�h�a�n� �t�h�a�t� �f�o�r� �w�h�i�c�h� �i�t� �w�a�s� �d�e�v�e�l�o�p�e�d�.� �A� �s�q�u�a�r�e� �s�o�u�r�c�e� �c�o�u�l�d� �p�e�r�h�a�p�s� �b�e� �b�e�t�t�e�r� �s�i�m�u�l�a�t�e�d� �b�y� �t�h�e� 

�r�e�v�i�s�e�d� �c�i�r�c�u�l�a�r� �m�o�d�e�l�.� 

�L�i�n�e�a�r� �P�l�u�m�e� �M�o�d�e�l� �v�s�.� �P�r�o�v�o�s�t ��s� �(�1�9�7�3�)� �V�e�l�o�c�i�t�y� �D�a�t�a�.� 

�T�h�e� �l�i�n�e�a�r� �m�o�d�e�l� �w�a�s� �c�o�m�p�a�r�e�d� �t�o� �v�e�r�t�i�c�a�l� �p�l�u�m�e� �v�e�l�o�c�i�t�y� �d�a�t�a� �c�o�l�l�e�c�t�e�d� �b�y� �P�r�o�v�o�s�t� 

�(�1�9�7�3�)�.� �T�h�e� �m�o�d�e�l� �w�a�s� �r�u�n� �u�n�d�e�r� �t�w�o� �s�e�t�s� �o�f� �c�o�n�d�i�t�i�o�n�s� �f�o�r� �w�h�i�c�h� �P�r�o�v�o�s�t� �c�o�l�l�e�c�t�e�d� �d�a�t�a�.� �I�n� �t�h�e� 

�f�i�r�s�t�,� �t�h�e� �a�i�r� �f�l�o�w�r�a�t�e� �w�a�s� �v�a�r�i�e�d� �a�n�d� �t�h�e� �v�e�l�o�c�i�t�y� �w�a�s� �m�e�a�s�u�r�e�d� �a�t� �o�n�e� �h�e�i�g�h�t� �a�b�o�v�e� �t�h�e� �d�i�f�f�u�s�e�r�.� �I�n� 
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�t�h�e� �s�e�c�o�n�d�,� �t�h�e� �a�i�r� �f�l�o�w�r�a�t�e� �w�a�s� �k�e�p�t� �c�o�n�s�t�a�n�t� �a�n�d� �t�h�e� �d�e�p�t�h� �o�f� �t�h�e� �w�a�t�e�r� �i�n� �t�h�e� �t�a�n�k� �w�a�s� �v�a�r�i�e�d�.� �I�n� 

�t�h�e� �s�e�c�o�n�d� �s�i�t�u�a�t�i�o�n�,� �v�e�l�o�c�i�t�y� �w�a�s� �m�e�a�s�u�r�e�d� �a�t� �f�o�u�r� �h�e�i�g�h�t�s� �a�b�o�v�e� �t�h�e� �d�i�f�f�u�s�e�r�.� �S�i�n�c�e� �P�r�o�v�o�s�t ��s� 

�e�x�p�e�r�i�m�e�n�t�s� �w�e�r�e� �s�e�t� �u�p� �a�s� �l�i�n�e� �s�o�u�r�c�e�s� �i�n� �a� �l�a�b�o�r�a�t�o�r�y� �t�a�n�k� �o�f� �w�a�t�e�r�,� �t�h�e� �l�i�n�e�a�r� �p�l�u�m�e� �m�o�d�e�l� �w�a�s� 

�r�u�n� �w�i�t�h� �t�h�e� �a�s�s�u�m�p�t�i�o�n� �t�h�a�t� �e�n�d� �e�n�t�r�a�m�m�e�n�t� �w�a�s� �n�e�g�l�i�g�i�b�l�e�.� 

�T�h�e� �w�a�t�e�r� �t�e�m�p�e�r�a�t�u�r�e� �w�a�s� �p�r�o�v�i�d�e�d� �i�n� �t�h�e� �t�h�e�s�i�s�;� �h�o�w�e�v�e�r�,� �t�h�e� �d�i�s�s�o�l�v�e�d� �o�x�y�g�e�n�,� 

�d�i�s�s�o�l�v�e�d� �n�i�t�r�o�g�e�n�,� �a�n�d� �d�i�s�s�o�l�v�e�d� �s�o�l�i�d�s� �c�o�n�c�e�n�t�r�a�t�i�o�n�s� �i�n� �t�h�e� �w�a�t�e�r� �w�e�r�e� �n�o�t� �g�i�v�e�n�.� �T�h�e�r�e�f�o�r�e�,� �t�h�e� 

�s�a�t�u�r�a�t�i�o�n� �v�a�l�u�e�s� �f�o�r� �o�x�y�g�e�n� �a�n�d� �n�i�t�r�o�g�e�n� �i�n� �2�0�°� �C� �w�a�t�e�r� �w�e�r�e� �u�s�e�d� �a�s� �e�s�t�i�m�a�t�e�s�.� �A�n� �a�p�p�r�o�p�r�i�a�t�e� 

�v�a�l�u�e� �f�o�r� �t�h�e� �t�o�t�a�l� �d�i�s�s�o�l�v�e�d� �s�o�l�i�d�s� �c�o�n�c�e�n�t�r�a�t�i�o�n� �w�a�s� �n�o�t� �a�s� �a�p�p�a�r�e�n�t�.� �A�n� �a�v�e�r�a�g�e� �r�e�s�e�r�v�o�i�r� �t�o�t�a�l� 

�d�i�s�s�o�l�v�e�d� �s�o�l�i�d�s� �c�o�n�c�e�n�t�r�a�t�i�o�n� �w�a�s� �e�s�t�i�m�a�t�e�d� �t�o� �b�e� �a�p�p�r�o�x�i�m�a�t�e�l�y� �0�.�2�0� �m�g�/�g� �(�S�n�o�e�y�i�n�k� �a�n�d� 

�J�e�n�k�i�n�s�,� �1�9�8�0�)�.� �T�h�e�r�e�f�o�r�e�,� �t�h�e� �s�a�l�i�n�i�t�y� �i�n� �t�h�e� �t�a�p� �w�a�t�e�r� �u�s�e�d� �b�y� �P�r�o�v�o�s�t� �w�a�s� �v�a�r�i�e�d� �f�r�o�m� �0�.�0� �t�o� 

�0�.�4�0� �m�g�/�g� �i�n� �t�h�e� �m�o�d�e�l� �t�o� �d�e�t�e�r�m�i�n�e� �t�h�e� �e�f�f�e�c�t� �o�f� �d�i�s�s�o�l�v�e�d� �s�o�l�i�d�s� �c�o�n�c�e�n�t�r�a�t�i�o�n� �o�n� �v�e�l�o�c�i�t�y�.� 

�A�l�t�e�r�i�n�g� �t�h�e� �s�a�l�i�n�i�t�y� �t�h�r�o�u�g�h� �t�h�i�s� �r�a�n�g�e� �i�n� �0�.�1�0� �m�g�/�g� �i�n�c�r�e�m�e�n�t�s� �h�a�d� �n�o� �e�f�f�e�c�t� �o�n� �t�h�e� �p�l�u�m�e� �v�e�l�o�c�i�t�y� 

�f�o�r� �a�n� �a�i�r� �f�l�o�w�r�a�t�e� �o�f� �0�.�0�0�0�5�2� �N�m ��/�s�.� �T�h�e�r�e�f�o�r�e�,� �a�l�l� �s�u�b�s�e�q�u�e�n�t� �c�a�l�c�u�l�a�t�i�o�n�s� �w�e�r�e� �p�e�r�f�o�r�m�e�d� �w�i�t�h� 

�t�h�e� �s�a�l�i�n�i�t�y� �a�s�s�u�m�e�d� �t�o� �b�e� �0�.�2�0� �m�g�/�g�.� �A� �s�u�m�m�a�r�y� �o�f� �t�h�e� �v�a�l�u�e�s� �u�s�e�d� �i�n� �e�x�e�c�u�t�i�n�g� �t�h�e� �l�i�n�e�a�r� �m�o�d�e�l� 

�f�o�r� �c�o�m�p�a�r�i�s�o�n� �w�i�t�h� �P�r�o�v�o�s�t ��s� �d�a�t�a� �w�a�s� �p�r�o�v�i�d�e�d� �i�n� �T�a�b�l�e� �8�.� 

�B�e�f�o�r�e� �t�h�e� �m�o�d�e�l� �c�o�u�l�d� �b�e� �u�s�e�d� �t�o� �m�a�k�e� �p�r�e�d�i�c�t�i�o�n�s�,� �a�n� �a�p�p�r�o�p�r�i�a�t�e� �n�u�m�b�e�r� �o�f� �s�t�e�p�s� �h�a�d� �t�o� 

�b�e� �d�e�t�e�r�m�i�n�e�d� �t�o� �m�i�n�i�m�i�z�e� �e�r�r�o�r� �d�u�e� �t�o� �t�h�e� �n�u�m�e�r�i�c�a�l� �s�o�l�u�t�i�o�n� �p�r�o�c�e�d�u�r�e�.� �A� �t�o�t�a�l� �o�f� �2�0�,�0�0�0� �s�t�e�p�s� 

�w�a�s� �f�o�u�n�d� �t�o� �b�e� �a�d�e�q�u�a�t�e� �a�s� �a�d�d�i�n�g� �a�d�d�i�t�i�o�n�a�l� �s�t�e�p�s� �d�i�d� �n�o�t� �c�h�a�n�g�e� �t�h�e� �o�u�t�c�o�m�e� �o�f� �t�h�e� �p�r�e�d�i�c�t�e�d� 

�v�a�l�u�e�s�.� 

�T�h�e� �r�e�s�u�l�t�s� �f�r�o�m� �t�h�e� �i�m�p�l�e�m�e�n�t�a�t�i�o�n� �o�f� �t�h�e� �m�o�d�e�l� �a�t� �d�i�f�f�e�r�e�n�t� �g�a�s� �f�l�o�w�r�a�t�e�s� �a�r�e� �s�h�o�w�n� �i�n� 

�T�a�b�l�e� �1�1�.� �T�h�e� �v�e�l�o�c�i�t�y� �m�e�a�s�u�r�e�m�e�n�t�s� �w�e�r�e� �m�a�d�e� �a�t� �0�.�1�5� �m� �a�b�o�v�e� �t�h�e� �d�i�f�f�u�s�e�r�.� �T�h�e� �l�i�n�e�a�r� �p�l�u�m�e� 

�m�o�d�e�l� �o�v�e�r�p�r�e�d�i�c�t�s� �t�h�e� �v�e�l�o�c�i�t�y� �d�a�t�a� �b�y� �o�v�e�r� �4�0� �p�e�r�c�e�n�t� �f�o�r� �a�l�l� �t�h�r�e�e� �a�i�r� �f�l�o�w�r�a�t�e�s�.� �T�h�e� �e�r�r�o�r� 

�i�n�c�r�e�a�s�e�s� �a�s� �f�l�o�w�r�a�t�e� �m�c�r�e�a�s�e�s�.� 
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�D�u�e� �t�o� �t�h�e� �p�o�s�s�i�b�i�l�i�t�y� �t�h�a�t� �t�h�e� �r�e�a�s�o�n� �f�o�r� �t�h�e� �o�v�e�r�p�r�e�d�i�c�t�i�o�n� �o�f� �t�h�e� �v�e�l�o�c�i�t�i�e�s� �w�a�s� �a� �r�e�s�u�l�t� �o�f� 

�t�h�e� �i�n�i�t�i�a�l� �v�e�l�o�c�i�t�y� �c�a�l�c�u�l�a�t�i�o�n� �u�s�i�n�g� �t�h�e� �F�r�o�u�d�e� �n�u�m�b�e�r� �f�o�r� �a� �c�i�r�c�u�l�a�r� �a�r�e�a�,� �t�h�e� �B�u�l�s�o�n� �m�e�t�h�o�d� �f�o�r� 

�p�r�e�d�i�c�t�i�n�g� �v�e�l�o�c�i�t�y� �w�a�s� �e�x�a�m�i�n�e�d�.� �U�n�f�o�r�t�u�n�a�t�e�l�y�,� �t�h�i�s� �a�p�p�r�o�a�c�h� �l�e�d� �t�o� �h�i�g�h�e�r� �p�r�e�d�i�c�t�i�o�n�s� �f�o�r� �i�n�i�t�i�a�l� 

�p�l�u�m�e� �v�e�l�o�c�i�t�y�.� �I�t� �i�s� �l�i�k�e�l�y� �t�h�a�t� �B�u�l�s�o�n ��s� �f�i�n�d�i�n�g�s� �w�e�r�e� �a�p�p�l�i�c�a�b�l�e� �o�n�l�y� �t�o� �t�h�e� �s�i�t�u�a�t�i�o�n� �i�n� �w�h�i�c�h� �h�e� 

�m�a�d�e� �h�i�s� �m�e�a�s�u�r�e�m�e�n�t�s�.� �F�o�r� �t�h�e�s�e� �r�e�a�s�o�n�s�,� �t�h�i�s� �m�e�t�h�o�d� �o�f� �c�a�l�c�u�l�a�t�i�n�g� �i�n�i�t�i�a�l� �p�l�u�m�e� �v�e�l�o�c�i�t�y� �w�a�s� 

�a�b�a�n�d�o�n�e�d�.� 

�T�h�e� �r�e�s�u�l�t�s� �o�f� �t�h�e� �s�e�c�o�n�d� �s�e�t� �o�f� �c�o�n�d�i�t�i�o�n�s� �a�r�e� �s�h�o�w�n� �i�n� �F�i�g�u�r�e�s� �2�5�-�2�8�.� �T�h�e� �m�o�d�e�l� 

�o�v�e�r�p�r�e�d�i�c�t�e�d� �t�h�e� �v�e�l�o�c�i�t�i�e�s� �a�t� �a�l�l� �f�o�u�r� �d�e�p�t�h�s� �b�u�t� �s�e�e�m�e�d� �t�o� �b�e� �m�o�r�e� �a�c�c�u�r�a�t�e� �a�s� �d�e�p�t�h� �i�n�c�r�e�a�s�e�d�.� 

�T�h�e� �s�h�a�p�e� �o�f� �t�h�e� �c�u�r�v�e�s� �p�r�e�d�i�c�t�e�d� �d�i�d� �n�o�t� �m�a�t�c�h� �t�h�e� �s�h�a�p�e� �o�f� �t�h�e� �c�u�r�v�e�s� �o�f� �t�h�e� �d�a�t�a� �c�o�l�l�e�c�t�e�d� �b�y� 

�P�r�o�v�o�s�t�.� 

�S�i�n�c�e� �t�h�e� �d�i�f�f�u�s�e�r� �i�n� �P�r�o�v�o�s�t ��s� �e�x�p�e�r�i�m�e�n�t�s� �w�a�s� �n�o�t� �v�e�r�y� �l�o�n�g�,� �t�h�e� �m�o�d�e�l� �w�a�s� �i�m�p�l�e�m�e�n�t�e�d� 

�o�n�c�e� �a�g�a�i�n� �f�o�r� �t�h�e� �s�a�m�e� �c�o�n�d�i�t�i�o�n�s� �w�i�t�h� �e�n�d� �e�n�t�r�a�i�n�m�e�n�t� �i�n�c�l�u�d�e�d� �i�n� �o�r�d�e�r� �t�o� �a�s�c�e�r�t�a�i�n� �w�h�e�t�h�e�r� �t�h�e� 

�i�n�a�c�c�u�r�a�t�e� �p�r�e�d�i�c�t�i�o�n�s� �o�f� �t�h�e� �l�i�n�e�a�r� �m�o�d�e�l� �r�e�s�u�l�t�e�d� �f�r�o�m� �n�e�g�l�e�c�t�i�n�g� �e�n�t�r�a�i�n�m�e�n�t� �a�t� �t�h�e� �e�n�d�s� �o�f� �t�h�e� 

�p�l�u�m�e�.� �T�h�e� �p�r�e�d�i�c�t�i�o�n�s� �m�a�d�e� �b�y� �t�h�e� �l�i�n�e�a�r� �m�o�d�e�l� �w�h�e�n� �e�n�d� �e�n�t�r�a�i�n�m�e�n�t� �w�a�s� �c�o�n�s�i�d�e�r�e�d� �w�e�r�e� 

�s�l�i�g�h�t�l�y� �c�l�o�s�e�r� �t�o� �t�h�e� �a�c�t�u�a�l� �d�a�t�a� �t�h�a�n� �w�h�e�n� �e�n�d� �e�f�f�e�c�t�s� �a�r�e� �n�e�g�l�e�c�t�e�d�.� �T�h�e� �p�r�e�d�i�c�t�i�o�n�s� �o�f� �t�h�e� �l�i�n�e�a�r� 

�m�o�d�e�l� �w�i�t�h� �e�n�d� �e�n�t�r�a�i�n�m�e�n�t� �m�o�r�e� �c�l�o�s�e�l�y� �r�e�s�e�m�b�l�e�d� �t�h�e� �d�a�t�a� �a�s� �t�h�e� �t�o�t�a�l� �w�a�t�e�r� �d�e�p�t�h� �i�n�c�r�e�a�s�e�d� �a�n�d� 

�a�s� �t�h�e� �p�l�u�m�e� �r�o�s�e�.� �H�o�w�e�v�e�r�,� �t�h�e� �m�o�r�e� �a�c�c�u�r�a�t�e� �p�r�e�d�i�c�t�i�o�n�s� �n�e�a�r� �t�h�e� �t�o�p� �o�f� �t�h�e� �p�l�u�m�e� �w�e�r�e� �l�i�k�e�l�y� �a� 

�r�e�s�u�l�t� �o�f� �t�h�e� �m�o�r�e� �r�a�p�i�d� �d�e�c�r�e�a�s�e� �i�n� �v�e�l�o�c�i�t�y� �w�i�t�h� �h�e�i�g�h�t� �w�h�e�n� �e�n�d� �e�n�t�r�a�i�n�m�e�n�t� �i�s� �c�o�n�s�i�d�e�r�e�d� �r�a�t�h�e�r� 

�t�h�a�n� �a�n� �a�c�t�u�a�l� �b�e�t�t�e�r� �f�i�t� �t�o� �t�h�e� �d�a�t�a�.� �T�h�e�r�e�f�o�r�e�,� �i�t� �s�h�o�u�l�d� �n�o�t� �b�e� �c�o�n�c�l�u�d�e�d� �t�h�a�t� �t�h�e� �l�i�n�e�a�r� �m�o�d�e�l� 

�w�i�t�h� �e�n�d� �e�n�t�r�a�i�n�m�e�n�t� �m�o�r�e� �a�c�c�u�r�a�t�e�l�y� �p�r�e�d�i�c�t�e�d� �t�h�e� �d�a�t�a�.� 
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�T�a�b�l�e� �1�1�.� �P�r�e�d�i�c�t�e�d� �a�n�d� �M�e�a�s�u�r�e�d� �P�l�u�m�e� �V�e�l�o�c�i�t�i�e�s� �a�t� �D�i�f�f�e�r�e�n�t� �A�i�r� �F�l�o�w�r�a�t�e�s�.� 
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