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INTRODUCTION 

In i949, a new Bage Woor boiler, Boiler Wo. 6, was pat inte opera. 

tion in the Virginie Polytechnic Inetibute Heating and Power Plant. ‘The % 

boiler was designed to burn Virginia semi~anthracite culm coal having em 

ash content of 19.6 percent. At the present tine, the Merrimat Mine lc. 

cated five miles from the Plant supplies a large amount of culm for the 

plant, which kes en ash content as high as 24 percent. Barly operating 

experience with the tboller showed that the use of Merrimad oul alone pre- 

sented big problems in coal handling, ash disposal, unsatisfactory con 

bustion, and inability to maintain load above 45,000 pounds of steam por 

hour. hater a nixture of Merrimac culm and bituminous coal was burned 

in this unit in an effort to overcome these difficulties. . The results 

ware favorable. | 

In the spring of 1950, Messrs. 6. Goplon, G. EB. Gottingham, and 

3d. 3B. Hurshy mate an exbensive investigation to select the moat economical 

mixture of Merrimac culm and bituminous cecal for the boiler. Their ge- 

lection was based on boller tests ae well as the costs of operation and 

Goals used. Whey concluded that®: (1) the U2 mixture of Merrimac ulm 

  taehe? 

*Goplon, 0., Gottingham, & #., end Murshy, d. &, Determination 
of Mixture of Merrimac Culm and Bituminous Coal for No. 6 Boiler, Thesis, 
7. FP. T., L950.
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. end bituminous coal wae sroved to be the most economical’ mixture in their 

(firet seties of tests; and (2) the 6-1 mixture was proved to be more eco- 

Homecial then the 1 mixture in their second series of tests. The 1 

mixture ie defined as the mixture in which four scoops of Merrimac culm 

are mixed with one scoop of bituminous coal, and the 6-1 mixture as the 

mixtore in which six scoops of Merrimec.culm are mixed with one scoop of 
A, a 

bituminous coal. 

Their tests were baged on’a eonetant load cf 45,000 pounds of 

steam per hour. Because of the high percentage of Merrimac culm in the 

Gel, mixture and inereased ash handling when the coal is wet and Load. is 

above 45,000 pounds of steam per hour, it wae decided te burn the 4.1 miz- 

ture in Boller No, 6. Yurthermore, with such a wide range of mixture to 

be tested and the time limitetion fer their investigstion, 1% was possible 

for them to test each mixture at only one set of operating condi tions. 

Sinee there are hany factors affecting the operation of a boiler, the con- 

ditions they picked may not be optimum and the results may not be repre. 

sentative for each mixture. ‘Therefore, the authors feel thet further 

investigation of the 41 mixture would be desirable. 

It is the suthors* intention to investigate the effect of the 

fuel bed depth on the verformance of Boiler No. 6 by burning the LL mixe 

ture at a lead of 50,000 pounde of steam per hour. The reagon for pick. 

ing 50,000 pounds of steam per how ae the test load is that 1+ represents 

the avetage load carriéd by No. 6 Boiler dering the winter season.
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fhe KEVIN OF LITERATURE 
  

Boller No. G is equipped with a Detroit Rotograte stoker having a 

forward moving grate which discharges refuse continuously over the front 

end of the erete into the ash vit. The coal is throw out from the coal, 

  

hoppers inte the furnace hy the revelving paddles at the front, The fine 

particles are partly burned in suspension, end the larger particles are 

consumed on the grate. Therefore, the Botegrate atoker uses the combined 

principles of suspension and grate burning. The main advantages of these 

principles are the ability to burn aotisfactorily a wide range of goals 

end quieker response to load variation than any other stoker. The best 

  

perro mea 

  

nce la obtaimed with eoal of good quality end uniform sige. This 

  

method of firing, however, was developed primarily to burn those lower 

eretes of non-clinkering 

  

coals which have high ash contents and low agh- 

fusion temperatures. | 

‘Most of the combustion process oceura on the grate. The fuel bed 

of the stoker consists of a telatively thin, level layer of coal on top 

of a uniform layer of seh. ‘the fuel bed is noh-agitated bat intensively 

  

active. Under proper operating conditions, there is never more the 

  

minutes! supply of coal om the grate. This thin layer of coal lies 08 & 

cooled ash bed, and ae a result of these conditions even though the aah 

fusion + 

  

emperature may be low, few ox no clinkers are formed. Parthermore,
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this protective Layer of ash, together with unifern air flow through a1. 

pottions of the grate, keeps the grate to. within 90 degrees PT of the alr 

stoply terperabure. _ | 

Puel bummed efficteatly on & gtate depends oa & manber of factora 

whieh ate so ntarconnected that sometimes they cannot be separated from 

one another. Uhe fuel physical characteristics, composition amt size of 

furaace, methed of firing, general operating conditions of boiler and ite 

equipment exert a uerked infliueace on the boiler econony ard efficiency. 

Aa to the method of firing, nainteinin 

  

one of the Verigbles of great taporbarce. 

In general, the best combustion results ere obteined with o fuel 

hed that has the lowest poasible resistance to air flow which will pernit 

the oily end fuel to combine completely and leave o small proportion of Si 

cease oxygen. vemeloinge in the products of coubustion. | low fesistenece to air 

flow fundenentelly means Low sar veloalty which in, tea rininiees the amount 

of fuel. and ash blown upward into the furnace. fow reatetance should pra~ 

duce a faixly uniform condition over the entire stoker, | 

She resistence of the fuet Bed, be. the air flew ° through it ie a 

fanetion of at least three factore: a). the thickness of the puel beds 

(2) the proportion of coke to green ena; and (3) the amount aud charae- 
terlutics of ash present. Considering the thre: factors, we find that it 

ig necessary to correlate el] three in order to produce suitable resietance. 

“As mest of the oxygen from the grimery alr is congumed ia the first 

fovr inches of fuel bed uessured from the grate, it is not necessary with 

the ordinsry rates of combustion to run-.a fusl bed thigkey then four to



giz iaches. he rate of gasification of coal devends on the amount of 

air that can be prased through the fuel bed. The thicker the fuel bed, 

the higher 8 its resistence %o the flow of wiry through it, ead the less 

aix can be paadad through with a given available dreft. A thick fuel bed, 

therefore, reduces the rate of combustion aud this reduces the capacity 

of the botler. | 

4 thick fuel bed is further undesirable becanse it increases the 

tendency of the coal to form troublesome ¢linkerg. Qn the other hena, & 

thin fuel bed gives less resistance for air to pass through. But, when 

the holler is carrying a bigh loed, a thin fuel bed causes diffieulty in 

naintgining constant oresaure and requires close attention to, prevent 

‘holes being burned in spots. . 

& test” te determine the effect of the denth of fuel bed on the 

efficiency of a boiler has been conducted on a 350. horeevower Stirling 

Boller equipped with a chain grate stoker at the power vlent of the Armour 

Inatitute of Technology of Chicago. The fuel bed thickness was varied 

From two te deven inchés. The reguld showed that 4.25 inches of fuel bed 

gave the highest boller ef flesency. 

for a given fursace and boller, quality and sige of coal, end ine 

tensity of draft, a certain deoth of fuel bed will give maximum efficiency. 

On account of the number of considerations Upon which the proper thickness | 

depends, it oan be determined only by actual test. 

  

*“gebhart, F. 6., Steam Power Plant Dugineering, New York: John 
_Wihey end Gons, Ime., 1917, p. 93. 
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{He INVSstIGsTION 

  

{1} Object of Investigation 

fhe object of thie investigation la to study the effect of the 

degth of fuel bed on the performance of Boller No. 6 at a lead of 30,000 

“pounds of steam per hour by using the lel wixture of Merrimac culm and. 

pitunizeus coal, snd to determine the optimum devth of fuel bed at these 

conditioug. 

  

(2) Proposed Method of Frocedure 

Boller tests will be conducted with three different depthe of fuel 

bed at a load of 50,000 pounds of steam per hour by using the 1-1 mixture 

of Merrimac culm and bituminous coal. he three depthe of fuel bed shall 

be 2-3/4, & ani Se inches. For each fuel bed depth, two boller teats will 

be run in order to obtain a check of the results. The other operating 

factors for the holler will be held as constant as possible throughout the 

entize investigation. 

fhe holler tests will, whenever possible, conform to the A,5.M.2, 

Power fest Code for Stationary Stean~Cenerating Units. fhe duration of 

each tegt shall be five hours. Although the Power Test Code recommends the 

duration of test should be at least twenty-four hours or not lesa than ten 

hourg for stoker fired units, the authers feel justified to reduce the 

durstion of test to five hours with the Ro tograte stoker, The reasons are
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that the coal burns either in suspension or within a short time after it 

falls on the bed, end the weight of coal in the furnace does not vary to 

eny great extent from the start to the end of a test. Algo the facilities 

of the plant demanded short teste. 

In addition to the boller tests, a coal sample for eath boiler 

teat will be collected to determine the proximate analysis. From the 

prozimate anelysie, Evans’ Eupirical Relatiens will be applied to determine 

the higher heating value of coal, and total carbon and hydrogen in coal. 

  

For each boiler test, a refuse sample will be collected. A combustible 

ze of 

  

enely@is will be run on each refuse sample to determine the pereenta 

combustible in refuse. | 

From the test data, the boiler efficieney and heat lossee will be 

determined. | 

the results of this investigation should serve as an operating 

guide fox the power plant when the 4.1 mixture is used and the lead is 

around 90,000 pounds of steam per hour. | 

(3) Apperatug | 

  

The equipment used in this investigation consigted of the following: 

Steam Generator: The steam generator wes designed and erected by 

Edge Moor Iron Yorks. It 18 o cross-drum bent-tube boller having two drums. 

its specification and dimensions of various parts are as follows: | 

1. Maximum evaporation .....ccescceecesseres 00,000 Lb of steam per hour 
&. Operating pressure ...... poscescesnaseone 250 DOLE 
po feted HemperaGure cocscvacccescctescessee S06 dog. F. 
+. Heating surface; - 

Bodler ..ccscceeeeee senescence erecserccsasessscee COM qe FB. 
Vater walle Cece rete mem ane ee ase e ener ena naneereseee 1120 qe ft. 

Superheaher vec cp ecescsensccaceencceccssensscccesn NPG ag. ft. 
Av preheater co.cc. cccesenecerancncenereessesscsese SON) Sg. FE. 
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2° Blemeter of bop Grom ........ cece eter eceeccctececoerse = SM Atches 
G6. hength of top dtum 2.0.0... ccccecceeereceeccccceresens 15 feat 

Ts Dieneter of be tton drum ee ee ee ee 36 inches 

&. Length of bothom dram ........cces cee sese ee ees cect cere UG foot 
9. Taubes: 

Boiler eseceoe Be ia tubes erage z in. dia. eees iz } BvG. 

Water walle .. 46 tubes .... 3.25 in. dia. . 10 BVG 
 Saperheater .. 26 tubes ... , 1.875 in. dia. . 9 BYG 

  

Stoker: he steker is a Detroit Rotegrate Stoker manufactured by 

the Detroit Stoker Company. It is equipped with three hoppers with a coal 

feed and rotor assembly for each hopper. It has a forward moving grate 

whith discharges the refuse continuously over the front end of the grate 

inte the aehpit. The fellewing are ite physical dimensions: 

d. Width .. bee Ree ee rhe rename ean eons 10 ft. 7& dn. 

2. Length .........005. bocce cneensrevccesesere 12 fb. 8 ia. 
3. Effective erate mirfade ........6. avscesses L169 sq. fb. 
4, liffeotive Length ...---0seesreeee coereeceoe LL fb 

Duet Collector: he dust colleetor is Thermix tubular type manu- 

  

fectured by the Pratt-Daniel Comporation. It waa designed to handle 

83,000 pounds of flue gas per hour at 500 deg. F. 

Forced Draft Van: fhe forced draft fan was manufactured by W. HE. 

- sturtevant, a. F. Sturtevant Conpany Division. it delivers 20,800 eubic 

feet of aly per minute at aea level, and is driven by a 30-horsepower 

Lnghouse Induction Mater. 

   fhe induced dreft fen was manufactured by | 
  

Pratt-Renlel “corporation. it is driven by a 75-horsepower motor through 

an imerican Blower hydreulie coupling. The capacity of the fan 1s 36,000 

cuble feet per minute at 425 deg. F. 

Cinder Retura Ven: The cinder return fan wae manufactured by the 

Buffelo Forge Company. ‘tt is driven by a 15-horsepower General Hlectrie 

Motor.
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iilery Air Fen: fhe evuxiliary sir fen was manufactured by the 

Clerage Fan Company. It is driven by a 2-horsepower General Hlectric Hote. 

Ash System: The plant is equipned with a veeuun type ash system, 

which was designed and installed by the United Conveyor Gorporation. The 

vacuum is maintsined by means of a steam jet. The ash system will draw 

the ash from the ash pit after the ashes are palled from the ash hopper, 

from the dust collector hoppers, and also from the downspouts ef the dust 

collector as desired. 

Boiler Feed Water Pump: ‘The boiler feed water pump is a multi. 

stage centxifugel pump and is driven by a 50-horsepower Westinghouse Tn- 

auction Kotor. Ite capacity is 100 gallons ver minute. 

Aaxiliery Boller Feed Water Pamp: The auxiliary boiler feed water 

pump is a multi-stage centrifugal pump manufactured by American Marsh 

Puupa, Iné., and is driven by a stean turbine manufactured by Whiton Machine 

Company. Its capacity is 135 gellone per minute. 

Combuefion Control: The boiler is equipped with and controlled 

by a Hays Combustion Gontrol system. The master control is governed by 

the steam pressure. The master control actuates the forced draft fan con- 

tvol, then in turn acts on the coal feed control. The induced draft fan 

ie actuated by the furnace draft. The fan changes its speed thus holding 

the furnace draft to the required setting. The damper is set on this in- 

ateallation end is not chang ed except for changes in fuel tyne or extreme 

thanges in firing conditions. 

Hieeellaneous Equipment: Fressure gages, thermometers, Oreat 

apouratus, platform seales, weigh larry, steam flew meter, blew down meter,
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automatic recorders for temperature and pressure, draft gages. 

(4) Procedure 

  

In ovder to investigate the effect of the depth of fuel bed on the 

  

performance of Boiler Me. 6 by using the 4-1 mixture of Merrimac culm and 

| bituminous coal, end te ecbtain test results as an operating guide, boller 

teata were run under conditions aimilar to everyday plant operation. How 

ever, some variables were held ag constent os posaible in order to obtain 

comparative results on éifferent depths of fuel bed. Throughout the entire 

investigation, the variables held constant were the test load, the duration 

of teet, the firing method, the method of mixing the coals, and the methods 

of sampling coal and refuse, | 

Yhese teata conformed to the A.8.4.5. Power Test Code for Stationery 
  

Steam Generating Unita whenever possible. Two five-hour tests were run with 
  

‘the 1 alizture for each depth of fuel bed at a load of 50,000 pounta of 

esteem per hour. The duration of test was cut a 

  

hort for the reasérie pre- 

viously steted in the Praposed Methed of Procedure. The depths of fuel 

bed were 2.3/1, 4 end § 4 inches, measured under the front arch of the 

stoker. 

Before starting the best, the overhead storage bins were emptied 

and then filled with the 4-1 mixture of Merrimac eulm and bituminons coal 

to be tested. A payloamer having a twenty cubic foot geoop wes employed 

to mix the coala. Four scoops of Merrimac culm and one scoop of biteminous 

eoal were first unloaded on the ground near the serew conveyor. Then the 

whole nase of the coals was pished through the grate to the serew conveyor 

end was delivered to the etorage bine by the coal handling system.



med in the furnace for about two hours before 

  

@he test fuel was bor 

ene f ue]. 

  

the actual start of the boiler test, in order to allow the furnace 

bed te reach the required, stable operating gondii tions. The load was gle 

    

Justed to 30 060 pounds: of steam per hour by veguilating the lead on one of 

the plant's stean turbo-genera ators ond by rary Ang the enount of steam bled 

to the Low presaure line, The instantaneous ised wos showed by a pointer 

by 

getting the difference in the integrator readings ab the beginning and at 

  

ox the Coohrene steam flow meter, sad the total atean flow was obtained 

the end of exch test. This meter was calibrated to give the correct read- 

ing at @ presente of 250 peig and total temperature of 906 degrees FT. For 

conditions other thea those for which the neter vas calibrated, a correc- 

tion factor was applied to the reading to give the eorrest auount of stean 

flow. The correction factor was the ratio of the specific volume of steam 

at @alibrated conditions to the specific volume of steam at the average 

pressure and temperature of each test. 

  

The per cent of 8g, ae noted. ont the CO recorder, waa kept within 

the range of 10 to 12 per cent ‘ey adjusting ‘ the fuel fecé control. The 

fuel bed was held at the desired thickness as constant ag possible by ade 

justing the ¢ arate spedd. The flypeh was returned to the furnace fer re. 

pernting. The furnace coubustion was elosely watehed to be sare thet a 

“gaffictent omnount of fuel whe burned et the back ead of the grate. The 

gpeed of the revolving paddles was adjusted in order thet the fuel wold 

be thrown to the back end of the grate in cage wisatlefactery combustion 

wae noticed. 

Before each teat, the Oreat apparatus wee checked and ite golutione 

were renewed, the soot was removed from the tubes by the aot blowers, the



boiler was blown down, the flyash was removed Irom the down-apouts, and tle 

adh pit was eleaned, 

At the beginning end the end of each test, the furnace hoppers 

were filled, the integrator reading was taken, the blow-dowa flow meter. 

was Tead, and the boller drum water level was cheeked and marked. Dariag 

‘each test, the majority of the meter and gaze readings were taken at fit. | 

teom minute intervals except those noted on the dats sheets. 

Bach tine the furnace hoppers were filled, a coal semple wae col- 

lected end kept in air-tight jars. The ssmple for each test was then pre- 

pared for the proximate analyeis. he methods of sampling, preparation, 

| and the proximate analysis were those of the A.5,?.M. Standards on Coal arid 

fhe agh semple was collected from the ash pit whenever the ashes 

were pulled. Whe sample was then prepared fox the combustible analysis, 

By using the result from the combustible analysis, the amount of refuse 

was calenleted. ‘the method of calewlation is ghown in the ssumle celen- 

lations. | 

Before and after this investigetion, the pressure gages were ¢alie 

brated by using a dead weight tester. “Phe thermometers were gelibrated 

agaiuet a resistance thermocouple. Corrections were applied to all read~ 

ings befere calewlating the results.
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(6) curves 

“Hig. 2: the curve on this figure shows the boiler efficiency — 

  

egainst the fuel bed depth. The boiler efficiency at each ful bed deoth — 

hag been converted to 23.53 per ceat of the ash content in the coal mixture, 

which is the average ach content of the coal mixture for the six botler 

teats. The reeson for this conversion is explained in the Mseussion of 

Results, and the method of caleulation 4s ehown in Appendix (3). 

Eig. 2: The curves plotted on this figure show heat losses at 

Werioue fuel bed depths. _ 

  

Pig. 3 end 4: The curves plettied on these figures illustrate the 

test results at various fuel bed depths.
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�I�¥� 

�D�I�S�C�U�S�S�I�O�N� �O�F� �R�E�S�U�L�T�S� 
� � 

�f�h�e� �m�e�x�i�m�u�m� �f�u�e�l� �b�e�a� �d�e�p�t�h� �t�h�e�t� �c�a�n� �b�e� �o�b�t�a�i�n�e�d� �i�n� �B�o�i�l�e�r� �H�o�.� �6� 

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

�g�t�o�k�e�r�.� �T�h�i�s� �d�i�a�t�e�n�c�e� �w�a�s� �d�e�s�i�g�n�e�d� �t�o� �b�e� �s�e�v�e�n� �i�n�c�h�e�s�.� �B�u�t� �i�t� �w�a�s� �d�e�t�r�i�-� 

�m�e�n�t�a�l� �t�o� �t�h�e� �s�t�o�k�e�r� �a�s� �t�h�e� �f�u�e�l� �b�e�d� �w�a�s� �i�n�c�r�e�a�s�e�d� �a�b�o�v�e� �3�)� �i�n�c�h�e�s�.� �W�h�e�n� 

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

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

�a�t� �a� �f�u�e�l� �b�e�d� �a�b�o�v�e� �5�4� �i�n�c�h�e�s� �h�a�d� �t�h�e� �t�e�n�d�e�n�c�y� �t�o� �s�t�i�c�k� �o�n� �t�h�e� �f�r�o�n�t� �a�r�c�h�.� 

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

�h�a�n�d�,� �t�h�e� �f�u�e�l� �b�e�d� �c�o�u�l�d� �n�o�t� �b�e� �l�e�w�e�r� �t�h�a�n� �2�-�3�/�4� �i�n�c�h�e�s� �a�t� �t�h�e� �l�o�a�d� �o�f� 

�F�D� �0�0�0� �p�o�u�n�d�s� �o�f� �s�t�e�a�m� �p�e�r� �h�o�u�r�,� �b�e�c�a�u�s�e� �o�f� �t�h�e� �d�i�f�f�i�c�u�l�t�y� �i�n� �s�e�a�i�n�t�e�a�i�n�i�n�g� 

�t�h�e� �o�r�e�s�s�u�r�e� �a�t� �2�5�0� �p�s�i�g�.� �T�h�e�r�e�f�o�r�e�,� �t�h�e� �b�o�i�l�e�r� �t�e�s�t�a� �w�e�r�e� �r�u�n� �a�t� �2�.�3�/�4�,� 

�4�,� �a�n�d� �5�%� �i�n�c�h�e�s� �f�u�e�l� �b�e�d� �d�e�p�t�h�.� 

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

�s�h�o�w�e�d� �t�h�a�t� �t�h�e� �a�s�h� �c�o�n�t�e�n�t� �w�a�e� �i�n� �t�h�e� �r�e�n�g�e� �o�f� �1�9�.�2� �t�o� �3�0�.�6� �p�e�r� �c�e�n�t�.� 

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

�|� �b�o�i�l�e�r� �e�f�f�i�c�i�e�n�c�i�e�s� �a�t� �v�a�r�i�o�u�s� �d�e�p�t�h�s� �o�f� �f�u�e�l� �b�e�d�.� �A�s� �s�t�a�t�e�d� �i�n� �F�u�e�l�s� �a�n�d� 

�C�o�m�b�u�s�t�i�o�n� �H�a�n�d�b�o�o�k�"�,� �f�o�r� �e�a�c�h� �o�n�e� �p�e�r� �c�e�n�t� �i�n�c�r�e�a�s�e� �i�n� �a�s�h� �c�o�n�t�e�n�t�,� �t�h�e� 

� � 

 ��s�¥�o�k�a�s�o�n�,� �A� �J�.� �a�n�d� �A�u�t�h�,�  ¬�.� �E�e� �®� �F�u�e�l�e� �a�n�d�.� �C�o�m�b�u�s�t�i�o�n� �H�a�n�d�b�o�o�k�,� �i�s�t� 
�E�d�i�t�i�o�n�,� �N�e�w� �Y�o�r�k�:� �M�c�G�r�a�w�-�H�i�l�l� �B�o�o�k� �C�o�m�p�a�n�y�,� �i�a�c�.�,� �T�9�5�5�1�,� �B�e� �4�0�.



�=�e� �3�.� 

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

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

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

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

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

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

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

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

�o�f� �2�3�.� �5�3� �v�e�r� �c�e�n�t�.� �G�h�i�g� �p�e�r�c�e�n�t�a�g�e� �a�a�h� �c�o�n�t�e�n�t� �i�s� �t�h�e� �a�v�e�r�a�g�e� �e�s�h� �c�o�n�t�e�n�t� 

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

�|� �h�e� �|� �C�a�r�v�e� �i�n� �P�i�g�u�r�e� �L� �i�l�l�u�s�t�r�a�t�e�s� �t�h�a�t� �t�h�e� �b�o�i�l�e�r� �o�t� �f�t�c�t�e�n�e�y� �T�e�.� 

�m�a�i�n�e� �a�p�p�r�o�x�i�m�a�t�e�l�y� �c�o�n�s�t�a�n�t� �b�e�t�w�e�e�n� �2�-�3�/�4� �a�n�d� �4� �i�n�c�h�e�s� �o�f� �t�h�e� �f�u�e�l� �b�e�d� 

�d�e�p�t�h�,� �a�n�d� �A�e�o�r�e�a�s�e�s� �a�s� �t�h�e� �f�u�e�l� �b�e�d� �d�e�p�t�h� �i�s�.� �i�n�c�r�e�a�s�e�d� �a�b�o�v�e� �4� �i�n�c�h�e�s�.� 

�t�n� �p�e�r�f�o�r�m�i�n�g� �t�h�e� �b�o�i�l�e�r� �t�e�s�t�s� �a�t� �a� �2�-�3�/�8� �I�n�c�h�e�s� �f�u�e�l� �b�e�d� �d�e�p�t�h�,� 

�g�l�o�g�e� �a�b�b�e�a�t�i�o�n� �w�a�s� �n�e�t�e�g�s�a�r�y� �t�o�  ��k�e�e�p� �t�h�e� �p�r�e�s�s�u�r�e� �a�b� �2�5�0� �p�a�i�g�.� �t�h�i�e� �W�a�s� 

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

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

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

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

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

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

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

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

�c�a�r�b�o�n� �b�e�i�n�g� �l�o�s�t� �i�n� �t�h�e� �r�e�f�u�s�e�.� �A�s� �s�h�o�w�n� �i�n� �F�i�g�u�r�e� �2�,� �t�h�e� �h�é�a�t� �l�o�s�s� �d�u�e



�~�2�h�.� 

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

�d�e�v�t�h�e� �o�f� �f�u�e�l� �b�e�d� �t�e�s�t�e�d�.� 

� � 

�l�u�r�i�n�g� �t�h�e� �b�o�i�l�e�r� �t�e�s�t�e� �a�t� �a� �4� �i�n�c�h�e�s� �f�u�e�l� �b�e�d� �d�e�p�t�h�,� �i�t� �w�a�s� �r�e�-� 

�l�e�t�i�v�e�l�y� �e�a�s�y� �t�o� �h�o�l�d� �t�h�e� �b�o�i�l�e�r� �p�r�e�s�s�u�r�e� �a�t� �2� �p�e�i�g�,� �s�i�n�c�e� �t�h�e� �e�r�a�t�e� 

�a�p�e�e�d� �w�a�s� �l�o�w�e�r� �t�h�a�n� �t�h�a�t� �a�t� �t�h�e� �2�.�3�/�4� �i�n�c�h�e�s� �f�u�e�l� �b�e�d�.� �a�s�p�t�h�,� �a�n�d� �t�h�e� �t�i�m�e� 

�f�o�r� �t�h�e� �f�u�e�l� �t�o� �b�u�r�n� �o�n� �t�h�e� �g�r�a�t�e� �w�a�d� �L�o�n�g�e�r�,� �t�h�e� �h�e�a�t� �l�o�s�e� �d�u�e� �t�o� �c�a�r�b�o�n� 

�i�n� �t�h�e� �r�e�f�u�s�e� �w�e�s� �r�e�d�u�c�e�d�,� �a�n�p�r�e�c�t�a�b�l�y� �a�g� �s�h�o�w�i� �b�y� �t�h�e� �c�u�r�v�e� �i�n� �F�i�g�u�r�e� �2�.� 

� � � � �B�o�r� �t�h�e� �b�o�i�l�e�r� �t�o�a�t�e� �a�t� �a� �5�h� �a�n� �g�e�e� �f�a�c�h�e�s� �f�u�e�l� �b�e�d� �d�e�p�t�h�,� �t�h�e� �e�r�a�t�e� �e�p�e�a�d� 

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

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

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

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

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

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

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

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

�l�e�r�g�e�r� �t�h�a�n� �t�h�a�t� �o�f� �t�h�e� �|� �M�e�r�r�i�n�e�e� �o�u�l�i�n�.� �C�o�n�s�e�q�u�e�n�t�l�y�,� �t�h�e� �s�i�z�e� �o�f� �t�h�e� 

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

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

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

�e�o� �b�a�r�n� �o�n� �t�h�e� �g�r�a�t�e�.� �T�h�e� �r�e�m�i�t� �w�a�s� �t�h�a�t� �t�h�e� �l�o�s�s� �o�f� �c�a�r�b�o�n� �i�n� �t�h�e� �P�e�e� 

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

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

�t�h�e� �r�e�n�g�e� �o�f� �2�7� �t�o� �3�2�.�9� �p�e�r� �c�e�n�t�.� �T�h�e�s�e� �l�a�r�g�e� �l�o�s�s�e�s� �c�o�u�l�d� �b�e� �l�o�w�e�r�e�d� �i�f� 

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



�2�5�.� 

�A�n�o�t�h�e�r� �e�f�f�e�c�t� �o�f� �t�h�e� �n�o�n�-�u�n�i�f�o�r�a� �s�i�z�e� �o�f� �t�h�e� �c�o�a�l� �m�i�x�t�u�r�e� �w�a�s� �t�h�e� 

� � 

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

� � 

�s�i�z�e� �s�e�g�r�e�g�a�t�i�o�n�.� �W�h�e�n� �t�h�e� �c�o�a�l� �m�i�x�t�u�r�e� �w�a�s� �d�u�m� 

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

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

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

�t�h�e�r�e� �w�a�s �� �6� �l�a�r�g�e� �s�m�o�u�n�t� �o�f� �t�h�e� �b�i�t�u�m�i�n�o�u�s� �c�o�s�l� �a�t� �o�n�e� �t�i�n�e� �a�n�d� �a� �m�a�l�l� 

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

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

�G�l�o�g�e� �a�t�t�e�n�t�i�o�n� �w�a�s� �n�e�c�e�s�s�a�r�y� �t�o� �a�d�j�u�s�t� �t�h�e� �f�u�e�l� �f�e�e�d� �i�n� �o�r�d�e�r� �t�o� �h�o�l�d� �t�h�e� 

�b�o�i�l�e�r� �e�b� �d�e�e�i�v�a�b�l�e� �c�o�n�d�i�t�i�o�n�s�.


