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MAXIMJM EXHAUST NOZZlf, PIIBSSURE DETERMINATION 

Introduction 

The data and results obtained from comprehensive investi­

gation of front end arrangements, including exhaust nozzle and 

cross split dimensions at Loco.native Standing Test Plant, as covered 

by Report No. ST-2, dated April 28, anc1 subsequent test work, have 

furnished the necessary infon;iation to develop a system for determin-

ing maximum exhaust nozzle pressure for classes of locomotives, 

other than the GS-1 class, actually under test. The details of 

this method of calculation are set forth herein and typical appli­

cations to certain s_pecific classes of locornoti ves are shown in 

Tables A and B, under Appendix "A", page 10. On certain classes 

of locomotives, the probable decrease in back pressure due to 

changes in nozzle and cross split sizes, as determined by this 

method of calculation, can result in ultimate fuel saving due to 

increased cylinder horsepower without increase in fuel consumption. 

Maximum exhaust nozzle pressure is determined by the 

nozzle area and the amount of stoam flowi!lg to and discharged from 

the nozzle at the maximum hot water rate. The maxi:n.um hot water 

rate is fixed by either the rated evaporative capacity of the boil­

er or the required boiler evaporation at rnu:;~imum horsepower output; 

i.e., cylinder steam consunption plus auxiliary steam requirements, 

whichever is smuller. The ratio of rated evaporation to required 

evaporation is a meo.sure of boiler cn.pacity. 
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The attached form, together with necessary tables and 

curves, shows method used to calculate boiler evaporative capacity, 

required boiler evaporation,. steam flowing to the nozzle and maximum 

exhaust nozzle pressure. 

Boiler Evaporation 

Heating surface of tubes and flues, in square feet, is 

determined from their outside diameter and length. Evaporation, in 

pounds per hour per square foot of heating surface, depends upon 

the length of the tube or flue and the spacing between tubes or 

flues. The values, Tables, I, II and III, used for heating surface 

per tube or flue and evaporation per square foot of_ heating surface 

are based on generally accepted information. Total heating surface 

of tubes and flues is found by multiplying the number by the heating 

surface per tube or flue, and total evaporation is then found by 

multiplying total heating surface by the evaporation per square 

foot. 

Heating surface of the firebox is determined from the 

dimensions of the firebox, and is shown for all classes of Southern 

Pacific locomotives in the Locomotive Diagram Book .. In calculating 

firebox evaporation, a figure of 80 pounds per hoQr per square foot 

of heating surface, based on most recent information, is used. 

Addition of the evaporation from firebox, tubes and flues 

results in a figure which is called "calculated evaporation." When 

engine is equipped with feedwater heater, it is possible for the 
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boiler to evaporo.te an additional amount of V>.rater because the water 

is heated to a high temperature by exhaust steam before being 

delivered to the boile1·. A figure of 8 percent for types "B" and 

"BL" equipment, and 13 percent for types "8" and 11 SA 11 equipment, 

is used for the feedwater heater adjustment. The figure used for 

types "B" and "BL" equipment is based on authoritative information, 

and the higher figure for types "S" and "SA'' equipment is used, 

estimated on the basis of tests showing that hotter water is deliv­

ered by these two types. The feedwater heater adjustment is taken 

as a percentage of the feedwater heater capacity or of the calculated 

evaporation, whichever is smaller. In addition, an adjustment in 

evaporation is made for oil-burning locomotives, inasmuch as all 

published figures for evaporation from firebox, tubes and flues are 

based on tests made on coal-burning locomotives. It is a well 

known fact that a hotter and more uniform fire is obtained when oil 

is used as fuel, and a figure of 5 percent increased evaporation is 

assumed as a reasonable oil burning adjustment. This is taken as a 

percentage of the calculated evaporation. The sum of the calculated 

evaporation, feedwater heater adjustment and oil burning adjustment 

is the adjusted calculated evaporation, or rated boiler evaporation. 

Required Boiler Evaporation 

The required boiler evaporation is the steam used by the 

cylinders at maximum horsepower output plus auxiliary steam con­

sumption. 
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Cylinder steam consumption is determined by multiplying 

pounds of steam per cyliuder horsepower hour by maximum potential 

cylinder horsepower. Steam used _per cylinder horsepower hour de­

pends upon boiler pressure and degree of superheat, the latter being 

determined by type of superheater, tube and flue sizes and ratio 

of tubes to flues. Table IV, based on authoritative information, 

is used to find steam required per cylinder horsepower hour. 

Maximum potential cylinder horsepower is calculated from 

the formula shown on sheet entitled "Cylinder Horsepower. 11 Curves 

shown are piston speed -vs- speed in miles _per hour for various 

combinations of piston stroke and driver diameter, and piston speed 

-vs- mean effective pressure as a percentage of boiler pressure 

for various boiler pressures. The diagonal lines at the left are 

plotted as a guide in determining the approximate speed at which 

maximum cylinder horsepower will be reached for a given driver 

diameter. In using the curves, a speed in miles per hour, "V", is 

selected and the piston speed is found from the intersection of 

this speed line with the proper stroke-driver curve. The intersec­

tion of the piston speed line with the proper boiler pressure curve 

detennines tl"e percent mean effective pressure, "C". The corres­

ponding values of "V" and "C" are usod in the formula to calculate 

the cylinder horsepower for the speed selected. This is first done 

for at least three speeds and a curve of speed -vs- cylinder horse-· 

power is plotted in the lower right-hand corner. This curve should 
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reach a maximum at some particular speed and drop off at higher 

speeds. If the maximum is not found from the speeds originally 

selected, it will be necessary to select additional ones, either 

higher or lower, as indicated by the shape of the plotted speed­

horsepovmr curve. 

Auxiliary steam consumption includes that required to 

heat and atomize the oil, requirements for air pumps, generator, 

etc., feedwater heater if equipped and, in passenger service, steam 

required to heat the traino In plotting curve "C", it was estimated 

that steam required for auxiliaries such as air pumps and generator 

is 1200 pounds per hour, steam to heat and atomize the oil is 2 

percent of the hot water rate and heating an average train requires 

3800 pounds per hour. Feedwater heater steam consumption varies 

with hot water rate and values used are based on tests made on 

Engine 4401 at Standing Test Plant, Sacramento. Curve "C" shows 

auxiliary steam requirements for engines in freight and passenger 

service, with and without feed water heater, -vs- hot Vv-a.ter rate. 

Curve "A", Boiler Evaporation (Hot Water Rate) -vs- Cylinder Steam 

Consumption, was developed f'rom curve "C" in order that the required 

boiler evaporation for a given cylinder steam consumption can be 

found, 

Steam to Nozzle 

Steam flow·ng to the nozzle is equal to the cold water 

rate less steam used by auxiliaries. After the maximum hot water 

rate has been determ"ned by the method described above, it is possi­

ble to find the cold water rate required to supply this amount of 
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hot water. On engines eq_uipped with feedvmter heater, tlrn maximum 

hot water rate may be supplied entirely by the f eedwater heater or 

by a combination of feedwater heater and injector operation, de­

pending on the feedwater heater capacity. In the former case, the 

cold water rate is equal to the hot '..Nater rate less steam condensed 

in the feedwater heater and, in the latter, it is necessary to find 

the amount of cold water which will supply the feedwater heater 

when it is being operated at maximum capacity and then add the water 

supplied by the injector. Water supplied by the injector is equal 

to hot water rate less water supplied by the feedwater heater. 

Curve "B" is used to find the cold W'dter which must be supplied to 

the feedwater heater for any given rate o:t' hot vrater being delivered 

to the boiler by the feedvmter heater. The cold water supplied to 

the feedwater heater depends upon the amount of steam being con­

densed in the heater, or the condensate factor, which in turn is 

dependent upon exhaust nozzle pressure. Curve "B", which shows 

cold water required for any hot water rate at veri'ous exhaust nozzle 

pressurGs, was developed from data obta:i.ned during tests on Engine 

4401. For engines not equipped with feedwatur heater, the cold 

water rate is equal to tho hot water rate. 

Auxiliary steam consumption at the selected hot water 

rate is found from curve "C", and this value subtracted from the 

cold water rate is the amount of steam flowing to the nozzle, 
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Maximum Exhaust Nozzle Pressure 

Exhaust nozzle pressure is found from free nozzle area 

and steam flowing to the nozzle. Curve "D" ·shows free nozzle area 

for various combinations of nozzle diameter and cross split. Curve 

"E" shovrn calculated steam flow -vs- nozzle area for various exhaust 

nozzle pressures for engines equipped with Type 11A11 superheaters. 

Curve "E" was calculated from the fo1,mulae V2 a 223. 7 yh1 -h2 and 

v / W = A2 x ,Yv2 ; h1 and h2 are heat contents at inlet and discharge 

sides of nozzle, A2 is nozzle urea, v2 is specific volume of the 

steam at the discharge side of the nozzle, and Wis steam flow in 

pounds per second. In applying these formulae, it was necessary to 

know the exhaust nozzle pressure-temperature relation for engines 

with Type "A" superheaters, and this information was obtained from 

Dynamometer Test Report No. 6 on a Class SP Locomotive. Steam flow 

was also calculated for the exhaust nozzle pressure-temperature 

relation used in standing test of Engine 4401, and the calculated 

values checked very closely with those actually measured during 

tests. Curve "F 11 , plotted from data obtained during test of Engine 

4401, shows steam flow -vs- nozzle area for various exhaust nozzle 

pressures for engines equipped with Type "E0 superheaters. 

Conclusions 

In applying this method of determining maximum exhaust 

nozzle pressure, it should be understood that some of the figures 

used are only approximate, and it is not expected that it vvill be 

possible to exactly duplicate the results in road service. However, 
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in all cases, a reasonable figure for exhaust nozzle pressure is 

o:.itained and j_ndications are that some classes of locomotives are 

equipped with nozzles which will produce excessively high nozzle 

_pressures at the maximum hot water rate. By following the procedure 

described above for different nozzle sizes, it is possible to pre­

dict accurately the change in exhaust nozzle pressure which will 

result from a change in nozzle area. 
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AFPE1'IDIX A 

TYPICAL CALClJ~TION~- 011' _MAXU.l.lTM E).'1-I.AUST NOZZLE PI-O<~SSURE 

Attached ~able A shows boiler evaporation, required 

evaporation, steam to nozzle and maximum exhaust nozzle pressure, 

calculated in accordance with pa.per onti tled, "MAXIMJM EXHAUST 

NOZZLE PRESSUIIB DE'rERMINATION," for several classes of locomotives. 

Mo.:::dmum exhaust nozzle pressures shown in Table A 

indicate tllat F and Mt type locor1otives are now equipped with the 

largest nozzles vvhich can be used with the existing fire pan and 

drafting arrangements. This is also true of Classes Mk·~7, 8, 9 

locomotives. However, in comparison, naximum exhaust nozzle pres-

sures for Classes J\Jlk-2, 4, 5, 6 and P-8, 10 appeo.r to be higher 

than that necessary to produce sufficient air flow for proper 

combustion. 

Table B shows reduction in maxi.mum exho.ust nozzle pressure 

which would be obtained by enlarging nozzle di8.meter 1/1+" on these 

classes. Nozzle pressures would bo reduced 14 to 19.5 percent, and 

would then be approximately the same as on the other classes men-

tioned above. 

It is recom,11ended that road triuls be made on several 

engines of the Mk-2, 4, 5, 6 and P-8, 10 Class locomotives with 

nozzles enlarged 1/ 4" in diameter. It is also recommended, v1hen 

the trials are made, that the side draft chutes on Class P-8 be 

cut down at let"4st 5" and on Class P-10 at least 3" to provide 

additional clearance between chutes o.nd f irepan and easier entry of 

air into the firepan. The engine.s should also be inspected for 

possible interference by piping to air flow and any necessary 

changes made. 
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