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INFLJENCE OF DESIGN ON COST OF OPERATING AIRPLANES.
By Archibald Black,™*

The avthor discusses ocost of operating commercial airplanes
and endeavors to clear up prevalent misunderstandings., Curves
of operating coet for varying duration, speed, reserve horse-
suel, etc., ars Cuvrsleped, Caloulations are macde to lllustrase
the impractiocability of requiring twin-engined ccmmercial alr-
planes to fly ou one englne, and initial rate of olimb of 400 tu
500 feet in the firet mimite 1s pronosed as the standard of safe
performance, Alr Mall Service costs are used to show that air-
planee designed for commercial use and fully loaded can be oper-
ated at a total cost of from 0.030 to 0. 033 cent par pound-mile
or 8.5 cents per passenger-mlle, exclusive of the cost of obtain-
ing the business,

This paper has been prepared with the intention of exploding
certain widely held fallacles regarding the peiformance for which
oc.tercial ailrplanes shou.d be Gusigned. 1t presewis itho resgults
of a study of the relation bstween designed performance and uniti
operating cost for such airplanes. The data were compiled by th~

former firm of A.4D, R, Black on work for its oclients, and should
be regarded as forming a qualitative rather than a quantitative

,analyels, That is, the data given, while capable of general ar

plfoatién to all types, will be slightly modified in the case of

machines radically different from the conventicnal type consid-
ered,

The most generally held erroneous ideas regarding commercial

_airplanes are probably the following: (1) That duration of flight

of elght or even ten hours 1s praoticabie; (3) tbat speeds of
135 to 130 m.p.h. ‘'or more are praoticable; (3) that a $win-

engined machine should be capable of flying with tne engine run-

* Consulting Aeronautioal Engineer, Garden City, N.Y., Member
American Soociety .Méchanical Engineers. '
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ning; (4) that a faotor of safety of eight or more is- desirable;
" '(8) that comwaratively high olimbing -sbility is necessary and
practioablie; and‘(s) that very large airplanes aTe thesmost suit-
able for commero;al use, While such notions are most common
among those wlthout experlence in the design or operation of air-
planes, they have sometimes been advanced by othsrs who have less
exouse, Frobably this misunderstanding is due to the frequent
practice of using for commercial work machines not suited to this
purpose,

The rresumption is made here that ocommercial airplanes are
designed rrimarily for operation at a profit, so that operating
coat and safety become the most vital oonaider&tiona. When this
work was started it was found possible to eliminate some duplio~-
-fion by basing many of the calculations upon a British report on
the division of ‘otul welght of different airplanes.* Fig., 1 is

reproduced from this report with data on weights and horsepower
added.

Weight Division vs. Size, Duration, and Sreed.

As a preliminary to consideration of the variation of unit
'operating cést with size, duration, syeed, etc., 1t becomes neo-
essary to study the variation of net pay load with these elements,
Figs. 1 to 6 should be regarded merely as furnishing the data neo-
essary for later ourves éndhmay be passed over -with little com-
ment, They are included here because 6f thei; value for refer-
ence., Eaoch figure shows the variations' of pay iocad with other

elements for a series of airplanes similar in every respeot excsys

* British Advisory Committee for Aeromutics, Rerorts and Memorz:.
da No, "878.
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_in the partiou;ar ?eatu:e under ooneideration. It will be noted
that in Fig. 1 the acaumptiion 15 made that onliy wing weights vary
aporeclably with size and factor of safety. While not striotly
oorre;t, the error is very slight. '

In Figa. 3 and 4 single Liberty-engined airplanes have besn
considered, .while in Figs. 3 and 5 thore dealt with are twin
Liberty—engineé airplanes. Fig, 6 1n61udes the two types. These
machines may be regarded as typioal of commercial airplanes. All
corrections have already been madé 8o that the net pay load can
be read directly. The "theoretiocal number of rassengers" scales
are so marked because they indicate tre number of passengers whioh
the machine can actually 1ift, Other design considerations, pa=-
ticulaxly tae size of the fuselage, may make it impracticable to
accommodate the full number., In Fig., 11, later, the assumption
is made that twelve passengers is the limit for a mackine of about
430 HPrand that this limit varies directly with the horsepower.
This 1s somewkat arbitrary but is based upon experience and
should be regarded as an ultimate 1limit, For ordimary praciice,
ten instead of twelve rasaengers should be taken as the present
1imlt for this size of airplane.

Operating Coat.
Available data on the cost of operating commersial airplanes

on a3 ocomprehensive socale are very limited and praotically confine!
to the records of the U. 8. Air Mail Servioce. . The author's assoc-
iation with this orga;.nization as 1ts consulting engineer some time
ago gave him an opportunity to study it at oclose range and he

Ja—
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fuels satisfied that it may be regarded in every way as a commer-
cial alr.1line. Incidentally, it is incontestably the largest
comper'ol'a.l air line in the world., .- Oareful and fairly oomplete
reoord@ have been kepf of the cost of operating this service and
the figures which they give form the most trustworthy informatior
at present available. The allowance which hag been made for int-
_erest on investment is not complete, However, were 1t even doub-
ied it would oniy increase the total cost 3.4 per cent, or, if
trebled, 8.8 per cent, so the error is evidently within reasona-
ble limite. It also appears reasonable to asgume that this
slight increase could be offset by certain economies posslble
under private operation,

The report of the Alr Mail Service for the twelve months
ending June 30, 1931, shows the average cost of operating its
Liberty 430-HP-engined airplanes to have been $71.13 per hour
of fiight.* Fig. 7 shows graphioally the actual division of
this cost over the variocus items. In estimating cost of opera-
tion, in the abasence of other data, the assumption has been made
that the Air Mail figure is a fajr average for 430 HP machines
and that it will vary directly with the engine horsepower,

Oéeratigg Cost vs, Duration.

W; have heard some mention of operating alrplanes ﬁhrough
fzom New ‘York to Thicago wishout an intermediate stop. This dls-
_ tance 1s about 700 miles in a straight line or 808 miles on the
Pennsylvania Rallroad. Along the course taken by an alrplane it

would be 750 to 800 miles owing to the impracticabllity of flying

*More recent data, which have become available aince the study was
was made, show this figure to have decreased with comtinued oper-

ation,
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in a dead, stralight line., The great inorease in cost of maklng

.....this £light by eliminating the intermediate stop will be immeci-

ately evidentlfrom Fig. 8. This figure shows that the operatving
cost per pound-mile or passenger-mile increases gradually wlth
the duration or distance up to about 4 or 5 hours or 433 to 540
miles, Beyond this the ocurve takes a rapid upward turn and the
cost of operating machines of over 8 hours'!' duration becomes pro-
hibitive.

If we assume a 430 HP airplane of the type described under
" the oaption of Fig. 8, having 4 hours' duration and faotor of
safety of &, the cost of ‘operation becoues avout 0. G35 cent per
pound-mile, Increasing this duration to 6 hours raises the cost
to 0.049 cent or 40 per cent. Doubiing the duratlon, to safely
malie the Tew York-Culcago fligh, wilkout a stop, ralisca the cper-
ating cost to 0.0858 cent per pound-mile, an increase of 1486 per
cent. The general coroclusion to be drawn is that commexocial air-
planes of thls size should not be designed for over 4 or 5 hours'’
duration. Considering now Fig. © for larger machines, this effe-:
is more pronounced and it becomes advisable to keep the designed

duration even below 4 hours, where possible,

Orera*ing Tomt ve, Factor of Safaety.

The iwmporiance of keeping the factor of safety as low as tkLa3
conditions warrant is also very evident. Oonaiaering Fig. 8 again
" and inoreasing from 8 to 8 the factor of safety of the 430 HP,
4-hour-duration machine, the operating cost rises from 0O, 035 to

*
0. 041 cent per poumd-mile or 17 per cent. With the larger machine
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about the same inorease takes place. However, the greater sta-
. bility and lower maneuverability of the larger airplane pPeImMLiies
some .8light. reduction of the factor of safety. In either ocase

the neoesaijy of keeping factore of safety within 1limits is ap-
parent. -

Operating Cost ve, Speed, Climb, and Reserve Horsepowsr.

The effeots on opsrating cost of speed, climb, and reserve
horsepower are considered together, as these faotors are lnaepa-
rable if the low or landing speed Tremains constant, A4s landing
speed is usually fixed by ground conditions, etc., there appears
t? e no reasor for comsidering these variations serarately.

Fig. 10 ‘shows the variation of olimb and cost with speed, power
loading, and reserve horsepower for two series of freight aizr-
planes., Spesds have been taken as at 5000 ft. altitude to pro-
vlde a better comparison, as commercial flying will take plaoce &ai
altitudes close to this for safety reacons, *1th supercharged
engines, however, higher altitudes will probably be used heoauss
of the higher speeds thus made obtainable,

Starting from the lower speeds the cost of operation rises
steadily untii about 105 or 11C m,p.h. is reached when a rapid
upturn takes placs, carrylng this cost to prohibitive values for
aveeds above 110 or 115 m,p.h., The effect of factor of safety 1s
also'noticeable, partioularly at the higher speeds, - It is impor-
tant to note here that of all the ourves presented in thls paper,
Figs. 10 and 11 are the most susceptivle to modification when ap-

plled %o radlczlly diffsrent typss cf design. At the saue tinme

-
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they may be taken to arply to present-day airplanes of good, cor-
ventional @esign. The only effect of extremeély fine linss would
be t6 raise slightly the oritical speed at which the cost becomes
prohibitive. Against this possibility of refinement must be bal-
anced the faot that the large fuselages nsceassary for commeroial
work place a limit on the reduction of head resistance,

In determining thg beet operating speed a compromise must dbe
ef’eoted between low speed wifh its low reserve horsepower and
high speed with its high éost. At the top of rig. 10 a scale of
reserve horsepower will be noted. This was obtalned by plotting
olimb againast power loading and extending the curve down to the
point where olimb became negligible. The speéd at which this
ocourred was taken as the speed corresponding to the machine at
the lower ~nd of the seriss and having no reserve horsepower.

The reserve Lorsepower scale was theh laid off from the loadin,.
This scale is approximate because, among other items, it does

not take propelier efficlency into oonsideration. However, it

is of value in furnishing a fair measure of what can be done with
reduced engine speeds,

The neocessity of kéeping reserve horsepower down to reason-
able limite 1s immediately evident. Experience has shown that
an 1nitial olimbing sreed of 400 to 5G0 ft. in the first minute
is abouﬁ the lowest_oonsistent with safety, for oreration from
sea-level territory. To provide a basis for o&mparison an ini-
tial olimb of 500 ft. in the first mimite is assumed to be satis-
faoctory. This gives a reserve horsepower of about 58 per cent -

and a high speed at 5000 ft. of 108 m,p.h. while the operating




-8 w

cost for safety factor of 6 is 0,033 cent per pound;mile for a
. 430 P macaine or 0. 034 oeut per pound-miie for the 840 HP
machine, | .

Flying on One out of Two Eggineé. Let us assume that the '
twin-engined machine i1s required to fly on one of its engines.
Reserve propeller horsepower of at least 100 per cent must be pro-
vidéd. With only one engine running the lower speed will cause a
drop in propeller efficiency from 80 per cent to about 70 or 75
rer cent. Taking a propeller efficiency of 73.5 per cent, the
Teserve horsepower réquired becomes: (80 x 100) £ 73,5 = 110 per
cent. Consulting Fig. 10 we find that olimb has'inoreased to
980 ft. in the first minute, speed at 5000 f£ft. has increased to
130 m.p.h. , and coat of operation to 0,082 cent per pound-mile,
In other words, the machine under consideration has been taken
right out of the commercial class and put into the military-
fighter class, while its cost of operation has increased to 162
per cent over that of a rational commercial design.

Even assuning the possibility of maintaining efficiency at
80 per cent by using a variable-pitch rropeller, the increase in
operating cost is still 118 per cent over normal. 4 study of
Fig. 11 will show that the same results are obtained with the
passenger machines, These figures should be suffioclent to dem-
onstrate the utter impracticability of the requirement that twin-
engined machines be designed to fly on one of their engines. It
seems safe to say that the prohibitive operating cost resulting
from enforocement of this requirement would be sufficient to elim-
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2o he tle pessiblilvy of developing commescial azirplane transpor-
~tation. - - -l . el L. .

Flying on Two out of Three Epgines. . If a three-engined ma-
chine:zls required to fly on two of its engines a minimum regerve
rropeller horsepower of 50 per cent is necessary. Assuming drop
in propeller efficiency from 80 per ocent to 75 per ocent the re-
quired reserve horsepower of the engine becomes: (80 x 50) &

75 = 53,3 per cent. This 1s about the reserve required to pro-
vide the olimb necessary for safe operation. It 1s thus evident
that the requirerent of flying on two out of three engines is
reasonable and practicable,

Aside from landing speed the one 2lement of paramount impor-
tance in determining the safety of commercial airoraft is its
climbing speed, this being a measure of reserve homsepower. As
an initial olimb rate of 400 to 500 ft. in the first minute bhas
De L fouud 1o be oconsistent with sarfety, no reason for increasing
this is apparent. If, therefore, we are to write safety require-
ments for performance of commercial airplanes, the most logical

maasure to use would be their climbing speed.

Operating Cost ve, Size of Machine.

Tﬁe curves of Filg, 13 are based upon calculations of ma-
ohines of 350, 500, 1000, 3000 and 3000 sq.ft. wing area. Some
arbitrary assumpvions regarding the number of men in the respect -
ive arews were necessary And the numbers used have been glven at

the top of the graph.
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The form of theee curves waa a surprise to the author, t! =
'Jeconomical sizes being much lower than he had anticipated. They
show marked eOOﬂomv foi mabhines of “the type uhder consideration
in the Bilze 1n.whioh the wing area is about 500 to 600 BQ.ft-.
This economiocal size would, of oourse, be changed somewpat were
the performance of the series altered, . The quick upturn of the
8t ourves for emall sizes of machines is due to the constant
allowance for #elight of the pilot orowding out a larger percent—
age of the net pay load., The slight "hump" in the same curves

at about 1000 sq.ft., area is due to the allowance for a crew of
two, while the gradual rise toward the larger machines is due to
the increased structural weight of the wings and to the allowance
of three men for the crew. This increase can be modified some-.
what by further refinement in design but an allowance correspor i

ing to existing praotice has already been made. To avoid the

very laborious work of estimating in detail the investment anc
operating cost for each size the following assumptions have beru
zedet (1) Tha® the Air Mall cost applied directly to the 430 D,
630 sq.ft. size; and (23) that the operating cost for other sizes
varied directly with the size. In considering the queation of
slze, some preference should be given to machines having more
than one pilot. The added safety thus obtained makes 1t worth

while to sacrifice some possible savings by reducing size,

Operation Cost vs. Landing Speed.
Mo cetalled study of the effect upon operating cost of vary-

ing the landing speed or low speed has been included. Landing
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speed being practically fixed by the field conditions to be mey,
very little varlation is permissible when the design 1s being

made, Consequently it appeared unnecessﬁry to goiinto this ef-

fect as thoroughly 2s into other features of performance.

_ Oomparison with Railrosd Cost.
A detailed and comprehensive comparison of airplane cost

‘with rallroad vates is not within the scope of this paper. How-

ever, one example 1s clted to eﬁphasize the importance of the
foregoing figures and to correct the impression that alr trans-
rort is enbrmously expensive. The distance from New York to
Chicago, as previously stated, is 908 miles on the Pennsylvania
Railroad or about 700 miles in a straight line, a flying distance,
say, of from 750 to 800 miles. Were it possibla: to load the air-
plane fully on each trip, the operating cost would be 6.5 cents

rer passenger-mile or $48.75 to $53 per passenger. Thls compares
with the railroad rate of $51. 30, including fare, excess fare,
and pullman. Allowing for the trip to and from the flelds, as
well as an intermediate stop, the time by air would average abuuil
9 hours as against 30 hours by the Pennsylvania Railroa@'s'Broad

way Limited." The only reason why we cannot carry passengers -t

such rates today is that 1t coste too much to get the buslness.

Conolusions.
The following general conclusions may be drawn from the data
considered:

Duration. That designed duration should not exceed the min-



imm neceseary to oomplete scheduled trips safely in a head wi.:
and that, for the type considered, it shouvld not in any ca2se ¢ -
cesd four hours. . .

Fagtor of Bafety, Thsa% the fantor of safetr shovld b2 kn”
to the minimm comsisteat with the conditlons and that it should
in no ocase exceed gix, .

Hicrh 8vzed. That high epesds beyoud those accompanying the
_necessary ressrve horsepower are undeslréble and, for the type ¢¢
considered, the.high goeed should not exceed 105 to 110 m.p.h.
at 5000 f%. _

Climbing Speed. That climbing speed should be only suffioi-
en¢ to provide a reasonable margin of safety for emergenclies, and
an initial rate of olimb of 400 to 500 ft. (from the altituds of
the operating f£ield) in the firet minute is proposed as a tentaw:
tive standard.

Reserve Horsepower. That reserve horsepower should be kept
down to that necessary to provide the required climbing speed.

Flying on One out of Two Engines. That flying on one out of

two engines is utterly impractiocable, because of prohlbitive cost. '
Flying on Two_out of Three Engines. That the requirement of

ability to fly on two out of three engines 1s reasonable and
practicable, : ‘

Safety Requiremente. That initial rate of olimb instead of
reserve horsepower or speed range should'be the meaesure of safe
performance,

Size. That the moderate-sized machine is the most efficlent
ab ciuecul, and for the type considered this size 1s about 500 to



roe eq.ft. in a~ea,

Operating Mg+, That aircraft designed for commercial ﬁurm
poses and fully loaded can be operated conservatively at a total
cost of 0.030 to 0.032 cent per pound-mile or about 6.5 cents per
passenger-mile, not including the cost of obtalning the business,
and that this cost cannot be even approaohéd by machines not suit-

'ed to the purpose.

Archibald Black was born in Scotland but came to this coun-
try when eighteen yeais of age and was educated at Cooper Insti-
tute, Cass Technical Institute, and Columbia University. Until
1915 he was engaged in electrical construction and electrical en-
gineering of power plants with several firms, including the New
York Edison Co, , the Detroit Edison Co., the Union Metallic Cart-
ridge Go. , and the Interborough Rapid Transit Co. He first became
interested in aircraft work in 1910, and in 1915 entered the em-
ploy of the Curtiss Aeroplane Co., Buffalo, He was assoclated
suocessively with the L-W~F Engineering Co., College Point, N.Y,,
the Bureau of Construction and Repair of the U.S. Navy, Washing-
ton, D,C., and the firm of A. & D. R. Black, consulting engineers
of New York and Washington. He 1s now consulting engineer in
Garden City, New York: Mr, Black was in charge of the design of
"the éxper;mehtal airpiane-iﬁ which the firsfnbiberty airplane en-
gine was installed and was the designer of the L-W-F Model G, the
first all-American fighting airplane.
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Fig. 1 Divieion of weight of fully loaded airplanes.



a~Pay load

p-Safety factor 8
c—-Safety factor 6
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e-Wings
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Fig. 2 Variation of welight division wiﬁh duration,
420~HP. airplane



a~Pay load

b—-Safety factor 8
c—Safety factor 6
d-Safety factor 4
e-Yings

f-Pilot

g-Front fuselage, etc.
h-Rear fuselage and tail
i-Landing gear
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first min.)

Flg 3 Variation of weight division with duration,
840-HP, airplans.
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b-Twin engined (840 HP.) Safety factor=6
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Fig. 6 Variation of net pay load with speed.



(U.S. Air Mail Service for twelve months ending June 30,1921.)

A-Flying, 20.58 per cent
B-Maintenance, 45.76 per cent
C--Dverhead, 23.66 per cent

A EPaLils and accessories
b-Mechanics and helpers
¢~Watehovuse

d-iMiscellaneous

e-Motcroycles and trucks
f-Rernt,light, fuel,power,phone, and water
g-0ifice force and watchmen
h~-Ragin

i-Dept. overhead

J—interegt on investment
k-Pilots

1--Gasoline

m-Grease and oil

Pig. 7'Division ¢f the vperating dollax



a~Factor of safety= 8
b-Factor of safety= 6
o--factor of safety™ 4
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wing area, 630 zq.ft.; high speed, 108 m.p.h. at

5000 ft.; minimum speed, 57 m.p.h.; 10 1lb. per sq.ft.;
climb from sea level, 565 f4. in first minute.)

Fig. 8 Variation of cost with duration-430-HP Airplane



a—-Safety factor=8
b-Safety factor=6
c—Safety factor=4
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a~Initial rate of climb

b-Cost (twin engins) Safeiy factor 8
c-Cost (single engine) Safety factor 8
a~Cust {%win engine) Safesy faghor 6
e~Coet {single engine) Safety factor 6
f-Joegt itwin engine); Safety factor 4
g-Jost {single engine) Safety factor 4

Approx. reserve H?.{of engine},
per cent of miniwum necessary.
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Fig. 10 Variation of cost and climb with speed 2nd
reserve HP,



a-Initial rate of climb

b-Cost (twin engine) Safety factor 8

s-Cost (single engine) Safety factor 8
d-Cost (twin engire) Safety engine &

e~Cost (single engine) Safety factor ©
f-Cost (twin engine) Safety factor 4

g-Cost -(single .engine) Safety factor &
h-Passengers (twin engine) Safety factor 4
i-Paszongers Ltwin engine) Safety factor 6
j-Passengers (twin engine) Safety factor 8
k~-Passcngers [ single congine) Safety factor 4
i-Passengars (single engine) Safety factor 6
m-Pssengers (single sngine) Safety facter 8

Approx. reserve HP. of engin2, per
cent of minimum necessary.
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Fig. 11 Variation of cost, climb and passengers
with speed and reserve HP.



a-Cost for safety factor 8
b-Cost for safety factor 8
c—-Cost for safety factor 4
d-Pay load and passengers, Safety factor 4
e~-Pay load and passengers, Safety factor 8
f-Pay load and passengers. Safeiy fiactor 8
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Fig. 12 Variation of cost, pay load, and passengers with
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