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ABSTRACT

This paper presents a simple, general method for readily comparing
the performances of chemically powered submersibles. Particularly use-
ful in the preliminary design phase, the methodology permits quick assess-
ment of the effects on vehicle range of variationms in vehicle, engine, and
reactant parameters. Criteria are given for determining when the system
is weight- or volume-limited. The application of the methodology is
illustrated for a submarine displacing 10,000 ft3, showing the extended
cruise range of a dual-engine system with one engine designed for high
speed, the other for low speed. The sensitivities of the cruise and dash
ranges to variations in design parameters are illustrated. The paper
also discusses the effects of various system parameters on the criteria
determining whether the vehicle is weight- or volume-limited for vehicles

displacing 10,000 £t and 20 f£to.

This paper is based on research performed by The Rand Corporation

for the Defense Advanced Research Projects Agency.
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NOMENCLATURE

1-5b

* *
Ve/eov

vehicle drag coefficient based on V2/3

weight of reactants plus tanks and insulation divided by
weight of reactants, 1b

gravitational constant, 32.2 ft/sec2

heating value of reactants, BTU/1b

drag power of submersible, hp

drag power of submersible at cruise speed, hp

drag power of submersible at dash speed, hp

hotel power, hp

shaft power, hp

specific reactant consumption of engine, 1b/shaft hphr

duration of cruise sortie with all reactants expended at
cruise speed, hr

duration of dash sortie with all reactants expended at
dash speed, hr

submarine speed, kn

cruise speed, kn

dash speed, kn

volume of submersible, ft3

3
We/pe, ft
volume of reactants and all related space, ft

V/Pd’ ft3/hp

3
ve/Pd’ ft~/hp

gross weight of submersible, 1b

weight of engine, including all propulsion-related equipment and

electric gemerators, 1b



W = weight of'féactants times f, 1b
* o
We = Wé/Pd, 1b/hp
%
Wrc = rate of reactant consumption at cruise speed times f divided by
Pc’ 1b/hphr
%
W, = rate of reactant consumption at dash speed times f divided b
rd y
Pd’ 1b/hphr
Xc = distance travelled if all. reactants are expended at cruise
speed, nmi
Xd = distance travelled if all reactants are expended at dash

speed, nmi

Greek Symbols

n, = efficiency of hotel-load power generator

np = propeller efficiency

N, = efficiency of transmission of power from engine shaft to
propeller

Nen = engine efficiency, shaft output/heat input to working fluid

&) = fraction of vehicle volume available for propulsion system
and reactants, including space allowed for servicing

Pe = weight of engine, including all propulsion-related equipment and
electric generators, divided by total volume preempted by engine,
including volume allowed for operation and maintenance of engine

P = weight of reactants and all related items (reactant tanks,
insulation, and product tanks*) divided by total volume pre-
empted by reactants and all related items (reactant tanks,

- insulation, and product tanks*) and volume allowed for

servicing

e, = density of sea water, 64 1b/ft3

w = fraction of W available for propulsion system and reactants,
including tanks and other propulsion system components

Subscripts

c = cruise condition

d = dash condition

o = reference conditions

TWhen the reactant products can be stored in the reactant tanks, the
product tank weight and volume are not included.



I. TINTRODUCTION

This paper presents a simple, general method for readily comparing
the performances of chemically powered submersibles. The method is
particularly useful in the preliminary design phase, as a means of
evaluating the expected performance of competitive designs.

Section ITI derives equations for determining the range of the sub-
mersible and whether it is weight- or volume-limited as a function of
the major vehicle and engine parameters. Section III demonstrates the
application of the methodology. The effects of changes in the major
vehicle and engine parameters on cruise and dash ranges are illustrated
for submersibles displacing about 10,000 ft3. Section III also briefly
discusses the range advantage of the dual-engine system (in which one
engine is designed for dash speed, the other for cruise speed) relative
to a single~engine system. Finally, the effects of the major vehicle
and engine parameters on the weight/volume-~limit criteria are illustrated

for submersibles displacing 10,000 ft3 and 20 ft3. Section IV summarizes

results and conclusions.
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iI. METHOD OF ANALYSIS

The dash performance of the vehicle is the primary reference
condition because it establishes the required maximum propulsive power
Pd’ which is the major determinant of engine weight. All items relating
to power generation for propulsion and hotel load, the weights of which
depend on power requirements only, are included in the engine weight We.
All items whose weights depend on energy requirements, such as on-board
reactants, tankage, tank insulation, and batteries, are included in the
reactant weight Wr. The terms Ve and Vr represent the volumes occupied
by the items in We and Wr, respectively, including the space in the vehi-
cle preempted by the presence of each of these items and all associated
actions even if that space is empty (e.g., area in the vehicle provided
for servicing, or for storing reaction products).

Let wW be the weight permissible for the propulsion system, the
reactants carried on board, and the electric power generation for the
hotel load. The volume available in the vehicle for these items is des-
ignated 6V. For a neutrally buoyant vehicle of total displacement

weight W and volume V, we have for a weight-limited system
= +
wW = W Wr . 1)
and for a volume-limited system

6V =V _+V_ . (2)
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Equations (1) and (2) can be rewritten respectively as

and

where

rd

* % *
wp V. =W + W .t
W e r

v

PS
= (SRC)df -]5-’;

d’d

we

1 i
P :E: Pe ’

i i

2545/hnen

(3)

(4)

(5)

(6)

)]

(8

(9)

10

(11)



b

The quantity ? We. is the sum of all elements included in the engine
system, such ;s t;e dash and cruise engines, gears, electric generators,
shaft, and propeller. The quantity Po. is the density of the ith element,
and allows for the space in the vehiclz preempted by that element. The
density G is equal to Wr divided by the total vehicle volume preempted
by the reactants and all related items, such as tanks, insulation, and
service space.

The value ts is the time needed to expend all of the propellant if

the vehicle were operated continuously at dash speed. Equations (3) and

(4) can each be solved for td’ giving, for the weight-limited case,

= * oL\ .
ty = (o WV - W) (w* > ; (12)
rd

and, for the volume-limitedcecase,

* * Py
ty= 6V -V) ) (13)
. rd
If the inequality ::ven oy Bguaiiccn ow noLds
* % * *
(prV - We) < (Vv - Ve)pr 14)

holds, then the system is weight-limited and Eq. (12) is used. If the
inequality is not satisfied, them the system is volume-limited and Eq. (13)
is used. In the latter case, the vehicle must carry additional ballast for

neutral buoyancy, the volume of which is neglected in the present equations.
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The maximum cruise duration if all reactants on board were expended

at cruise speed is given by

%
P W
_ d rd
tc = td e B (15)
c W
re
where
P
%
W = (SRC) £ Looe oy (16)
npnt ne c
The distances traversed are
Xd = Udtd (17
and
Xc = Uctc . (18)

For the weight-limited case, Eqs. (17) and (18) can also be written

X. =0, (puV -W)h %545f 1 " (1§)
= o wV - n —
d d w e en npnt nePd

X =U (oo - Wwomn P, /25450 £ (L +Ph 20
c T Te PP T e) Nen'd c \nn n. P : ( )_ _____ B -

and

pt € c

1JiBasec’l on Eqs. (7), (11), (12), and (16).
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Similarly, for the volume~limited case, we may write

* _* 1 Py
X, = Ud(ev —Ve)prhnen 2545f - + - (21)
pt ed
and
% % 1 Ph
X, = Uc(ev ',Ve)"rh”enpd 2545E_ £ 7‘;5; + " (22)

e C

The quantities prV* and GV* depend on the vehicle design and the
dash speed. The quantity W: is substantially proportional to the weight
per horsepower of the engine system chosen and, as a first approximationm,
can be assumed independent of the design dash speed. The engine efficiency
depends on the operating power relative to the design power, so the appro-
priate value corresponding to the speed condition under consideration
should be used. The quantity f, which represents the ratio of the weight
of the reactants plus tanks to the weight of the reactants alone, depends
on both the size of the tanks and the physical characteristics of the
reactants. For example, in exploratory studies of the performance of a
vehicle of a given size with various reactants, it is sufficiently
accurate to assume f is a constant for noncryogenic reactants; a somewhat
higher wvalue should be used for cryogenic reactants.

When the propulsion system consists of an electric motor driven by a
battery, then the specific battery energy in terms of pounds per horsepower-
hour is substituted for specific reactant consumption (SRC) in Eqs. (7)
and (16), with um taken as the product of the motor and tramnsmission
efficiencies. The quantity We represents the combined weight of the motor,

gears, shaft, propeller, power conditioner, and controls.
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When a fuel cell is used to generate electricity for the motor that
drives the propeller, then the weight of the fuel cell is also included
in We, and the weight of reactants consumed per unit of energy output
from the fuel cell becomes the value of SRC in- terms of 1b/hphr in Egs.
(7) and (16). The value of N, is again taken equal to the product of the
electric motor and transmission efficiencies.

The cruise/dash distance trade-offs available from a given propul-
sion system can be represented as illustrated in Fig. 1 by a straight
line that passes through the value of Xd’ computed from Eq. (19) or (21),
on the ordinate; and Xc’ computed from Eq. (20) or (22), for a chosen
cruise speed on the abscissa. This line is the locus of all combinations
of values of dash and cruise distances (for the chosen cruise speed)
available from the specified system.

Figure 1 compares two hypothetical propulsion systems. One might
represent a system designed to favor dash economy; the other, one in
which a particularly light dash engine is used with a sacrifice in dash
efficiency. Such a display immediately identifies the system with the
longer cruise distance for a given dash distance requirement.

An advantage of the method represented by Egs. (19) to (22) is that,
by involving only major variables that separate vehicle parameters from
engine parameters, it permits quick estimation of the effects of changes
in these parameters on performance trade-off curves such as shown in
Fig. 1.

For a given vehicle design and design dash speed, meV* is a constant.
For a given engine design, W: is a constant; it is substantially indepen-—

dent of vehicle design and design dash speed. Therefore, the effect on
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range of changes in the design of a vehicle with a given engine type is
obtained by changing only pme* and is proportional to pme* - W:. The
effect on range of changes in specific engine weight is obtained by ad-
justing W:; again the range is proportional to pwwV* - WZ. Once the
vehicle design, dash speed, and specific engine weight have been chosen,
the quantity pwwV* - W: remains constant for all cruise speeds. Equations
(19) to (22) indicate that range is proportional to engine efficiency Nn
and the heating value of the reactants h.

Once the vehicle range as displayed, for example, by Fig. 1 has
been determined for one set of vehicle and engine parameters, adjust-—
ments to changes in these parameters can be established quickly. For
example, a change in engine efficiency at dash speed causes a proportional
change in the position of the end point of the performance line where it
touches the ordinate axis. A change in engine efficiency at cruise speed
similarly affects the position of the performance line where it touches
the abscissa axis. A change in the quantity pwwV* - W: due to an altered
vehicle design, dash speed, or specific engine weight moves the performance
line parallel to itself a distance proportional to the value of pwwV* - W:.
A different heating value for the reactants, if it does not affect the
engine cycle efficiency, moves the curve in Fig. 1 parallel to itself a
distance proportional to h. Figure 2 illustrates these effects for a
hypothetical vehicle. The parameters noted in the table in Fig. 2 are

increased 20 percent relative to the values for the reference case.
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The effects of various system parameters on dash and cruise distances
can be obtained readily from Eqs. (19) and (20) or (21) and (22). 1In the
following, we derive an equation that gives a more compact and generalized
display of the effects of vehicle drag coefficient Cd and the weight factor
w. For a vehicle of volume V (given in cubic feet) and velocity U (given

in knots), the vehicle drag power is

P = CdpwV2/3(l.688U)3//1100g, hp

or

g
I

0.00869 cdv2/3u3, hp (23)

When the boundary layer lies mainly in the turbulent flow region, the drag
coefficient based on volume displacement Cd varies as (Reynolds number)—o'z.
Most of the examples below will use a value of (0.025 for Cq- The effect on
vehicle range of a variation in Cd from 0.020 to 0.030 will be displayed.

Equation (23) shows that, for a vehicle of given size and speed, the
drag power is proportional to Cd; and, therefore, the term meV* is propor-
tional to w/Cd. The engine weight is nearly proportional to Pd because the
drag horsepower is large relative to the hotel load at dash speed; therefore,
W* is a constant with variation in w and Cd' If the subscript o is used to
represent a set of reference conditions (i.e., dash speed, w, and Cd)’ then
for the weight-limited case the effect of variations in w and Cd on the

cruise distance relative to that for the reference system may be obtained

from Eq. (20) and is given by
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%« fw C % P
X _1 Yo "4 ! npnt Tefco (24)
X N L4

° % 1 Py Cao
pwwOV - We nn + npP C
Pt eco d

In Eq. (24),the C

d values for cruise speed are assumed to change by the

* *
same ratio as the C, values for dash speed. Let b = Wé meOV and

d
a=1-"b; then from Eq. (23) we may write

= * 3 1/3
b = 0.00869We Cdo Ud wOV CEE

The -equation for X/X then becomes
B e R S et EeS M’

W Cdo e Pco
5 T - b TP + 1
X _\o d npnt h

e co do
npnt Ph Cd

~ —————

Equation (25) also applies for the dash distance with Pco replaced by Pdo'

The derivation of Eq. (25) assumes that the system is weight-limited and

that n_, np, U f, and SRC are independent of w and Cd' If the system were

t
volume-limited, Eq. (25) would apply if b were defined as

b

% %
v v (26)
and again ’

1-b.

o
]
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The relative ranges given by Egqs. (24) and (25) are for a set of wvehicles
with the same volume and dash speed, differing only in the values of w

and Cd' The value of b, a constant in these equations, is determined by

the reference parameters.
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IIT. APPLICATION OF METHODOLOGY

LARGE MANNED VEHICLES

To demonstrate the application of the methodology, we compare the
range performances of a vehicle with a submerged displacement volume of
10,000 ft3 using two alternative propulsion systems. System A is heavy,
with a low specific reactant consumption; system B is light, but with a
higher specific reactant consumption. Table 1 lists the parameters for
the vehicle and both engines. These parameters describe hypothetical rather
than specific systems in order to illustrate the application of the metho-
dology.

Substitution of the parameters from Table 1 into Eq. (14) reveals
that the system is weight-limited, so Egs. (19) and (20) apply. Figure 3
shows the range trade-offs between dash and various cruise speeds for the
two propulsion systems.

Figure 3 demonstrates that system A gives the greater range for all
of the cruise speeds shown, indicating the overwhelming importance of
specific reactant consumption relative to specific engine weight for the
systems characterized by Table 1. 1t is evident from Egs. (19) and (20)
that the range is inversely proportional to specific reactant consumption,
and that the ranges in Fig. 3 can be adjusted to accommodate other values
of SRC by applying this proportionality. (In other words, a 1 percent
reduction in specific reactant consumption always provides a 1 percent
increase in range.) The range is proportional to pme*/— WZ. Therefore,
when W: is small relative to pwwV* (as it is in the present example),

*
then reduction in the value of We has little effect on range.
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Table 2 summarizes the effects on cruise and dash ranges of a 1
percent reduction in specific engine weight for a broad range of system
parameters. These data indicate that at low design dash speeds (e.g.,
30 kn) a 1 percent reduction in specific engine weight gives much less
than a 1 percent increase in range. As design dash speed is increased,
prV* decreases. Finally, a point is reached (as Table 2 shows)
where a decrease of 1 percent in specific engine weight can provide much
more than a 1 percent increase in range, and specific engine weight can
become the primary engine consideration.

Figure 4, computed from Eq. (25), shows the semnsitivity of the
range of system A of Fig. 3 to a change in the drag coefficient of the
vehicle, Cd’ and the weight fraction of the vehicle available for the
engine system and reactants, w. The ranges shown at the ends of the
curves in Fig. 3 (for Cdo = 0.025 and w, = 0.25) are taken as the re-
ference values in Fig. 4. At a value of Cd = 0.025, the relative
range is, of course, independent of vehicle speed and extends linearly
with increases in w, as Eq. (25) shows.+ The value of w increases if
the design submergence depth is decreased. It can also be increased by
constructing the hull of materials having a higher strength per unit
weight.

Range can be increased by decreasing Cd' According to Fig. 4,
this effect increases with greater vehicle velocity. At a speed of
30 kn, decreasing Cd to 0.020 and doubling w increases range by a
factor of 2.9. At a speed of 5 kn, these same changes in Ca and

increase range by a factor of 2.5.

tBecause b relates to the design dash speed §30 kn) and the volume of
the reference vehicle (10,000 ft3), its valué in Fig. 4 is constant
(0.169). S
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The example displayed in Fig. 3 assumes that the SRC remains constant
over the entire speed range. In practice, however, this condition is diffi-
cult to achieve on a single engine because of the great difference in power
required at dash and cruise speeds. For example, in the case of Fig. 3, the
engine power at a speed of 5 kn is 2 percent of the engine power at dash
speed. A constant SRC over the entire speed range investigated is attain-
able with a dual-engine system. Therefore, Fig. 3 is applicable to a dual-
engine system in which one engine is designed for high speeds (30 to 20 kn)
and the other for low speeds (10 to 5 kn). The value of 12.50 1b/hp for
W: includes the weights of both engines.

The dash engine of system A (Table 1) in a single-engine system can
reasonably be assumed to have an SRC of 1.50 1b/hphr at speeds of 30 and
20 kn, and SRC values of 2.0 and 4.4 at speeds of 10 and 5 kn, respectively.*
It is also reasomable to assume that the single-engine system might weigh
5 percent less than the dual-engine system—-i.e., the value of W: would
be 11.9 1b/hp. TFigure 5 shows the vehicle ranges for this set of parameters
designated as the single-engine system, and the vehicle ranges for system A
of Fig. 3 designated as the dual-engine system. The dual-engine system
shows a small loss in range (1 percent) at 30 and 20 kn, but a large gain
at 10 and 5 kn. The advantage of the dual-engine system increases as the
required operating speed range is broadened. |

The same reactant combination is used for each of the systems compared
in Figs. 3, 4, and 5. The relative ranges remain the same regardless of

the reactant combination chosen because, as indicated by Eqs. (19) and (20),

tBased on curves showing the relative change of SRC with percent full load
power for typical engines.
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the ranges at dash and cruise speeds vary directly in proportion to the
effective heating value of the reactant combination. For engines in
which the heat of reaction is transferred from the reactants to the
working fluid, the engine efficiencies Non should be independent of the
reactants employed. The effective heating value should allow for
the heat removed from the system by the products of reaction at
discharge temperature.

Equation (14) establishes whether a system is weight- or volume-
limited. The boundary between the two zones can be determined by

equating both sides of that equation, giving the expression

o} W
o =(—2 m-—j(—l——l—). (27)

A plot of Eq. (27) for various values of pr, Cd’ and W: appears as
Fig. 6 for a submarine displacing 10,000 ft3 designed for a dash speed
of 30 kn.

Point A in Fig. 6 represents the pair of values w = 0.25, 6 = 0.50,
corresponding to the submarine design of Table 1. These values represent
the weight and volume, respectively, left for propulsion system plus re-
actants after subtracting from the submarine displacement weight and
volume, respectively, the weights and volumes preempted by the hull,
fittings, miscellaneous equipment, crew, crew quarters, payload, and

miscellaneous storage areas.
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When the design values of w and 6 as illustrated by point A in Fig. 6
lie above a line representing the parameters of the system, then the system
is weight-limited; when the point lies below the line, the system is volume-
limited. The positions of the lines in Fig. 6 depend mainly on the reactant
density P The slopes of the lines are equal to pw/pr. The design repre-
sented by point A is thus volume-limited for a reactant density of 17 lb/ft3
and is weight-limited for the other densities shown on the figure. Table 3
shows values of oL for several reactant combinations. For all combinations
except H2 + 02, point A falls in the weight-limited zomne.

For the conditions represented by each line in Fig. 6, there is a
specific value of w and of 6 at which the range falls to zero. These are
called the critical values, designated W, and Gc.

Equations (19) to (22) indicate these critical values are given by
WiV 28
We = YolPy (28)

and

=/

o le
o

] v*/v* 29
= Ve = w_o o (29)

Table 4 lists the values of w, and ec for the conditions of Fig. 6.
Point A and all lines in Fig. 6 lie above these critical values.

The data in Fig. 6 relate to a design dash speed of 30 kn. Figure 7
shows the effect of varying the design dash speed for the same submarine.

Each line was terminated at @, or ec, whichever was reached first.
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Figure 7 demonstrates that, for the conditions listed and for a
dash speed of 50 kn and drag coefficient of 0.03, point A is not a
realistic possibility; the propulsion system weight and volume would
exceed the available values. TFor a dash speed of 50 kn and a drag
coefficient of 0.02, a design is possible but its range would be
extremely small.

The upward movement of the lines with increases in Ud noted in
Fig. 7 results because CH is greater than Pys as shown by Eq. (27).
1f a P of 17 lb/ft3 were chosen, then the direction of the displace-
ment of the lines with increases in U, would be downward, as illustrated

d

in the following section.

SMALL UNMANNED VEHICLES

Because much less space can be allowed for servicing the engine in
small unmanned vehicles, the effective engine density e increases from
about 30 lb/ft3 for large vehicles to about 100 lb/ft3zf0r small vehicles
displacing about 20 ft3. The factor f, which takes into account the
reactant tank and insulation weight, increases because the smaller
reactant tanks of the small vehicle have larger surface-area-to-volume
ratios. Because Figs. 3 through 5 amply illustrate for the large vehicle
the method of comparing the range performances of submersibles with
various engines, we will not repeat this exercise for small vehicles.

The discussion of the small vehicle will be limited to the weight/

volume-limit criteria that exhibit different characteristics than hold’

for the large vehicle. These criteria are shown in Fig. 8 for a small
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submersible displacing 20 ft3 designed for a dash speed of 30 kn. Again,
if the point (w,6) for a given vehicle falls above the line corresponding

*
to the values of C, and We, the system is weight-limited; if below the

d
line, the system is volume-limited. The positions of the lines are more
sensitive to the values of Cd and W: for small than for large
submersibles.

Illustrative point B at (w,0) of (0.50, 0.55) is typical of some
small submersibles, such as torpedoes. It lies in the volume—iimited
zone for reactant combinations having a value for e of 17 1b/ft3; and in
the weight-limited zone for o of 64 and 85 lb/ft3. For Py = 50, point B
lies in the volume-limited zone for W: = 1, and in the weight-limited
zone for W: = 10. The criteria for determining whether a system is weight~
or volume-limited are more sensitive to reactant density for small submer-
sibles than for large. Table 5 lists the critical values of w and 6 for
Fig. 8. Point B in Fig. 8 lies above these critical wvalues.

As previously noted in the discussion of Fig. 7 and Eq. (27), an
increase in design dash speed causes a shift toward the weight-limited

condition when pr is less than pe. That phenomenon is illustrated in

Fig. 9, where o, is 64 lb/ft3 and 0q is 100 1b/ft3.
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IV. CONCLUDING REMARKS

I1lustrative applications of the proposed method for evaluating the
performances of chemically fueled underwater vehicles show that, for a
submarine displacing 10,000 ft3 designed for dash speeds of about 30 to
35 kn, a given percentage decrease in specific engine weight provides a
much smaller percentage increase in range; whereas a given percentage de-
crease in specific fuel consumption at any given speed provides an equal
percentage increase in range. At a design dash speed somewhat above 40 kn,
a given percentage reduction in specific engine weight can provide a greater
percentage increase in range. At high design dash speeds, thgrefore, the
specific engine weight can become more important than reactant consumption.

With a single engine to cover the entire speed range, a vehicle de-
signed for a dash speed of 30 kn suffers a considerable loss in efficiency
at low cruise speeds, which is reflected as a great loss in cruise range.
A dual-engine system, with one engine designed for high speed and the other
for low speed, can provide great engine efficiency at all speeds and can
give more attractive range perfofmance despite its somewhat greater weight.

Decreasing the vehicle drag coefficient, Cd’ and increasing the
fraction of the gross vehicle weight available for engine and reactants,

w, enhances the effects of each on relative range. Moreover, the benefits
of these changes are magnified at higher speeds.

Whether a given system is weight— or volume-limited depends mainly
on the values of the design dash speed, the net reactant density, the

fraction of gross vehicle weight available for engine and reactants, and
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the fraction of the displacement volume available for engine and reactants.
It depends to a lesser degree on the vehicle drag coefficient and specific

engine weight. It is not affected by the specific engine reactant consump-
tion.

For the representative vehicle displacing 10,000 ft3 designed for a
dash speed of 30 kn, the system is volume-limited only for the reactant
combination of liquid H2 + liquid 02, for which the effective reactant
density oL is in the vicinity of 17 lb/ft3. For other reactant combina-
tions investigated, the reactant densities are 2.5 to 4 times higher than
and the system will be Weight—limiﬁed.

that of liquid H, + liquid O

2 2
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Fig. l—llluétrqhv,ex,- rade-offs between cruise and dash dlsfances

for two propulsuon systems
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Table 1

VEHICLE AND ENGINE PARAMETERS

3:

Vehicle volume V, ft 10,000
a

Cd 0.025

w 0.25

0.50
3
Po 1b/ft 30.00
3
Py 1b/ft 64.00
Dash speed, Ud’ kn 30.00
*
oWV, 1b/hp 73.90
* 3

oV, f£t>/hp 2.31

N, 0.90

npnt 0.80

1.20
Ph’ hotel load, hp 30.00
_ Engine A  Engine B

w:, 1b/hp 12.50 1.50
SRC, 1b/hphr 1.50 3.00

R . . - . P P
Although C4q varies with the Reynolds:numbeér, in ithis illustration it is
assumed constant over the:range of &peeds considered.
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Table 2

PERCENT INCREASE IN RANGE AT BOTH CRUISE AND DASH SPEEDS .FOR
1 PERCENT REDUCTION IN SPECIFIC ENGINE WEIGHT
FOR WEIGHT-LIMITED SYSTEMS

. Specific Design

Displacement ) Engine dash Percent
Volgme Cq Weight & - ISJPY?E:;) Increase
(££7) w (dash) (dash, 1b/hp) p't d in Range
10,000 0.25 0.020 10 0.80 30 0.21
10,000 0.50 0.020 10 0.80 30 0.094
10,000 0.25 0.025 10 0.80 30 0.27
10,000 0.50 0.025 10 0.80 30 0.12
10,000 0.25 | 0,025 10 0.80 35 0.52
10,000 0.25 0.025 10 0.80 40 1.02
10,000 ‘ 0.25 0.025 10 0.80 50 7.62
20,000 0.25 0.025 10 0.80 30 0.20
5,000 | 0.25 0.025 10 0.80 30 0.37
10,000 0.25 0.025 1 0.80 30 &.02

0,000 | o0.25 | 0.036 | 10 | o080 | 30 0.34
10,000 O.SQ 0.030 10 0.80 30 0.15

aLEngine weight divided by shaft power at 100 percent power,



-32~

‘1o3em 1onpoad oYz SUTUTRIUCD YUBL BYF FO SWNTOA PUE 1YSTOM 9Y] I0F SpeW ST IOUBMOTTE uy_

*90eds PoUBUSIUTEW PUR S9INIONIIS P93BII0SSE 103 sjueioeelr ay3z £q pezdmesad sunyoa 1
dUTIPUQNS I0J SMOTT® €T pue- 3y3Tom 98BNUBI- 103 SMOTTE T T 2xeys ‘AaTsusp (€ T/Z°T) = O

*ue84xo prnbin

q

D
9705 8" g 8£8°0 0680 0%8°0 1760 .QNo TTy0T, .
L0°LT 0°92 $8€°0 068°0 0£0°0 910 .0 ’n
v 6L 7°98 8¢ T 068°0 0Lz TARR: %o v
08 1°26 8y'T e T LT 999°0 %as 8K
1°z7L 8'g. 9z2°1 68°0 LT 25T @No G
6" 05 T°6¢ 7480 e T 99%°0 08€°0 %5 1
Amﬁ /41) Amu 3/41) XTR JUBPTXQ 1904 oTIey IuepTXQ Tong
g XTR 0Fi3eworyotosg | 2 FAIBWOTYDTOIS DTIIOWOTYITOS
v ‘K3Tsuaq £31aBIn OTITORdg FUBPTXQ/ToNg

SNOILVNIGWO0D LNVIOVEZY TVOIJAL 40 SAILISNIQ

€ 919eL



~-33-

Table 4

CRITICAL VALUES OF w AND 8 FOR FIG. 6

;
(1b/hp) Ca Wy ®

1.25 | 0.020 0.004 | 0.009
12.50 | 0.020 0.042 | 0.090

1.25 |0.030 0.006 | 0.014
12.50 | 0.030 0.063 | 0.135




Table 5

CRITICAL VALUES OF w AND 8 FOR FIG. 8

&%
We
(1b/hp) | Cd g %
1 0.020 0.027 0.017
10 0.020 0.269 0.172
1 0.030 0.040 0.026
10 0.030 0.404 0.258
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