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ABSTRACT

This report covers the calculation of a compression ignition engine of
the turbocharged type having a minimum responsiveness. The degree of respon-
siveness to be employed being such that at no point of the vehicle's operating
schedule will the performance be inferior to a present typical engine and
transmission with torque converter and lockup.

An engine with a 1.68:1 responsiveness, as defined in the text, is found
to give a performance superior at all speeds except the ones at which the match

is made and at the points of full power.

The Battlefield Day (BFD) fuel requirement data are presented below.

Type of Engine Fuel/2k hr 1b
Turbocharged compression ignition
engine in lockup 1039.8
Turbocharged compression ignition
engine in torque converter 12%61.7

Turbocharged compression ignition
engine in combinations of lockup

and torque converter 1142.5
1.68:1 responsive engine with 5%

stall operation 108k.1
Turbocharged engine with torque con-

verter and 5% stall operation 1513.0

The conditions to be met by the turbocharger to achieve the 1.68:1 re-
sponsiveness are examined and found to be the provision of an exhaust mani-
fold pressure control and variable turbine geometry. The range of air flow
required appears to be within the capabilities of a well designed centrifugal
compressor. It follows that the development for both engine and turbocharger
should be at a minimum since the engine performance factors have been kept
at about the maximum already achieved under R and D contracts.
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I. INTRODUCTION

There is a distinct possibility that an engine with some degree of re-
sponsiveness will, when coupled to an existing shift-type of transmission,
give such superior driver feel and response that the installation of such an
engine in a vehicle would not only improve the performance but reduce driver
fatigue as well. This same reaction has already been demonstrated with other
items of equipment, such as tractors, etc., employing engines with but slight
torque curve changes. If this can be demonstrated for the type of vehicle
now being considered, the problem of developing a completely responsive engine
with no transmission over a speed range of at least 10 to 12:1 is unnecessary,
and the problem is greatly simplified.

In this report, the magnitude of the responsiveness is understood to be
the magnitude by which the torque, and thus the BMEP (brake mean effective
pressure), will increase as the engine speed is reduced from 100% to 33-1/3%,

a 3:1 range. Thus, for a responsiveness of 3, the BMEP at 1/5 speed will be
three times that at full speed; in other words, the horsepower will be con-
stant; this is sometimes called 100% responsive. It follows that a responsive-
ness of 2 will have twice the BMEP at 1/5 speed as at full speed, and the power
will be 2/3 that of full load, or 66.6% responsive, and so on. In other words,
an engine speed range of 3:1 is assumed to be capable of development in a
reasonable time, the balance of any speed control being obtained with a trans-
mission.

This reaction could be illustrated simply in the following manner. Fig-
ure 1 shows a typical level road resistance curve for an automobile together
with the maximum horsepower available from the engine at all speeds. Looking
at the curves for speed "a" mph, there is available "x" hp from the engine
with "y" hp required to maintain the speed constant at "a" mph. Plainly, the
vehicle under such conditions responds freely to throttle changes, since
(x-y) hp is available for acceleration or additional load due to any reason.

Now, consider the case when the road speed is "b" mph; steady state on
a level road can be maintained, but acceleration to any other speed is very
slow since the available horsepower is only (x'-y'), a very small amount.
At this point, any large increase in load cannot be compensated for by in-
creased engine horsepower; operation of the throttle gives a flat feeling to
the driver, and a gear shift is indicated. It does not take much change in
horsepower, as shown by the dotted curve in Fig. 1, to restore to a great ex-
tent the feeling of good control to the driver. For example, if x'-y' =1
when the engine horsepower x' is 200, then if the engine horsepower x" was
only 202, x"-y' is double x'-y', and the acceleration possible is also doubled.
At a point such as this, a 10% increase in available power can make a tre-



Engine H.P.
Vehicle Resistance H. P.

Road Speed, m. p. h.

Fig. 1. Typical resistance and horsepower curves.

mendous difference in operator response as far as gear changing, etc., is con-
cerned. The same is true under any other conditions where the available horse-
pover is close to the resistance. Of course a 10% increase in horsepower at
any speed is also a 10% increase in torque or BMEP, the terms usually employed
for such cases.

The type of change considered here is not a major one as far as magni-
tude is concerned, but in place of the 1 to 10% illustrated above it is be-
lieved that it is possible to consider an increase of 1.5 up to 2.0 times
the engine torque at low engine-speed when the unit is loaded down and the
point of gear shifting is reached.

It will be assumed that the operator will stay in any one ratio so long
as the vehicle responds and feels adequately under control. If the full
engine-speed 1s 3000 rpm, probably the operator would not tend to change gears
provided that the feeling of good control still existed down to say 1000 rpm.
It follows that if a responsiveness of 2:1 could be achieved from 3000 to
1500 rpm the vehicle would (if an automobile) feel as lively at 1500 rpm as
at 3000 rpm since the same horsepower would be available at the two road
speeds. In fact, it would give an improved response since the horsepower
will be unchanged at the low speed but the road resistance will be reduced.
Alternatively, if the vehicle was loaded down by increased load or the addi-
tion of a loaded trailer so that the engine speed was pulled down to 1500 rpm,
there would still be a feeling of adequate control since the horsepower avail-
able could still be more than sufficient for the load applied; in fact, it
would be more than twice that normally available at that speced, thc actual
magnitude depending upon the shape of the torque curves, fan losses, ctc.
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Turning to the immediate problem in hand, viz., estimating the minimum
responsiveness necessary to simplify vehicle operation without excessive
driver fatigue or sacrifice in performance, the following analysis is employed.

This examination is based upon the following units:

1. Engine.—The power plant is to be a turbocharged compression igni-
tion engine of 500 hp at 3000 rpm.

2. Transmission.—Power Train, Model XTG-411-1 Hydraulic Torque Con-
verter Planetary Gear, All Torgue Shifting.

The above selection was based upon the availability of complete engine
performance as estimated in Fig. 16, Ref. 1, plus transmission data supplied
by U.S. Army Tank-Automotive Center, reproduced in Fig. 2. Using the engine
data of Fig. 16, Ref. 1, the present performance data at full output of the
conventional engine for the various speeds is recorded in Fig. 3.
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IT. ESTIMATE OF VEHICLE PERFORMANCE

Using the above data the following analysis is to be made:

a. Overall vehicle performance at full load with presently installed
engine using both the torque converter system and lockup transmission, and

a comparison made with the performance of a responsive engine from the view-
point of vehicle tractive force.

b. Overall vehicle performance both full and part load by present en-
gine and torque converter and lockup system, and a comparison with the per-
formance by a responsive engine based upon a viewpoint of fuel economy.

c. Fuel consumption over a Battlefield Day with conventional engine
and a minimum responsive one.






III. METHOD OF CALCULATION

The following calculations are based upon a vehicle having the following
specifications.

Vehicle weight: .43 tons

Fitch diameter of sprocket: 22.19 in.
Final drive ratio: 5.4:1

Maximum coefficient of friction: 80%

Rolling resistance (first-class roads)

1b/ton
67.0
67.5
68.0
68.0
68.0
68.5
69.0
70.0
55
15 72.0
16 69.0
17 68.0
18 67.0
19 67.0
20 67.0
30 70.0

= =
ommﬂmurwms

schedule of operations and resistances (Table I).

The Battlefield Day (BFD) calculations are based upon the following

The first schedule for the conventional engine is the same as that usually
employed for BFD calculations. The second schedule for both the conventional
and responsive engines has reduced the L0% time at twice first-class road re-
sistance to 35% and added a 5% period in which the vehicle could be stalled by
some obstacle. At this time the engine is operating at its maximum horse-
power but at minimum engine speed (of say 1000 rpm) in order to minimize
ground slip while at the same time giving high torque to the track.



TABLE I

BATTLEFIELD DAY SCHEDULES

Time % of BFD
Conventional

Vehicle Speed, 114 Resist Conventional -
mph Rolling Resistance Engine and R?spon51ve
Only Engine with
Stall
15, 16, 17, 1.57 times that of
18, 19, 20 1lst class roads 20.0 20.0
2, 3, 4, 5, 6, 2.0 times that of 10.0 35.0
7, 8, 9, 10 lst class roads
0 - engine idle 0.0 40.0 Lo.0
0 - maximum hp Vehicle stalled by
at minimum obstacle, etc. 0.0 5.0
rpm

The relations between vehicle speed, resistance, engine torque, power,
and rpm on various slopes are as follows. (Due to the low speeds of vehicle
operation, air-drag has been neglected as well as acceleration requirements.)

The vehicle is assumed to be off the road upon a slope of & to the hori-
zontal as shown in Fig. 4. Then

I

Force in track Weight reaction Resistance of vehicle

along slope * against motion
= Wsina + ugvo W cos o
where
W = weight of vehicle in 1b
Mgvo = coefficient of rolling resistance on ground at V mph and

zero slope
a = slope in degrees

If the transmission sprocket has a diameter of D ft, then the torque on
the sprocket shaft must be

10



Horizonal

Fig. 4. Forces with vehicle on slope of Q.



Sprocket shaft torque = force in track x D/2

WD .
5 (sin QL ey COS a)lb ft. (1)

The data supplied record that the rolling resistance at low speeds (off-
the-road operation on poor terrain) is twice that of a first-class road. As-
suming that the same applies to the road resistance when climbing, it follows
that on a first-class level road

D 2T
Sprocket shaft torque (Tg) = bpyo W5 OT Heyo = ﬁﬁi (2)
where
Ty = torque on sprocket in 1b ft
Hpyo = coefficient of rolling resistance on a level first-class

road at V mph

The value of Upyg 1s given in the previous pages in terms of lb/ton
weight. It follows that off the road the value of Hgvo will be given by
Hgvo = (1.57 to 2.0)upyo depending upon the speed; Table II then gives the
rolling resistance of the vehicle being examined under the various speed con-
ditions.

TABLE II

ROLLING RESISTANCES ON LEVEL GROUND

Vehicle Speed, 1st Class Road, Upyq Off the Road, Hgvo
mph 1b/ton 1b/1b 1b/ton 1b/1b
2 67.0 0.0335 134.0 0.067
3 67.5 0.0338 135.0 0.0675
I 68.0 0.0340 1%6.0 0.0680
5 68.0 0.0340 136.0 0.0680
6 68.0 0.0340 136.0 0.0680
7 68.5 0.0343 137.0 0.0685
8 69.0 0.0345 138.0 0.0690
9 70.0 0.0350 140.0 0.0700
10 73.5 0.0368 147.0 0.0735
15 72.0 0.0360 113.1 0.0566
16 69.0 0.0345 108.4 0.0542
17 58.0 0.03k40 106.8 0.0534
18 67.0 0.0335 105.2 0.0526
19 67.0 0.0335 105.2 0.0526
20 67.0 0.0%35 105.2 0.0526
30 70.0 0.0350 110.0 0.055

12



If an equivalent rolling resistance/ton is employed (defined as ”gva)’
that is, the equivalent rolling resistance of the vehicle on ground at a
slope of o at V mph, we may write

K = (sin ot

gval vo COS a)

g

and for off-the-road operation

Total rolling resistance
on slope o at V mph sin Qtlhgyo CcOS O

Total rolling resistance Mgvo
on slope ¢ = 0 at V mph
or
Vehicle resistance on sin atu cos QO
= gvo R
slope a at V mph L gvo (3)
gvo
where
R = resistance on level ground at V mph.

gvo

The value of the ratio sin a+“gvo cos a/“gvo for each value of the slope
is shown in Table III. Observe that the variation of this ratio with vehicle
speed is of a very minor order for slopes of low magnitude, but it increases
with the slope.

Collecting together the relations between engine, transmission, and track
we have:

A, RESISTANCES

Vehicle resistance at V mph on

first-class level road = Beyo = Heyo W
where
W = weight of vehicle in 1b
Ueyo = rolling resistance per 1b on first-class level road at

velocity of V mph

Vehicle resistance on level

ground off the road = FRgvo = 157 - 2.0 Revo

gvo

13
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Vehicle resistance on slope

a° off the road at V mph=R

B. TORQUE

gvo

_ U
- “gvo

Kgvo

gyo COS otsin

<%gvo cos Qtsin

a
Rgvo

Kgvo

j)W 1b.

When driven by a sprocket of diameter D in. with a track resistance of
R 1b the sprocket torque is given by

D
Sprocket torque = of X R 1b ft

then for

(b)

So

First-class level road

Ts

Off -road level ground

Off road on slope of Q°

T

u
“gvo

u

gvo

D
oL Rfvo
usO El: 1b ft
D
2l Rgvo
WD
Hevo o 1b Tt
gvQy

gvo COS otsin

Kgvo

cos tsin ¢

Kgvo
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C. TRANSMISSION TORQUE

The transmission output torque for the vehicle under the various condi-
tions will be given by

Transmission output torque Tmo

sprocket torque x

1

DRfXT]D

appropriate Ts(f,g’ or ) (7)

where
DRf = final drive ratio

np = final drive efficiency.

D. ENGINE OUTPUT TORQUE

The engine torque will depend upon transmission lossesand is given by

Engine output torque = Tg
_ Mo (8)
GRTan
where
GRp = gear ratio of transmission
Hp = ‘transmission efficiency.
E. SPEEDS

The speed in rpm at the various locations is given below for any vehicle
speed in miles per hour, accompanied with a ground slip of 10%.

mph x 5280 x 12 r
60 x 1 x D x ng

Sprocket speed (Ng)

mph (9)

Ng = 373 x 3

16



when

Mg ratio of ground to track speed

0.90 (10% slip)

Transmission output speed Nro sprocket speed x DRe

Npg = 3753 ?QE%EEi rpm (10)
Engine speed (Ng) = transmission speed x GRyp
Ng = 373 ?gE%EE; GRp (11)
where
GRp = gear ratio of transmission.
Let
DRr x GRp = DR,
= overall drive ratio
then
Engine speed (NE) = 373 E%E DR, rpm. (12)

When examining the case of a torque-converter transmission, the engine
speed can be obtained directly from the test data for any given set of condi-
tions (Fig. 2).

F. HORSEPOWER REQUIREMENTS

The horsepower requirements at the various points of interest are as
follows:

mph x 5280
60x33000x14

Ground hp applied by track resistance x

]

1.905 x 107 Ty x Ng.

17



The values to be employed for the various ground conditions are given
in Eq. (3) and Table III.

TEXEanE

Engine horsepower = 23000

1]

1.905 x 107 oy x Ty . (13)

In most cases, the engine horsepower can best be calculated via the
ground resistances by using the transmission output torque and the overall
transmission efficiency, as below:

Engine horsepower = 33000 GRyxng . (14)

18



IV. VEHICIE PERFORMANCE OF PROPOSED SYSTEM

The performance of a given vehicle can be predicted from the above cqua-
tions. In the present instance, the vehicle, engine, and transmission, given
on page 3 of this report, will be examined under the various possible systems
of operation, torque converter, and lockup to obtain a reference point; the
minimum required conditions of .responsiveness will then be investigated (for
possible engines of the near future) to fulfill, or exceed, the present per-
formance of the assumed combination. To this end the highest torque at trans-
mission output of the present setup, in converter or lockup, will be employed
to determine the minimum responsive engine condition; this will set the condi-
tions that the engine must meet, its range of power requirements, etc., to be
the equivalent of the present engine and transmission.

Tables IV and V show the vehicle resistances for first-class and off-
the-road conditions at 2-10 mph and again at 15-30 mph using the data of pages
9 and 10.

Withtheabove resistances, the ground and sprocket horsepower require-
ments for off-the-road operation are calculated via Egs. (8), (12), and (13)
with the aid of Egs. (15)-(18). The results are shown for the various speeds,
gear ratios, slopes, etc., in Tables VI-XI.

TABLE IV

GROUND RESISTANCE, 2-10 MPH

Pounds per Ton

5 6 7 8 9 10

Ground Conditions [ m

2 >
First Class Road 0° 67.0 67.5 68.0 68.0 68.0 68.5 69.0 70.0 3.5

-
=

-3
o

Off the Road 0° 134.0 1%5.0 13%6.0 136.0 136.0 137.0 138.0 140.0
1° 168.1 170.2 170.2 170.2 170.2 1T71. 172.0 17%.0  180.

2°  203.5 205.1 206.1 206.1 206.1 207. 208.0 210.0 216,

3°  237.5 238.6 239.9 239.9 239.9 2Lo. 241,8  243,5  2%50.

Le 273,0 27k.2 276.0 276.0 276.0 276. 277.5  279.1 286,

5°  307.2  307.8 309.5 309.5 309.5 310. 311.2  313.4 320,

10°  479.5 481,0 L482.0 L4B2.0 482.0 483, L84.,8 L488.0 Lg2,

15°  646.5 648,2 649.5 6L9.5 649,53 650. 651.1 652.5 660.

20° 810.0 811.0 812.0 812.0 8i12.0 812. 81k.0 816.0 8e2.

F oD, O
oIS G IR VRV
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TABLE V

GROUND RESISTANCE, 15-30 MPH

Ground Conditions

a

Pounds per Ton

15 16 17 18 19 20 30
First Class Road 0° 72.0 69.0 68.0 67.0 67.0 67.0 70.0
Off the Road 0° 113.1 108.k 106.8 105.2 105.2 105.2 110.0
1° 1hk7.1  1k2,5 141,11 139.3  139.3  139.3  1L44k.0
2°  18k.0 178.% 176.9 175.3 175.3 175.3 180.1
3°  216.7 212.1 210.9 209.0 209.0 209.0 213.7
ke 252,2  248.1  24k7.0 24h,9  2kk,9  2hkh,9 2496
5° 286.2 ©281.8 280.0 278.9 278.9 278.9 283.1
10°  b58,0 L45k.0  U453.0  L5l.2  451.2 bS1.2 L56.0
15°  626.5 620.5 621.0 620.0 620.0 620.0 623.0
20° T790.0 785.0 786.0 783.0 783.0 783.0 787.0
TABLE VI
GROUND HORSEPOWER REQUIREMENTS, 2-10 MPH
Miles per Hour
Ground Conditions a 5 3 m 5 3 7 g 5 o
First Class Road 0° 15.3 23,2 31.25 38.9 46,7 54.9 62.2 72.2 84,2
Off the Road 0° 30.7 464 62.2 77.8 92.4  109.8 126.5 14k.,5 168.5
1° 38.5 58.5 78.0 97.k 117.0 137.2 157.7 179.5 207.0
2° 46.6 70.5 94k 117.9 141.5 166.0 190.5 216.5 24B8,1
3° 5h.4 82.0 109.8 137.1 164.6 192.8 221.5 251.0 ©287.0
e 62.5 oh.2 1265 157.9 189.5 221.5 254,1 288.0 328.0
5° 70.%  105.7 141l.7 177.0 212.5 248.,6 285.0 323.2 367.0
10°  109.8 165.3 220.7 275.5 331.0 387.5 A4ik.0 [503.0 56%.0
15° 14k8.0 222.8 297.0 37L.0 445.5 [520.8 597.0 673.0 T756.0
20° 185.5 278.7 372.0 W6k.0 |557.0 651.0 Th5.0 84L.0 9L1L.0
TABLE VII
SPROCKET HORSEPOWER REQUIREMENTS, 2-10 MPH
Ground Conditions a Miles per Hour
2 3 L 5 6 T 8 9 10
First Class Road 0° 16.9 25.5 3h L 42.8 514 60.k4 68.4 79.4 92.7
Off the Road 0° 33.8 50.8 68.4 85.6 102.8 120.8 139.1 159.0 185.4
1° 4o k4 6k 4 85.8 107.2 128.6 151.0 173.5 197.5 227.5
2° 51.3 77.5 103.8 129.6 155.6 182.5 209.5 238.0 273.0
3° 59.8 9.2 120.8 150.8 181.0 212.0 243.,5 276.0 315.8
I 68.8 103.6 139.2 173.5 208.5 24L3.,5 279.5 316.8 361.0
5° 7.4 116.2  156.0 194k.7T 233.5 273.2 313.5 355.5 403.5
10°  120.7 181.6 24k2.5 303.0 363.0 L426.0 U488.0 - -
15°  162.6 245.0 326.,2 408.0 | 490.0 - - - -
20°  207.2 306.2 L409.0 | 509.5 - - - - -
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TABLE VIII

SPROCKET AND TRANSMISSION SPEEDS, 2-10 MPH

Speeds, Miles per Hour
Tpm 2 3 L 5 6 7 8 9
Sprocket, Ng 33.6 504 67.2 8.0 100.8 117.5 134,k 151.1
Transmission, Np 181.6 272.2  3%63%.0 453.8 SWhk.2  635.5 T726.0 816.5
TABLE IX
GROUND HORSEPOWER REQUIREMENTS, 15-30 MPH
Ground Conditions a Miles per four
15 16 17 18 19 20 30
First Class Road 0° 123.5 12k.5 132.5 138.0 145.8 153.5 240.0
Off the Road 0° 19k.0 195.% 208.0 217.0 229.0 241.0  377.5
1° 252.5 257.0 275.0 287.0 303.0 319.0 49L.0
2°  316.0 31.8 34hk,5 361.0 381.5 Lol.5 618.0
3° 372.0  382.8 L410.5 14%0.5  u55.0  L479.0 [ 73k.0
ke k33,0 M47.5 LBL.0 [504.0 533.0 560.5 -
5°  491.5 [508.0 545.0 S7L.0  606.0 638.0 -
10°] 786.0 819.0 882.0 9%0.0 982.0 - -
15° | 1075.0 1120.0 - - - - -
20° | 1356.0 1416.0 - - - - -
TABLE X
SPROCKET HORSEPOWER REQUIREMENTS, 15-30 MPH
Miles per Hour
Ground Conditions 0] 5 TA 17 ) 9 0 %
First Class Road 0° 135.8 137.0 145.7 151.9 160.4 168.9 264.0
Off the Road 0° 213.2 215.0 228.8 238.8 252,0 265.0 L415.2
1° 277.5 282.8 302.2 315.7 333.0 351.0 | 54k4.0
2°  347.5 253.8 379.0 397.0 L419.5 Lh1.5 | 680.0
3% k19,0 L421.0 L451.5 L473.5 499.9 | 526.5 807.0

be  L476.0 492.0 | 528.5 554.0 -
5° |5%9.0 558.0 - - -
10° - - - - -
15° - - - - -
20° - - - - -
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TABLE XI

SPROCKET AND TRANSMISSION SPEEDS, 15-30 MPH

Speeds, Miles per Hour
rpm 15 16 17 18 19 20 30
Sprocket, Ng 252,0 269.0 286.0 305.0 319.5 336.0 504.5
Transmission, Np 1360.0 1452.0 1545.0 1646.0 1725.0 181L.0 2723.0
Ground horsepower at track = 0.002662 x Upyo X W X mph (15)
Sprocket horsepower, 10% slip = 0.002930 x Leyo X W x mph (16)
Sprocket speed (Ng) = 373 x E%E (17)
where
D = 22.19 in.
Ng = 16.81 x mph

Transmission output speed (Ny) 16.81 x mph x DRy

90.8 x mph. (18)

The input to the final drive will depend upon the efficiency of this drive
unit; assuming an efficiency of 0.90 for the 2-10 mph data and 93% for the 15-
30 mph values, the transmission output requirements are given in Table XII.

With the transmission output horsepower and speed available, the curves
of the Model XTG-411-1 Power Train, shown in Fig. 2, can be employed for the
engine performance characteristic at the 2-10 mph when employing the torque
converter; these results are set out in Tables XIII-XVI employing Fig. 5, cal-
culated from the data supplied, for the efficiency in both converter and lockup
conditions.

When the transmission is used in the lockup drive at various vehicle
speeds the engine rpm and horsepower requirements are as shown in Tables XVII-
XIX.
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Fig. 5. Efficlency data for XTG-411-1 transmission
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TABLE XIII

FIRST GEAR TORQUE-CONVERTER OPERATION, 2-U4 MPH

Miles per Hour

2 3 L 5 6 7 8

Engine speed, rpm 2485 2540 2640 - - - -
Transmission efficiency, % 72.5 76.0 77.5 - - - -

Engine Horsepower

0° 25.9 37.2 49,3 Engine overspeeds at all
other vehicle speeds.

0° 51.7 Th.3 98.6 - - - -

1° 64.9 k.2  123.0 - - - -

2° 78.6 113.4  149.0 - - - -

3° 91.7 131.9 173.2 - - - -

ke 1054  151.5 199.5 - - - -

5°  118.6 170.0 223.7 - - - -

10°  184.9 265.8 348.0 - - - -

15°  249.0 358.5 L468.5 - - - -
= 20° 317.8 L448.3 | 587.0 - - - -

First Class Road «

Off the Road

LU | N A | [ I

TABLE XIV

SECOND GEAR TORQUE-CONVERTER OPERATION, 2-T7 MPH

Miles per Hour

2 3 in 5 6 7 8

Engine speed, rpm 2450 2480 2520 2590 2660 2800 -
Transmission efficiency, % 55.0 T1.0 76.0 T7.5 T7.0 75.0 -

Engine Horsepower

0° 3.2 39.9 50.3 61.2 .3 89.6 -

First Class Road «

0° 68.2 79.6 100.0 122.5 146.5 179.0 -
1° 8.6 100.9 125.5 153.6 185.4 223.2 -
2°  103.5 121.5 151.9 185.6 224.,5 270.7 -
3°  120.9 1h1.2  176.5 216.1 261.0 314.0 -
138.9 162.2 203%.5 248.,8 301.0 360.5 -
5°  156.3 182.0 228.0 279.0 337.0 Lo5.2 -
10° 238.5 2845 L3h .5
15 328.5 38L4.0 586.0 708.0 - -
20°  419.0 480.0 730.0 - - -

Off the Road

| | N | | N Y | S | A | Y
=
o

25



TABLE XV

THIRD GEAR TORQUE-CONVERTER OPERATION, 2-10 MPH

Miles per Hour

2 3 b 5 6 7 8 9 10
Engine speed, rpm 2450 2450 2450 2450 2460 2500 2530 2560 2590
Transmission efficiency, % 36.0 L7.0 56.5 6.0 68.5 72.3 75.0 77.0 T7.7
Engine Horsepower

First Class Road «a = O0° 52.2 60.2 67.6 h.2 83.5 92.9 101.4 114.6 132.5
Off the Road = 0° 1ok.2 120.3 134.6 148.5 166.6 185.5 206.0 229.2 265.0
= 1° 13%0.9 152.5 168.8 186.0 208.6 231.7 257.0 285.0 325.5
2°  158.4 183.5 20k.2 225.0 252.8 280.5 310.5 343.8 395.0
= 3° 18L.8 213.2 237.7 262.0 293.5 325.5 36l.1 399.0 _L51.5
= L4° 212,2 240.0 2740 30L.k  338.2 3740 kik.5 L57.0 517.0
= 5° 239.0 275.0 307.0 338.2 379.0 420.2 L464.8 |514.0  577.0

= 10° 372.5 L430.0 478.0 |526.5 590.0 656.0 723.0 - -

=15° 502.0 [580.0 643.0 T710.0 T98.0 - - - -

= 20° | 640.0 726.0 - - - - - - -

TABLE XVI
FOURTH GEAR TORQUE-CONVERTER OPERATION, 2-10 MPH
Miles per Hour
2 3 L 5 6 7 8 9 10
Engine speed, rpm 2450 2450 2450 2450 2450 2455 2460 2L70 2480
Transmission efficiency, % 16.5 23,0 32.5 Lo.5 46.5 51.0 54,5 58.5 61.5
Engine Horsepower

First Class Road & = 0° 1140 123.1 117.5 117.2 123.0 131.8 139.5 15%0.7 167.hk
Off the Road 0° 227.5 245.8 233.8 234.5 245,33 263,0 283.5 301.5 335.0
= 1° 285.8 311.4b 293.0 L0 307.0 328.5 354.0 375.0 411.3
= 2° 3458 375.0 354.8 355.3 372.0 398.1 Lk27.5 L452.5 499.0
= 3% L4034 436.0 Lil2.,5 k13,5 L432.5 L62.0 497.5 | 524.5 570.3
= b 463.0 501.0 U475.5 L476.0 498.5 [5%0.0 57L.0 602.0 653.0

= 5° |522.0 562.0 533.0 534.0 558.0 596.0 640.0 - -

= 10° | 81k.0 - - - - - - - -

= 15° - - - - - - - - -

= 20° - - - - - - - - -
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TABLE XVII

FIRST GEAR LOCKUP, 2-6 MPH

Miles per Hour

2 3 L 5 6 7 8 9 10

Engine speed, rpm 950 1400 1870 2350 2800 - - - -
Transmission efficiency, % 85.0 87.5 90.0 91.8 92.5 - - - -

Engine Horsepower

First Class Road « = 0° 22,1 32,3 ho.5 51.8 61.8 - - - -
Off the Road = 0° Li,2 64,6 84,5 103%.6 123.3 - - - -
= 1° 554 81.8 106.0 129.9  154.k4 - - - -

= 2° 67.1 98.5 128,3 156.9 187.0 - - - -

= 3° 78.2 11k,5 1490 182.7 217.1 - - - -

= L 89.9 131.6 172.0 210.0 251.0 - - - -

= 5° 101.2 147.6 192.5 236.0 280.5 - - - -

= 10° 157.9 230.5 299.5 367.0 L36.5 - - - -

=15 216.0 311.0 L403.0 495.0 | 590.0 - - - -

= 20° 271.0 389.8 506.0 | 616.0 - - - - -

TABLE XVIII
SECOND GEAR LOCKUP, 2-9 MPH
Miles per Hour

2 3 L 5 6 7 8 9 10

Engine speed, rpm 650 1000 1335 1650 2000 2340 2670 3000 -
Transmission efficiency, % 91.0 93.0 9k.0 93.5 92.5 92.0 91.5 91.0 -

Engine Horsepower

First Class Road «a = 0° 20.7 30.4 ho.7 50.3 61.8 73.0 83.0 96.8 -
Off the Road = 0° hi.2 60.7 80.9 101.7 123,3 145.8 168.8 194.0 -
= 1° 51.8 76. 101.5 127.% 154.3  182.1 210.7 24l.0 -

= 2° 62.7 92,6 122.9 154.0 187.0 220.7 254.7 291.0 -

= 3° 73.1  107.6 1430 179.3 217.2 256.0 296.0 337.0 -

= L° 84,0 123.8 16k.7 206.1 25.4 294.0 339.7 386.5 -

= 5° oh.6 138.8 18k.5 2%1.,5 280.3 330.5 380.8 L434,0 -

=10° 147.5 217.0 287.2 360.0 U436.3 |[515.5 593.0 - -

=15° 198.7 292.7 386.7 485.2 [590.0 - - - -

= 20° 253.,3 366.5 L84.5 | 605.0 - - - - -
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TABLE XIX

THIRD GEAR LOCKUP, 6-10 MPH

Miles per Hour

2 3 L 5 6 7 8 9 10
Engine speed, rpm - - - - 1000 1166 1334 1hko 1665
Transmission efficiency, % - - - - 87.0 89.0 91.0 92.0 9k.0
Engine Horsepower
First Class Road a = 0° - - - - 65.8 75.6 83.6 95.9  109.6
Off the Road = 0° - - - - 131.1  150.8 170.0 191.9 219.2
= 1° - - - - 16h.2 188,k 212.0 238.5 269.2
= 2° - - - - 198.8 228.1 256.2 288.0 326.7
= 3° - - - - 231.0 26k.8 298.0 333.7 373.7
= L - - - - 266.1 304.2  34k2.0 383.0 L4e8.0
= 5° - - - - 298.0 3h2.0 383.2  430.0 L477.5
= 10° - - - - 464h.2 | 533.0 597.0 - -
= 15° - - - - 627.5 - - - -
= 20° - - - - - - - - -

The use of 4th gear lockup in the 2-10 mph range is not considered too
practicable; because the highest engine speed reached would be only about 900
rpm for the 10 mph (the test data supplied for this gear ratio goes down to
only 1600 rpm) a large extrapolation would thus be involved. However, for an
idea of the magnitudes involved at this low speed, a transmission efficiency
of about 92% is estimated, under which the horsepover required will vary from
120 for the first class road to 487.5 off the road on a 20° slope; a respon-
siveness of at least 3:1 would be necessary for this.

Repeating the above calculations for the speed range of 15-30 mph the
data of Tables XX-XXII are obtained.

The heavy lines in all the above tables block off those conditions under
which horsepower in excess of 500 are involved, regardless of speed.

From the data of these tables, graphs have been plotted showing the en-
gine horsepower requirements for all ground slopes up to the 500 hp level for
the vehicle speed ranges given on pages 9 and 10. Superimposed on these
diagrams is a line for various degrees of responsiveness, values for 1.0,

2.0 and 3.0 being shown, together with the normal type, turbocharged, full
power output of the 500 hp engine as well as its smoke limit; in addition, the
SFC (Specific Fuel Consumption) of the unit for these conditions is also shown.
The fuel requirements of the present system under all operating conditions are
thus available. These results are given in Figs. 6-15.

These data are now replotted in Fig. 16 showing the various methods of
operation on one diagram, torque converter and lockup conditions. The problem
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Fig. 6. First gear torque-converter operation, 2-4 mph.
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Fig. 8. Third gear torque-converter operation, 2-10 mph.
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Engine Horse Power (H.P.)

Otf - Road Q@-=3°

Responsiveness = 3.0

R=2.0

1st Class
Road a=0

1000 1500 2000
Engine Speed r.p.m.

Fig. 15. TFourth gear lockup operation, 15-36 mph.
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TABLE XX

FOURTH GEAR TORQUE-CONVERTER OPERATION, 15-20 MPH

Miles per Hour
15 16 17 18 19 20 30

Engine speed, rpm 2510 2530 2550 2570 2585 2600 -
Transmission efficiency, % 75.0 77.0 7.7 78.5 79.5 79.5 -

Engine Horsepower

First Class Road Q= 0° 194.5 191.0 201.7 208.0 217.0 228.0 -

327.0  342.,0 358.5 -
433.0 L450.2 L475.5 -

Off the Road = 0° 306.0 305.0 316.

1°  398.0 39L.,0 419,

2°  L498.5 L93.5 | 5e5. 544.0  567.0  597.0
| 601.0 588.0 626.0 649.0 - -

e - - - - - - -
5° - - - - - - -
10° - - - - - - -
15° - - - - - - -
20° - - - - - - -

O OO0 WU

wonon
W
°

nou

TABLE XXI

THIRD GEAR LOCKUP, 15-18 MPH

Miles per Hour
15 16 17 18 19 20 30

Engine speed, rpm 2510 2670 2820 3000
Transmission efficiency, % 95.0 93.0 91.0 90.5

Engine Horsepower

0° 15%3.8 158.5 172.0 180.0 - - -

First Class Road a

Off the Road = 0° 241.8 249.0 270.2 284.0 - - -
= 1° 3219.0 3%7.0 357.5 376.0 - - -
= 2° 394,0 L09.0 Lui8.0 473.0 - - -
= 3 475.0 U487.0 [53k.0 - - - -
= 4 [539.0 570.0 - - - - -
= 5° - - - - - - -
= 10° - - - - - - -
= 15° - - - - - - -
= 20° - - - - - - -

Lo



TABLE XXIT

FOURTH GEAR LOCKUP, 15-36 MPH

Miles per Hour

15 16 17 18 19 20 30 33,5 36

Engine speed, rpm 1250 1340 1426 1520 1593 1675 2515 2800 3000
Transmission efficiency, % 9k.0 93.0 92.5 92.0 91.5 91.0 88.5 93.0 93.5

Engine Horsepower

155.5 158.h 169.2 177.% 188.5 199.6 321.0 345.0 L400.0

1
(@]
°

First Class Road « =

0° 24hk,0 248.8 265.7 279.2 296.2 313.L S50k.0 | 542.0 -
1° 318.0 326.5 351.5 369.2 391.0 L415.5 | 660.0 - -
398.0 L409.0 L4h40.3 L6k.2 k92,5 | 522.0 - - -
3 1480.0 4B7.0 [514.5 55h.0 586.0 623.0 - - -
bo [ 545.0  569.0  614.0 - - - - - -

0ff the Road

LI | [
rno
°

15° - - - - - - - - -
20° - - - - - - - - -

[ | B [ A ]
l_l
O
°
]
1
1

of the minimum degree of responsiveness was then considered. It was finally
decided that at no point of possible operation should the responsive engine
give less performance than the existing combination of engine and transmission.
Secondly, that an engine speed range of 3:1 could eventually be met with some
fuel injection and engine developments. The results of these two assumed con-
ditions proved to be that the performance line of the responsive engine, at
variable speed, should be approximately tangented to the 4th gear torque-con-
verter condition (see Fig. 16, lines AB), with an engine having the charac-
teristics of AB, in which case the required conditions were more than met at

all other states.

With a %:1 speed ratio, 3000-1000 rpm, the line AB had to provide a BHP
of 280 hp at 12 mph, and 500 hp at 36 mph. At 1000 rpm the unit must develop
a BMEP of 420 psi, while at 500 hp at 3000 rpm, 250 psi is achieved; that is,
a responsiveness of 1.68:1 is required. This latter value for a BMEP (250
psi) of the present normal engine does not impose impossible conditions on
existing engines as a continuous full-load engine rating, while the 420 psi
has already been demonstrated as being within the realms of possibility in
the not too distant future. It follows that a performance line such as AB
is capable of being achieved in a multicylinder engine with some more develop-
ment work. This report is not considering the conditions which would have to

be fulfilled to achieve this end.
The line AB of Fig. 16 has been laid down with a transmission efficiency

of 90% approximately, i.e., the same average efficiency as the present lockup
gear box. It is true that this value could vary somewhat for the various
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gear ratios to be employed, but for a first approach it is considered suf-
ficiently accurate for the present purpose to assume that the efficiency is
constant for all the ratios to be employed. Examination of Fig. 2 shows
this to be a reasonable assumption, at least in the lockup case.

Using the corresponding horsepower of line AB, but changing gear ratio
in the same steps as the XTG-411-1 transmission, the performance in 3rd, 2nd,
and lst gears is shown by CD, EF, and GH, respectively. It is seen that there
is considerable overlap of the speeds from one gear to the next so that the
change i1s not critical at any one speed; in addition, in all ratios, the per-
formance as to climbing ability, acceleration, etc., has been improved over
torque-converter or lockup conditions, with the exception of the individual
points A, C, E, and G where the same performance was used as the starting
point, viz., 500 hp at 3000 rpm.

It follows that it is now possible to examine the overall performance
in the following conditions of engine operation:

Gear lockup.

Torque converter.

Combinations of Items 1 and 2.
1.68:1 responsive engine.

=W o

The engine for all three conditions will be exactly the same at the full-
speed rating, viz., 500 BHP at 3000 rpm, and this rating will not be exceeded
at that speed.
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V. FUEL FLOW REQUIREMENTS IN LOCKUP

Using the percentage of times listed in Table I for the various spceds
and averaging the fuel flow requirement for each condition, Tables XXIII-
XXVI can be set up for each gear ratio.

TABLE XXIII

FUEL FLOW—FIRST GEAR LOCKUP

First Class Road, & = 0O° Off the Road, a = 0°

mph SFC, Fuel Flow, SFC Fuel Flow,
BHP 1b/BHP/hr 1b/hr BHP lb/BHP}hr 1b/hr
2 22,0 0.0 8.8 Lk 2 0.32 14,2
3 2.3 0.46 14.9 64.6 0.34 18.6
L 42,5 0.51 21.7 84.5 0.395 33.4
5 52.0 0.56 29.1 10k4.0 0.45 4L6.8
6 62.0 0.61 37.9 123.0 0.50 61.5
112.4 17k.5
Avg 22.5 Avg 34.9

TABLE XXIV
FUEL FLOW—SECOND GEAR LOCKUP
First Class Road, & = 0° Off the Road, @ = 0°

mph BHP SFC, Fuel Flow, BHP SFC, Fuel Flow,
1b/BHP/hr 1b/hr 1b/BHP/hr 1b/hr

2 4 Engine at too low speed —
3 31.0 0.3%05 9.45 41.0 0.28 11.5
L L1.0 0.350 1h b 61.0 0.285 17.4
5 50.5 0.40 20.2 81.0 0.30 ok, 3
6 62.0 0.47 29.1 125.0 0.385 L7.3
T 73.0 0.51 37.2 146.0 0.395 57.7
8 83.0 0.55 L5.7 169.0 0.410 69.3
9 97.0 0.58 56.3 19k%.0 0.43 83.4

10 ¢ Engine at too high speed >
212.35 310.9
Avg 30.k Avg Lh.k
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TABLE XXV

FUEL FLOW—THIRD GEAR LOCKUP

First Class Road, a = 0° Off the Road, @ = 0°
mph SFC, Fuel Flow, SFC, Fuel Flow,
BIP 1% /pHp/hr 1b/hr BEP v /BHP/hr 1b/nr
15 155 0.38 58.8 240 0.40 96.0
16 158 0.4k 69.5 250 0.395 98.9
17 170 0.45 76.6 270 0.415 112.0
18 185 0.46 k.5 285 0.435 124.0
Engine overspeeds above 18 mph
299.4 430.9
Avg Th.8 Avg 107.8
TABLE XXVI

FUEL FLOW—FOURTH GEAR LOCKUP

First Class Road, a = 0° Off the Road, a = 0°
mph BHP SFC, Fuel Flow, BHD SFC, Fuel Flow,
1b/BHP/hr 1b/hr 1b/BHP/hr 1b/hr
15 155 0.41 63.5
16 158 0.41 64.8
L7 169 0.h1 69.3 Insufficient horsepower
18 177 0.415 7%.6 available
19 189 0.415 78.5
20 200 0.415 83.0
30 321 0.425 136.4
469.1
Avg 67.1
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VI. FUEL FLOW IN TORQUE-CONVERTER OPERATION

Similar data for the condition of torque-converter operation are given in
Tables XXVII-XXX. It will be noted that there are serious limitations to the
vehicle speed when employing the converter if the maximum allowable engine
speed 1s not to be exceeded when in certain gears. However, from Fig. 16 it
can be seen that there is still a complete overlap of the converter operation
from about 2 mph up to 30 mph despite this restriction. A speed lower than
2 mph would also be possible at some reduced engine output.

TABLE XXVII

FUEL FLOW—FIRST GEAR TORQUE CONVERTER

First Class Road, @ = 0° Off the Road, a = 0°

mph BHP SFC, Fuel Flow, BHP SFC, Fuel Flow,
1b/BHP/hr 1b/hr 1b/BHP/hr 1b/hr
2 25.9 0.95 2L.6 51.7 0.59 30.5
3 37.2 0.83 30.9 Th.3 0.54 Lo.2
L 49.3 0.75 37.0 98.6 0.52 51.3

Engine overspeeds above L4 mph
92.5 122.0
Avg 30.8 Avg LO.7
TABLE XXVIII
FUEL FLOW—SECOND GEAR TORQUE CONVERTER
First Class Road, a = 0° Off the Road, a = 0°

mph SFC, Fuel Flow, BHP SFC, Fuel Flow,
BHF 1b/BHP/hr 1b/hr 1b/BHP/hr 1b/hr
2 34,2 0.80 27k 68.2 0.56 38.2
3 40.0 0.75 30.0 79.6 0.53 Lo,2
L 50.0 0.65 %2.5 100.0 0.50 50.0
5 61.2 0.59 36.1 122.5 0.47 575
6 4.3 0.57 Lo,7 146.5 0.45 65.9
7 89.6 0.56 50.1 179.0 0.4k 78.9

Engine overspeeds above 7 mph

218.8 322.7
Avg 36.5 Avg 55.5
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TABLE XXIX

FUEL FLOW—THIRD GEAR TORQUE CONVERTER

First Class Road, @ = 0° Off the Road, @ = 0°

mph BHD SFC, Fuel Flow, BHP SFC, Fuel Flow,
1b/BHP/hr 1b/hr 1b/BHP/hr 1b/nr
2 52.2 0.60 31.6 104.2 0.47 48.9
3 60.2 0.56 33,7 120.3% 0.4k4 53.0
b 67.6 0.54 36.5 13k4.6 0.42 56.6
5 Th.2 0.52 38.6 148.5 0.40 59.4
6 83.5 0.50 41.8 166.6 0.392 65.4
7 92.9 0.48 Lk .6 185.5 0.387 71.8
8 101.4 0.k7 L7.6 206.0 0.384 79.2
9 11k4.6 0.46 52.7 229.2 0.391 89.6
10 132.5 0.45 _59.6 265.0 0.410 108.7
386.7 533.6
Avg L43.0 Avg 59.3

TABLE XXX
FUEL FLOW—FOURTH GEAR TORQUE CONVERTER
First Class Road, o = 0° Off the Road, a = 0°

mph BHP SFC, Fuel Flow, BHP SFC, Fuel Flow,
1b/BHP/hr 1b/hr 1b/BHP/hr 1b/hr
2 114.0 0.45 51.2 228.0 0.39 89.0
3 123.0 0.4k 54,2 246.0 0.4 98.5
L 118.0 0.45 53.0 234.0 0.395 92.6
5 117.0 0.45 52.6 235.0 0.%95 93.0
6 123.0 0.4k 54,2 2L5.3% 0.402 98.8
7 1%2.0 0.425 56.1 263.0 0.408 107.5
8 1%9.5 0.4k20 58.6 283%.5 0.412 117.0
9 151.0 0.4o 60.5 302.0 0.423 128.0
10 167.0 0.39 65.2 3%5.0 0.435 145.8
505.6 970.2
Avg for low-speed operation  56.2 Avg 107.8
15 194.5 0.385 4.8 306.0 0.423 129.5
16 191.0 0.390 TH.5 305.0 0.423 128.8
17 201.7 0.385 77.6 317.0 0.425 134.7
18 208.0 0.380 79.1 327.0 0.430 140.8
19 217.0 0.387 84 .0 3h2.0 0.435 149.0
20 228.0 0.392 89.5 358.5 0.438 157.2
479.5 840.0
Avg for high-speed operation 79.9 Avg 140.0
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VII. THE BATTLEFIELD DAY FUEL NEEDS

It is now possible to calculate the fuel requirements for the standard
Battlefield Day (BFD) when employing a conventional turbocharged compression
ignition engine of 500 BHP at 3000 rpm in a L43-ton tank. This condition
roughly represents existing conditions and gives a reference point for all
comparisons. It is proposed to obtain two values: (1) operating in the most
favorable gear ratio for any speed in lockup, and (2) operating at all times
in torque-converter condition only.

A. BFD LOCKUP

Since under this condition no responsiveness is to be employed, the con-
ditions to be met as far as hours of operation at various loads are those for
a conventional engine, shown in Table I. When these times are combined with
the fuel consumptions, as shown in Tables XXIII-XXVII for off-the-road opera-
tion, the data of Table XXXI result.

In order to approximate to existing conditions as closely as possible,
the speed range of present engines is taken at 2:1, i.e., 3000-1500 rpm. Due
to this limitation, the 40% time at 2-10 mph must be divided in some ratio
between 1lst and 2nd gears. In Table XXXI, 10% of operating time was assigned
to lst gear at 2-5 mph, and 30% in 2nd gear at 5-10 mph; the appropriate fuel
flows for these two ratios were averaged from the tables.

It is true that operation in lockup only would place severe restrictions
on the vehicle, it does however represent one minimum set of conditions.

TABLE XXXI

BATTLEFIELD DAY WITH ENGINE IN LOCKUP

Fuel Flow Total

mph % Time Hours Gear Average, Fuel,
1b/hr 1b

2-5 40.0 2.4 lst 28.3% 68.0

5-10 40.0 7.2 2nd 56.5 406.8

15-19 20.0 4.8 3rd 107.8 517.0

Idle 40.0 9.6 5.0 48.0

Lb of fuel/BFD of 24 hr = 1039.8
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B. BFD TORQUE CONVERTER

Here, again, the conventional engine with the torque-converter side of
the transmission only will be employed, using its most economical gear ratio
for each set of speeds.

It will be seen that the 40% time for the 2-10 mph condition has been
divided into 10% at 2-5 mph, 10% at L4-6 mph, and 20% at 7-10 mph, in the dif-
ferent gears indicated. This results in the lowest total fuel consumption
when in converter operation, but does involve more gear changing. If the
whole 2-10 mph schedule were carried out for the same length of time at the
various speeds in 3rd gear, which could be done within the limits set down,
the fuel for this 9.6 hr would be 686.5 1b in place of 6L42.7 1b, making the
total requirements at 1405.5 1b; thus, the proposal of Table XXXII results
in a saving of approximately 44 1b of fuel.

TABLE XXXII

BATTLEFIELD DAY WITH TORQUE CONVERTER

Fuel Flow Total
mph % Time Hours Gear Average, Fuel,
1b/hr 1b

2-3 10.0 2.4 1st 35.4 85.0

L-6 10.0 2.4 2nd 57.8 138.7

7-10 20.0 4.8 3rd 87.3 419.0

15-20 20.0 4.8 hth 140.0 671.0
Idle ko.o 9.6 5.0 48.0

Lb of fuel/BFD of 24 hr = 1361.7

C. COMBINATIONS OF LOCKUP AND TORQUE CONVERTER

Assuming that the use of the torque converter is most necessary when the
going is bad for, say, 50% of the time in the 2-6 mph range, while lockup is
satisfactory for the rest of the operation except for about 50% of the time
in Lth gear, then, with these assumptions, the BFD fuel needs become as shown
in Table XXXIIT.
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TABLE XXXTII

BATTLEFIELD DAY COMBINATION OF TORQUE CONVERTER AND LOCKUP

Fuel Flow Total
mph % Time Hours Gear Average, Fuel,
1b/hr 1b

2-3 5.0 1.2 1st T.C. 35.4 k2.5

2-3 5.0 1.2 lst L.U. 16.8 20.2

L-6 5.0 1.2 2nd T.C. 57.8 69.4

4-6 5.0 1.2 2nd L.U. 26.0 314

7-9 20,0 4.8 2nd L.U. 70.2 337.0

15-20 10.0 2.4 Lth T.C. 140.0 335.5
15-20 10.0 2.k Lhth L.U. 107.8 258.5
Idle 40.0 9.6 5.0 418.0

Lb of fuel/BFD of 24 hr = 11

La.5

D. RESPONSIVE ENGINE PERFORMANCE WITH STALL

The schedule proposed for the responsive engine, shown in Table I, can
be divided in various ways. It is, however, understood that the responsive

engine eliminates the need for a torque converter; thus lockup and responsive-

ness are the two factors involved.

It will be assumed at this stage that responsiveness can be achieved at

will by speeding up the turbocompressor to the desired speed to secure the

manifold pressure required for the load condition existing. The problems in-

volved in this requirement will be examined later. At all other times the
engine will operate as a conventional one, and the data of Tables XVII-XIX,
also XXI-XXVI, apply. The best overall performance will, of course, be ob-
tained when the track slip is maintained at a minimum. Assume the slip at
the equivalent of 2 mph when the vehicle is stalled by an obstacle; under

these conditions the maximum responsive horsepower available at 1000 rpm can

be applied, and this condition can exist for a total of 5% of the 24 hr day

)

as given in the table. At all other times the engine can behave as a normally

turbocharged engine in the selected lockup gear.

With the above assumptions the fuel requirements for the 20, 35, and L0%

periods do not change, only the responsive condition will alter. Taking th
calculations of Table VIII, Ref. 1, at the %000 rpm and plotting SFC vs. hp
the calculation errors are meaned out, and at 500 hp at 3000 rpm a specific
fuel consumption of 0.475 1b/BHP/hr is obtained; this includes cooling fan,
etc. The BMEP at this load and speed is 250 psi; thus, with 1.68:1 respon-
siveness the mean pressure at 1000 rpm will be L20 psi, a value which is
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within the limits of some of the present research engines; the BHP will be-
come 280 at 1000 rpm. Assuming that 25% of the heat of combustion has to be
dissipated to the cooling system, then about 125 hp equivalent of heat is
capable- of being dissipated at 2000 rpm. Assume that, due to the increased
densities when acting responsively, the heat disposal at 1000 rpm responsive
is 30%, or 84 hp, to the coolant. True, the cooling fan slows down as well
as the engine, but it seems fairly reasonable that less cooling will be re-
quired than at the full 500-hp load. When the short period during which re-
sponsiveness is employed i1s taken into account, cooling fan losses of about
50% of those of full load will be assumed. The frictional losses will also
reduce, with the result that friction will be assumed at 25 hp and fan losses
at 30 hp; hence, an IHP (indicated horsepower) of 335 will be involved with
an indicated MEP of about 500 psi, requiring a manifold pressure of 137" Hg
at F/A of 0.0475, or a charger with a ratio of 4.57:1. Figure 2, Ref. 2,
gives the corresponding ideal SFC at 0.291 1b/IHP/hr; assume this is rounded
off to a practical value of 0.33 1b/IHP/hr; then the fuel flow for this ideal
condition becomes 111.0 lb/hr. It is unlikely that any injection system will
be equally efficient over a speed range of 3000-1000 rpm; thus the calcula-
tions will be based upon a SFC of 0.36 1b/IHP/hr or 121.5 1b/hr, equivalent
to 0.433 lb/BHP/hr at the 1000 rpm. At first sight this value seems low com-
pared with that at the 500 hp and 3000 rpm, viz., 0.475 1b, but it must be
remembered that the frictional and cooling fan losses have been reduced by
about 78 hp, resulting from the reduced speed; any reduction in losses im-
proves the SFC at rapid rate.

The manner in which the horsepower varies with speed during responsive
operation could vary greatly and would depend upon the vehicle and terrain
being traversed. For the sake of this analysis it will be assumed that the
BHP varies in a straight-line relationship from the 500 hp at 3000 rpm to
280 hp at 1000 rpm, similarly the SFC will also be of the straight-line vari-
ety. In this case the data of Table XXXIV will present the maximum allow-
able performance at all speeds when operating responsively.

TABLE XXXIV

MAXTMUM RESPONSIVE HORSEPOWER AT VARIOUS ENGINE SPEEDS

rpm BHP SFC Fuel/hr
3000 500 0.475 237.5
2500 Lo5 0.465 197.1
2000 390 0.454 177.7

1500 3%6 0.448 150.5

1000 280 0.433 121.5
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It is now possible to plot on Fig. 16 the responsive engine perfommance
lines such as AB for hth gear, CD for 3rd, EF for 2nd, and GH for lst gear
operation.

From the data of the tables already developed it is now possible to form-
ulate Table XXXV for the responsive condition. It is, of course, conceivable
that many responsive conditions of one sort or another could be met at all
sorts of speeds; to estimate these would require much time, so for a first ap-
proach to the subject it will be assumed that formidable obstacles are en-
countered which will bring the vehicle almost to a standstill, followed by the
responsive climb out to be effected at a speed of 1000 rpm and full 280 hp,
and that such maneuvers occur for a total of 1.2 hr out of the BFD. Table
XXXV gives the fuel demands under such conditions.

With the aid of the data provided above many other combinations of normal
and responsive conditions as well as vehicle terrain, could be examined. To
do this in a correct manner would require some record of vehicle operation
over a typical terrain involving all of the obstacle crossings, slopes, mud,
etc., likely to be encountered. If such a program were contemplated it would
be advisable to place all the data upon a computer, since by slide-rule meth-
ods the above calculations have involved a tremendous time, far more than was
originally contemplated.

TABLE XXXV

BATTLEFIELD DAY WITH RESPONSIVE ENGINE

Fuel Flow Total
mph % Time Hours Gear Average, Fuel,
1b/hr 1b
2-10 35.0 8.4 2nd L.U. Ll k4 373.3
15-19 20.0 L.8 3rd L.U. 107.8 517.0
Responsive 5.0 1.2 lst L.U. 121.5 145.8%
Idle 4o.0 9.6 5.0 48.0

Lb of fuel/BFD of 24 hr = 108k4.1

*¥Allowance has yet to be made for any additional fuel to produce this respon-
siveness if required (see Turbocharger Requirements).

E. TORQUE CONVERTER WITH STALL

The calculations for the BFD with torque converter did not include any
obstacle-crossing involving stall as is the case with the responsive engine.

51



To have a true comparison, torgque-converter conditions will now be examined
with the schedule of Table I, including the 5% stall.

It follows that the conditions of Table XXXII will exist for all but
1.2 hr of the total. ©Stall conditions generally exist in rough terrain when
speeds are slow; 1t could be assumed that the 1.2 hr of stall will be sub-
tracted from the 2.4 hr at the 2-3 mph conditions of Table XXXII and replaced
by 1.2 hr of stall with the torque converter in operation, applying maximum
torque to the sprocket shaft. This perhaps is not a falr comparison since
for stall the responsive engine was delivering only 280 BHP to the transmis-
sion with an engine speed of 1000 rpm; the 280 hp was all applied to the trans-
mission effectively. TFor a fair comparison the torque converter will be as-
sumed to be applying 280 hp at its output end at as near the 1000 rpm as pos-
sible; then the engine input to meet this condition must be calculated. Using
Fig. 2 plus the fact that a 2-mph slip is to be used as for Item 4, page 42,
then for 1000-rpm engine speed in lst gear the transmission output speed is
approximately 190 rpm when acting responsively. It follows that with the
torque converter we still need 190-rpm output speed of the transmission to
achieve the same slip; thus, in lst gear converter the engine speed must be
2500 rpm, for which Fig. 5 gives an efficiency of 72.5%. It follows that the
engine output to the converter has to be 524 hp if 280 is to be the output
of the torque converter. This is in excess of the engine capabilities; at
2500 rpm a maximum of about 350 hp can be achieved under the smoke limiting
conditions. It follows that the existing engine plus torque converter falls
far short of the responsive engine under the assumed conditions.

The 5% of stall operation will thus be assumed to occur with the engine
at 350 hp and 2500 rpm when the SFC is 0.46 1b/BHP/hr approximately or 161.5
lb/hr (Ref. 1). ‘It is true that if the slip were increased a greater horse-
power would be available, but the fuel flow would be still further increased.
The assumption made above is believed to give & reasonable comparison with
the data of Item L4, page 42. The data of Table XXXVI can now be obtained.

It is seen that a 5% stall condition with torque-converter operation
adds about 150 1b of fuel/day over and above that of Item 2, page L2.

The final comparison thus becomes:

BFD with responsive engine: 1084.1 fuel 1b
BFD with converter: 151%.0 fuel 1b.

Fach of these two conditions has the same time of stall operations under the
same degree of slip.
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TABLE XXXVI

BATTLEFIELD DAY WITH TORQUE-CONVERTER STALL

Fuel Flow Total

mph % Time Hours Gear Average, Fuel,
1b/hr 1b

Stall 5.0 1.2 1st 161.5 193.8
2-% 5.0 1.2 1st 35.k4 L2.5
L-6 10.0 2.k 2nd 57.8 138.7
7-10 20.0 L.8 3rd 87.3 419.0
15-20 20.0 4.8 Lth 140.0 671.0
Idle 40.0 9.6 5.0 48.0

Lb of fuel/BFD of 24 hr = 1513.0
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VIITI. TURBOCHARGER REQUIREMENTS

The responsive engine must be capable of providing turbocharger operation
at ratios of 2.6:1 and 4.57:1 together with any ratio in between if at all
possible. The obJject of this section is to examine the possibilities of pro-
viding such flexibility in the simplest manner.

It must be admitted that the 2.6:1 condition for 500 hp at 3000 rpm can
be provided without any difficulty since it is already being done. The prob-
lem now becomes: what range of speed, air flow, etc., can be expected from
such equipment without additional complication?

One of the most important factors in compressor design is the air flow,
which together with the pressure ratio is mainly responsible for surge. The
problem will be approached in the first case by obtaining the air flow re-
quirements.

In Table VIII, Ref. 1, p. 36, the air trapped in the cylinder for the
3000 rpm condition with 2.6:1 ratio is given as 1.197 lb/sec or 1.3 lb/sec
with 8—1/2% blow-through. The same engine displacement is now to be supplied
at 4.57:1 ratio. It will be assumed, in this first approach, that after-
cooling to 200°F is still possible; thus, the alr flow at 1000 rpm is given

by

4.57 _ 1000
19T 2 575 % 3000

Cylinder air charge at 1000 rpm

1

0.703 1b/sec.

The slow speed will probably allow some additional blow-through of the
engine during valve overlap; assume this to be 12%. Then

Air flow from charger at 1000 rpm = 0.79 lb/sec

Ratio of &ir flow at 1000 rpm _ ¢ g1 |
air flow at 3000 rpm

This, it is believed, is not an impossible condition to be fulfilled,
but would probably involve variable turbine geometry.

It is now proposed to examine the conditions in detail. Using the chart
of Fig. 8, Ref. 2, together with exhaust temperatures from typical engines
operating under the 250 psi BMEP (such as CAE 1100) and 350 psi (caterpillar
research engine), we find exhaust temperatures of about 1%50°F for the first
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condition and a similar one for the second if the engine speed is high. The
data of Fig. 7, Ref. 2, indicates an increased exhaust gas temperature with
engine speed reduction for the same MEP but at an increased F/A ratio. 1In the
case under examination, the conditions are an increasing MEP as speed reduces,
obtained at a constant F/A ratio approximately, but increased air density.
Taking all the conditions into consideration it would be anticipated that

some factors such as reduced speed, increased percentage of cooling losses,
etc., will reduce gas temperature while others such as reduced expansion ratio
will increase i1t. Where these balance out would be difficult to determine.

Since the F/A remains constant, the change of temperature will be small.
Let it be assumed that for the L4.57:1 charger condition the exhaust gas tem-
perature will be 1450°F. It is now possible to examine the balance between
turbine work available and the input compressor work; the supply and demand

is as shown in Table XXXVII.

TABLE XXXVII

COMPRESSOR AND TURBINE WORK

Compressor
Pressure ratio of compres-
sion or expansion 2.6:1 Lh.57:1
Ambient pressure at inlet, psi 1.7 k.7
Amblent temperature at
inlet, °F 85 85
Isentropic work of compression
or expansion, Btu/lb of flow hi.L T1.9
Alr or gas flow, lb/sec 1.3 0.79
Isentropic work of unit, Btu 53.8 56.4
Work of compressor at T78%
efficiency 68.8 72.0

Require efficiency of turbine, % -- ==

Turbine
2.21:1 3,88:1
32.6 57.2
1350 1450
1.0 121.0
1.3%6 0.827
96.6 99.8
1.6 72.2
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In constructing the table a pressure drop between manifolds of 15% was
allowed, and an efficiency of 78% was assumed for the compression process;
then the minimum turbine efficiency was established to provide the necessary
work to drive the compressor as a turbocharger. It is seen that efficiencies
of 71.6% and 72.2% are invelved, values that can be met easily in modern de-
signs, in fact can be exceeded readily.

It follows that, given a suitable centripital design of turbine capable
of providing the two flow areas required at the nozzle exit, the exhaust gas
available at 1000 rpm will provide the necessary power for compression to
L.57:1, while at the 3000 rpm similar conditions will exist for the 2.6:1
power requirements.

It must be admitted that a ratio of 4.57:1 in one stage of compression is
at the limit, perhaps a little above, and will require careful design and high
operating speed. However, there should be more than sufficient power for the
purpose. At the 2.6:1 ratio there is no question of satisfactory performance;
it is in use today.

The range of air flow requirements is such that a vaneless compressor
would be capable of providing the two flows at some small drop in efficiency.
Since there is an excess of power in the turbine this drop could be tolerated.
The detailed final design would have to be made to see if all other required
conditions can be met. This 1s not necessary at this time since it can be
concluded that the responsive conditions for 3000 and 1000 rpm can be met by
straight turbocharging. There is always the possibility of burning a small
quantity of fuel in the excess oxygen of the exhaust gases for some increase
in power to the turbine if it proved to be necessary for the emergency condi-
tion at 1000 rpm, at, of course, a small penalty in additional fuel.

The solution of the problem of achieving a 1.68:1 responsiveness is thus
not too difficult; it is mainly one of designing a turbocharger that would
automatically increase in speed under the action of an emergency control
applying additional back pressure to the engine by reducing the turbine nozzle
outlet area. TFor general operation it would function at as present, or per-
haps on some modified schedule that would keep the manifold pressure at a
point giving best economy as far as possible for each operating speed. When
stalling conditions are reached, the control would reduce the turbo-nozzle
area. This would produce an increased back pressure in the exhaust and thus
greater turbine speed, which in turn produces greater manifold pressure fol-
lowed by increasing engine output, producing the responsive conditions.

The data of Table XXXVII indicate that there is ample power available in
the exhaust gases, since turbines of 84 to 86% could readily be designed; thus,
there would be power for accelerating the turbo under the action of a suit-
able control whose duty would be to prevent runaway under normal conditions
plus a controlled speed increase when desired.
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If an engine of these characteristics is of interest for the purpose
involved, the next step appears to be a detailed examination of the turbo-
charger and the controls that will be desired to fulfill the requirements.
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IX. CONCLUSIONS

As a result of this analysis it can be concluded that:

1. An engine of 1.68:1 responsiveness can be designed at the present
time without exceeding, by any appreciable amount, mean effective pressure
already developed under R and D contracts.

2. To effect this, the work of various contractors would have to be
brought together into one engine concept.

5. Such an engine and plain gear box would be the equivalent of the pres-
ently examined engine, converter, and transmission components under all condi-
tions of operation in Lth gear, and would exceed present performance under all
vehicle speeds in all other gear ratios when operating in a gradually respon-
sive manner over a speed range of 3000-1000 rpm, reaching 1.68:1 responsive-
ness at the 1000 rpm.

L. Under the above conditions the fuel demands per BFD with responsive-
ness would be 1084 1b approximately; while with combined torque-converter and
lockup operation the requirements are 1143 1b, with lockup only 1039 1b, with
converter operation only 1362 1lb, and with converter operation with stall 1513
1b/24 hr BFD.

5. To effect this performance characteristic, a new design of turbo-
charger would be necessary with variable nozzles plus an exhaust manifold
control of the variable by-pass type to obtain the desired speed of rotation
from the turbo.

6. In order to have a complete prespective of the situation, a further
analysis should be made to see what could be achieved, what difficulties en-
countered, what vehicle performance, etc., would result if, in place of re-
sponsiveness, the power plant would operate at the high BMEP, now used only
at 1000 rpm, over the whole speed range of the engine.

. If the speed range employed in these calculations is to be employed
in a practical engine application, it is suspected that a fuel injection sys-
tem capable of such a wide range of speed and metering capabilities must be
developed.

8. An analysis should also be made of the engine, transmission, and
vehicle dynamics to ascertain what, if any, abnormal stresses would result,
or at what speed vehicle bucking would develop which might limit the possible
range of responsiveness that can be employed to something less than the 3:1
speed range.
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9. Examination of charts and tables reveals that an engine without torque
converter but with a responsiveness of only 1.0 down to 1/5 speed would go a
long way to achieve desirable characteristics.
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