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INTRODUCTION

The analysis and complete design of a liquid fuel-air

powered pogo stick.

I. Analysis: The analysis is divided into the following main

topics:
1) Description of the operating cycle,
2) The investigation of the energy dissipated
during the operation due to:

2) internal friction of mechanism,

b) eir drag.

3) The determination of size requirements resolved
through the preceding two studies.

4) The examination of combustion in this mechanisnm,
This topic is further divided into:

a) analysis of auto ignition through an
energy approach,

b) the complete analysis of N-heptane fuel in
the pogo stick, with the necessary time-
motion study of mechanism during the
compression stroke.

II. The Design: Consists of complete and detailed drawings for the

construction of this device.
Plus: 1) 4 description of asuxillary and safety devices
used in this mechanism.

2) List of all standard and supplement parts.



ANALYSIS

Descriptive Cycle Analysis

This device is essentially an Otto engine., The processes
through which the charge pass are illustrated in fig. 1 and Fig. 2 and
may be described as follows:

1-2 Compression of charge until explosion occurs. Tekes place

in upper cylinder,

1-5 Charge is drawn into lower cylinder. Processes 1-2 and 1-5
occur simultaneously.

2-3 Combustion of whcle charge takes place very quickly, so it may
assume to explode et constant volume end the mixture of air

and fuel become a mixture of combustion products at a higher
pressure and temperature,

3-4 Expansion of products of combustion--pushing the viston and
connecting rod outward. Takes place in upper cylinder.

5-6 A small compression of the new charge in the lower cylinder
occur simultaneously with 3-4.

4-1 Exhaust of combustlion products out exhzust port into the
atmosphere. Takeg place in the upper cylinder,

6-1 New charge expands into upper cylinder from the lower cylinder
via bypass, pushing exhaust gases out through the exheust port.
Processes 4-1 and 6-1 occur in part simultaneously; 4-1
usually starts before 6-1.

Fuel-Alr Cycle Anslysisit

The following was assumed:

1) Actual cycle = .85 of F/A cycle.

— e ——— o — v e o — e e o e w— — w te —n Gw e m M mm R e e e S . -

# For complete description of this enslysis, see, The Internal Combustion
Engine, by C. F. Taylor and E. S. Taylor, 1950, Chapter IV.
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2) Intske pressure into cylinder = 14.7 psia

3) Exhaust pressure = 14.7 psia

4) Temperature of mixture at point 1, T1, (see Fig. 1) justified later
= 520°R |

5) Fraction of gas left in cylinder from the preceding cycle = .015
= £ (explained on page 7 )

6) Compression ratio of 14 (justified on page 30 )

Information is obteined from the charts of/{I'hemodynamic Characteristies of

A\
Lean Fuel-Air Mixtures Before Combustion ("Unburned charts"), F/A = .0605 and

/’Themodynamic Characteristics of the Products of Combustion of "Lean" Mixture
[\ )
Cyy o and Adr ("Burned Charts"), F/A = .0605 (by Hershey, Eberhardt and Hottel).

Process 1-2 Isentropic Compression of Charge
P=/%7 T =520
=0 . 7 From above chart, (before combustion)
5 Sa*, 059 y=/2

. Hs =8
E, S/6S(1-1) v 17165 X. 985 =150 %" I?
Then U‘,%.;;,.g‘ and Q:,é:&

From "Unburned Chérts" \
Fa =590 psix Tz 2/3R0°R  Ega c/? Moy w202

W Lar 169 )50 13/9

Process 2-3 Constant-Volume Burning

V=¥, =66 £ w£, =139

Fron Combustion Products Chart:

Sy 3y B 2900

Process 3-~4 Isentropic Expansion

Ty =570

byl =12 SyeSy e 434

I
8



From Combustion Products Chart:

#y =95 Ty <2420 E, -850 4 2754

WJV "'5-1} s /3/0-3530= U9
Process 4-1 Products of Combustion Expeand to Atmos,pheric Pressure. From
Combustion Products Chart:

C = combustion products

ez 47 Te=08%  E.e300  yoeg0 g, sqp

an 4‘/“ -'.'/6’0
f can now be determined

'f z /20 xcz :'098

< Does not warrent a re-~calculation!

The .2 factor is used because of the scavenging?)(e,) involved. it will be
justified on pagé ,/ .
Process 6-1, where new charge expands into upper cylinder and mixes with the
residual gas, at constant pressure (P = 14.7 psia).

.This calculation is used as a measure for checking assumption 4.

(Temperature of mixture at point 1)

Hsr2 f Bl + (1=F) Hies
= 959

vwhere M‘ﬂ = enthalpy of fresh charge

From "unburned chari!

ST 530

does not wearrent re-calculation.

Net work produced during above cycle:

W=ty +Wyy
==K 47692400 B/py,,

éoo
P -
s Beos T Ies a4,

of Charge,



Calculations of work Reguired for Scavenging and Pumping:

Work required to get scavenging pressure P

2’-
Assumptions:
1) P, = 14.7 psia
2) P, =38 psia - required*

= (o]
3) T, = 520°R
Process is an isentropic compression. From M"unburned" charts (F = .0605).

Rz147 = 053 7, s S20°R yVere H =27 E,%0
B =38 Sp 5057 T =490°R Vo 6.8 Hpe80 &gy w32

He-H =po-37 = %35 - BE4
= - - / At Gze
70405 B of Copnec ov 0.5 . of

Work Required for Pumping Into Lower Cylinder: Comtie

This process is an isentropic expansion. Starting at the same
conditions as the above process, since the ratio of Vl/V2 in the above
process is the exact reciprocel in this process, and since this process is
an isentropic expansion (instead of isentropic compression) the sbove
results, will be very nearly the same.

The very small difference (if any) will be due to a change in the
properties of the chepge during the expansion as compared with the properties
during the compression and they will be assumed to remain constant during
these two different cases.

Thus, the total work required for scavenging and pumping will be

91 Btu/lb charge used for scavenging.

——— ——— — — — ot S S e e e e mem A G e M e A e e A A G S e M Mt e St S G m— o S S

3 Dimension of lower cylinder length is established by this required value

of P, (scavenging) see page'/g\



At this point it becomes necessary to fix some of the design
criteria.

Since the diameter of the bore will be limited by the emount of
acceleration s man can stand, the shape of the upper cylinder will have to
be designed with this in mind. This in all probability will lead to a
longer stroke than bore in this engine. This design is a relatively hard
dne to scavenge and therefore a scavenging ratio (R s) of two will be

chosen.

R = Dass of misture pumped/unit time
s~ mass of possible misture retained in cyl./unit time

From: Scavenging Efficiency vs Scavenging Ratio of Several Two-Stroke Engines,

prepared by P. M. Ku, 4/6/51, (123.2 - PMK - 4=51)

foraRS of 2 )‘e;".Pé

_ mass of misture retained in cyl./unit time
mass of possible mixture retained in cyl./unit time

where (? )

Since, RS = 2, the total wbrk required for scévenging end p'umping will be
182 Btu,' ' ¢4 aw::- . filling the upper cylinder.

Therefore:
SC5-162=383 B*“/)4 ot comuse
THEP, o X 778 _ 283x718
N T Y YT
N gt
"0¥

= /8¢ pic,

Actual IMEP =/84X.85 = /58 pzi.
From page /3 it has been calculated that £ MEP =,/ f“‘
S BMEP = 4S8-1] /47 pii

Actusl work available = 144 x 1114 x 147

ft-1bs
1bs of charge burned

236,000



The Investigation of Energy Dissipated During the Operation Due to Internal

Friction of Mechanism and Air Drag.

1) Internal Friction of Mechanism

Usually piston speed (S) is defined by 45/
. S = piston speed= MmN,
5= 2X sth:;ke x N where stroke = inches
N = rpm

but this fommula is not particularly applicable to the pogo-stick.
A better approach for the preliminary calculation of piston speed
follows:
Preliminary dimensions:*
1) Bore = 1 inch in dismeter
2) Stroke = 1.5 inches
3) Veight of man and pogo-stick = 160 1bs.
Assuming that the height of a hop will be 9 iﬁches or .75 ft. from
the ground. (On regular pogo-sticks this distance of .75 ft. off of
the ground is a good figure!) ‘
V' < W _ . where Vl is velocity of pogq—stick when it
. hits the ground (ft/sec)
g, = acceleration of gravity 32.2 ft/ sec?
s = distance of fall .75 ft.
WeVexsaaxis =964 =¢.96 1T /e,

Since, the stroke is 1.5 inches, the acceleration during the stroke

Y. 48y
nay be computed: 3= R4S ,a r;%-‘ s m}- =/93.5 'ft/@-‘l
3

—— — —— — — T — — o —— T et s o ot v S w—— T W mmn Mh m t —n M A —— ot —— o o —

% These dimensions will be justified in a later section (page/7 ). They
are proposed here, in order thet a rough piston speed cen be found, thereby
enebling the prediction of F.M.E.P. (friction mean effective pressure).

2.



3 - s - AX1S
From = —f@z‘ j 7‘-/%— E IW v, 02y se&c

e Lo LS

during stroke P4 N
Ve, - 7n).039

= 32 12/sse '
s 82x802/93 42 m

From interpolating Fig. 124, page 205, of The Internsl Combustion Engine,

by Taylor end Taylor (using curve 1)

FMEP = 11 psi

This value is an approximation, based on a limited smount of data.
2) Air Drag
The forces due to air drag are calculated as a function of
velocity. These forces are due to:
A) Air dreg during the vertical motion. The energy loss/cycle
due to this force remains constant, since it is assumed

that the height of each hop(.75 ft) is constant.

vwhen T = O the vertical velocity at the top of the hop = 0

vhen T = t the verticel velocity at the bottom = 6.96 fi/sec

(caleulated on page /2)

: 2
Since Dv (vertical drag force) is proportional to Vy , the aversge y: L4

should be used for drag force calculations.
L % 1
(6.9 _=(0)" _ 55 *tYrec

Z g .
o = i f ai
Reynolds No.z ' v f density of air
Vg » o= viscosity of air

Y %,
/f = kinematic viscosity for &k / £

=/ 9)’/0""42‘ /9.7 psm. AND E0*F
j = cheracteristic length, taken to be 1.5 £t (width of person)

Reynolds No. = Y9%18

io tavRetxn?



~ Assumptions:

T - thickness of man - 9" or .75 ft.
W = width of man - 1.5 ft.

S

1}

2 x height of hop (2 x .75 ft) - 1.5 ft.

Therefore, area pertinent to vertical motion .75 x 1.5 = 1.13 ft.2

Coefficient of dreg for flat rectangular plate:* WNERE —?—:—’5—_‘{:2
Cp=l/9
This C_, is valid for Reynolds mmbers greater than 10

(]
the above case.

3 _ so it is valid in

From shape considerations of the human body it appears that the
ebove Cp would be too large. The body is more streamline than a flat
rectangular plate perpendicular to the direction of flow; but considering
all of the odd projections and wind traps of clothes, the above figure is

probably liberal.

Cp"‘ Dv
Yy Vi A
Oyr CoL VA
29
279X, 075‘/\’//3)(2’/2

Dv = vertical drag force, 1lbs.

- )
= oors7 VY, wwtw VVE242 T foec e

A

Total up-down distance traveled during one eycle = 1.5 ft.

1.5 x .0378 = .0567 £1~1b expended during vertical motion.

—— e G m—— Amte St e W G . b e Geam WA e ta G ey v " e St S G et Mt Gt et et St

¥* From, Engineering Applications gof Fluid Mecha , Page 183, By
J. C. Hunsaker and B. G. Rightmire, McGraw—Hlll Book Company, Inc.,

1947.



B) Air Drag during the horizontel motion &s a function horizontal

velocity.

_ P

'Reynolds No.

j)

/” viscosity of air
:
/ /f = kinematic viscosity for air / ;t/fc‘)

= 80°F

density of air

1.9 x 0% at 14.7 psia and T,

characteristic length, teken to be 6 ft (average

/

height of a person)

Reynolds No. = ng‘.y/wo‘/

VA P71

Assumptions:

Length of man, / s = 6 ft.

Width of man, W™, = 1.5 ft.

Therefore, man's area = 9 ft2
Coefficient of drag for flat rectangular plate:®* WHERE ,_“l ,y

Co=/2
This C p 1is valid for Reynolds mumbers greater than 10%——so it is valid in
ebove case.
This value for the above { o 1s probably liberal since the

resistance due to clothes has been neglected.

- Ou
b ‘Jy" 7%? Dy = horizontal drag force, lbs.
vt 3
Dy =Co Ll ¥ .’;1 7
-t ,
L2 }.073_-1’,_‘{&..;. .0/26‘72‘
GARFTYET. "

— ——— —— - ——— — — —— — — — — — — o f— — et — w— — — —— — —— o —— S ——n G aba#  awt e i e S

* From, Engineering Apvlications of Fluid Mechenics, page 183, by J. C.
Hunsaker snd B. G. Rightmire, McGraw-Hill Book Company, Inc., 1947.




3) Thé determination of size requirements (Gimensions) resolved
through the preceding two studies.
J ¥ Bore is set at 1"  gwd
Stroke is set st 1l.5%

R‘ =a e’ =, 80

Height of jump = 9" or .75 ft.
— z ) ‘r
o T S XK g,

Vol. of cylinde

18 .
o /;.zla' = poté 52 1! (Diipl)

at initisl conditions in-cylinder of T =8720° R

P= 1.7 pSiA.
.
Vol. of charge/lb == Vs,% %4 ("unburned" charts)
. Dieph
te "‘D"}g' = 1bs. of charge
L0006 82
-Q;{—r . 0000568 Jbs,
Since

@_,- =, 80

.$0X. 0000568 =. 0000 S Y  1bs. burned per cycle

f4-1bs
1b of charge burned

Actual work available = 236,000

o 436000 X.0000 4s¥ =/0,7 £t-1bs/cycle aveilable to
overcome air friction.
Speed at which pogo-stick will travel at previous given dimensions:

Having a .75 ft. jump (vertical) the cycle time can be celculated.

Stoq 42 ,’2: ",,: '} "
23 ) [4 T Tz ° LOHG(

T, /& SEC.

/6



Allowing for both "up and down" time
T cycle = 432
The time that the stick remains on the ground during combustion is small,

and therefore neglected.

Distance vetween hops =K,Tnuo energy dissipetion due to vertical motion
v

= ,0567 ft-1b/cycle
S L0126 Kf x K‘T + 0567 = ft-lbs/cycle (dissipated by air drag)
 Y32X. 018 Vi +.05407 =10.7
L 00SHY Ky = 10.64

LYY YT

V=291 t/sse.

=/%0

/2. ¥ X3600 |
5280 85 mAH
8.5 M.P.H. is speed a2t which pogo-stick will travel with .75 f+. high hops.
The following is & calculation of how high the stick will go
before the "up and down" energy dissipation due to air friction is equal
to the energy output of the enginé. The horizontal velocit:} is equal to

Zero.

From previous calculations __

V," =2 9.8 but the average velocity is used in the above case, and is:

f z . -
Y,"=3.¢ RS Dy-‘00/f77.$
Energy = [, }(Jr vhere oo (totel distence) = 25 (up and dowvn motion)

Energy =  po?$72X32.2x2%S 2

Sz= /0. LY
64.¢ X .00/87

ST 06 f1t LS = /0.25 2. 4k




Determination of Scavenging pump piston dismeter (see sheet /ﬂ AND ')
Requirements:  J ;=2
Vol. of upper cylinder = 1.18 cubic inches

2 x1.18 2.36 cubic inches.

1]

= amount of pumping volume needed.
Since disameter of connecting rod is 1" (same as piston diameter--see sheet 1)

and the length of the stroke is 1.5", let D2 = pumping piston diameter.

Pumping Vol. = 2.26 w’ = -,g / 0“-(/} ‘)1 s

¥x2.2¢ . p‘l - /
I xS
D' =2+/=3

Oy ra_. w /74  inches

The actual design uses aBz = 1.75"
Determination of Vol. difference needed during p\.mlping stroke of the
scavenging piston in order to obtain a scavenging pressure of 38 psia. (This
gives the dimension of x (Fig. 3) which is needed as design criterion).

Effective scavenging area ”‘ =’-,Z/(/. 7‘)&-))

(annular disk - see Fig. 3)

= 1.6l sq. inches.
Vol. of Bypass (see sheet f )

=% x 4.75 x 10 x 2

8
= 1.2 in® (Vol. of both bypasses)

BYPAsS 4 T
(=42 w?) : ——*—
LoweR ¢ it x
YLinoer i:ﬁ

”t (ﬂNULnn DIM’) i Re D

F/&6URE -3



P, = 14.7 psia Vl =12 :
From unburned charts.
For P2 = 38 psia vz = 6.5
£ :
Therefore K:/oz eﬁ;//ohz) Vz‘-’loz +I7‘Z | (;55 FI6ORE 3)
K _ % 12tR ()5 +3) 3
— gy n - —
K Y% 22+ Aex s

L2 +Ag(1s12) </ 85(h2 +Ae x)
22 R bS+ReX= 2.2 4185 ReX
Ao =222+l SRg <18 A 7 = A

e =/4/

PR =220+ 242 = x(7.95 ~/.¢/)

LY -
.32 =X= /02 INCHE S

The actusl design uses x = 1.00 inch.
Sumnary of specifications used to give 10.7 ft-1bs of work per cycle, with
RS,= 2, and a scavenging pressure of 38 psia.

Piston bore = 1 inch

Length of stroke = 1.5 inches

Scavenging piston bore = 1.75 inches

Distance between top of bypass port to bottom of lower cylinder = 1 inch.

(see detail drawings)

4) The Exeminstion of Combustion in this Mechenism.

The complete charge is auto-ignited through the high

compression obtained in this mechanism.* Therefore, no accessories are needed

for ignition.

— e e G L S — G M f— — (— —— — — — — i i ot e G —— — S —— — — — o — - f— — — o a—

# For a complete analysis of auto ignition see: M.I.T. - Ethyl Corporastion,
Annual Report No. 6, July 1952-July 1953; and M.I.T. - Ethyl Corporation Combus—
tion Project Progress Report No. 17, covering the period June 15, 1953 to
August 15, 1953. '
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As a first assumption, it was decided that a compression ratio of
11 wés needed for auto-ignition of Benzene. Since all the information
pertaining to the self-ignition of N-heptane fuel was available - this fuel was
used instead. It was later found that for auto-ignition of N-heptane
in the pogo-stick a compression ratio of 14 was necéssary. (analyzed on
page 30)

The preliminsry epproach to the auto-ignition problem was carried
out with the assumption that the compression ratio of 11 was necessary, but
this ahalysis did not include the effects of time. A later =nd more detailed
study of the fuel properties of N-heptane showed that a compression ratio of
14 was required (included time effects).

This section will be divided into two sections:

a) Analysis of auto-ignition through an energy approach.

(A compression ratio of 14 will be used, since it was
later found to be necessary; even though the original
energy approach used an r = 11.)

b) A complete enalysis of auto-ignition of N-heptane-—which
determined the required compression ratio (14). This
enalysis included time effects on the fuel and therefore
required a tﬁmg-motion study of the pogo-stick during
operation.

An Energy Approach Using a Compression Ratio of 14

At the initiel state of the charge:
Pz /47 pasn T,=$520°R

‘HO=37 S, 0853 £,=0 0"',-,-/2



At a compression of 14, assuming an isentropic compression ("unburned charts",

F/A = .0605)
Po=570 =
4 57 HJ‘L 2‘2 J"ﬂ"st‘oss Fn ,/‘, 0;',86 728/320'R
bH=262~37= 225
Btu/1.0605 1bs of charge
05% v 2/4 Bitu/lb of charge

Under the best possible scavenging conditions
.0000568 1lbs. are compressed

therefore 214 x 778 x .0000568 = 9.45 ft-1lbs needed are needed for compression.
Under the above conditions ( 93=/ ) the amount of residuel gases compressed
is zero (f = 0).

The amount of energy required for pumping during the compression
stroke is calculated and added to the above figure (7.5 fi-lbs), since the
above sum of energies will be needed to reach the state required for auto-

ignition. Pumping energy used during compression:

OHo= 0.8 B84/l of chmmce
calculated on page /0 .
since My =2
2 x .0000568 = .0001136 1bs. of charge pumped.
778 x 40.5 x .0001136 = 3.6 ft-1bs needed for pumping of charge during
compression.
Total energy = 9.45 + 3.6 = 13.05 ft-1bs.
If the man and pogo-stick weight 160 lbs.
/60X =)3.058 ft.-/bs where X is height of jump needed
A= /30 = 08/6 FC to ignite the charge.

or, 0816 X122 .99 ;pc HES,



From this examination it appears that self-ignition will occur
without excessive jumping - and that this type of ignition is "perfectly"
$wited for its present application.

O)A Complete Analysis of Auto-Ignition of N-Heptane Fuel in the Pogo-Stick.

For this analysis a time motion study of the compression stroke
is needed, and follows:

Displacement of

piston, X, WPPER CrL/NDER
X R
t ! OPEN To ATMSPHER
| c
e Pz /4.1 psia
\ P'-
|l < LoweR cyuwoeg
%t ;
A, T BN ANVLAR EFFEcT/vE AREA(Re)
Figure 4
/6 - s&c?
Mass of pogo-stick and man = _&. ——
P r g =5

The calculation of the deceleration of pogo-stick due to the compression

and pumping forces vs. piston displacement:

P=f(x)
B. '{(z) oth forces act in the seme
(,) ’: l"( ’i -/4. 7)” direction and decelerate the pogo-

() & =(11 -&)ﬁ, stick (see Fig. 4).



The displacement is divided into 15-.1" increments and the
everage force (Fl + Fz) occurring during each increment is used to calculate

the average acceleration occurring during the displacement of one

increment:
(3) a P *'?o— -C}‘—’-L&_) vhere ]o is gravitationsl accelera-
e

tion of the earth.

AT Time = 0, when Z=0 33/47 . Eco

Pz /41 o =0

11
then the piston is displaced upwerd .1" (see Fig. 4) —-¥, |
From the formila PY "= K (%)

where n = 1.32 for N-heptane, the corresponding pressure P, can be celculated,

1
by using the change in V due to the displacement of the piston.
Thus,the forces are found and it is poséible to plot the
acceleration vs piston displacement by using equations (1), (2), and (3).
This has been done and the corresponding calculations and data
are in the appendix, page 2.

See Fig. 5 for the plot of acceleration vs piston displacement.

From Fig. 5 the average acceleration for each increment is found, and from:

y;lu_b/&,nztls
(
or \/&s VZQS -+ K:. where & = ave. accel. of each increment
V2 = vel. at the end of each %
Vl = vel. of preceding increment

2]
n

width of increment (.1%)

initial velocity = O
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The velocity vs. piston displacement curve is obtained. See Fig. 6. The
calculations are in the appendix on pagef 7, .

From Fig. 6 the average velocity over each increment is found, and

from? Vt =S

Y .g_ vhere t = time - secs.
4 V= average velocity over each
increment.
S = width of each increment.

The time required for the piston to travel over each increment is
found. Thus, the time required for the piston to travel to any displacement )Z »
is the sum of the "times" of each increment through which the piston has
travelled while getting to position'?f . These times are recorded on Fig. 6
(at the tép of the graph) and correspond to the time required by the piston
to reach the place where the time is recorded. (Time is in milli-seconds.)

A plot of pressure vs idsplacement is also recorded on the same
grﬁph, with their corresponding temperatures.

An auto-ignition-delay mep for N-heptane and air, F/A = .066 is
supplied in this report, Fig. 8. This ™uap" shows the time required for
auto-ignition of the fuel-alr mixture at different states of pressure and
temperature. This above mentioned time is referred to as delay tine.

On an overlay of this map, Fig. 7, a plot is drawn of the temperature
vs. pressure of the mixture which occurs in the pogo-stick. On this ssme plot
the cycle times corresponding to the particular states are also shown.
(Reference to Fig. 7 and Fig. 8, will elucidate the azbove description.) A
corresponding delay timeZ;from Fig. 8 can be correlated with each cycle time1t,

recorded on Fig. 7. OSee chart on Fig. 9.
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With this information the cycle time at which auto-ignition occurs
in the pogo—stick can be found.
Procedure:
a) Firstl/Z' is plotted vs. t(Fig. 9).
b) Then, a unit areaz is defined as follows fx% =/ s this is seen
by the shaded "square" area in Fig. 9.
c) A vertical llne is drawn from the plot of/47 vs t to the
abscissa, so that the area encompassed by the plot, abscissa, and
vertical line will equel the defined unit area. The above is
recorded in Fig. 9.

The intersection of the vertical line with the abscissa gives the
corresponding cycle time at which auto-ignition will occur¥—89.45 milli-
seconds.

From Fig. 6 it is seen that when the cycle time is 89.45, the

piston displacement is ;%;2 of the total stroke, or

2422 5 ) 5 = 1.42 inches
15
as compared with .99 inches obtained from the energy anslysis. Thus, the
compression ratio required for auto-ignition is 14.2 All frictional effects
ere assumed to be small, and are, therefore, neglected in the time-motion
study needed in the previous analysis.

— e G et Geim S G e ———- — —— — f——— f— o St iy 4r S . M w— w—— G . G- m——— A M A e g e o — —

% The complete theoretical analysis of this procedure is given in: M.I.T. -
Ethyl Corporation, Annual Report No. 6, July 1952-July 1953; and
M.I.T. - Ethyl Corporation Combustion Project Progress Report No. 17,
covering the period June 15, 1953 to August 15, 1953. .




II. Design

This section includes:
1) The complete and detailed drawings for the construction

of this device.
2) The description of suxillary and safety devices used in

this mechanism.
3) List of stendard or supplement parts used in the pogo-

stick.
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2) The description of auxillary and safety devices used in this mechanism.

A)

B)

The upper piston (Part 9):

In reference to sheet 14 the position of the upper piston is
seen. A heavy spring (Part 18) keeps a back pressure on this
piston (Part 9) during the operation of this mechanism.

By changing the compression in this spring (accomplished by
placing spacers between Part 10 and the spring (Pert 18), the amount
of energy utilization during the operation of this mechanism cen be
controlled.

During combustion in the upper cylinder high gas pressures are
reached (order of 2000 psia). This pressure exerts a force on the
upper piston, which in turn displaces it upward and compresses the
spring (Part 18).

If the upper piston is displaced high enfough,exhaust portswill
be uncovered (see Part 2 for details), thus allowing some of the
high pressure gases to expand into the atmosphere and thereby
accomplishing less useful work in respect to driving the mechaniam
as compared with the case when the upper exhaust ports are not
uncovered during the operation of the mechanism.

In this manner the device can be adjusted to suit people of
different weights.

Bleed values (Part 13):

In reference to sheet 1A the position of these values (Parts 13)
is seen.

During operation of the pogo-stick e high downward velocity of the

piston occurs while combustion is taking place in the upper piston.



C)

Upon completion of the power stroke, the piston motion has to be
stopped. This is accomplished by compressing gas in the lower part
of the power cylinder. In order to keep the piston in the downward
or cocked position after the power stroke, it becomes necessary to
bleed some of this ges into the atmosphere—-to prevent the upward
"bouncing" of the piston caused by the compressed air in the lowver
part of the lower cylinder. This is accomplished end controlled
by the needle values (Part 13).

Spring (Part 17):

In reference to sheet 1A, the position of this spring (Part 17)
is seen.

This spring keeps the piston in the cocked position so that the
compression and pover stroke will occur at the desired time--when
the operator and pogo-stick hit the ground.

Because of the position of the spring in the mechenism it
enables the implement to be operated as a nomal pogo-stick when

the fuel supply is cut-off.
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3) List of standard or supplement parts used in the pogo-stick.

Part No.

13

17

18

No. Required
2

1

Description and Part No.
Stromberg Adj. Jet P12802
For carburetor -
Zenith Adj. Jet C71-21
Compression male connector
Weatherhead 68-2
For injecéor - compression union
Westherhead 62-2
Teper pin #5 1 3/4" long
Taper pin # 2 3/4" long
Spring-size will be determined by
Experiment upon Completioh of Pogo-stick
Spring-size will be determined by

Experiment upon Completion of Pogo-stick



I1T.

Appendix

1) Data and calculations used for the Motion-time graphs.
2) An analysis of the stresses encountered in the cylinder

during combustion--which leads to its design dimensions.
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 CRLCULATIONS € 0r THE VELOCITY US. DISPLACEMENT CURVE,
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2) GCalculations for determining the cylinder wall thickness.

Material: 1020 cold rolled steel.

Ultimate tensile strength —55,000 osi (U.T:§)

Endurence limit in reverse bending 27,000 psiCE.L)

UTS (55000 psi)

El (27000 pPsc)

- EL (27000 PS¢)

V7.8 ($5000 Pse)

Goodman Diagrem

Useful endurance limit = 34,000

Since cylinder well stresses will be only in tension, from Goodman's

diagram an effective endurance limit of J#06@psia will be used.

axial stress = 0

hoop stress = 5;,-_- FPr

P = cylinder pressure

2T (psi)
. 34000 = m_o_o-g—x—'- r = cylinder redius
g4 (inch)
Z- = $000 - //8” ' t = cylim(iix;c;«lr)aﬂ +hickness
340600 X2 _

F = safety factor (4)

St = endurarce limit
(psi)

A cylinder wall thickness of .125" is actuelly used.
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