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Engines You Can Build

Relaxation is found in many forms.
Whilesome finditin thewide open spaces
of the great outdoors, others are discov-
ering it measured in thousandths and
tens of thousandths of an inch in cozy
home workshops.

To this latter group, Steam and Stifling
- Engines You Can Buiid provides direc-
tion for the experienced and instruction
for the novice in the fast-growing ranks
of Amateur Machinists.

The projects presented havebeen built
by men from all walks of life and were
designed by hobbyists from an equally
broad span of devotees who enjoy model
engineering as a fascinating and extrem-
ely satisfying past time.

If you presently do not have a home
workshop, you can start off with Andrew
Sprague's Hand-Too/ Steam Engines
which can be built with the inexpensive
hand tools found in almost any home or
apartment. Many Live Steam projects
have been built using a small electric
hand drill as a lathe. Even if space pre-
cludes a separate room for a workshop,
small-capacity metal-working machinery
is available that can be set uponakitchen
table and stored away in acloset orcabi-
netwhen notinuse. Ifyouwanttoinclude
some of the larger projects, consider
enrolling in a night-school class where
adequate facilities are available.

The two main requirements necessary
to get you into the Live Steam Hobby are
(1) decide and (2) begin!



Two simple steam engines built en-
tirely with hand tools as described
by Andrew Sprague beginning on
page 36. Photo by Andrew Sprague.
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Foreword

At no time in history has participation in
metal-working as a hobby grown as fast in
America as it has in the past fifteen years. It
is asafe assumption that as many metal-turn-
ing lathes have been purchased in the past
five years for home workshops as were in such
use prior to that time. Because of that growth,
the needfor “how-to” information hasincreased
and Steam and Stirling—Engines You Can
Build provides some of those details.

During this fifteen-year period, LIVE STEAM
Magazine has been providing Amateur Machin-
ists with projects of varying degrees of com-
plexity but, as The Hobby grew and The Maga-
zine's circulation increased, most of the earlier
copies were no longer available. To close this
information gap, several of those out-of-print
projects areincludedin this volumesothatthe
many newcomers to the Live Steam Hobby can
have available the instruction and design infor-
mation that they need.

Knowing that only time will produce a home
workshop scrap bin filled with the little odds
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and ends of materials needed to build these
engines, arrangements have been made to
have all the materials required for the projects
in this book to be supplied in kit form. In this
way, all those newly-purchased lathes (and
many of the existing ones that arebeing dusted
off and put back into use) can be put to work
by their owners to make more than a few ele-
mentary metal turnings and some experimental
threaded rods!

So here is the beginning ... the thrifl of
building something that actually works is yours
by just following the directions. If you are a
complete novice in this field, pick one of the
simpler projects for your first attempt and
gradually work your way through the others
as your skill and abilities {and confidence}
increase.

The Hobby is enjoyed by persons in all
walks of life and we are sure that you will find
many pleasurable hours in your workshop
with the projects in this book.

william C. Fitt
Editor

Traverse City, Michigan
March 6th, 1980
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It looks like an expensive antique
but it’s easy to build this

Stationary Steamnn [Plamit

Here's a project for all you “tinkers”

like me who like to get out in the shop
now and again and “make-up’’ as you go.
The original plant will raise 40 pounds of
steam in two or three minutes, and steam
a 9/64” x 5/16” double acting engine at a
steady 2,500 rpm on 20 psi with remark-
able power. The work is within range of a
beginner and his Unimat.

Instead of exact drawings, we’ll pro-
vide only some sketches and photos with
blow by blow instructions. The original
was made from some freehand “idea”
sketches. Most of the materials will be in
your scrap box or at the local hardware
store, but you may want to get off an
order for some 1/8” OD pipe fittings, an
ounce of 1/16” x % copper rivets, a
Stuart pressure gauge, and perhaps a small
pop valve. Your local hobby store will
have some sheet brass and small brass
tubing in concentric sizes.

Let’s begin with the boiler., Get a

Spirit tank appears at extreme right. Forward
0% this is the lube oil storage and workbench.
Engine bolts to mounting bracket at front of
boﬁle‘;. Speed reduction is 11 to 1 at the
cathead Funnel is handy for filling fuel and
feed water tanks

by W. Marshall Black

Photos and Drawings by the Author

piece of 1%” OD, thin wall, brass tube
from the hardware store — the kind used
for plumbing under sinks, File off the
chrome plate. Check the end for square,
and hacksaw off a piece about 3%" long
for the boiler shell. Deburr the ID and set
aside, Now for the boiler drum-ends.
Chuck up a brass bar slightly larger in OD
than the shell ID or, better, scribe a circle
on a scrap of %” brass plate, hacksaw out,
and soft solder to a chucking mandrel.
Either way, turn two disks to be a tight
push fit into the ends of the shell. Dig out
a cavity about 3/16”’ smaller than the OD
of the disk. This should be about 1/8"”
deep. Cut off the disks or melt loose from
the mandrel. Push one into the shell with
the cavity facing inside. If you've made
the disk a snug push fit, it will be square
with store-bought end of the tube. Leave
a scant 1/8” sticking out, Get out the
propane torch, flux the joint, and soft
solder one drum end to the tube. Flow in
a little excess solder. Use silver solder if
you have the stuff, but this isn't worth

the extra bother.

Scribe a centerline down the shell.
Locate the center of the steam dome and
clear (body) drill through the top of the
drum for a 2—56 or up to a 4—40 bolt.
This steel bolt is a stay that will screw
into the top of the steam dome, so we
had best make the dome next. I used a
scrap of %” copper flue tube from the
barrel of the dome, Lightly chuck and cut
to approximate length. Then concave file
one end to fit the boiler barrel saddle
wise. Finish fit by wrapping a piece of
emery cloth around the boiler shell stock
and drawing the dome saddle across it till
you've got a good square fit. Now turn up
a dome top. It’s easiest to have the inside
end facing the tail stock. A nubbin of 1"
OD brass is about right for a %” OD
dome barrel. The inside should be drilled
out to %" diameter by about 3/8”° deep
to make it thimblelike, Now relieve the
OD back about 1/8’’ lengthwise to be a
very light push fit in the dome barrel.
Then drill and tap about 3/16’’ beyond



the depth of the %" hole to receive the
stay bolt. Reverse the piece in the chuck,
and contour the outside to be old-timey
looking or to suit your fancy.

Now take some long-nosed pliers and
insert the longest bolt you can get in
from the inside of the boiler shell up
through the dome stay bolt hole. Run a
nut down from the outside, Place the
dome barrel over the stay bolt and hold
your dome top in a side-view position so
you can see where to cut off the stay bolt
(and possibly dress off the square end of
the dome barrel) so that the stay can
screw into the dome top. Shortly we will
fasten the dome to the barrel by simply
screwing down the dome top.

But first put the boiler shell in the
vise, hold the dome barrel concentric
with the stay bolt, and with a long, slim
scribe, mark the ID of the dome barrel on
the boiler shell. Now center punch a mark
for the steam outlet between the stay and
the scribed location of the inner edge of
the dome barrel and on the centerline of
the boiler barrel. Also pop two marks just
inside the scribed dome circle at the low
points of the saddle — one on each flank
of the stay bolt. Square up the boiler
barrel in a drill vise or vee block (if you
are that rich) and drill the steam port,
1/8" right through top and bottom of the
boiler barrel. Then open out the top hole
with a #29 drill. Next drill the other two
center pops on the top about #51.
(These two ports may not be needed —I
envisioned them as drain holes for water
that might get into the dome — priming is
the undoing of very small boilers.)

Remove the dome stay and chuck up
the boiler shell to run true., Put the
soldered end into the chuck so you won’t
crush the tube. Polish the barrel in the
stay bolt area with emery, install the stay
bolt with nut, then bump in the other
drum end. Flux and soft solder without
removing from the chuck. Then, using
very light cuts and with a file, contour
the drum end and square up the shell
ends. (Watch out for the spinning stay
bolt.) You should have about 1/8’’ of
drum end outside the shell, and the
bottom of the inner recess in the drum
end should be even with the end of the
shell as seen in side view. Reverse the
shell and complete the other end the
same way. Polish each end of the shell up
to the stay bolt area, but don’t lose your
centerline scribe.

Remove the shell from the chuck.
Lightly rescribe the centerline on top the
shell. Assemble the steam dome and soft
solder in place. Now for the rivets — they
do a lot for appearance and serve to pin
the drum ends safely in place. Take a pair
of small dividers and, using the end of the
boiler shell as a guide, scribe a line right
around about 1/16” back. This line
should be in the center of the depth of
the inner recess in the drum ends when
viewed from the side. Subdivide this line
for as many rivets as you want — about
3/16” to %” centers look good, but get
the spacing even, Center pop and drill all
these through with a 1/16”" bit, Do the
same around the dome top. Insert the
rivets, flux and reheat the shell. The
excess solder around the drum ends and
dome top will usually grasp the rivets, but
you may touch up some using small-
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diameter solder.

Get in the stack next. A length of the
thin-wall hobby tubing will serve for the
stack. Center pop its location on the
drum centerline. We want a good, true %’
hole right through top and bottom of the
shell for this, Drilling a true hole from the
convex side of the shell is all but impos-
sible, so scribe a %" circle around the top
center pop. True up the shell in the drill
vise and go right through top and bottom
with about a 1/8” bit. Open out the top
with a 3/8” bit, then rat-tail file out to
final OD, using frequent fitups. Once the
stack tube pushes in nicely, you can
remount in the drill vise and open out the
bottom hole, from the top down, with
one pass of a %” bit. Insert the stack,
leaving about 1/16’’ protruding from the
bottom and soft solder in place. Now
turn up a chimney top and drill through
1% so as to slip over the stack tube. For a
real fancy job, soft solder the chimney
top on leaving about %” of stack tube
protruding. Then swiss-file vee notches
into this portion and flare out to make a
crown-like appearance.

You are now ready for the siphons
nd superheater. These features distin-
guish the little boiler from its toy coun-
terparts. Use ordinary 1/8’ copper tube
for the superheater. Straighten a length,
anneal if necessary, and insert through
the hole previously drilled through the
shell under the steam dome. Make sure it
goes as high up into the dome as possible.
Then begin an elongate coil abruptly
where the tube exits the bottom of the
shell. Begin the coil toward the rear;
make 1% loops ending straight out to-
ward the front, just under the stack. The
coil width should be about %" to 5/8° to
allow some flame to reach the shell. Use
3/16’ OD copper tube for the two
siphons. The important thing is that these
should extend just inside the shell at the
back end, and well up into the shell on
the front (stack) end, and should slope
upward about %’ from back to front.

Note also on the sketch that the rear ends.

are located further from the end of the
boiler than on the front end. Soft solder
the siphons and the superheater line into
the boiler shell. Now clean up the whole
job, removing excess solder with a knife
and emery strips, then burnish all over
with a wire wheel, or go bum a sandblast
job. Notice that at no time did we do any
soldering on the boiler without there
being an air outlet. Had we done so, the
heated air (or pickle drops) inside would
expand and cause blowouts of melted
solder.

Now you are ready for the fire end of
the thing. One cannot overestimate the
importance of adequate fire space and
ventilation. A good rule to follow is to
provide at least one inch of clear space
between the top of a spirit burner and the
lowest point of the water works. First
make up an alcohol fuel tank whose
height should be slightly less than the
height of the wick or burner tubes. A
horizontal shell of 1’ diameter brass tube
about 2°' long (25%cc) will fire the two
burners for about 20 minutes. This little
tank is made just like the boiler drum was
made, but no rivets are necessary. A filler
plug and vent are located on top, and a
1/8” copper line leads to the burner. Add

a valve if you want to. The burner is a
simple soft soldered assembly of brass
tubes and a bit of sheet from the hobby
store assortment. The burner tubes
should be %” ID and slightly taller than
the fuel tank — so that when the tank is
full, alcohol cannot overflow the burner
tubes, Wicks are %" cotton clothesline or,
better, asbestos about 1/8 longer than
the tubes — i.e., no more than 1/8”
should protrude. You can control the
steaming rate by adjusting the amount of
wick protrusion, or lighting one or two
burners. The fuel line valve is not good
for firing control, but will reduce evapo-
ration during shutdown.

The firebox ends are cut out of brass
sheet -— the important thing is that these
should hold the boiler shell high enough
to clear the burner tube tops by about 1%
inches. These sheets require a simple
flanging job; the flanges are made along
scribed lines in a vise after the rounded
recess is rotary filed out to fit the boiler
shell, A neat fire door can be made from
sheet or tumings with a pin or bolt at the
top so as to rotate upward to open. It
should be located so that the bottom of
the hole is about even with the top of the
burner tubes. This way you can use a pick
to adjust the wick height and, of course,
light off and blow out (not up). A hole
must be made to let the superheater or
steam line out the front sheet. Assemble
these flanged sheets to the boiler as
follows: Take a small piece of wood
about 1%” wide and 4 long. Stand the
sheets up on this, and lower the boiler
into place. Any small chain hoist will do.
Wrap a piece of wire around the boiler
and the wood block to hold everything in
place. Square up the sheets, taking care to
leave about 5/16”' of boiler drum extend-
ing outside the rear sheet. When all is in
good alignment, soft solder the sheets to
the drum but turn the whole works
upside down first to avoid ‘‘overhead”
soldering. The firebox sides can be made
from brass or blued stovepipe metal.
They are held to the flanged pieces by
tiny sheet metal screws. Drill the ventila-
tion holes before clamping and drilling
the screw holes. The upper row of ventila-
tion holes may not be needed — but I've
seen t00 many antique toy plants that
have them to ignore their probable wor-

Free-hand sketches on grid paper serve to ‘‘gel”
the design for construction. Frequently, on
subminiature work, %" on the grid is used to
represent 1/64" on the model. This drawing is a
tracing of the original construction sketch
which was made full size. Critical dimensions
such as walve porting are determined by timely
scribing on the parts as work progresses. This
boiler was No. 3 in a series of experimental
models and incorporates several desirable fea-
tures learned the hard way.
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thy function. The stack produces no
natural draft but does add effective heat-
ing surface, Make a notch at the base of
one of the side plates to admit the fuel
line. It would have been more efficient to
enclose the boiler in a casing, with the
stack fastened to the casing and not
through the boiler. I just don’t care for
the resulting ‘*‘black box’’ appearance.

A gauge glass can be made in jig time
from two brass fittings for copper tubing,
1/8” pipe to 1/8” tube, compression
type. Turn off the pipe threads, shorten
up a bit, and run through with a #38
diill, then tap 5—40 for the steam con-
nection. Reverse the piece, shorten up the
tubing fitting threaded section a bit and
bore %" deep to be about 1/32' larger
diameter than your gauge glass. (I used
5/32"” OD glass tube, This is too small;
3/16” would be better.) Remove the
piece and chuck the tubing nut. Run
through with a drill bit about 1/32" over
the glass size as before. Shorten up the
skirt a bit. Do the same to the second
fitting except drill through 1/8’ to accept
a water leg pipe of thin wall, 1/8" brass
tube. Cut your gsuge glass to be about
I%” long; fuse the ends with your torch,
Slip on the nuts, then slip on two gaskets
cut from a soft rubber tube. Then screw
on the fittings. Drill a 1/8" hole at the
extreme back of the boiler shell — drill
right through top and bottom, but locate
this hole so as to miss the drum ends and
still be outside the rear firebox sheet.

Now you have a piping job — use
1/8" copper tube for the top or steam
leg; thread 5—40 and screw on to the
gauge glass fitting The water leg pipe
should be made from 1/8'° OD brass tube
(the hole in 1/8” copper tube is too small
for a good water leg). Anneal the tube
and fill with solder before bending, then
melt and flip out the solder. When the
two legs and the glass look about right,
trim off the legs and solder into the boiler
shell. Remove the glass and solder the
pipe connections to the gsuge glass fit-
tings. A little extra bending will now let
the glass be slipped back in and bonneted
down. Install a small 0—80 psi Stuart
gauge on the back drum so as to connect
into water space.

I did not initially install a pop valve
on the experimental original (Number 3
of a series). I have an aversion to very
small pops that usually just weep continu-
ously. I found that a few successive
strokes of the feed pump would control
pressure, or a good puff will put out the
fire if pressure gets too high (40 psi is a
good working pressure) while not work-
ing steam. Later, after the photos and
drawings were made, one of Cole’s small-
est safety valves was mounted on the
dome with an ‘L' shaped piece of
tubing This is on the side opposite the
whistle, I would not recommend its loca-
tion as indicated on the drawing.

Cole’s also has a 3/16" plunger feed
pump, although I made mine up using
two store-bought 1/8” check valves that
happened to be on hand. Or you can buy
the balls and do it the hard way. Any sort
of tank will do for the feed water supply,
but the capacity should be somewhat
greater than the boiler capacity which is
about 40 cc at working level. This will
about match the fuel capacity for a 20 to
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25 minute run. A feed water heater coil
can be run around the firebox, out of the
direct flame. If so, put in a union in such
a way that the boiler—engine assembly
alone can be dismounted. Put a valve in
the feed line — otherwise the boiler will
over-fill itself as it cools down.

Next we'll tackle the engine.

The engine on the original plant is a
double-acting oscillator, 9/64" bore by
5/16" stroke. It has a surprisingly strong
torque and never gets water logged on the
superheated steam provided. It seems well
matched to the boiler. It’s no more than
an 8 hour project including lost time
looking for that tool you just put down.

Start with the flywheel-crank assem-
bly. Find a piece of steel rod about 1/16”"
diameter that is a good running fit in a
piece of brass hobby tubing, Turn up and
center drill the crank and flywheel to be a
press fit on this shaft. Drill the crank to
accept the crank pin for a 5/16" stroke.
Press in the pin and shaft (use the drill
press or lathe tail stock) but don't press
on the flywheel yet. Incidentally, the
flywheel is only 5/8* OD by 3/16" thick.
I had apprehension that this would be too
light — but it’s just right for this lively
double actor.

The cylinder is also made from hobby
tube. The piston is turned up from steel
and lapped to the cylinder tube before
either are cut to length. Square off the
lapped piston stock and very carefully
center drill for a press fit to the piston
rod, then cut off the piston so as to be
about 5/16” long. The cylinder head is a
simple plug, the crank end head has a
5—40 thread packing gland. Both have
about 1/16’° of press fit intrusion into the
cylinder tube, but note we have not yet
cut the cylinder tube to final length. The
original turned out right at 7/8” deter-
mined at the job site as follows:

Cylinder Tube Iength = Piston I.ength +
Stroke + 2 Head Intrusions + 2 Clear-
ances

=5/16 +5/16 + 2/16 + 2/16

=14/16 = 7/8 inch

The valve disk is got out next from 1’
brass bar stock. Chuck up and square off
the end with a finish cut. Before tap
drilling the cylinder pivot hole for a 1—72
thread and also before turning out the
recess, do this: with the lathe tool, make
a tiny dimple in the exact center; set a
pair of sharp dividers to a radius upon
which the cylinder ports will be drilled
and scribe this circle on the face. Save
this same divider setting to scribe the post
when we will be ready to work on it. The
radius should be about 11/32", deter-
mined as follows:

Port Radius = (Cyl. Tube Iength/2) —1
Head Intrusion — (1 Clearance/2)
=(14/16)/2—1/16 —(1/16)/2

=7/16 —1/16 —1/32

=11/32inch

Now turn out the cecess in the valve disk
but don’'t come within 1/8”" or a shade
less of the port 1adius. Now turn the valve
disk to proper OD, by again keeping at
least %™ (1/8" on radius) out from the
ports. This will assure an adequate surface
for good steam seal. Center drill and tap
1—72. Cut off to a thickness equal to the
crank disk thickness.

Now comes a tricky part. You must
soft solder the cylinder to the valve disk,
making absolutely certain that the center-
line of the cylinder and an imaginary
diameter line on the port disk coincide
when viewed face on as seen at upper-left
on the sketch. I did this with luck and a
6"’ scale, but if you've got a depth mike,
use it to measure in equal distances from
the right and left sides of the valve disk to
the cylinder tube. The cylinder is held to
the disk during this fit-up by a light steel
spring clamp. Solder in the heads at the
same time. I also soldered the piston to
the rod beforehand (leaving the rod about
two inches long at this time), removed all
excess solder, and coated the piston with
oil before assembly — no use to have the
piston soldered to the cylinder. Needless
to say, the center of the piston clearances
on each end should coincide with the
port radius scribed earlier. The amount of
clearance isn't critical for superheated
steam, but about 1/16' on each end
seems about right.

Finally we come to the engine post.
Scrounge a piece of 3/8' square steel
stock and scribe a centerline on the side
that will face the cylinder. Center pop on
this line for the crankshaft hole. Drill the
crankshaft hole to be a running fit to
shaft, not the bushing. Drop in the
crankshaft and crank. Position with crank
pin at top dead center. Now lay the
cylinder assembly with its 1—72 retaining
bolt in place across the post stock so that
the end of the stuffing box touches the
top of the crank pin. Then move the
cylinder assembly upward (or away) from
the pin about 5/32" to 3/16”. The 1—72
bolt is now where the cylinder pivot hole
will be drilled on the post centerline.
Mark and center pop. This was right at
one inch from the crankshaft on the
original. The 5/32" back-off is to provide
external clearance between the crank pin
journal and the stuffing box. Also mark
the post at the position of the top and
bottom of the valve disk. These marks
will allow you to fancy up the post with a
bit of turning and facing in the lathe.
Trim the post to length, making sure the
flywheel will clear the ground. Now find
those dividers that we left set at the port
radius and scribe the post around the
pivot hole center pop.

Next open out the crankshaft hole
and press the crank bushing into the post
and press on the flywheel, leaving a
modicum of end play. Clear drill the
cylinder pivot hole for a 1—72 bolt and
open it out partway from the back side to
a diameter very slightly larger than the
spring. Tighten the pivot bolt, clip off the
head, and substitute a nut to retain the
spring. Assemble the cylinder to the post.
Now by trial, determine the proper length
of the piston rod — so that the piston will
have equal clearance at top and bottom
dead centers. Cut off the rod and solder
on a tiny brass crank journal. If every-
thing turns freely, you are ready to do
the porting.

Remove the cylinder but leave the
1—72 pivot stud in its hole in the post.
Place the post in a vise with the cylinder
side face up and so that the crank can be
turned. Lay a thin scale against the crank
pin and the pivot bolt. Rotate the crank
on one side of the crank throw until the



Feed water tank and plunger pump occupy
right side of boiler. A feedsystem is essential in
very small boilers for more than a few minutes
running time, The large steam dome separator
evolved to reduce priming, a major problem in
subminiature systems. Good superheat and
large well ventilated firebox are very important,

scale reaches its maximum angle and
scribe a line on the post, Place the scale
against the other side of the crank pin
and pivot bolt on the same side of the
crank throw and scribe another line. One
set of the post port holes will lie midway
between these two lines and on the radius
scribed earlier. Repeat the process, but on
the other side of the crank throw. Lightly
center pop the four port locations. Next,
two long holes must be drilled down the
post from the top end. These holes must
be in a compromise location, as nearly as
possible directly behind the ports, but
they must not hit the cylinder pivot hole.
Locate and drill these #52, then angle in
the port holes #57 to connect. Finally,
on each side of the post, drill the steam
inlet and on the other side the exhaust so
as to intersect the two long holes. Tap
5—40 or to suit the new-fangled tapered
pipe threads. Clean out all passages and
plug the long holes at the top of the post.

Finally we must drill the cylinder
ports. These must be on the centerline of
the cylinder and on the port radius
scribed earlier. Locating the centerline is
a problem — I scribed it by laying a thin
scale on each edge of the pivot hole and
eyeballing to align along the correspond-
ing edges of the fully extended piston
rod and spliting the difference. Drill #57,
at head and crank end. Assemble the
engine, oil, and run-in by holding the
flywheel against the' running vee belt
drive for your lathe. Test on air. If there

is much blowby between the post and
port disk, put in a little lapping com-
pound and run-in again — then clean
thoroughly., Proper spring tension for
your working pressure can be set later
when on steam.

The engine on the original was
mounted on a bracket soldered to the
front firebox sheet. A 1/8” globe valve
serves as a throttle. The coupling is very
close to avoid heat loss in the steam line.
The exhaust is led into the stack. This is
not so much to increase the draft as to
evaporate an occasional spewing water
drop that would be messy. A small
removable pan under the engine will
catch oil and water drip, but the plant
runs remarkably free from this annoy-
ance. All except the whistle which is
definitely not house broken.

The various components of the origi-
nal plant are test bedded on a 5’ x 7”
decoupage board. The boiler—engine as-
sembly can be removed to get at the
wicks by loosening three wood screws
and breaking the feedwater line at a
union. The engine, in turn, can be re-
moved via loosening the bottom mount-
ing bolt, slipping the 1/8" copper exhaust
line out of the brass 1/8"’ ID connection
to the stack, and then unscrewing the
inlet connection to the engine post. Re-
verse engine direction.can be obtained by
switching the inlet and exhaust connec-
tions on the post (though the engine will
then face the other way).

No claims of originality are made for
this design. It just works so well I though
I'd tell you about it. The two predeces-
sors, despite repeated readings of Evan’s
book, were perfectly extinct little vol-
canoes. It is a pilot model for one to be
half this size, It looks like an expensive
antique, and curiously, the useless little
workbench and shovel cause more com-
ment than my one-inch scale Mallet loco-
motive. Even so, here are a few points I
think are important in design of ex-
tremely small boilers:

1. Provide good vapor—water separation.
This dictates a well baffled dome —
vertical center flue jobs are out. See
also pointer 4 below.

2. Provide good circulation via water
tube siphons. Definitely have the
siphon exhaust high up in the shell.

3. Provide as much ventilation and fire
space as your application will permit.
A famous locomotive designer once
said that the limiting factor governing
performance was, simply, “the ability
to burn coal.”’

4. If you must use live or exhaust steam
blowers in the stack, then the stack
must not be over a burner. One drop
of water can extinguish a wick or
bunsen burner.

5. Always superheat.

Be a good water tender — if the boiler
runs dry it won’t blow up — it simply
falls apart.

S



Build an

Unusuall
Steann [Bng@ine

by Robert S. Hedin

Photos by the Author

This steam engine model is based on
drawings shown in an old book, The Steam
Engine, by Robert Scott Burn, published in
IL.ondon in 1854. Because the mechanism is
unusual, I decided to build a model. The
piston both rotates and oscillates in a
rectangular cylinder. It is supported and
guided by a pair of arms that pivot on the
crank shaft. The piston is rotated by a pair
of cranks and arms on either side of the
cylinder, mounted on the piston shaft which
extends through both cylinder side plates.
These cranks are clamped to the piston
shaft 90° apart and 45° tothe eccentricity of
the piston, as shown. This avoids dead
centers and counter balances the piston
eccentricity with the connecting rods.

The cranks are clamped to the piston
shaft and crankshaft by split clamps. The
hole in the crank must be a snug fit to make
the clamp hold. I have had no problem with
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3.0

this. The cranks could be pinned in place ‘
after line up. i

The piston is fitted with about .001”
clearance on the diameter. Notethatan alloy
steel is specified. It need not be stressproof !
but something harder than low carbon. 1 o . _
tried screw stock but it is too soft and scuffs A ﬁ;—-@
in the cylinder. I also tried Teflon which is \ 4 3
great if only air is used to run the engine. 19 37 5 \ 1.78
The coefficient of expansion is too high for
steam and it swells up like a balloon.

The long cfrlank pin extends into the
coupling on the fly wheel shaft. Theholeisa
loose fit to take up misalignment. Dowel the EOSERLATE, A
crankshaft bearings in place with escutcheon 125 Brass - Irequired
pins — tight in the bearings and loose in the
frame. Put spacers along both sides of the
connecting rods at the crank pins and #52 drill

cran'l;;haft.d T . " 25, 06— LI25
emodel is designed soit can be made 1 P S ‘

using a lathe, drill press and file. Although I ofter final assembly £ \
—_— g} ‘!

used brass for the major portion of my
= / .
"LC"/JZ fwo #44 47@“-—‘?

model, steel can be used for many parts.
ream 25|

112
3
LS

four 125 holes for \—six #44 holes, counlerbored
allaching to waoden base 15 dia. x .06 deep

i
*

CRANKSHAFT BEARING (it)
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CRANKSHAFT
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/ =— two pieces 125 x 75 % 1.5
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sweat together with soft
solder, separate after boring

Zcme piece . 75x1.0x 1.5

/clmck ond bore 10 1.OO inside diameter

HOW TO MAKE PART A
OF CYLINDER FRAME

12 typical

slot is .265
wide
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PISTON ASSEMBLY
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Ldriu rod oxie to be press fit or

fired i ploce with Loc/ite

e 250% x
! f
. B . o . 5
19 rad. make two rods |88 each end

ke two rods .25leachend

®4ll rods must have identical center distonce

CONNECTING ROD

125 Brass - 4 required
8

-
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¥ - -
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”, L
7,
Of A7
”,
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ream 250 *.Z_Ll_

dio. x .06 deep for
2-56 fillister head
machine screws

CYLINDER COVER
125 Brass - 2 required

exhoust ports, drill #21, top 10-32

plug must clear 62
valve movement A
infoke port, drill ]
# 11, countersink
.25 x 04 deep

®solder this foce to
cylinder frame, be

4
sure porls and  _| -]
groove are b 2
correctly aligned ﬁ’r PR
]
six 256~ /‘('T sy S I
*.20 deep @1‘ ERE
L) 4 —t
two qroaves/ I T : \
.06 deep 43 /
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These two photographs show the mannerin whichthecranks and connecting fight, the piston has rotated about 30°, bringing the cranks down and the axle
rods work as the engine’s eccentric piston both rotates and oscillates in the and connecting rod have shifted to the center. Another 9° rotation will bring
cylinder. Atleft, the crank nearest the flywheel coupling is in an upper position the connecting rod to the front where it will reverse its direction for the other
and the connecting rod and piston axle are at the back of the curved slot. At half of the piston's rotation. There’s a lot of action in this little package!
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A Brief Prelude

Having had the good fortune to be born
one month before the Wright brothers flew at
Kitty Hawk, my boyhood fun was nurtured by
the romance of plentiful steam engines all
about me; by thedevelopment of the airplane;
the gas engine; the “wireless,” as it was
called, and by atl the wonderful power boats
to be seen. As were s0 many young Americans,
} was a monkey-wrench mechanic. | was
educated by building model airplanes from
split bamboo and toilet paper; by jazzing up a
Model T Ford with Rajo heads, Hassler shock
absorbers, Rickstell axies and something
called a “distributor,” invented by a guy
named Atwater Kent. | built and flew my own
airpiane and built my own power boats. We
were all Rover Boys or Tom Swifts.

In 1928, at the age of 25, | lucked out
again in being chosen as the editor to start

- Fawcett's Modarn Mechanics and Inventions
Magazine. This evolved into Modern

Mechanix and eventually to Mechanix
Hlustrated. | seemed to have a sure touch as
to the fare wanted by readers and con-

sequently, the magazine continued to prosper.

One publishing adventure as an offshoot
by Fawcett was the Mechanical Package
Magazine. This was the first magazine-in-a-
box and carried kits for hobby building. The
first kit was a small oscillating steam engine,
the parts for which were assembled on a bent
steel strap, soldered to a copper tube which
was poked through acork which, in turn, was
jammed into the proper-sized opening just
under the lid of a Carnation milk can. Of
course, the engine did run merrily!

One hundred thousand steam engine
kits were produced at a cost of 1'4¢ each for
Mechanical Package Magazine by the Acme
Machine Company, of Minneapotis. There
must have been panic among the contented
cows of Carnation when there was a sudden
public demand for 100,000 cans of
condensed milk!

After four issues, the “packmag” was
killed as being too cost-intensive. Though it
sold fabulously, it cost t4¢ per copy and sold
wholesale for 16¢. Modern Mechanix also

sold wholesale for 16¢ and only cost 9¢ per
copy- This was a standard spread for a 25¢
newsstand price. The break-even cost of the
packmag was just too high.

Before the Mechanical Package Maga-
zine died, | had ordered a steam engine
design from Henry Greenly, the great
English engine designer. Greenly delivered
the drawings and copy just before the
packmag demise and Acme Machine built his
engine. The plans and manuscript were never
published — but Greenly was paid the $15 he
demanded for the drawings and story.

in 1943, while | was in Alaska, | designed
a small, two-Rover-Boy-sized boat for the
Greenly engine to power. The sketches were
originally printed in an edition of Rudder
magazine and are reproduced on these
pages, also.

The other day, Greenly's letter of
transmittal and his story about how to build
the engine popped out of a niche in my files,
long forgotten. The engine had been tested
under steam, treasured, hauled from domicile
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to domicile and finally had been given to my A« ‘V‘é«u

son, David K. Farmer, who became a better
engineer than his Dad.

When | discovered Greenly’s unpublish- j&.‘la‘ o Mrie X MM

ed 46-year-old manuscript, | thought of all the

grown-up RoverBoyswhoreadLIVESTEAM . ) 'ﬂ ) L )

and mailed the script to Bill Fitt. Readers of ﬁﬁf f““ @“‘7’ i IS /

LIVE STEAM will savor this discovery. It . .

relates to the fun to be had by involvement dﬂu.;u— '

with the velvety power of steam, that

unforgettable satisfaction to be had only by P c. e - 1t

men who know it. / el grasardlet %I N/

Today's kids have it too easy. For $2.98

0 L] . - L
they buy a scale model of an atomic ocliny’ o Hoe Cuartren Ceaster ™ f “"‘u*“ﬁ

submarine. No need to tinker or think! That,

boys, is where the kick is. Take it from your Ui trerd odvmuced % Joew oAt
old Uncle Westy who “was there, Charley” q ’
and knows. 3 ' :

Posthumously, then, here are fresh in Bt el o /f"M- wusndr, o Aadle, o
words of steam engine wisdom and .
construction by Henry Greenly, who was ol plieslit  auA A T e swerisid Arief
nonpariel in his day as a designer of British 55
steam engines. nb(q o had b apwtd ok DU -s Uie foaties,

by Weston Farmer
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Henry Greealy's original tetter of transmittal. which
accompanied the plans and instructions for this article
prepared back in 1932.
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To propel a steamboat which carriesits
own skipper, an engine of at least a half
horsepower is essential. This power must
not be nominal; it must be capable of
development with a full head of steam,
continuously, but without draining the
boiler.

It is surprising how small a cylinder is
really necessary, so long as it is built in a
truly scientific manner. Over-cylindering
must, at all times, be avoided as the real
source of power is the boiler. The engineis
only the medium by which the heat energy
is converted into mechanical energy. (It
would be no good to put a 10 HP electric
motor onto a wireless battery and expect it
to go.) Also, 80 long as the bearings are of
ample area and the framing of sufficient
stiffness, the lightest construction may be
adopted.

The revolutions should be high enough
to make the engine more or less efficientas a
heat engine. All small engines haveonly a
minute amount of calories in the cylinder at
each stroke and to keep the walls at the
proper steamn temperature, the number of
strokes per minute should be as high as the
components of the machinery will stand. By
this means, the cylinder walls will be
maintained at proper temperature and
condensation losses will be reduced to the
minimum. For the present purpose, [ am
recommending 300 to 400 RPM as the
normal rate and a pressure of at least 60 psi
at the boiler stop-valve. Allowing this, we
can reckon on an average or mean pressure
in the cylinder of 35 psi. The Indicated
Horsepower should be:

pressure x area x length x number of strokes
33,000

or, in the case of this particular engine,

35x2.4x2.5x400x2
12 x 33,000

=0.424 IHP.

[fthe pressure can be pushed up a little, the
half horsepower designed as a maximum
can be obtained easily, as the speed will go
up quite a lot with a small increase in mean
pressure.

Another point about the job is that the
engine should be simple to make. There
must be no castings bigger than can be
machined in the lathes usually found in the
average Amateur Machinist's home work-
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steamchest

valve spindle
intermediate
valve spindle

and guide

head cover
cylinder
lagging

slide valve

Hac sl
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|

\ cylinder jocke!
piston and rings

[ /[

table
| ~—rod gland
crosshead guide
| _—piston rad
taper or spring pin
/ crosshead
i 7 main rod

N outer casing

—— column
| __— flywheel

e N R

\

crank web
big bross

/- main bearing
/ baseplate

crankshaft

/— stop collar
eccentric and eccentric strap

C Ty

B

SIDE SECTION

shop. The crankcase should be enclosed so
that oil' may be confined to the bed of the
engine and not splash about all over your
boots, but at the same time, it is highly
desirable that the casing be removable
readily in case any adjustments to the
normally-hidden machinery are necessary.

Further, it is essential that the revers-
ing gear be as simple as possible. Nothingis
as likely to go wrong or to wear so quickly
that it is in danger of falling to pieces as a
finnicky link motion, full of small pins.and
innumerable highly-stressed joints. There-
fore, I have proposed for this small enginea
robust slip eccentric reverse gear, the sort
that will outlast all others and at the same
time, give a perfect steam distribution in
both directions of rotation. To reverse the
engine, all that is necessary forthe engineer
to do is to shut off the main stop-valve and
on the engine coming to rest, grab the
flywheel and spin it in theoppositedirection
of rotation. Turning on the steam again will
make the engine continue to operate in the
reversed way, until the reversing process is
repeated.

The following is a brief set of specifica-
tions and an outline which will assist you in
construction of your engine.

The CYLINDER is of cast iron, 134"
bore x 2'%” stroke. When finished, it is
complete in itself with the added steam
chests and bored crosshead guide standing
on the four columns.

The STEAMCHEST is a separate
casting (or fabrication) studded onto the
cylinder, the studs being extended to attach
the steamchest cover. This makes the valve
facing and ports in the cylinder plain,
straightforward jobs. There is no end-
milling into recesses. Castings or com-
ponent parts are relatively small. Thus, if
you should happen to “muck up” any
drilling, surfacing or boring operation with
this cylinder and steamchest, there is not
much work scrapped.

All passages are drilled in the cylinder
casting and if an endmilling attachment to
the lathe is not available, the ports may be
formed by drilling and chipping.

The SLIDE VALVE and VALVE
SPINDLE aresimplejobs. A plain D.valve
is used in gunmetal or hard bronze. It is
slotted at the back and driven by the
spindle, which has two collars turned on it
out of the solid. To enable this spindle tobe
entered into the steam chest, the stuffing
box is drilled and tapped with a %" dia-

15



1", dia.

-

I

1'%0d

& % id. &

= o

G

g
P
et
4 .
.
e
—", e =
P -4

Vo

2.800

L
[
T
1
1
]
1
1
L}
1
Yatyp, |
AR
]
1
1
1
I
1
]
L]

-h:,q-—————————l——‘—A—-
Y

-4;-;;—

3%

3?75

match drill top tlange
from headcover, top 4-28

cored passoges shown

drilled passages optionol
] "
L
-—j.. X0 Pt
@. - N

@] e

drill %g x
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running fiton
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ECCENTRIC
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SuTngle of advance
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crankshoft

3/-0'0'/4’J

far 4-40 fiot-head screws

STOP COLLAR
Steel, 1 required

motch drill steamchest bottin foce
from steamchest, ni e %3-28 x Y2 deep

match drill bottom flange from table, tap Y -28

CYLINDER
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™ —four Y% dia. holes. drill #3, match drill

table, enlarge to Ya dic.

4'%

1% dia.

4

e & 1

¥% rad —/ ‘

CROSSHEAD GUIDE
Cast Iron, | required

7 dig.

ream .750 {to fit crankshaft)

FLYWHEEL
Cast Iron, | required

meter fine thread and a brass gland plug
small enough to clear thethreadsis driven
into the bottom of the box after the spindle
has been entered. The gland plug seatsin a
%" diameter hole.

The PISTON is lightened out as much
as possible to reduce out-of-balance effects
at high speed. The rings should be obtsin-
able from commercial suppliers or any
dealer handling small internal combustion
engine rings.

The PISTON ROD should be marked
off to the correct length on the job, after
preliminary erecting.

Threaded GLANDS are recommended
for the valve spindle and piston rod, but
they must be machined and screw-cut true
to their respective bores.

The CROSSHEAD GUIDE is circu-
lar and bored for the crosshead. It fits on a
spigot formed on the underside of the lower
cylinder cover, or table.

The TABLE is a square casting or
fabrication, spigoted on the top for the
cylinder bore and on the bottom for the
crosshead bore. It should be noted that the
bottom cylinder flange will have to be
drilled differently from the top, in order to
take the countersunk screws which attach
the cover to the cylinder. Holes are also
required in the corners of the table for the
columns.

These four COLUMNS are '£” square
steel rods, turned down at each end. Thereis
no real objection to round rods, except that
square rods make the sheet steel outer
casing easier to fit up.

The BASEPLATE looks like an intri-
cate casting from the drawing, but once the
pattern is made, it is an easy job to face and
drill for the columns and main bearings.
The facing can be done in the lathe. A
fabricated baseplate would also be practical.

Cast gunmetal is used for the MAIN
BEARINGS, which can be machined all
over in the lathe. There is a little locating
spigot on the bottom whichisformed during
the facing operation and fits into a drilled
hole in the base casting.

Turn the CRANKSHAFT from 2'4" x
1” bar steel. Machine it all over after first
removing the superfluous material by
drilling and a hacksaw. Be sure to leave
some lugs in the end of the crankshaft, so
you will have a place todrill center holesfor
turning thecrankpin. These will beremoved
when the shaft itself is turned.

The eccentric has a short, carbon-steel
pinfixed in one side. This will be driven by a
washer-like STOP COLLAR whichisfixed
to the outside of the crank web by one or two
small countersunk screws, This washer
should be completely circular at the outset
and have nearly half sawn of f. The fixing of
the collar should be such that the eccentric
moves equally on each side of the crankpin
centerline. This accuracy can be insured by
leaving plenty of metal on theflatted edge of
the washer and removing this contact face
by filing or scraping when making the final
adjustments to the valve gear.

The MAIN ROD is made in two pieces,
a steel rod and a split gunmetal BIG
BRASS. The bearing bolts, being neces-
sarily small, should be of good stuff. They
are kept small to reduce out-of-balance
effects and to clear the crankcase.

The CROSSHEAD may be made of
cast gunmetal and if more than one engine
is being made, they can becastand machin-
ed in pairs.
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The ECCENTRIC is of steel, loose on
the shaft, and the ECCENTRIC STRAP
is cast or fabricated integral with the
eccentric rod. The sheaves themselves are
split and jointed up again during the
machining operations. Gunmetal or a hard
bronze would be suitable.

Thetop end of the eccentric rod engages
the forked INTERMEDIATE VALVE
SPINDLE, which has a lug riveted or
brazed on it to bracket the motion out to the
valve spindle. This intermediate valve
spindle is carried by the cast INTERME-
DIATE VALVE SPINDLE GUIDE, which
is attached to the columns by small screws.

The FLYWHEEL is of cast iron and
should be turned up quite true to 7 diameter.
To balance the piston, several blind holes
may bedrilled in the rim. The exact number
is a matter of experiment.

If the drive is taken off at the back of
the engine, the flywheel need not be drilled
and tapped for any couplingbolts. The shaft
extends far enough at the back end to allow
the fixing of a flexible coupling. Thiscan be
made from a pair of flanged fittings with a
disk of 4" boot-aole leather between the lugs
of the couplings, these being crossed on
each other at a 90° angle to provide the
necessary flexibility.

The outer casing enclosing the crank
and machinery is not detailed as a separate
drawing, since it must be fitted carefully to
place. Make it from 16-gauge Brown and
Sharpe or 18.gauge American Standard
{.05") sheet steel, screwed onto the columns
with round-headed screws. The casing must
be cut away where necessary to allow the
intermediate valve spindle and guide to
poke through. On the eccentric end of the
engine, the sides of the casing may be bent
to enclose the bearings, if desired, and the
back sheet bent to conform with theoutline
of the sides. The casing sheets also can
carry oil boxes for the main bearings, big
brasses, crosshead guides and crosshead.
As many as the engineer finds convenient
may be added.

The cylinder should be lagged with
asbestos yarn and jacketed with sheet steel.

A Roacoe lubricator is advised on the
main steam pipe, but give the engine a gulp
of cylinder oil at thestart. The topcovercan
be bored for an easily removable plug. In a
Roscoe displacement lubricator, the oil
outlet to the steam pipeisatthe top of the
chamber and should be a quite small hole,
about 1/32’ maximum. Right on top of the
oiler is a largefilling plug and at the bottom,
a drain cock is required. The steam con-
denses in the lubricator and displaces an
atom of oil until it becomes full of water.
This can be drained off and the lubricator
replenished with oil. (Steam must be off for
this operation.) A suitable lubricator for
this engine is one that can hold about 3
cubic inches of oil. Thick cylinder oil
should be used for this accessory, not the
engine oil used for the running bearings.

Cylinder drains should be provided on
the front or side of the cylinder, as desired.
In the best-made engines, the outlets from
the cocks are generally led down the sides to
the bilges.

One final comment, for pipes and
glands, where 26 threads perinch is specified,
28, 32 or 40 threads may be used, depending
on whichis the mostconvenienttothread or
tap with the tools available in the Amateur
Machinist’s workshop.
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A 10-inch Stirling Engine Powered Fan. . . M@Eﬁ g% @

by Dr.James R. Senft
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more comfortable. And, because of its
novelty, provide perhaps more than the
REAM 1/8 usual measure of satisfaction which ac-
companies the construction of any preci-
DISPLACER PISTON END - aLUMINUM sion machine.

Until at least 35 years ago, hot air
fans were produced commercially and
were to be found in widely scattered

CAP parts of the globe. Despite the fact that

END the power output of the rudimentary

stirling cycle engine is extremely low, it

—|-1/2 was ideally suited to the task of driving

3/32— |~ these fans because of its quiet, reliable,

_-1 DISP and maintenance free nature. These fans

I/8 DIA STEEL 7 BODY were very popular among farmers and
ROD SCREWED / missionaries in remote torrid regions.

INTO END 1/16 DIA HOLE Although hot air powered fans are no

match, size for size, for electric fans,

D]SPLACER PISTON ASSEMBLY Moriya spins its 10 inch fan blade in

excess of 500 rpm to provide a gentle
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soothing breeze at a distance of two or
three feet. Not having an electric table
fan, Moriya has on several occasions done
faithful and commendable duty alongside
my drafting table or atop my desk. The
project requires no castings and the ma-
chining can easily be handles on a 6 inch
lathe.

Begin construction with the COLD
END. Although it doesn’t have to be a
critically accurate job, it would be well to
be a bit fussy about it since many parts
stack above and below it and their rela-
tive alighment is important. The machin-
ing is straightforward with the possible
exception of cutting the fairly deep fins
in square stock. If you have never done it
before, it might be well to experiment on
a few pieces of scrap fust.

Firtnly chuck an ample length of 1%’
square aluminum bar to run true in the
4-jaw chuck, face the end, centerdrill, and
bring up the tailstock center. Set up a
parting tool to cut the fins. Setting the
topslide parallel to the lathe axis will
allow the use of its micrometer feed to
precisely space the cuts. Use a good sharp
(and sufficiently long!) 3/32"” wide part-
ing tool and set it dead square to the
work. Set the topslide to zero, bring the
side of the tool against the faced end of
the bar, and lock the carriage. Back the
tool clear and feed the topslide toward
the chuck exactly 3/16" plus the width
of the tool for the first cut.

The square shape of the work affords
an ideal opportunity for devilish little
chips to position themselves across the
cut and jam the tool. To minimize the
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chance of catastrophy, loosen the drive
belt as much as possible. Set the machine
in lowest backgear and the finest auto-
matic crossfeed rate. It is surprising how
little belt tension is required to drive the
workpiece in backgear,

Thus prepared, commence the first
cut. Use a lubricant! Kerosene is usually
recommended, but it might pay to try a
fluid especially compounded for alumi-
num, I have found that lacquer thinner
works extremely well, but it cannot really
be recommended for machine operations
because of the terrific fire hazard in-
volved. Note the cross slide reading at the
instant that the cut becomes continuous,
and then continue the cut for another
.218”". Back the tool out, feed the top-
slide over exactly .147” and make the
second cut. Repeat until all eight cuts
have been made.

Remove from the chuck and saw off a
little long. Chuck the finned block truly
in the 4-jaw again with the sawn end out;
best lay some flat strips between the jaws
and the work to avoid marring those
beautiful fins! Face the end to length and
turn the 1-5/32" dia, spigot. Now drill
and bore through the block to exactly
1-1/16” dia. Out of the chuck, check
with a mike to be sure that the two
mounting surfaces are exactly parallel; if
not, wring the block onto a stub mandrel
and take a skim cut across the plain end.

All that remains is the drilling of the
four 3/16” dia. stud holes through the
entire piece, It is important that these
holes be parallel to the bore so use brand
new or accurately resharpened drills. The
employment of the milling attachment to
locate and carry out the drilling would
probably be best.

For the TOP COVER, chuck a short
length of 1%’’ square aluminum, face, and
turn the spigot to a close fit in the bore
of the cold end. Centerdrill and drill
undersize for the gland; finish the stepped
bore with a tiny boring tool. Chamfer the
step to ensure that the gland will seat
squarely when pressed in. Saw or part off
a bit long. The top surface of the cover
must be parallel to the spigoted surface
and must be flat to ensure that the
bearing stands will align nicely. Hold the
cover against the faceplate with a draw-
bolt through the spindle or mount on a
stub mandrel fitted with a nut. You can
now face the top to correct width up to
the drawbolt nut; the unfinished portion
under the nut will not matter at all so
long as it is not high enough to foul the
displacer connecting rod at B D C. Use
the cold end to spot the four 3/16” dia.
holes and move on to the engine base.

Cut a piece of %’ thick aluminum to
the outside dimensions shown in the
drawing and mark out the location of the
cold end. Position in the 4-jaw and bore
through 1-1/16” dia.; then form the
counterbore to fit the spigot on the cold
end. You can now carry the ENGINE
BASE over to the drill press for the
remaining work. The stud holes are spot-
ted through the cold end.

The HOT END is probably best made
from solid 1%" square cold drawn steel
bar even though most must be cut away!
It could be fabricated from tubing and
flat stock by sliver soldering but it would
still need some truing on the lathe after-

ward — about the same amount of work
either way. Do the lathe work at a single
chucking, Firmly grip the stock in the
4-jaw, face, centerdrill and engage the
tailstock center. Twurn the outside to
shape but about 1/8” oversize with the
flange at the tailstock end. Follow by
boring the interior to exactly 1-1/16" dia.
Support the end with a large center or a
stepped centerdrilled plug prepared in
advance and turn the outside to size,
taking lighter cuts as the wall becomes
thinner. Part off to exact length.

To locate the four holes in the flange,
place a length of 1-1/16" dia. bar half in
the cold end and half in the hot end and
spot through the cold end. Be careful if
you clamp the hot end in the drillpress
vise not to permanently distort the thin-
walled section; best fit a snug-fitting plug
or clamp by the flange. If you feel a bit
uneasy about the thin wall, it can be
made a little thicker but engine efficiency
will suffer due to heat loss to the cold
end by conduction, although the thick
insulating washers will assist matters.

Aluminum is used for the DIS-
PLACER PISTON in the interest of light
weight and ease of construction. Thermo-
dynamically, a thin walled stainless steel
piston would be much better. With the
body cut to length and the ends lightly
chamfered, the cap and the end can be
made up. The cap is a simple turning, but
the end must be a careful job to ensure
that the piston rod will be sufficiently
concentric with the piston to prevent it
from making contact with the cylinder
walls. Chuck a length of 1” dia. alumi-
num bar in the 3-jaw and turn the %’’ dia.
portion, the lightening recess, and the
stepped portion to a nice press fit in the
body. Saw off and chuck truly — using
the 4-jaw and dial indicator if necessary —
and drill and tap as shown in the drawing.
Press fit the pieces together carefully and
make up therod. The hollow piston must
be airtight; test by immersing the piston
in near boiling water. No bubbles should
be seen emerging from the joints.

Now is a good time to make the
GASKETS for the displacer cylinder
stack. The 3/16” thick compressed asbes-
tos gasket is best made in two or more
thinner pieces. The large hole in the two
1/32” thick gaskets can be cut freehand
with a penknife; the thick gasket can be
treated trepan style by mounting a stout
knife blade in the tool holder and tacking
the material to a piece of wood secured
to the faceplate. Cut the hole a little on
the large side since the material will rise
at the edge of the hole when cut causing
the hole to close in under compression.
The holes for the studs can be punched
by means of a simple tocl taking only a
few minutes to make. Chuck a 2" lehgth
of 3/16” drill rod truly, face, and center-
drill clear to the edge; harden and temper.
Use a light hammer for the punching with
hardwood or masonite for backing. Once
again the cold end can be used for spacing
the holes.

Make the four CYLINDER STUDS to
the dimensions in the drawing. If neces-
sary, you can open out the holss a bit,
say to .191” dia., in the cold end, top
cover, and engine base so that the studs
will pass through easily and permit the
pieces to bed down properly.



To make the GLAND, chuck a length
of 7/16” dia. bronze in the 3-jaw and
turn down to %" for a distance of 5/8".
Saw off a little long and reverse in the
chuck, gripping the piece by the %'’ dia.
portion, Face to length, drill through and
ream 1/8°’ dia. for a nice close fit around
the displacer piston rod. This hole must
be concentric with the portion to be
turned; since twist drills often wander —
especially when they mustn’t — it is
worthwhile to make up a.120” dia. D-bit
and follow with the reamer.
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Now turn the endto 3/8” dia., a snug
fit in the top cover recess. Further reduce
the end to % dia. for a length of 3/16’’;
this portion should be a good press fit in
the cover. If your press fit turns out too
loose to be fully trusted, you can save the
job by using Loctite retaining compound.
To check that all is well thus far, as-
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semble the displacer cylinder stack with
some spacers on the top cover to fill in
for the absent bearing stands. The dis-
placer piston must stay clear of the
cylinder walls for its entire stroke.

The BEARING STANDS are interest-
ing jobs. The requirements are that they
both be the same height, that they stand
at true right angles to the top cover and
that the holes in the base of the stands
are correctly positioned for alighment of
the bearing holes. Face two pieces of
3/8” aquare aluminum to a length of
exactly 1%"”. Drill the two 1/8” dia. rivet
holes on %" centers equidistant from the
ends and 5/32” from one edge and
countersink on one side. Drill one of the
mating holes in a 3" length of 1/8” thick
aluminum plate about 1-7/8” wide and
countersink. The wider portion of the
square leg should be approximately flush
with the edge of the plate which will be
cut to final shape after machining. Slip a
piece of 1/8” dia. rod through both
pieces, rivet over to fill the countersinks,
and file flush. Now drill the second hole
through the plate and treat likewise,

Clamp a thick wide bar -— say %" by
2" — to the carriage with its edge parallel
to the faceplate and its wide top surface
square to the faceplate; if you have a
milling attachment, hold the bar in the
vise. Lay the bearing stand on the bar
with the square leg hanging over the edge
and, holding the leg against the edge,
clamp securely. Use a flycutter to ma-
chine the width of the leg to the required
5/16’°. The result is a perfect right angle
leg with a flat mounting surface. By
bringing the stands to proper height, you
can locate and drill the two 3/16” dia.
mounting holes with micrometer preci-
sion to mate the holes in the top cover at
the same setup. Carefully lay out the
position of the 3/8” dia. hole, clamp the
two stands back to back, and drill and
ream; the holes must be square to the
plate surface, Now the outline can be cut
and filed as in the drawing. Don’t forget
the 9/64” dia. hole for holding the fan
guard in the front stand.

Turn the BEARING MOUNTS to
nicely take the ball bearings. Be sure to
chamfer the stepped bore so the inner
cace of the bearing does not make con-
tact. The mounts should press fit into the
stands, but the 3/8' dia. spigot is long
enough to permit rivetting over if desired.

The CRANKSHAFT is built up from
drill rod and bar stock. Cut the webs a bit
longer than finished size from 3/8”
square steel bar and reduce one dimen-
sion to 5/16”' by facing or milling. Clamp
the two and drill and ream the two %’’
dia. holes exactly %" apart. You may as
well make the POWER CRANK now also.
If desired, the curved ends on the webs
can* be machined by mounting them on a
stub mandrel fitted with a securing nut.
Cut a piece of straight % dia. drill rod
4-11/32” long for the main shaft and
another piece 15/16" long for the throw.
Countersink the holes in the webs
slightly, slip the pieces together and soft
solder. Then saw out the portion of main
shaft between the webs, Cut two spacers
from %" LD. thinwall tubing to center
the crankshaft between the bearings. The
bearing stands with the shaft between can

now be bolted atop the displacer cylin-
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der; it must turn absolutely free.

Begin work on the DISPLACER
CONNECTING ROD by squaring off the
ends of a 5/8" by 5/16” or 3/8” rectan-
gular aluminum bar about 2%” long. Drill
and tap one end for the two 3—48 cap
screws and, with a slitting saw, saw off a
%4’ length. Bolt back together, drill and
ream the %™ dia. hole centered on the
split line, and drill the 1/16” dia. hole
through the other end; best determine the
distance between these holes from your
model. Chuck by the big end, centerdrill
the other, bring up the tailstock center
and turn the rod to shape. Saw the rod to
length and file or mill the little end to
shape, including the slot. Clamp the big
end around a turned stub mandrel for
reducing the end to proper width and
turning the bosses. You can now add the
rod to the engine assembly; teat for free
working, shimming the cap if necessary.
The 1/16” dia. pin through the little end
and piston rod should be prevented from
turning in the aluminum fork; otherwise,
wear would he rapid. The pin ends could
be threaded 0—80 and nuts fitted to hold
it from rotating. A good lubricant for the
big end and the piston rod is graphite or
graphite grease,

The POWER CYLINDER is an easy
turning job, but care should be taken to
obtain an accurate bore. A brake cylinder
hone does a reasonably good job of
removing the tool marks but resist the
temptation to overdo it. A bronze cylin-
der was made for my model with a steel
piston, but cast iron for both items would
be better yet. Turn the piston and polish
away the tool marks to a close but
smooth fit in the cylinder. With the
piston and cylinder surfaces clean and
dry, the piston should fall through the
bore when tilted, yet with the cylinder
capped at one end and the hole in the
piston plugged, the piston should lively
snap back when pulled outward or
pushed inward. Do your best here.

The POWER CONNECTING ROD is
made in two pieces, a steel rod screwed
into an aluminum end. If desired, the end
can be bushed with bronze or teflon,
Make the power CRANKPIN and the
PISTON YOKE now, Use a small nut to
secure the yoke to the piston — small
enough to clear the %" hole leading to
the passageway in the engine base. Make
sure that the yoke seals the piston; apply
gasket cement if necessary., Cut a 1/32"
thick gasket for the cylinder and mount it
on the base with 3/8” long 8—32 machine
screws. Lubricate the power cylinder with
dry graphite or dry molybdenum
disulfide; oil would eventually find its
way to the hot end and inhibit heat
transfer. Set the cranks at about 90°.
Check that the shaft turns absolutely free
— no tight spots allowed here! Plug the
end of the passage with a %—28 bolt and
soft washer and make sure the engine is
airtight. Moriya's engine is ready to come
to life!

Secure a temporary flywheel to the
shaft, apply a good size flame to the
bottom of the hot end, wait about 30
seconds, and give the shaft an easy spin;
the displacer piston leads the power
piston 90° in the direction of rotation.
Direction can be reversed by turning the
power crank 180°.



The author’s son {above) enjoys Motiya’s gentle
breeze on a summer day. The “Ky-Ko" hot air
fan, depicted in the 1938 advertisement below,
was about four feet high and well-known for i%
trouble-free performance. Reproduction of the
ad is by David Swana

s

The “KY-KO”

, NON- ELECTRIC FAN

Sweep of blades 20° diameter
380 revolutions per minute
'5q1 11 IPm—aiqeiod Ljise3

o

Pnce £1.1.6. Postage Extra.

Driven by Kerosine or Gas.- Noiseless

and Odourless. Produces stPong coal

breeze at low cost, burns one pint In
ten hours.

trvaluable In hot climaces.
Sold at w best Stores.

The Model Engfneering Co. Ltd.
10, ADDISON AVENUE, LONDON, W.I1
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I Moriya is the first hot air engine
you have made, it is highly probable that
you will be content for some time to
leave it as is and simply watch it quietly
spin a nicely finished flywheel! But the
remaining parts are non-precision jobs
and therefore offer a pleasant and relax-
ing change from the careful engine work
— especially from the feverish activity
that occurs whenever an engine is nearing
completion,

You will probably want to make the
FAN BLADES first to ‘“‘see what she’ll
do.”” S8imple sheet metal work finished in
one evening. I purchased a pop rivet tool
to fasten the blades to the web and fell in

love with the device. Since then it has
been invaluable for restoring broken toys
and sad faces! You may wisb to experi-
ment with the pitch angle of the blades
for maximum breeze, or perhaps even try
curving the blades.

The legs for the FRONT STAND and
the REAR STAND are bent up from
ordinary %’’ angle iron. The astute engi-
neer will note that many of the dimen-
sions in the drawings of these items are
redundant; the point is, of course, that
you can follow those most convenient for
your shop. The dimensions need not be
critically followed; but the legs should
turn out identical for the sake of appear-

anee. To this end, I made a jig by
bending a length of angle to the desired
shape and reinforced it by welding short
lengths of angle to the back. Then four
generous lengths of angle were cut, placed
in the jig, clamped by one end in the vise,
and bent into the jig with the aid of a
pipe handle slipped over the free end of
the leg.

After bending, the legs can be cut to
exact length and welded to the mounting
pieces. The rear stand is secured to the
engine by 8—32 acrews that enter the
tapped holes in the engine base below the
power cylinder. An alternative would be
to use long screws to hold down the

3-1/2 sie— T34
i 1 I-7/32R
-7/16
l o] T
I
33/4
8 HOLES =8
1/8DIA /2R
/8
T— L- TWIST EACH TAB 20°
134 ~ 3/16
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FAN BLADE - 18 GA. ALUMINUM
4 REQ
=) 0~
= Z »
3/8X18 GA,
"7 RINGS
3/8X1/8 FRAME
L PIECES
10
5-1/2R
"-.“‘H,\J‘
I .3& 9/16
ASSEMBLE WITH - >
( 8 RvETS T2 AN
| 9/64
| )
L
| )
- 1-9/16 —
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power cylinder and nuts on the underside
to capture the rear stand. The front stand
is secured by two 8—32 screws to the
front of the engine base; these screws also
pass through the lower cross bar of the

fan guard.
I found the FAN GUARD to be an
interesting task — once again the pop

rivet tool could be used! Cut out and
drill the cross pieces and bend the -
shaped uprights. You may wish to in-
crease the depth of the guard; in fact, if
you use a larger pitch angle for the fan
blades, the depth must be increased.
Simply increase the 2-1/16"" dimension
the desired amount and increase the
1-9/16"" dimension by the same amount.
Twist the legs 25© taking care that the
legs are truly prependicular so that the
rings will line up nicely. Drill the required
holes in the uprights and rivet on the
cross pieces securely. Turm a 3/8” O.D.
by 9/64” I.D. by 3/8” long aluminum
bush'ing and mount the assembly to the
engine with the bushing between the
upper cross bar and the front bearing
stand, a 6—32 bolt passing through the
three,

Bend the rings around any convenient
round object to produce a diameter of
approximately 11, Drill a 1/8’" hole near
one end of each and temporarily bolt to
the frame. Adjust the positions of the
rings till they form round identical
circles, temporarily clamp in position,

and mark off the holes and the exact
length. Remove the rings, drill the holes,
cut to length, and rivet to the frame. The
lap joint should be made at one of the
legs as depicted in the drawing for maxi-
mum rigidity.

With the stands and guard shaped to
your liking, fim'sh these pieces by paint-
ing. Flat black was used on my Moriya
and contrasts nicely with the bright
aluminum engine surfaces. The blades can
also be painted if desired; perhaps grey or
dark green. All that remains now is the
ALCOHOL LAMP.

Jewelry and watch repair supply
houses can furnish cute little alcohol
burners which may be the right height for
the job, but an ordinary oil can is easy to
adapt to our purposes. Remove the spout
from the filler cap, open out the hole if
necessary, and solder a length of thinwall
3/8” OD. brass tubing in its place. The
top of the tube should be about 1’’ below
the bottom of the hot end. Pack in string
for a wick, but not too tightly so that the
tank can vent itself.

Finally, you may wish to fit a flame
shield agminst the front stand as on the
“Ky-Ko’’ fan in an attempt to prevent the
products of combustion from being
pulled along with the cooler air. Also,
some thick asbestos insulating material
placed on the underside of the engine
base will help keep the temperature of
the cold end lower.

The author and his son, Victor, enjoy firing up
Moriya on any occasion, just for the satisfaction
of watching it operate.
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With a few pleasant hours in your shop,

you can build

A Steam TTuroime

by Dale Hobson

Photos by the Author

Several years ago, while watching my
latest creation, a small two-cylinder sta-
tionary steam engine work, it occured
to me that maybe the proponents of the
steamn turbine had something, Namely: —
one moving part. 8o, off to the library to
find out what I could. Well, they had a
very simple principle and some sophisti-
cated designs.

1 started out to use both but after
more discarded designs and materral than
I care to admit to, about all I retained
was the simple principle. The design is
prettybasic. It operates on 201b.-401b.
of steam and actually whines at top
speed.

There is one thing this little turbine
can do that a lot of the sophisticated
ones can't, and that is reverse. Even
while turning up at top speed it can be
thrown into reverse and it will stop, and

start winding up in the opposite direction
almost immediately with no harm done
to anything.

It won’t cost an arm and a leg to
build either. The cost will be less than
a night out with your girl friend, or
even your wife, It is not complicated
to build and, I believe, will be enjoyable.

Just where you start is pretty much
up to you. I do suggest that you study
the drawings and instructions first, how-
ever.

THE SUPPORT STAND
The stand is made from .028 mild
steel, or similar. Scribe the lines as shown
in the lay-out pattern; a coat of ink will
make the lines stand out better. Center
punch and drill the four holes where the

Tuming up under full steam,

the turbine whines and sends
up whisps of steam
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broken lines come together to give relief
to the corners when bending. The seven
other small holes are for rivets, so you
better drill these, too, while you have
your 1/8’" drill working and while the
metal is still flat. Drill the two holes in
the base for the hold down screws, but
do not drill the 1/2” hole now. The edge
of this hole comes very close to where
the bend is made and it will be neater
if you wait until after bending.

Now cut along the solid lines, get-
ting the stand to its shape and also
cut along the solid lines which end in
the relief holes.

Making the bends will be much
eagier if you cut a block from a piece
of 2” x 4" and another one from 1"
wood, both the size and shape as shown
in the rear view, or the part of the lay-out
pattern enclosed by the broken lines.
Place one block on the metal so its edges
are along the broken lines shown in the
drawing and the corners partly cover
each of the four relief holes. Without
allowing it to move, drill through at least
two of the rivet holes and through the
block. Lay the metal aside. Line up both
blocks so their edges are even and, using
the first block as a template, drill the
1/8" holes into the other block. Then,
with the metal between the blocks and
a couple of short pieces of welding rod
through the holes, the metal won't
shift while bending.

Clamp this concoction in the vise
with the top up. Bend the top 90 degrees
over the thick block. Then bend the 3/8"
overhang on each side down to conform
to the block. Turn the thing upside down
and do the same to the bottom. Then you
can bend in the two sides to conform to
the block. The blocks have now served
their purpose,

Before drilling the four rivet holes
on through the sides into the top and
bottom sections, use a square and be sure
the top and bottom are at 90 degrees to
the front. Then go ahead and drill and
rivet the stand together. Now you can
drill the 1/2” hole in the front and file
and clean up the edges and corners. With
this done you can get started with the
rotor housing,



THEROTOR HOUSING

Start with a round disk 2-7/8"" dia-
meter with a 1/4” hole in the center.
This is of the same material as the base,
.028 mild steel. This should be flat and
perfectly round. Next cut the piece of
.028 mild steel 1% x 9-1/8” as shown
in the drawing. Make the hole for the
exhaust stack and the 1/8" hole, then
form it into a circle over a can, or some-
thing similar, beging careful not to kink
it where the stack holeis. Lay the disk on
a flat surface and, with the short side of
the edge of the 1-1/4” piece on the flat
surface, draw it up until it fits snugly all
the way around the disk.

To do this, and to hold it in place
while brazing together, 1 recommend a
hose clamp that has threads in the peri-
meter of the clamp. Also, if you cut a
1/2” strip of aluminum (.040 or such out
of some scrap) and put between the
clamp and the housing, it will pre-
vent any brass from sticking to the
clamp. The walls of the housing must
be perpendicular to the disk. The joint
of the 1-1/4” piece at the bottom should
not overlap. Trim if needed and then take
one of the little scraps you cut from the
ends of the 1-1/4” piece, place it over
the joint on the outside and, with the
walls perpendicular, braze it in place for
reenforcing, Then, with the disk and the
edge of the wall even all the way around,
make a few spot brazes and then braze
it all the way around on the inside.

File a little flat place on the bottom
of the disk so it conforms to the opening
in the 1-1/4” piece. This is where the
valve goes and we want the valve to fit
tight against the edges of the housing
(except at the front) and also against the
base when we put it together. There
should be about 1/32' between the valve
and the housing at the front. This is to
drain off any condensed steam. One
thing more — drill a 1/8” hole at the very
bottom, the same distance from the front
edge as the one at the top. These two
holes are for a piece of 1/8” rod which
will hold the front of the rotor case on.

Although it is possible to fabricate
the rotor housing with lead solder, which
1 have done, I recommend brazing. Now
for the next step, which is the exhaust
stack.

Make the stack from a short piece
of 1/2* or 5/8’" copper tubing. Flare one
end a little and with this end annealed
(to anneal heat to cherry red and plunge
in water), the aid of a piece of pipe or
similar and a hammer, you can make
it conform pretty close to the shape of
the housing. Then solder it in place
taking care to see that it is perpendicular
to the bottom opening, as this opening
will determine the position the housing
is fastened to the base. When polished,
the copper and aluminum in contrast
to the painted stand gives a rather pleas-
ing appearance,

THE BEARING BLOCK

The bearing block is made from a
piece of aluminum or brass 3/8” x 3/4”
x 1-1/8”. Drill and ream to 1/4’’ a hole
lengthwise through the center of the
block. A small hole, say 1/16”, is drilled
from the top into this kole to serve as an
oil hole. Two holes for 6-32 machine

screws (use No. 25 drill) complete the
bearing block if the ends are square and
smooth.

One end of this block will butt up
against the back of the rotor housing, so
clamp it in place on the top of the base,
Use a 1/4” rod to line up the hole in the
block and the hole in the housing. Clamp
the housing to the base so that the open-
ing in the bottom of the housing will be
such that the valve will be parallel to the
bottom of the base. Then you can drill
and rivet the rotor housing to the base,

Before drilling the holes for the
machine screws which will fasten the
bearing block to the base, make sure the
block is aligned so that the rotor will
have equal clearance from the housing
all the way around. When you have done
this and secured the bearing block to the
base with the machine screws, lock wash-
ers and nuts, you can prime and paint.

THE ROTOR

The rotor is made starting with two
aluminum disks 2-11/16” in diameter
with a 1/4” hole in the center. Trying
to cut these with only shears is not satis-
factory. Because of the speed at which
the rotor will turn, balance is important.
You can, however, make them on your
lathe. If you don’t have a better set-up,
try this: Mark off two circles on a piece
of .020 aluminum at least 2-7/8” in dia-
meter and, while you’re at it, making a
couple of extra ones to allow for spoilage
isn’t a bad idea. Drill 1/8” holes through
the centers and cut out the disks with
your snips. Then mark and cut two pieces
of smooth 3/4” pine board in a similar
fashion, (I don’t mean with your snips,
I was referring to the size and shape.)
Even if the two pieces of board are only
sort of round, it will help. Drill 1/8”
holes through the centers of these too.
Put a piece of 1/8” welding rod through
the holes with the two aluminum disks
sandwiched between the pieces of board.

Clamp them together, pull out the weld-
ing rod and make the hole 1/4’’ through
it all.

Also, we need a couple of 1/4” nuts
and two large-area flat washers with 1/4”
holes. These might be a little troublesome
to come up with, at least with a large
enough area, so just take a couple of
pieces of 1/8” flat iron 1-1/2" x 2”, or
similar, and drill 1/4’’ holes through their
centers. Now this stuff is all ready, it's
time to go to the lathe.

Take a piece of 1/2' steel rod or
larger, long enough to chuck firmly and
leave enough sticking out to put the
washers, boards and disks on, plus at
least 1/2”° for the nuts, Center drill the
end and then use the tail-stock center.
Turm down to .248 with a square
shoulder at the headstock end. Back off
the tail stock and carefully run at least
1/2” of threads on the end with your
1/4’’ die and some cutting oil.

With this completed, put one washer
up against the shoulder, then the wood
pieces with the disks between the other
washer and the two nuts. Before tighten-
ing the first nuts, put the tail-stock center
firmly into place and then tighten the
nut, but good. The second nut is a jam
nut. Now you can go ahead and turn the
disks (and the wood) down to size. The
sharp tool bit, ground with plenty of
relief and taking small cuts, will get the
job done.

To finish the rotor halves, a jig is
necessary. You can make it from 3/8”
square steel stock. Take two pieces about
six inches long and two pieces about one
inch long. The one inch pieces go be-
tween the longer pieces at their ends and
all on the same plane. Use machine
screws. Two will be needed at one end,
keeping the screws as far apart as practi-
cal, and still go through the one inch
long piece. Only one screw is needed at
the other end to hold the long pieces
tightly together with a 3/8” space be-

The Steam Turbine at rest
to show size in relation
to pencil,
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Drill ,\\'@
1/4” Dia. 1~

T RIC ’

File Flat After Brazing to Housing

HOUSING BACK
(.028 Mild Steel)

tween them (except at the ends).

At the end with the two machine
screws, drill a 1/4” hole from the top and
in the center of the one inch piece. This
is to accommodate a short 1/4” rod and
is where the center hole of your disks will
go. One more piece of this stock, about
2-1/4" long is Tequired. This will do the
cutting and bending. Grind one end of
this piece square. Then at this end, but
along one side, which will be the bottom,
grind a bevel of 10 degrees, or so, that
extends back about 1/2” from the end.
This piece goes in between the two long
pieces and is hinged at the end opposite
the bevel by drilling a hole through all
three pieces and using a machine screw to
hinge it by, The hinge point is located
just 8o the cutting end will cut in 3/8”, or
slightly less, from the edge of the disk.
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ROTOR HOUSING

The bevel, of course, goes down. On the
inside of the side rail where the bevel is, it
will be necessary to remove enough
material with a file to accommodate the
vane when it is bent over, Also, you
should round off the top inside edge a
little so the bend radius isnot too sharp.
It will be easier to do this before assem-
bly. 1 waited to mention this so you
could see its purpose. When you have it
put together, including the short piece of
1/4” rod in its hole, all that remains is
forming the vanes.

Around the circumference of the
disk, mark off eight equal divisions with
a scribe. The divisions are 45 degrees
apart. With the 1/4” rod through the
center hole of the disk and the aid of
your vise, you can go ahead and cut
and form the blades. Holding the disk

Drill
1/2" Dia.
Drill
1/8" Dia.

|

1

|
9.1/8"

ww“_J -

1-1/4"

ROTOR HOUSING LAYOUT

Orawings by E. T. Larson
from originals by Leo Egan

down firmly with a small block will help
to make neater bends.

With two of these rotor halves that
suit you, it’s time to finish the rotor.
A piece of 1” round aluminum, cut
enough thicker than 3/8” to allow for
facing off both sides is needed. If you
can’t get aluminum, steel will do about
as well, Chuck this in your lathe, center
drill it and then drll and tsp it for
1/4" threads. Next take some 1/4" steel
rod about 3-1/4” long snd run some
threads on one end of it for distance of
3/8’". Thread the one inch piece onto the
rod and really jam it up tight. Use vise-
grips or something. Face off both sides
of the 1" piece and get the thickness
down to 3/8” and make it run true.
Before taking it out of the lathe you
can make a light mark with the tool
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on the outer face about 5/32” in from
the perimeter. When you take it out
of the lathe, mark for three equidistant
holes around this mark and drill for 1/8”
rivets. Do this on a drill press so the
holes are parallel to the shaft. Then
getting the holes through the rotor
halves will be simple. After you have
drilled and deburred the holes is the
best time to chuck the one inch piece
up in your lathe and, with some fine
emery cloth, polish the shaft so that it
turns freely in the bearing block,

Having done this, take one of the
rotor halves and s&lip it over the shaft
so that the vanes are pointing away
from the 1’ piece and, without allowing
it to move, drill the three rivet holes
through it. Take it off the shaft, deburr
and put it on the other side with the

vanes pointing the same direction they
were, in toward the shaft. Put a couple
of rivets part way in to hold it in place,
take the other rotor half and put it over
the shaft with the vanes pointing in the
opposite direction, With the vanes on this
half positioned just half way between the
vanes on its counterpart, drill the holes
through it and rivet the project together.

To complete the rotor about all
that’s needed is two pieces of 1/2”’ round
brass. Drill 1/4” holes through the centers
on your lathe and face off the ends to a
length of 3/8’’. That finishes the spacer.
Half way along the length of the other
one, drill into the center hole and tap
for an 8-32 set screw. Put the spacer on
up against the rotor and push the shaft all
the way into its bearing, File a little flat
spot on the shaft just beyond the besring

= Rotor Half
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6-32 Mach,
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ROTOR HALF - CLAYOUTPATTERN
{.020 Alyminum)

block where the set screw will set; it will
prevent scor’ng the round part of the
shaft. Polish off any roughness the file
may have left before taking the shaft out.
For the final assembly, leave a few thou-
sandths end clearance between the
retainer and the bearing block, being sure
the sbaft turns freely in the bearing.
Don’t forget a drop or two of light oil
once in a while, particularly on final
assembly.

At this point, you have completed the
engine and ahould have a goodly amount
of satisfaction from this project.

To make it operate, however, you will
need to make the controls and control valve
that will permit you to stop, start and reverae
this little power plant. It takes a little study
and attention to details but once you have
them in mind, you are ready to go.
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THE CONTROL VALVE

The control valve is the tricky part
of the turbine, A drill press with vise, is
almost a must. A little patience may
come in handy, but only a limited supply
of cuss words should see you through.

The valve is made from a piece of
brass or aluminum 3/4” x 3/4’ x 1-3/4".
All surfaces should be square and smooth.
Hslf way between the ends of this block
mark off center lines on what will be the
top and back. On one end scribe a line
3/16”° down and parallel to the top. Do
the same from the front edge. At the
junction of these two lines, make a center
punch mark. Then, with the block on its
end 8nd lined up accurately in the drill
press vise, drill a 15/64" hole through
the length of the block. I suggest, though,
that you run a smaller drill through
first. After you have the hole drilled,
bevel the ends a little. This will help in
getting the “O” rings on the piston
started in. .

Now for the .040 holes which will
require a No, 60 drill. Along the top
and 3/16” from the front edge, scribe
a line the length of the block. This will
be directly over the center of the 15/64"
hole. On this line, and 1/4’° from the
center line, make two center punch
marks. If you make these marks a little
deeper, with just the point of a small
drill, it will help get the No. 60 drill
started at the required angle. The two
.040 holes are drilled into the 15/64”
hole at an angle of 30 degrees and are
120 degrees apart, so it will be necessary
to set the block in the drill press vise
at an angle of 60 degrees from the hori-
zontal,

Getting the little No. 60 drill started
at this angle may use up a dab of your
patience, but it can be done. Drill from
the bottom-most punch mark, down
toward the end of the block, lifting the
drill out several times to clean it, With
these two little holes drilled, drill the
two holes for the machine screws, as
shown in the drawings, Next, drill the
11/32” hole in the back of the block
as shown, being careful to stop the drill
so that you leave a little wall between
the end of this hole and the 15/64" hole.
Next drill a 1/16” hole from the bottom
of the 11/32” hole, where the bevel
starts, into the nearest part of the 15/64”
hole. Now you can tap the 1/8" pipe
threads and go shead and ream the
15/64” hole out to .250,

It is important that this hole has a
smooth finish. It’s the cylinder of your
valve, The two innermost edges of the
No. 60 holes {where they come through
the cylinder wall) will have sharp edges
and, if you blunt these sharp edges a
little, it will add congiderably to the life
of your ““O" rings, I use a bent pick, but a
lot of things would work as well, Be care-
ful not to damage the wall and, after this
operation, make sure the No, 60 holes are
clean, You will probably want to run the
reamer through again,

Now it's altogether possible that
your two No. 60 holes aren’t exac'tly the
same distance between centera as the
drawing calls for. (I have a jig that 1drill
these holes with and the drawing was
made from this.) However, it’s no big deal
if they aren’t exactly the same as the
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drawing. What is important though, is to
know just where these holes come
through the cylinder wall, so you will
know just how far apart to make the
grooves for the “O” rings on the valve
piston. With a sharp scribe and your No.
60 drill stuck in the holes (one at a time)
you can make a drawing on the front
face of the valve housing that will tell
you what you need to know.

The piston made from 3/16" brass
rod is pretty simple and, I believe, ex-
plained sufficiently in the drawing. The
grooves for the *“O” rings should be close
enough together so that in the OFF posi-
tion, they seal the steam from both out-
lets, and still far enough apart so the
1/16” inlet hole and one outlet will be
between the ‘““O” rings in the running
positions, It will be necessary to grind
a lathe tool to cut the grooves. The
shape of the “O” ring will tell you how
to grind the tool, but make it a bit nar-
rower than the groove will be, s0 you can
move it back and forth slightly and not
cut on both edges at the same time. The
width of the grooves should just accom-
modate the ‘O™ ring and be deep enough
so the “O” ring fits snugly in the cylinder
without excessive drag. It is a matter of
cut a little and try the fit until you get
what you want. After the first groove you
can take areading and know how deep to
cut the other groove.

The “O” rings are 1/8" 1.D. and 1/4”
0.D. You can get these from an auto
parts or hardware store. Wouldn’t hurt
to pick up a couple of extra ones. They
aren’t expensive. Oil the rings and the
cylinder wall before assembly and once
in a while thereafter.

When you pick up the ‘“O” rings,
also get a straight brass compression fit-
ting with nut and ferrule for 1/8" copper
tubing. This fitting must have 1/8" pipe
threads on the other end. Also you need
some 1/8” copper tubing for the steam
supply line from the boiler to the valve.

With the brass fitting tightened in the
control valve and the valve center in the
opening of the rotor housing and held
firmly against it and the base, drill the
holes for the machine screws in the base,
put in the screws and tighten the nuts.

The front cover of the turbine is a
3" diameter disk with a 1/4” hole in the
center. It is held in place by a short
length of 1/4” rod with threads on one
end and a 1/8” hole drilled through the
other end. A piece of 1/8” rod, upset
on one end so it won't slip through the
hole and cut a little longer than the dia-
meter of the rotor housing, goes through
the 1/8” holes in the housing to hold the
1/4” rod. You can make a respectable
looking nut from a short piece of 1/2”
aluminum rod.

If you have the rotor in place you
can finish putting your little turbine
together.

There is one more thing I should
mention here. That is the trim ring
which goes around the rotor housing. It
doesn’t have anything to do with how
well the turbine operates but it does
have a lot to do with its appearance and
eye appeal.

About now you may be saying, ‘‘To
heck with that, 1 want to see how this
thing runs.” I don’t blame you. After you

eee how it runs and feel like dressing the
little demon up a bit, here is how you can
make the trim ring.

Turn down a piece of wood support-
ed in your lathe by whatever means you
choose (the Rotor Section may help give
you an idea) to a width of slightly over
the thickness of the turbine housing and
the diameter a little less, Round the edges
a little. Cut a piece of your .020 alumi-
num 1/4” wider than the housing and
long enough so the ends just meet when
clamped around the wood. Cut out from
both ends to clear the valve and base.
Make a hole for the stack in the middle,
This hole should be at least 3/16" larger
in diameter than that of your stack.
Clamp this strip (with a protective strip
between it and the clamp) down on your
wood circle so that about 1/8” overhangs
both edges. Now, with your best metal
spinning technigue, turn the edges down
against the sides of the wood circle. Use
a fast spindle speed and a block of wood
to do this and start in from the edge
applying sufficient pressure with the
block to roll the edges down.

You can hold the trim ring in place
on the rotor housing by drilling a small
hole back a little from each end and
bending a small tension spring to snap
in the holes.

CONTROL

The control shown in the drawing is
a simple affair. It consists of a handle
with a hole in one end which goes over a
machine screw anchored in the base. This
should be held off the base by a spacer
or short length of spring so that it is in
line with the valve piston. The other part
is the linkage between the handle and the
piston. This is made of two pieces riveted
together and connected to the handle and
piston by a couple of cotter pins through
the 1/16” holes. Just be sure they’re free
and don’t put any bind on the piston
while operating.

The materral leaves a lot of latitude.
One suggestion is the steel strapping used
to bind crates and packages for shipping.
A lumber yard or hardware trash pile
should supply this.

The material for the base on which
your turbine and oiler are mounted is
pretty much up to you. Tempered
Masonite and particle board are worth
considering, with some 1/4” thick blocks
at each corner and a piece of asbestos
under your burner and boiler. Mount the
turbine as close to the boiler as practical
without it getting too much heat from
the burner.

When you get the turbine mounted
you can locate the control. It will work
from either side. With the control con-
nected to the piston and the piston in the
cylinder, determine the OFF or neutral
position by putting compressed air
through the line and into the valve. If
you don’t have air, get up a head of
steam. When you have the OFF position,
you will know where to drill the hole
through the base for the machine screw
that goes through the hole in the handle,
Put the screw up from the bottom and
tighten a nut on the top to hold it firmly
in place on the base, Then, with the bush-
ing (or spring) and the handle in place
on the screw, put another nut and pal nut
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to keep the handle from coming off.

You will want some stops for both
the forward and reverse positions. I.ocate
these by determining the position of the
handle at which the turbine is turning
at the maximum R.P.M. and place the
stops so the handle can not be moved fur-
ther than that in either direction. Then,
with a head of steam up, push the handle
over against a stop and let ’er go. With it
winding up, push the control handle over
against the other stop and watch the
response as it almost immediately stops
and starts winding up in the opposite
direction.

1 use a simple boiler 2-3/4’* diameter
and about 6-1/2" long with a safety
valve set at 40 lb. A home-made burner,
a length of hose and my propane solder-
ing torch provides the heat.

If you intend to put this little tur-
bine to work you’ll have to go a step
farther. To utilize its speed, you’ll need a
speed reducer. I made a very uncompli-
cated one from the rubber wheel off a
child’s toy and a piece of rod. The rod,
which is fastened to the wheel, is sup-
ported so that the wheel rests lightly
on the turbine shaft, The axle is in a little
slot, so that gravity is all that holds the
wheel against the turbine shaft. A piece
of rubber hose over the drive shaft and a
metal wheel will work just as well

This little turbine won’t replace the
engine in your Volkswagon (offhand I
can’t think of anything it will replace)
but I think you’ll find it fun, I have
operated a little crane with it but it
could just as well be adapted to anything
else within its limitations where reversing
is desirable.
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For experience, or just for Kicks, build a

Hamdl-TTool
Stean [Bngine

by Andrew Sprague
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3¢ square brass tube

fill piston with solder

y Pl

\—prus into base

r*——wood base

3, brass washer

/5 brass nail soldered inside wosher

soldered over one steam port hole

/

v-grooves

cut-out section

oil hole

%52 1ubing or rod,
soldered to gear

' x Yo lubing

clock geor with teeth filed off
or old paint can lid

Ya x Yatubing soldered to gear

HAND-TOOL STEAM ENGINE ASSEMBLY DRAWING

Not To Scale

Drawingsby G.R. Broad. Jr., from sketches by Andrew Sprague

Thereyouare. . .sitting in your favorite
chair.. .loafing through the latest issue of
LIVE STEAM .. . What’s this, you say! Sesa-
me Street? Me with my great locomotives
and fancy shop equipment? I didn’t
subscribe to this super steam magazine to
read kid stuff!

Well, all you smug types can just psss
us by with a smile. We're here for those
youngsters and newcomers who would like
to enter the Live Steam Hobby but don’t
have quite enough knowledge yet, nor the
tools required to build a working steam
engine.

Here, then, is a steam engine which is
about as simpleto build as anyonecould ask
for. It requires littlemoreto construct than a
soldering iron or mini-torch, a hand drill,
file and a hacksaw. And it's inexpensive
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METHOD OF LOCATING STEAM PORTS

enough you won’t have to mortgage your
mother to pay for it!

These engines are made entirely from
common hobbyshop materials — 14" square
brass tubing for the most part, a brass
washer and nail and a spring from a motor
brush. The flywheel is a clock gear with the
teeth filed off or a paint-can cover, if that’s
handier.

Get started by cutting a 5" length of the
14" square tubing forthe verticalmember, to
which all other parts will be attached. Drill
a %" hole through the tubing on the
centerline for the crankshaft tube, 1-9/16”
from one end.

The cylinder is of 4" square tubing 1%
long. Solder a %" brass washer flat against
the cylinder so that the washer’s centerline
i8 7/16” from the end ofthe cylinder. Using

CYLINDER COVER DETAIL
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Y6 tube
v pipe cleaners
ior 6 tube
small rubber
" cementcan
plastic
tube
blow here

SOLDERING TORCH

There are two things I’'m sure that
hate me — coathangers and soldering
irons, neither of which | have ever
learned how to control. For soldering
these engines and the dozens of
smaller ones I've made, | have found it
much simpier to use a home-made
alcohol blowpipe, such as the one
shown here. The idea is abouta zillion
years old, but is inexpensive to build,
easy to use andcan be constructed in
about 20 minutes.

Andrew Sprague

The cylinder and crankshaft are just a blur of
speed as one of Andrew Sprague's Kand-Tool
Steam Engines does its stuff. Note the“tin-can”
boiler on the hotplate inthebackground. These
boilers should never be used for more than a
very few pounds pressure, nor should a
soldered-seam be used.
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a 1%4” brass nail. Solder its head exactly in
the center of the washer hole.

To make the cylinder head, saw off a
5/16” square from flat stock and sweat-
solder it in position. Now file two vee-
grooves on both sides of the nail about 4"
from the end and vertical to the cylinder.
These arefor the wire clips that will hold the
cylinder tension spring in place.

Cut a '2” section of '4” tubing and
solder it to the center hole of the clockwork
(or paint-can lid) flywheel. Insert the
crankshaft through the tube in the vertical
member and solder the flywheel to the
crankshaft. The flywheel should spin
easily.

Next, calculate the placement of the
steam ports by placing the vertical member
with the crankshaft side up and rotate the
flywheel so as to place the crankpin at a 90°
angle to the vertical member. With a
straightedge, line up the crankpin with the
cylinder hole and mark the point at which it
will line up with the center of the outer ring
of the cylinder washer when assembled.
Reverse the procedure to determine the
location of the second port, then drill the
1/16" holes.

The piston is constructed of a 3” length
of 7/32” square tubing, split on the
centerline to 1” from the end. The larger
portion is then filled with solder. Drill a
1/16" hole on the center line at 3/16” from
the end of the split section and ream to fit
the crankshaft so that it will revolve freely.

Again disassemble and, using a section
of 4" tubing, solder the steam pipe to one of
the two holes, depending on which way you
want the engine torevolve. If excess solder
has filled the holes, re-drill the intake and
exhaust ports.

Assemble the engine and attach a
plastic or rubber tube to the steam pipe. By
blowing into the tube, you should be able to
make the engine spin rapidly. You can also
have many hours of enjoyment by hooking
it up toatin can boiler and runningit from a
hotplate or the kitchen stove.

Well, a Kozo Hiraoka Heisler it’s not,
but it is a start toward thebigger and better
things that we all find so pleasureablein the
Live Steam Hobby!

s



AWl
AlDpout Metrics

by William C. Fitt

During the past few years, Americans have been pressured
into thought of conversion of the familiar terms and figures used
for weight, volume and linear measure into unfamiliar metric
terms. In typically bureaucratic manner, the “benefits” attributed
to the change appeared in newspapers, television commercials
and magazine articlee. The whole change was to be no more com-
plicated than counting ones fingers or toes. In time, however, it
became evident that the change was tobe voluntaryandthe crash
program of educating the public served better to kindle fires of
objection. As a result, many Amateur Machinists developed
serious objections to any reference to metric measurements.

This ismost unfortunate . . . becauseit blocks the fun of learn-
ing which, after all, is a basic requirement of engineering. [t also
tends to restrict the amount of material available to The Hobby
because a great many of our fellow hobbyists live in areas which
use the metricsystem and their writingsincorporate metricterms
and dimensions. To by-pass some ofthese projects simply because
they use unfamiliar terms would be a serious loss to many of our
fellow hobbyists and, really, it's not all that difficult.

To assist in one way, we have a series of charts in the Appendix
of this volume that convert all dimensions up to 1000.9 millimeters
into decimal inches or conversely, all dimensions up to 39.404
inches to millimeters. Another chart lists all drills — fraction,
letter, number or metricsizes — with theirdiameter in both inches
and millimeters so that a specific drill size can be compared with
its closest counterpart for selection.

Readers of LIVE STEAM Magazine have been very helpful in
offering solutions to the conversion from one system to the other
and a couple of these will be repeated here to assist readers of
this book.

An Amateur Machinist from The Netherlands, W. Th. M.
deGroot, uses a very simple way tobuild projects in metric dimen-
sions (which are in use in his country) which are published in
inches. He has very successfully built some of the stationary engine
projects ... including the Unusual Steam Engine by Robert S.
Hedin on page 6 of this book ... using his method.

He converts all measurements by making one inch equal to
32mm. In this way, his models turn out to be about 20%biggerthan

originally intended by the designer, but all materials, rods, screws,
drills and measurements become metric. For example, using his
system of conversion, a ‘4" drill becomes a 4mm drill. Sheet brass
3/32" thick becomee 3mm sheet brass and so on. Not even the
slightest difficulty was encountered in finding the right materials
and tools.

Mr. deGroot proposee that this system can be used for models
which are not to a particular scale (such as required to fit a track
gauge) and which require no castings. A metric design can be built
to a 20% smaller scale by making each millimeter equal to 1/32”.
If a larger model would be better, a metric design can be made to
a 60% larger scale by making each millimeter equal to 1/16”.

This simple conversion system for “non-scale, non.casting”
models will enable Live Steamers and Amateur Machinists to
utilize many more plans and designs than ever were available to
them before and they may do it simply and conveniently.

A Canadian reader, George A. Calver, points out that we
should look on this situation as an easy challenge. He points out
that small metric conversion calculators are available for less
than $25. You just punch in the measurement, hit the linear con-
version key and presto! inches or metric or whatever you desire.

J. R. Tunney of New Zealand writes that he still works in the
old English dimensions but he built Jan Gunnarsson's V-4 Oscil-
lating Cylinder Engine (on page 86 of this book) with a regular
pocket calculator which, he says, no workshop should be without.
Simply enter the metric dimension into the calculator, divide by
25.4 and you've got it made! (Incidentally, he made the bore of the
cylinders %" and used only two sizee of screws: 4 Whitworth and
1716 Whitworth. The pivot pin springs he salvaged from old
ball-point pens.)

In the designs included in this book, you will find projects
using both inch (English) and metric dimensions. Without any
compelling pressure, we invi'te you to give them a try. You will
not only be able to build another project but will discover a whole
new field of interest.
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Every once in a while a fellow comes
along who can turn outengines in his home
workshop faster than most of us can decide
to tackle a project.- These craftsmen are
admired (and envied a bit) by all of us.

Such a man is Gary R. Slack of lowa
who built the three engines shown on this
page in a little over a year after beginning
his subscription to LIVE STEAM Magazine.
All three of these designs appear in this
book.

The Unusual Steam Engine (photo 1)
built from RobertS. Hedin’s design on page
6, he says, was a lot of fun to build and runs
good, but shaky. The V4 Oscillating Cylinder
Engine (photo 2) from Jan Gunnarsson’s
planse and instructione on page 86, he rates
as his best and it runs real smooth at60 RPM
and on up. Since he prefers small engines,
Gary built Henry Greenly’s Half-Horse
Marine Engine (on page 11) at halfthe size
shown in the drawings and it, too. is a
smooth.running engine (photo 3). If you’re
wondering about thescrew onthe top of the
cylinder, he says not to worry . . .he neglected
to remove it before his brother took the
picture!

Here, then, is still another option that
you can employ in building the designs pre-
sented here try them at a size thatsuitsyour
personal equipment, qualifications and
interest. Thereis nolimit to what you can do!




by Dr.James R. Senft

Photos and Drawings by-he Author
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Bijou is an exceptional engine, but not only because of its
size. Its single acting oscillating cylinder incorporates a
trunkguide similar to the crosshead guide in fixed cylinder
engines, a feature which greatly reduces friction and extends
piston and cylinder life over that of the common oscillating
model or toy. Performance is exceptional also; the tiny engine
comes to life’ on a mere 5 p.s.i. but buzzes with a character all
its own on 25 p.s.i.

Despite its small size, Bijou is not hard to build; it is an
tdeal short project for a small lathe such as the Unimat. Nearly
all the dimensions given in the drawings can be varied three
thousandths — very easy tolerances to live with in machine
work. Exceptions occur where one part must mate another in
a running or press fit, but even here the tolerance applies to
one of the parts. Furthermore, a simple two-piece fixture used
to drill the steam ports assures correct location of these items
so critical to the proper operation of any oscillating engine,

Begin construction with the standard. Chuck a block of
brass 3/16 x 3/8 x .667” in the 4-jaw using a dial indicator to
accurately position the block for turning the 1/8” dia, pivot
bearing boss. Leave a little more than 3/16™ of the block
protruding from the chuck. Now machine away the block to
form a boss 1/8” dia. but about 3/16°’ long. Remove the piece,
chuck by the boss in the 3-jaw, and face the port surface to a
width of .110". Drill the .086 dia. pivot hole at the same
chucking so that it is truly perpendicular to the port surface.
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Remove from the chuck and cut the boss to the correct length
of 1/16”’. Now drill the 3/32 dia. hole for the main bearing;
the .281" spacing here is important, so set up in a milling
attachment or mount the standard on an angle plate on the
cross slide and use the micrometer feed to space the holes
exactly. Mill or file the step and the slot and drill the .047 dia.
mount'ing hole. The inlet and outlet passages can be added
later, after the ports have been drilled. These passages are
drilled and tapped 0-80 so that 1/16 O.D. brass tubing can be
used for steam pipe. Alternately, the passages can simply be
drilled 1/16 di2. and the pipes carefully soldered in place.

To make the cylinder, cut and machine to size a
rectangular block of bronze .187 x .359 x .525 inches; S.AE.
660 bearing bronze is ideal material to use here. Now chuck
the block in the 4-jaw for turning the .086 dia. pivot; use a dial
indicator to position the block precisely. Now machine away
to form the pivot. Aim for a good finish on the port surface
and turn the pivot to a close but free fit in its mating hole in
the standard. Drill and tap the pivot 00-90 by 5/32" deep for
the pivot screw. Out of the chuck, check the cylinder with a
mike to make sure that the port face is parallel to the back
surface of the cylinder; if not, chuck by the pivot and
carefully take alight skim cut or two across the back.

Turn up a brass bushing 3/16 O.D. x .089 LD. x 3/16
inches long, slip it over the pivot, and rechuck the cylinder in
the 4-jaw to machine the bore; one of the chuck jaws bearson
the end of the bushing thus protecting the pivot end from
damage by the jaw. Center the 3/16" square portion of the
cylinder with a dial indicator and leave a little more than
3/16"” protruding from the chuck. Centerdrill, then drill the
bore to depth first with a 3/32 dia. drill and followed by a
.120 dia. drill. Ream the bore with a 1/8"” dia. chucking
(machine) reamer in pood condition to obtain a smooth
surface, Now turn the lower portion of the cylinder to just
under 3/16 dia. Remove from the chuck and file or mill this
lower portion to form the slot for the crankpin. Only the port
remains to be drilled, but this is done after the piston and the
drilling fixtures are finished.

Turn the piston from stainless steel; polish to remove tool
marks and obtain a smooth and close but free fit in the
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cylinder bore. Crossdrill the piston in a milling setup to ensure
that the crankpin hole is truly perpendicular to and through
the axis of the piston.

To make the crankshaft, chuck a short length of 3/16 dia.
stainless steel in the 4-jaw to run eccentrically .125 t.i.r. with a
dial indicator. Face locally and drill the crankpin hole. Reset
to run exactly true, face, and drill for the shaft, Part off and
carefully press fit the crankpin and shaft in the disk; these two
shafts must be parallel or binding will result. The shanks of old
3/64 and 1/32 dia. drills are ideal materials for these items.
Turn the main bearing, press squarely into the standard, and
you're ready to make the port drilling fixtures,

The two holes and the slot in the port drilling guide must
be truly collinear. Clamp a 1/4’* wide strip of steel in a milling
setup or to an angle plate mounted on the cross slide. Then
with a 3/32 dia. endmill, cut the slot. Use the micrometer feed
to space the .020 dia. and the .086 dia. holes exactly, first
making a dent with a small centerdrill for the drills to follow.
Using only the cross slide feed to mill the slot and locate the
holes will ensure collinearity.

The guide pin can be made by turning the lower portion,
drilling through the center, and then pressing in a length of
.031 dia. rod. But check to be sure the rod goes in absolutely
concentric to the lower portion. The 3/32 dia. step should be a
close fit in the drilling guide slot.

The ports in the standard and cylinder can now be drilled.
The photos below and the drawings show the use of the
fixtures, Note that you’ll need to turn up a short bushing .031
I.D. to fit the crankpin and .093 O.D. to fit the slot in the
drilling guide. Use a drill exactly .020 dia., run it at good
speed, and feed gently.

The flywheel and spring washer are simple turning jobs in
brass. The 00-90 flywheel set screw is a standard fillister head
machine screw with the head reduced to about .052 dia. Wind
the spring from .012 dia. stainless steel spring wire — the kind
used for wire fishing leaders.

When assembled, the engine should turn absolutely free —
make sure there is not the slightest bind or tight spot. Adjust
the spring pressure to just keep the port faces in contact at the
steam or air pressure supplied.




You can “sew up” a few pleasant evenings
building this

Thimble
Power Plant

by Dr. James R. Senft

Photos and Drawings by the Author




The Author, filling the boiler of his Thimble Power
Plant in preparation for firing up. Ashe points out
in his text, this is a miniaturized version of an
engine he applied to a Steam Truck design built
for his son. Thetruck,shown below, is not included
in the projects in this volume.

Ty e Y e

Photo 1, Completing the Drilling Guide by
drill'ing the No. 80 hole; note the
centerdot accurately located in the
milling machine.
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I must sincerely thank our Editor
for suggesting this project. It has turned
out to be a most enjoyable and highly in-
structive one for this model engineer for
several reasons, but particularly because
the engine served as a sort of final test of
certain features of design for small single
acting oscillating steam engines initiated
by the author some time ago.

Readers of several years standing will
note from the photos and drawings (in
particular, see Fig, 1) that this engne is
the junior member of the Steam Truck/
Bijou family. The Steam Truck design
evolved from two earlier but larger single
acting oscillating engines. Both of these
previous engines had compactness as their
prime goal — minimum mass for a given
displacement. Both incorporated the inte-
gral cylinder pivot and the long style
piston for maximum bearing and sealing
surface. Constructed at a very tender age,
the first engine featured the trunk guide,
but because of an unorthodox crank
arrangement, suffered from excessive
cylinder overhang and consequent rapid
port face wear. The second engine, of
%" bore and stroke, was much more suc-
cessful, but omission of the trunk guide
(probably for ease of construction) led
to fairly rapid cylinder wear and eventual
unacceptable leakage. Shortly thereafter,
sight of the beautiful oscillating engine
of Harry Wedge induced me to revert to
the trunk guide; the Steam Truck engine
followed.

With the desirability of the features
incorporated in the engine of the Steam
Truck now apparent from its perform-
ance, Bijou was very nearly a straight-
forward reduction of the Steam Truck
engine. The Thimble Steam Engine too,
had to share the same features, and thus
its resemblance to its two immediate
predecessors. But it was not obtained
by simply halving Bijou’s dimensions.

First, halving Bijou would have given
a cylinder 3/32” wide with a minimum
wall thickness of 1/64". There was some
concern with the trunk guide legs ‘‘spring-
ing” during machining or being bent
through handling, so the cylinder width
was increased to .105”. Next, a half-size
Bijou would require .010” dia. ports, a
size considerably smaller than the model
engineer’s box of number drills includes.
It was therefore decided to incorporate
ports of .0135” dia. and use a standard
No. 80 drill. The crank-to-pivot distance
was taken to be half of Bijou’s to give
the same angle of oscillation, namely
25.8 degrees, a value rather typical of
many oscillating engines. Thus to accom-
modate the larger ports, the distance
from port to pivot was increased until
no ‘“bridging” of the ports in the stand-
ard occurred. This increase was not very
large since Bijou had slightly undersized
ports. The length of the cylinder was also
increased to maintain an adequate seal of
the inlet port in the standard.

It is desirable to make ports in tiny
engines a bit smaller than the port layout



permits (provided of course that they re-
main large enough to do the job) to allow
for slight inaccuracies in machining and
erosion of the edges of the ports during
the working life of the engine. The ob-
vious course to follow in this case was to
increase the port-to-pivot radius a bit
more. But this in turn would have requir-
ed an even longer cylinder, Instead, the
distance between the ports in the stan-
dard was increased. This is easy to
accomplish in metal by simply using a
smaller diameter bushing on the crank-
pin when using the Drilling Guide (see
Fig. 2). Although the ports in the cylin-
der and standard do not fully coincide,
they overlap by about .010”, the required
amount.

This arrangement however, together
with the ‘‘overscale” ports, apparently
required a much wider cylinder in order
to keep the ports in the standard secure-
ly sealed as the cylinder oscillates. At
this point, a major departure from pre-
vious designs occurred. Since this engine
was not intended to be reversible, and
since the engime exhausted to the atmos-
phere, it was only necessary that the inlet
port remain amply covered by the cylin-
der throughout its angle of oscillation,
Hence the usual symmetric arrangement
of the ports was discarded and the ports
located .012” to one side of the center-
line of oscillation. With the cylinder
.105” wide, the distance from the edge
of the inlet port in the standard to the
edge of the cylinder was always more
than about .027"’, whereas the usual sym-
metric arrangement would have given a
minimum overlap of about .016”. This
was now more than enough sealing area.

At this point, I was sufficiently
confident of the design to begin construc-
tion in earnest. So earnest in fact that the
cylinder, standard, and port drilling guide
were made before the dimensions of the
remaining components of the engine were
fully determined. Incidentally, most of
the design work was carried out on a
pocket calculator, finding it much more
economical of time and paper than
drawing port diagrams to 20 to 30 tumes
actual size.

Another point on the cylinder design
is the ‘“‘overscale’’ pivot. The smallest
screw and tap available from mill sup-
pliers was 000-120, which has a body size
of .034”, A *“scale” pivot would have
been .043” dia, leaving a minimum wall
thickness of .0045", a bit on the weak
side for machining and handling. Al-
though the specified .052” dia, is on the
large side, the next number size down is
.047”, not much better it was thought
than .043”. A check showed that .052”’
could be accommodated by slightly
chamfering the port face edge of the
mating hole in the standard instead of
cutting the clearance slot as on the
previous engines. Finally, the thickness
of the standard was made overscale and
an ‘“elbow” added to take a 1/16" dia,
steampipe; the added thickness made
the pivot boss unnecessary, which simpli-
fied the machining of this component,

Construction of the Thimble Engine
does not require tiny watchmakers tools,
although these could be used with
definite advantage. A .Unimat or similar
size lathe is nearly ideal. With some care

Photo 2. The stepped block for holding the
cylinder stock; finished strips in the
foreground.

Photo 4. Turning and drilling the cylinder
pivot.
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Height 3-1/16in.
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Engine Single Cylinder
Single Acting
Oscillating Type
1/16 in. Bore & Stroke

Boiler Inverted Thimble Type
Alcohol Fired
Size: No. 11
Water Capacity: Icc
Working Pressure: 10 psi*
Running Time: 2.5 minutes

Horsepower .00008 ihp**
* estimated

estimated from the formula:
thp= (ApmLn) /396000.
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however, a much larger machine can do
the work. For example, all the milling
operations on my Thimble Engine were
carried out on an 800 Ib, Rockwell verti-
cal! The chief obstacle to using a large
machine is drilling the tiny holes. I used
the Unimat as a horizontal drill press
(e.g. see photo 1) to drill the smaller
holes after giving them a starting place
with a centerdrill while still in the mill.
The ports were also drilled in this setup.

A study of the drawings will indicate
the cutting tools required. In addition to
the usual, you will need some small
number drills, a 1/16” dia. chucking
reamer, a 1/16” dia. endmill, and a 000-
120 tap. As for materials, I used a No. 11
Clinton thimble for the boiler; this is
a quality thimble of heavy gauge brass
chrome plated. You will also need two
000-120 fillister head machine screws,
one to secure the flywheel to its shaft
and the other to retain the cylinder
spring. Phosphor bronze wire of .006”
dia. was used for the spring, but music
wire will do just as well. The shafts of
the crank were taken from the shanks of
old drills. The remaining material is bar
stock — no castings needed!

Before beginning a description of
some of the more important machining
techniques, a few words are in order
regarding the dimensioning of the draw-
ings. The general rule followed was that
the number of decimal places in a given
dimension is inversely proportional to the
permissible error in that dimension. Thus
a four-place dimension is a highly critical
one (to be held to within a thou) where-
as a one place dimension is hardly critical
at all. Of course there are exceptions
For example, the piston and cylinder
bore are nominally 1/16" dia.; one can
depart from this dimension by several
thousandths in one of the components,
but the other must be held to within
.0005" of the first.

Begin construction with the STAND-
ARD. Clamp an oversize strip of say
3/32” thick brass to a piece of scrap
aluminum and secure to the milling
table. With an endmill, bring the strip to
a thickness of .078”". Now drill the main-
bearing and pivot holes. The .1400 center
to center distance is critical, so use the
micrometer table feed to space these
holes; start with a No. O centerdrill and
follow with drills in good condition —
the .052" dia. pivot hole in particular
must be smooth. Check that the center-
drill runs truly and observe the drilling
under magnification to be sure all goes as
you intend. The ports are drilled later as
shown in Fig. 2. Mill the step, remove,
and cut, file or mill the outline to shape.
Drill and tap the 0-80 hole for the steam-
pipe being careful not to go too deep. If
after drilling the inlet port, the two pas-
sages do not meet, the inlet passage can
be extended with a No. 78 or larger drill.

The PORT DRILLING GUIDE can
be made next. Clamp or solder a strip of
1/32” thick steel to a piece of scrap and
mill the slot with a 1/16” dia. endmill;it
will help to drill a small hole first at each
end of the slot. The length is not critical
and, in fact, is shown much longer than
necessary. What is critical is that the
.052” dia. hole be centered on the center-
line of the slot, so do not touch the cross-
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feed when advancing the table to the
location of this hole. Take the same care
when drilling this hole as when drilling
the standard above. Next locate the No.
80 hole; advance the table screw .061”
and the crossfeed. 012”. Touch the re-
volving centerdrill to the work to make
a tiny dimple. If your equipment is
sensitive enough, you can drill the No. 80
hole at the same setup. Mine was not, so
the drilling guide was taped to a face-
plate mounted on the tailstock ram of
the small lathe as shown in photo 1; the
tailstock ram was then advanced into the
drill held in the spindle. The result was
then inspected under an 18X jeweler’s
loupe to determine if the drill had gone
the proper way. Happily, the hole was
exactly centered in the dimple and it
was not necessary to try again although
another guide was prepared on the same
strip just in case. This was a practice fol-
lowed throughout the entire building
of the engine. Two or more of each of
the components were started with each
new setup. In small sizes, setup time far
exceeds actual machining time so making
a duplicate or two took hardly any
extra time (or material!). If an accident
or loss in swarf occurred later, a spare was
ready and work could continue in a for-
ward direction. Retreats encourage sur-
render.

Turn attention to the CYLINDER
next. Use a good quality bronze for
this important component; SAE 660 ma-
chines to a superior finish. The cylinder
is formed on the end of a.105” by .273”
rectangular strip to facilitate holding.
Now bearing bronze is more readily avail-
able in round bar rather than in rectangu-
lar bar or sheet form. Thus your first
task will probably be that of obtaining
a truly flat .105” thick disk of the bar
from which the strip can be cut. In my
case, one end of the bar was machined
flat and a disk thicker than desired sawn
off in the power hacksaw. A block of
aluminum was then held in the machine
vise of the mill and the top surface flycut
flat and parallel to the table. A spot of
5-minute epoxy was mixed and the disk
cemented machined side down to the
aluminum block, applying considerable
downward pressure to spread the glue
uniformly. After curing, the disk was
flycut to the desired thickness. Out of
the vise, the block was heated until the
epoxy loosened its grip.

Strips were then rough sawn from
the disk and milled to the required width.
To ease the task of holding the small
pieces in my relatively massive milling
vise, a piece of 1” by %” aluminum bar
was tightly clamped in the vise and a
step milled on the end as shown in
photo 2. The strips were then held in
the step by C<clamps for the milling
operation. A particular advantage of this
method of holding is that the strips are
sure to come out perfectly parallel and

square.
Having obtained a strip or two of
cylinder material, next turn the

pivot in the lathe. If you have followed
the above procedure, and if your lathe
and mill are separate machines, leave
the step block in place since it can be
used with advantage to drill and ream the
bore; if your lathe and milling machine

are one, another step block can be pre-
pared when the time comes. Chuck the
strip in the 4-jaw and position accurately
with the aid of a dial test indicator. Note
the slotted packing piece in photo 4 used
to prevent marring three of the surfaces
of the strip (two of these surfaces index
the strip in the step block for machin-
ing the bore). Check at this point that the
chuck is holding the strip with its long
surfaces parallel to the lathe axis if you
are at all unsure about the accuracy of
the chuck. If shimming is called for,
small bits of foil tape are convenient;
allow say %" of the material protruding
from the chuck to run the indicator
against. When the alignment is satisfac-
tory, saw or face off the excess and pro-
ceed to turn the pivot.

The pivot should be a close but free
fit in the standard and the port face as
smooth as possible. Integral-pivot cylin-
ders enjoy two important advantages
over inserted-pivot cylinders. First, the
pivot is absolutely perpendicular to the
port face. Second, the distance between
the cylinder bore axis and the port face
is minimal the effect of which is to
minimize loading, and hence wear, on
the pivot and the extremities of the port
face. On the other hand, the more con-
ventional design in which the pivot is
screwed into the cylinder wall, allows for
easy lapping of the port face, namely
while the pivot is removed. Another ad-
vantage is that the pivot can be made of
harder material than the cylinder, for
example stainless or carbon steel. Now
in larger sizes, the integral-pivot cylinder
need not lack these features. For exam-
ple, a recess can be turned on the port
face around the pivot and the cylinder
face then lapped against a revolving flat
lap with an oversize central hole to clear
the pivot (the-pivot can be protected by a
thin coat of stick shellac). Furthermore,
a thin steel bushing can be pressed over
the integral pivot to improve its bearing
qualities. These features could be incor-
porated on this engine at the expense of
increasing its size, and the primary de-
sign objective here is compactness. With
really fine machined finishes, lapping has
proven unneecessary for successful opera-
tion and the pivot has held up very well.
Indeed, the pivot of the Steam Truck
engine has shown virtually no wear after
many miles of operation.

Offer up the standard and inspect
the joint against a light. You will have
to slightly camfer the edge of the pivot
hole in the standard to allow the port
faces to come into intimate contact. If
the pivot has turned out too small or the
port face not flat enough for steam-
tightness, rechuck the strip and give it
another try (another advantage of using
a long strip). When you have a fit with
which you are satisfied, drill and tap
the pivot 000-120. Photo 5 shows a
setup which worked very well; the round
shanked tap was gripped in a hollow
pin chuck which in turn was slipped over
a close fitting rod held in the tailstock
chuck.

Drill and ream the cylinder bore
next. Photo 6 shows the bronze strip
clamped in the step block ready for
centerdrilling. Locate the bore care-
fully. Note the stoppiece held in place



Photo S. Tapping the pivot 000-120.

Photo 6. Setup for machining the cylinder
bore.

Photo 7. Reaming the cylinder bore,



with a toolmakers clamp; this permitted
rapid positioning of the four cylinders
which I machined. Centerdrill just deep
enough to positively guide the .059" dia.
drill. Watch depth when drilling; it is very
easy to break through the top. Now ream
the bore with a 1/16" dia. chucking
reamer (photo 7). A hand reamer is un-
suitable for this operation because the
lands are slightly tapered for some
distance back from the leading edge. The
reamer must be in good condition and the
bore it produces quite smooth. However
the cylinder is held for this operation,
make certain that the bore is quite
parallel to the port face.

The cylinder can now be parted from
the strip on which it has been taking
shape. Photo 8 shows this operation being
carried out with a jewelers slitting saw.
This left an accurate and smoothly
finished surface on the back of the cylin-
der. A small holding fixture was made
next and the cutouts on the lower end
of the cylinder were made with the same
saw to form the trunk guide legs. How-
ever, these cuts could be made in the set-
up above before parting off. In any case,
plug the bore with a brass rod to mini-
mize burr formation during this opera-
tion; the plug should be left protruding
from the cylinder just enough to be
gripped for removal. Remove all burrs
with a penknife. Be very careful on all
deburring operations. A scratch in the
wrong place may very well ruin a part.
Use a magnifier to check that all burrs
are removed. Only the port remains to
be drilled, but this must wait until the
piston is made.

A piece of centerless ground stainless
steel rod was found to be a snug fit in the
reamed cylinder bore; a little polishing
with No. 600 ‘‘wet or dry” paper pro-
duced a 'nice close free fit for the
PISTON. The difficult operation was
crossdrilling the 1/64" hole for the
crankpin. A length of the polished rod
was set up on the cross slide of the lathe
so that its axis intersected and was per-
pendicular to the lathe axis. A dimple
was made with a centerdrill and then the
1/64" dia. drill was fed through. My
first attempt was that easy. But inspec-
tion under the eye loupe showed that the
hole was not truly central; under an 18X
lens, an error of a thousandth or two
shows up quite clearly. A check of the
centerdrill showed that it was not run-
ning truly. The next attempt produced
a blunted 1/64” drill. A bit of thought
led to the conclusion that the tip of the
centerdrill had been allowed to rub with-
out cutting, thus producing a work hard-
ened dimple in the stainless rod. With a
new centerdrill and the experience
gained on the first two attempts, a
satisfactory piston finally emerged.

You will need the GUIDE PIN to
drill the port in the cylinder. Make the
body of brass or steel. Turn the .062"
dia. portion to a close fit in the port
drilling guide slot; reduce the end to
.060" dia. and thread 0-80. Drill in No.
79 and part off to form the .,10" dia,
head. Press in a length of 1/64” dia. drill
shank (the blunted one in my case).
Press fits in these sizes do not require
much interference; I have found that the
5-sided tapered broaches used by the
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watchmakers are very useful for opening
out small holes. Check that the shank of
the guide pin stands perpendicular to the
drilliniguide surface.

The port can now be drilled in the
cylinder. Bolt the guide pin into the slot
of the drilling guide as shown in Fig. 3;
the piston should be located at about
midstroke. Be sure that the setup has
been made so that the port will be placed
on the correct side of the cylinder center-
line. After drilling, very carefully remove
the burr around the hole; I used a
straightedged razor knife while wearing
the eye loupe. Again, be careful; we do
not want the edge of the port enlarged
nor do we want a scratch on the port-
face. The burr must be removed slight
though it may be, for if left, it will wear
a path between the inlet and exhaust
ports in the standard.

Now make the CRANKSHAFT.
Chuck a piece of 1/8” dia. brass rod in
the 4-jaw and set to run eccentrically
exactly .062" t.i.r. Face, centerdot, and
drill in No. 79. Now set the rod to run
exactly true, reface, centerdot, and drill
in No. 76. Turn the end of the rod to
.100” dia. and part off to the desired
thickness. For the same reason given
above, it is a good idea to drill deep
enough to part off two or three of these
disks. Cut the shafts from old drill shanks
and press into the crank disk. I turned
up little bushings to guide the shafts in
straight; a small arbor press supplied the
nudge. Check that the crankpin is parallel
to the main shaft; Fig. 4 shows one way
to do this.

Turn the MAIN BEARING from
bronze. First drill through undersize and
finish with a .021" dia. drill to obtain a
close fit for the crankshaft. Press the
bearing into the standard and assemble
the parts you have. The mechanism
should work smoothly. Make any neces-
sary corrections before proceeding. Tiny
burrs are sufficient to cause noticeable
binding.

The ports can now be drilled in the
standard. Turn a bushing to closely fit the
crankpin with an O.D. of .048”, or exact-
Iy .014” smaller than the width of the
slot in the port drilling guide. Fig. 2
shows the use of the guide. Be sure to
set the guide at each extreme before drill-
ing. To hold the guide at this setting, a
dab of hot shellac can be applied to an
appropriate place. Again check that the
guide is setup correctly. After drilling the
ports, drill the No. 78 exhaust passage to
meet the exhaust port and check that the
inlet port meets the inlet passage. Re-
move burrs from the portface by rubbing
the standard against No. 600 paper placed
on a flat surface.

The FLYWHEEL and SPRING
WASHER are simple tasks compared to
what has already been accomplished.
Wind the SPRING, assemble, and the
great moment is at hand. Thread the end
of a length of 1/16" O.D. tubing 0-80
and screw into the standard. Connect to
a source of low pressure air (e.g. a hand
pump). The engine should run merrily
on 10 to 15 psi.

Most constructors will probably wish
to make the BOILER next in order to try
the engine on steam. It is only necessary
to turn a top cover from brass or bronze

bar stock to accept the thimble which is
then silver brazed in place. In my case,
the thimble was chrome plated as already
mentioned, and therefore the plating was
removed from the rim of the thimble
before brazing. After brazing, the thimble
was somewhat discolored, but a buffing
wheel soon brought back the chromium
luster. Photo 9 shows rather clearly the
manner in which the thimble fits into the
rim formed on the boiler top; this rim
then rests on the ring stand also clearly
shown in the photo. The center bush of
the boiler top — turned integral with the
top — is tapped 5-44 to accept the steam
pipe to the engine.

The steam pipe is a simple turning
from brass hex rod threaded at the large
end to screw into the boiler bush and ter-
minating in a 1/16" dia. portion the end
of which is threaded 0-80 to screw into
the engine. This fitting was purposely
made long so that one's fingers could
reach around the engine to grasp the hex
section firmly enough to remove the
assembly for filling the boiler. A Teflon
washer seals the joint without excessive
torque. Before screwing the steam pipe
into the engine standard, the threads
were lightly coated with 5-minute epoxy
which sealed this connection very neatly.

If at this point you wish to try the
engine under steam, you can arrange a
loop of wire to support the boiler over a
tiny flame. But remember that a tiny en-
gine requires only a tiny flame. A few
drops of ordinary steam cylinder oil —
yves, the very same kind that the loco-
motive boys use — should be applied to
the engine before each run and a drop
pumped through the exhaust passage
after each run. Do not overfill the boiler
or priming will occur; lcc is adequate for
a No. 11 thimble.

Reference to the scale drawing in
Fig. 5 will give the dimensions which I
followed for the stand, but at this point
you may wish to elaborate a bit more.
The base was turned from 1% dia.
aluminum bar. An important feature is
the central hole — visible in photos 9 and
10 — which easily clears the body of the
alcohol lamp. Thus the lamp is not in any
way fastened to the base; rather the base
is placed down over the lamp. This
arrangement permits easy access to the
lamp for filling, wick adjustment,
and lighting. The base was deeply drilled
to accept the four 1/16" dia. stainless
steel pillars which support the bronze
ring into which the boiler fits. The ring
was also drilled to accept the pillars
which were then silver brazed in place.
After pickling, the pillars were anchored
in the aluminum base with Loctite.

The alcohol lamp body was turned
from brass bar to an O.D. of 11/16" and
a height of 9/16’. The bottom of the
lamp body was counterbored and a disk
of brass cemented in place. The center
of the domed top was tapped 3/16-40 to
accept the wick tube fitting. This fitting
was turned from stainless steel bar to
minimize heat conduction from the flame
to the lamp body. It features a notched
rim which provides a finger grip for its
removal and replacement during filling.
The tubular tip is .100 O.D. by 1/16”
I.D. and is packed loosely with soft
string,



Photo 8. Sawing off the cylinder in the mill-
ing machine.

Photo 9. The power plant taken down for
refiiling.

Photo 10.Fili'ng the boiler with distilled
water prior to a run,
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The “big brother” of the Thimble
and Bijou engines:

MUK Am

by Dr. James R. Senft
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Minikin is the senior member of the
Thimble/ Bijou family of small, single-
acting oscillating steam engines. A glance
at the photos and drawings will at once
reveal the family traits: cylinder pivot
integral with the cylinder, trunk or cross-
head guide on the cylinder, and long piston.
I have long advocated these features as
essential for the sound working ofthis type
of engine.

Turning the cylinder pivot integral
with the cylinder in the first place insures
that it is truly perpendicular totheport face,
an essential for good sealing. In the second
place, it reduces “cylinder overhang,” the
distance from the cylinder bore axis to the
plane of the port face. The heretofore
commonplace alternative of fitting a pivot
pin screwed into the cylinder requires a
cylinder wall adjacent to the port face of
sufficient thickness for a blind tapped hole.
While perhaps acceptable in larger model
engines, in tiny ones this method results in
excessive overhang.

To see why overhang must be mini-
mized, consider the simplified diagram of
the major stety’cforces acting on the cylinder
shown in Figure 1. F, is the force on the
cylinder due to steam pressure inside, and
F, is a reaction force on the pivot from the
standard. F, is the force supplied by the
pivot spring, and F, and F; are reaction
forces from the standard on the port face.

Now the spring force F, is constant, but
F, varies throughout the cycle as pressure
changes within the cylinder, and conse-
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quently so do the reaction forces F,, F, and
F;. To determine the spring force required,
let us look at the point where F, ismaximum.
Here F, is a minimum, which should be
taken to be zeroto minimize friction power
loss. Then we have the simpler situation
depicted in Figure 2. Here x and y are the
respective distances between the two pairs
of parallel forces.

Now we must have F = F,andF,=Fof
course. The point of interest is that the
torques produced by the two pairs of parallel
forces must also be equal, that is, xF, =yF.,.
This clearly shows that as cylinder over-
hang, and hence x, is increased, the spring
force F, must also be increased to keep the
cylinder against the portface. But the larger
the spring force, the greater the friction
power loss between the oscillating cylinder
and the standard. Thus it is imperative to
minimize cylinder overhang which the
integral pivot pioneered by this author does
admirably.

Note the importent role played by the
spring. It is not, as often believed, merely
required to counteract the steam pressure of
the inlet port, a force so very small that it
was neglected in the above discussion.
Because of the usual short pivot and the
unavoidable clearance between the pivot
and its bearing, the spring, and not the
pivot bearing, is required to hold the
cylinder in contact with the standard
against the very considerable pressure force
within thecylinder. Itis possible of courseto
build an engine with a very long and well
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fitted pivot, but the length required to
realize a reduction in friction power loss is
considerable, to 88y nothing of losing it as
wear takes place. No, the spring works just
fine; the point of this paragraphistobe sure
to choose and adjust it with sufficient force
to do its job, and just that.

The trunk or crosshead guide on the
cylinder provides bearing surface in the
optimum position to cope with the forces
arising from the oscillation of the cylinder,
Keep in mind that it is through the piston
that the forces required to oscillate the
cylinder are supplied. The trunk guide
minimizes the side forces between the
piston and cylinder, which results in
minimum wear and friction power loss.
Reference to figures 3, 4, and 5 will illustrate.

Figure 3 shows the typical major forces
scting on the piston due to oscillation in a
short cylinder bore. G, is supplied by the
crankshaft. G, and Gs are reaction forces
from the cylinder. Note that G, is approxi-
mately twice the magnitude of G;. Short
pistons without crosshead guiding are
similar as Figure 4 shows; piston wear is
rapid. Figure 5 shows the same situation in
a trunk guided cylinder. Here the only
reaction forceis G, and it isequal toG,. The
result is lower friction power loss and
decreased wear.

Finally, I adopted the long style piston
for several reasons. First of all, it gives the
longest seal length possible in all crank
positions; the more usual configuration of
Figure 4 has a fixed seal length. Second, the

9]
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Stainless Steel

¢-bore 100 dio

/— tap 2-56
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FLYWHEEL

Brass
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¥32dia

As the cylinder, piston and standard are
completed [phato 1] Minikin begins totakeshape.
When your collection of parts resembles those
in pholo 2. you can assembletheminto the finish-
ed engine shown in the other pictures. If youare
working your way through the designs in this
book and have the Bijou completed, your col-
lection will resemble pheto 6 in which Bijou is
on the left and Minikin on.the right. Photos by

Dr. James R. Sentft.
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long hollow piston ia very low in mass. And
third, it is just as easy, or easier, to make
than the other.

Having thus justified the design prin-
ciples of Minikin, and indeed again of its
entire family, let us proceed to the actual
embodiment. Most will find this engine
somewhat easier to build than its smaller
predecessors, but only because its size is
within the range ofthe average machinist’s
experience. The old hand at the watch-
maker’s lathe of course would feel more at
home with the Thimble engine on page 45.
It is alao a project that can easily be put to
work. For example, it is large enough to
power, say, a small model boat and yet is
small enough to only require a simple pot
boiler with a wick type alcohol burner.

Construction generally follows that of
Bijou (see page 41) so it is not necessary to
go through all the steps here again. But
there are a few minor differences upon
which it may be helpful to comment.

Again start construction with the
Standard since two other parts must be
made to fit, namely the cylinder pivot and
the main bearing. Unlike B:jou, the standard
for Minikin has no pivot boss, so it may be
made from 3/16” thick flat stock. After
cutting and machining to width and length,
grip the piece in the vise of the milling
machine or milling attachment on the lathe.
The port face should be a bit proud of the
vise jaws. Find the edge and then advance
the feed to the centerline of the piece. Move
to the location ofthe main bearing hole with
the other feed screw; no great accuracy is
needed forthislocation. Notethereadingon
the feed dial. Centerdrill, drill through, and
ream 5/32"” dia. Advance the feed exactly
546" and repeat.

The ports on Minikin are .043" dia., a
size large enough to safely drill on even a
large mill or slow turning lathe. So we may
as well jig drill these rather than use the
drilling guide system which I introduced for
the smaller engines. Of course a guide is
easily made if milling facilities are not
available, and it ensures correct port
location even if some of the important
dimensi'ons of the engine components vary
somewhat from the drawings.

Advance the feed exactly .212” and
then the other feed .050”. Centerdrill with a
#0 centerdrill (1/32” dia. pilot) but do not
countersink; then drill .043"” dia. to a depth
of 3/32”. Back the crossfeed exactly .100”
from this reading being sure to take upthe
play, and repeat. Now, before breaking the
setup, take a skim cut across the piece; this
willensure the port face is perpendicular to
the pivothole which is essential. Reposition
the piece higher in the vise and mill the step
and the 3/16” wide relief slotacross the port
face. Rubthe port facelightly ona true stone
to remove burrs.

Drill from each side to meet the ports
for the steam inlet and exhaust pipes. You
can tap 3-48 as suggested and then use
3/32" O.D. tubing for the steam lines; the
threads can be sealed with Loctite or epoxy.
Alternately, you can simply drill .096” dia.
and solder the tubing in place. Finish the
standard by drilling the mounting holes at
the bottom. The drawing suggests two .076”
dia. holes for #1 machine screws.

The sequence of machining the cylinder
for Minikin is exactly the same as for Bijou.
Again I used 660 bronze bearing stock. A
disk was cut from 1¥%” dia. round bar and
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each side faced to a parallel 3¢” thickness.
Then two diametrically opposite flats were
milled; the distance across the flats was
1-7/64", exactly the length of the cylinder.
This gave a fawrly long rectangular section
to gripin the 4-jaw for turning the pivot. Set
up with the dial indicator. The piece was
actually long enough for two cylinders, so
after drilling and tapping the pivot, [
reversed the piece and did it again! The
cylinders were sawed apart and then milled
to exact width, As with Bijou, make sure
that this surface is parallel to the port face
sinceit is used as a datum when chuckingto
machine the bore.

As on Bijou, make up a bushing to go
over and protect the pivot, chuck the
cylinder in the 4-jaw, and machine the
cylinder bore and the cylinder skirt. Actually
the bore in this case islarge enough to finish
machine with a boring tool if desired. I used
a chucking reamer to finish after boring to
within a few thousandths and got a beauti-
fully smooth and true bore. The piston,
made from centerless ground stainless steel,
fit the bore to within a half a thou.

After milling the %" wide slots in the
cylinder skirt to allow the crankpin access
to the piston, carefully hand scrape out the
burrs being careful not to acratch the bore.
Finish by drilling the .043" dia. port. If you
are not using my drilling guide system, set
up as I did in themilling machine, locatethe
pivotcenter with a dial indicator, and move
up .218", centerdrill and drill. Again, do not
countersink when centerdrilling lest the
cylinder port span the inlet and outlet ports
on the standard. Carefully scrape away the
burr without materially altering the sur-
rounding region; a burr left here would wear
a “bridge” between the ports on the standard.

So much for the hard parts. Machine
the crankdisk as on Bijou, again using a
dial indicator to get the throw correct to
within a few thou, the general rule to follow
on decimal dimensions in my drawings. Of
course, mating parts (as, for example, the
piston in its bore or the shaft in its bearing)
must be closer. A shank from an old (or
new!) 1/16” dia. drill is ideal for the
crankpin. Check the parallelism of the pin
with the main shaft as on the Thimble
engine; itisimportant for smooth operation.

Not shown on the drawings is the
spring and its shoulder washers since your
gadget drawers probably contain a suitable
spring from which you can sizethe shoulder
washers. Minikin uses two washers since
the standard has no pivot boss. The pivotis
just a bit shorter than the thickness of the
standard, so both washers have a 076" dia.
hole to clear the 1-72 pivot screw; one lies
against the head of the screw of course and
theother againstthestandard. Asaguide,I
wound a spring from .016” dia. stainless
steel spring wire with an LD. of 5/32".

The flywheel set screw is a standard
2-56 fillister head brass screw with the head
diameter reduced to 3/32” to allow ittoenter
the counterbore. Initially assembletheengine
with no oil to check for tight spots; correct
trouble spots before tryingtorun the engine,
gince tiny engines have a hard time trying
to “wear parts in” to say nothing of the
damage done to mating parts in the process.
Often thia dry test reveals burrs which were
thought to have been removed long ago, so
it is well worthwhile. When the action is
smooth and free, oil and connect up to the
steam or air line for the satisfying moment!



Build asimple

by EImer Verburg

Photosb y William C.. Fitt

In the December, 1977, issue of
Popular Science, a radical new design
of diesel engine caught my eye. It was
an opposed piston, swing-beam engine
being developed by the English firm of
Armstrong Whitworth and Company,
Limited, of Slough, near London. The
model presented here is an adaptation
of this principle to a steam-powered
engine which is simple to build and
provides an answer to the Amateur

Opposed Pistom
Steam Bngine

Machinist asking for designs of small
stationary engines which do not require
castings.

I am unable to go into the fine
points of determining stress and
horsepower, but feel that for a simple
engine,itdoes have several interesting
features. It appears to be a balanced
engine, but the weight of the arms and
pistons and the speed do cause some
vibration. The short throw at the
cranks requires a high speed. The
pistons travel twice as far as the
connecting rods do at the cranks.

Also, there is room for some
experimenting. The engine was firet
made with the exhaust only through
the shaft, but it did not seem to run
quite right. Two exhaust holee were
then added to make a una-flow type
exhaust. These, plus the other exhaust
paseage, letsit run like mad! Ifeitherof
the two exhaust systems is closed off,
the engine slows down, so both are
needed.

Another question involves the
direction of rotation. There is a
similarity in porting and it appears
that the engine should rotate either
way, but it will run only one way. The
problem must lie in setting the
eccentrics in the right relationship to
the flat valve surface on the shaft. [tis
hard to do this right down to a fine
point.

Something elsetoexperiment with
is the width and location of the flats on
the shaft, to change the timing and
cutoff.

The material for thisengine can be
most any of the common metals, Since
this was to be a display and
conversation piece and not run very
much, it was made of a fairly hard
aluminum that was on hand. The
pistons, bearings, eccentrics and
screws are brass, the flat washers at
the eccentrics are steel and the piston
pin is drill rod.

The foot, column and cylinder are
simple, straight pieces requiring
squareness and accurate layout. Insert
a short, 3/32” pin in the steam
passages in column and cylinder as a
guide, then square up and clamp
together for spotting the four 2-56
tapped holes,

Make the rocker arms, shoulder
screws, shaft and bearing. Assemble

D
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1 Shiny in bright aluminum alloy, the Opposed
Piston Steam Engine makes a truly fascinating
display piece and one that is simple toconstruct.

2 The direction o1 shaft rotation is shown by the
arrow marked on the flywheel. This engine
runs well for display on only a few pounds 01
air pressure.

3 Theactionofthe opposed pistons and connect-
ing rods is demonstrated by these views of the
crank end of the engine. Here, the pistons are
close together and the valve is ready to admit
steam to the cylinder.

4 In this view, the pistons have reached the end
ol their travel. Steam is exhausting both
through the center of the crankshait and
directly through ports in the bottom of the
cylinder.




62



13

+
¥
|
J @i - M_
&
>

\ 5/35 dia. \— two ¥z dia

ROCKER ARM

2 required
Y
1
e 2% @
- = 25y, "
38 —e g - E
= % " T Se 4 Y2 ; e
i | e ) [ L3
1 7 7 il @ | |
VR £ . VAl
w . Q
3, - = & it
335 dia — L =] -; ﬁ. - ¥
w| 388 N
Lo & ] . [
SHAFT ECCE_NTRIC
| required 2 required

@

RELATIONSHIP OF
ECCENTRICS_TO
VALVE FLATS
ON SHAFT

p 7

ECCENTRIC
ASSEMBLY

SETTING ECCENTRICS
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the bearing into the column with the
3/16” hole on the vertical centerline.
Drill through 3/32” for the steam
passage. Solder a shortlength of3/16”
tubing in the bearing for a steam hose
connection, as shown. I often run the
engine on compressed air at 15 psi, so
plastic tubing clings tight enough. For
a more durable and steamtight joint,
the tube can be longer and threaded.

When making the pistons, spot
four oil grooves as shown, about .010”
wide and .005" deep. If you can, take
some weight out by undercutting to the
dotted line. After piston, connecting
rod and pin are assembled, very lightly
prick-punch the pin hole rim over the
ends of the pin to retain it. One very
light punch per end is enough,

The eccentrics can be made in a
four-jaw chuck. First, turn to an
accurate 9/16” diameter, about %"
wide, then loosen thejawsslightly and,
using the cross-slide for measuring,
move the workpiece 4" off center.
Ream 3/16” for the shaft. Return the
workpiece to center (or near center) and
make parting cuts for two .130” thick
eccentrics. Mount the two eccentrics on
a close-fitting 3/16” pin. Rest this pin
on two more 3/16” pins on a flat
surface, as shown. With the two
eccentrics also touching the surface,
clamp together with asmallmachinists
clamp and drill the 1/16” pin hole.
Mark with a stamp the two faces that
touch, so the eccentrics can be
reassembled in the same relationship
in which they were drilled.

Make three disks. Use one of the
eccentrics to spot the pinhole in the
center disk only. This 1/16” pin, about
9/32" long, is retained by the two outer
disks as shown. The o.d. of the disks
can be finished by chucking the shaft
to run true, then mounting the three
disks and two eccentrics in place and
hold them with a 10-32 nut.

There are several ways to make
the four connecting rods. These range
from plain hacksaw-and-file work to
gang-milling the way Kozo Hiraoka
does it (LIVE STEAM, February, 1975).
For accuracy and finish, the9/16” bore
is alathe job, using a center test indi-
cator and fine cuts.

The four 3/32" pins in the rocker
arms may be made in several ways.
Here again, it isn’t very good
engineering, but a small prick punch
near the rim of the pin will keep them in
place. Tiny nuts and bolts can be made
or make the pins long enough to take
tiny cotter pins.

The flywhecl should be about 2” in
diameter and %" wide, with a setscrew,
to fit the '4” shaft.

At final assembly, be certain that
the relationship of the eccentrics to the
valve surfaces on the shaft are correct.
They are shown in the eccentric
mounting detail drawing.

This simple and unusual engine
should provide you with several hours
worth of enjoyment in building and
will be an interesting addition to your
collection of steam engines.
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A quarter-size Rider-EricSson

Hot Air
Pumping Engine

by Larry Kazyak

Photos by the Author




The hot-air or Stirling Cycle Engine
was invented in 1817 by a Scot named
Robert Stirling. Although such engines
were quite low in poweroutputin proportion
to their large size, they became popular due
to their simple operation. Steam was the
only other practical choice, since internal
combustion engines were not invented until
the 1880's. Steam engines, with their boilers
operating at high pressures and the trained
engineers require to watch over them, were
often impractical for small or isolated
installations.

The Ericeson Hot Air Pumping Engine
was first patented in 1880. It was the
creation of John Ericsson, who was born in
Sweden in 1803 and emigrated to America
in 1839. Many inventions are attributed to
this prolific inventor. Perhaps one of the
most noteworthy was the ironclad ship
Monitor, built for the United States (Union)
Navy during the Civil War. Another monu-
mental—but only semi.successful—venture
was the building of a 250’ ship named Tke
Ericsson. This vessel was powered by a hot-
air engine having four cylinders operating
at nine RPM. The pistons measured 14’ in
diameter and the stroke was six feet in
length. The ship was launched on the east
coast in 1853, Even though the ship had an
engine of such heroic dimensions, it could
travel at only seven knots, about half the
speed of a comparable steam-powered ship.

The fact thatStirlingCycleengines use
an external heat source and that John
Ericsson designed a solar-powered engine
in 1872, point out that in one sense, there's
really “nothing new under the sun.”

So much for background on the inven-
tor. Let's get down to facts on the engine
being modeled. The originalisin the Henry
Ford Museum, in Dearborn, Michigsn. It is
classified as an eight-inch engine, referring
to the bore. The stroke is 3%". Operating at
100 to 120 RPM, it was capable of pumping
6§00 gailons per hour. The indicated horse-
power was approximately .

Although the first Ericason Pumping
Engines were put into production in 1880,
this particular engine was produced at the
turn of the century. The main differencs is
in the legs and crankshaft bracket. Legs on
earlier models were forged round bar stock
instead of the cast type.

The Rider-Ericsson Engine Company
(the successor to the DeLamater Iron
Works, which was established in 1842) was
established in 1870, with offices in New
York, Philadelphia, Boston, Chicago and
Sydney, Australia.

In operation, the engine was fired with
wood, coal, producer gas or kerosene,
depending on the type of firebox ordered.
When the displacer cylinder reached opera-
ting temperature—usually in about fifteen
minutes—the flywheel would be rotated by

This quarter-sized modet (opposite page) follows
the prototype of an 8" Rider-Ericsson Hot-Air Pumping
Engine. which is in the Henry Ford Museum at Green-
field Village, Dearborn, Michigan.

1 Facing the top side ol the castaluminumBase(101)
in the lathe.

2 Facing the bottom of the Base.

3 Turning the bottom end and mounting flange ofthe
Cylinder (103).
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Ink Teacings by George R. Broad. Jr..
fromariginals by Larry Kazyak
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eight Ygq (.109) x .56 deep, top

0\

6-32 = .50 deep, from top
#29 (.136) x .56 deep, top —locate from Cylinder
8-32 x .4 4 deep, from bottom

38

three #10 {.193) through 7
ri
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Y
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®

|
P B

kd

\

\-?wo /64 (.109) x .56 deep, top 6-32 x .50 deep

-locate from Flywheel Bracket (105}

e—a—2-88 dia. bolt circle T

II 2.004 i.d. honed !'

! 1
1 !
1
1

4.58

2.200.d.

3
SN

DN
s

5

six #29 36) x .56 deep, tap
8-32 x .44 deep
—lacote from Displacer Cyiinder ({19)

10t BASE

Cast Aluminum, | required

2.90

2.75 dia. bolt circle

{

2.15
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—+ Z.JQE. od. é

30°
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104 SLEEVE
Seamless Steel Tube, | required

.686 fo .687dia. bore for Torrington B-88 needle bearing, 2 required, press in flush

!
r—

T

.38"}

twa #18 (.169) drifl

in eachmounting pod

y
#29{.136) x .80 deep, tap 8-32 x .50 deep

105 FLYWHEEL BRACKET
Cast Aluminum, | required
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drill one leg only #291(.136),
tronsfer to loogtion X on Base (I01),

T&T / then enlarge this hale to #10

L two #29 (.136), top 8-32 through, one
leg only. on leg with hote ot locotion X,
omit this one hole-locate from Base (101} 25

two #10 through

i
Fd

102 LEG
Cast Alumnum, 2 required

#29 (.136) drill, fop @ a7
8-32 for setscrew ! +le
il
AN

~—.38 (both ends)

#43(.089) drill, top 4-40for
setscrew ot both ends

.502 dia.
3.62 \ 1.88 e .252 dia.

—

both ends

— &

two #29(.136), tap 8-32./ align with cylinder centerline
doth holes in line

' 106 WALKING BEAM
Cast Aluminum, | required
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four T (.109) x .32 deep, top 6-32 » .20 deep,

four #18(.169)

fO7 WALKING BEAM SUPPORT

Cost Aluminum, | required

two #18 (.169)
#60 (.040) drill ond counter-
sink for oil hole

a6,
4

inline through both bearings while mounted
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hand and the engine would run. The water
pump was connected to the far end of the
walking beam via a link, Water was drawn
up through the lower inlet of the pump and
into the main engine cylinder water jacket
through a port in the pump mounting
flange. The water was first used to cool the
power piston portion of the cylinder, then it
was expelled out the flywheel side of the
cylinder to the storage tank or reservoir.
The dome-shaped air chambers located at
theinlet and outlet were used to cushion the
pulsation created by the single-acting pump.

Construction is best started with the
BASE (101). Face the bottom and top tothe
63" dimensi'on, averaging out the stock on
either side. Photos 1 and 2 show this
operation being carried out in the lathe.
Having no mill, I have no other choice, but
those of you blessed with one might find it
easier to flycut both surfaces. Bore the 2.28”
diameter opening next. Then, the corner
holes for mounting the legs are done by
drilling them with a #29 tap drill,

Take the LEGS (102} and dress the
top surfaces by filing. Clamp them in proper
position on the base and then drill through
the #29 holes we just drilled in the base and
into the leg mounting surfaces. This will
assure proper alignment. Redrill the holes
in the base with a #10 drill (with one
exception) and tap the legs8-32, inserting a
stud into the leg and attaching it with a nut
on top. The leg attachment hole under the
corner pad is the exception. It uses a screw
inserted from the bottom, through the leg,
and threaded into the base. Tap the base 8
32 and use the #10 clearance drill in the
corresponding hole in the leg.

The CYLINDER (103) is machined
next, as shown in photos 3, 4 and 5. The
top is faced off to the .25" start dimension,
then turned around and rechucked so the
bottom flange can be machined to 2.00”
inside diameter and 2.28" outside diametexr.
Blend it into the cast portion of thecylinder.
The casting is turned around again and the
2.220" upper bore and the 2.160” lower bore
for the steel cylinder sleeve are machined.
Mill the two vertical mounting pads. The
eight 7/64” cylinder mounting flange holes
are added next. The same technique de-
scribed for the legs — using a tap drill first,
transferring hole locations to the base for
drilling and tapping, then enlarging the
cylinder holes with a #18 drill — is an easy
way to locate the bolt circle without need for
an index head or rotary table. The other
holes will be machined later.

The steel CYLINDER SLEEVE (104)
isthe nextitem we will machine (see photo
6). The tubing used is 2.25” o.d. x 2.00” i.d.
seamless, cold-drawn mechanical tubing.
The inside diameter is not machined. The
manufacturer’s tolerance for roundness and
size is adequate and it requiresonly honing.

4 Blend the narrow portion of the Cylinder into the
bottom flange and cast portion of the body with
smooth, small radii.

5 With the Cylinder casting turned around, bore the
upper and lower bores for the Cylinder Sleeve.

6 Turn the Cylinder Sleeve (104) from cold-drawn
seamless tubing, using a center plug in the tail-
stock end. [




Turn a plug to fit the i.d. and center drill it.
Insert it in the bottom for the tailstock
center and chuck the top end by thei.d. Turn
the o.d. and length. The top and bottom
diameters should have a .002" clearance
with their respective bores in the cylinder.

Finishing the bore comes next. A fine-
stoned hone, used to clean up automotive
brake cylinders, is what I use. They arequite
inexpensive. These hones have spring-
loaded fingers, to which the stones are
attached and they are driven by a flexible
shaft. This allows them to track in the bore
being honed without exerting any uneven
loads on the honing stones. Chuck the hone
in a drillpress, insert it into the sleeve and
turn the drillpress on, running it about 450
to 500 RPM, while hand-holding the sleeve.
Use kerosene as a lubricant and flushing
fluid and work the sleeve up and down
constantly. The top 4” is the only portion
requiring this treatment, because this will
be the only portion in contact with the
power piston. Be sure to hone all the way up
to the top edge, but be careful not to let the
stones come out of the bore while the
drillpress is running.

The size of the bore is not too important
as the power piston will be sized to it. What
is important is that it be of uniform size.
Using a telescoping gauge, check to prevent
a tapered or barrel-shaped bore. Take your
time. The stones cut slowly and the removal
of a couple of thousandths is slow going.

Once the honing is finished, the sleeve
and cylinder casting are ready to be
assembled. On my first engine, I used a
shrink fit. Even with .004” interference, due
to the differential in expansion between the
aluminum cylinder and the steel sleeve, a
small leakage would occur after running for
about half an hour. Since then, [ haverelied
on a good grade of epoxy cement. As
previously stated, about .002"” diametrical
clearance is required. The water surround-
ing the sleeve will keep the cement from
overheating.

The FLYWHEEL BRACKET (1056)
is attached to a faceplate and the bearing
hole bored (see photo 7) to a diameter of
686" to .687" for the Torrington bearings.
Needle bearings require a press fit because
the force exerted on the outer shell of the
bearing brings it to a true round shape.
Loctite or epoxy definitely won’t do here!
Also, if not for the press fit, the internal
clearance between the bearing and the
crankshaft journal would be excessive.
Surface and drill the mounting pads andtap
the 8-32 threaded hole.

Mount the cylinder and sleeve
assembly to the base and leg assembly.
Position the flywheel bracket and transfer
the holes to the cylinder and base, drilling
and tapping the two holes required in both
mounting places. Bolt the flywheel bracket

7 The Flywheel Bracket (105) is faced and bored in
the lathe. mounted to a faceplate.

8 With the Base, Legs, Cylinder, Cylinder Liner and
Flywheel Bracket assembled together, the Hot-Air
Pumping Engine wilt look like this. Note the needle
bearings. pressed into the Flywheel Bracket. Also
note how the upper surface o1 the Cylinder is con-
toured to match the base of the Walking Beam
Support.



into place. Your engine will really start to
take shape and look like photo 8.

The oil cup shown on the crankshaft
boss portion is from Cole’s Power Models,
catalog number 29R2/4. On the model, it's
purely decorative, the original engine
having one located there. The model’s
Torrington needle bearings need only be
lubricated once every 100 hours or so and
that's a long time coming! Use alight-grade
grease such as Lubriplate,

Next comes the WALKING BEAM
(106). Photo 9 shows it chucked in the
lathe, havingits.502" bore machined. Ifyou
are using .5” diameter bar stock for the
pivot, machine the walking beam bore to
suit. Mill the slot .5” wide x.94” long. There
isn’t anything critical about the slot; it only
provides clearance around the power piston
center. The two .252" diameter holes on the
ends should be added next, along with the
two 8-32 threaded holes that intersect the
slot. These must be parallel to the .502"”
diameter hole previously bored. The tapped
holes for the setacrews are the final step.
Square-headed setscrews (shown in photo
11) are in keeping with the aim of making
the model an authentic copy. The 4-40
screws have .12"” square heads and the 8-32
screw has a.18” squarehead. It’s more work
making them, compared to using commer-
cial ones, but it’s worth it.

The WALKING BEAM SUPPORT
(107) is next. Mill or file the base flat. Then
set up to mill the notches and top surfaces,
as in photo 10. Drill the #18 mounting
holes, but hold off on the 6-32 tapped holes
for now.

The two BEARINGS (108) are part of
this assembly. The original engine had
bronze bearings that were split on the pivot
bore to allow for wear takeup. Our model
won’'t experience this problem, so the
bearings are shown in one piece. Machine
them as shown, but omit the 253" diameter
bore. Mount the bearings in position on the
beam support and transfer and drill the
mounting holes. Tap the support, enlarge
the holes in the bearings and mount them in
place. Brass 6-32 x %" hex-head bolts should
be used.

Now, the .253” bores in the bearings
can beline-bored, keeping their axis parallel
with the support mounting surface,

While these parts are assembled, the
PIVOT (109) should be machined and the
1.53” dimension checked to see that it will
allow about .010” end shake between the
bearing blocks. Size the two .250” diameter
bores to their respective bearings.

The assembly of the walking beam, its
support, the bearings and pivot are shown
in photo 11.

Now is a good time to step back, take a
look at all you have accomplished and take
a deep breath before tackling the next step.

9 Machining the .502° bore of the Walking Beam
(106} in the lathe,

10 Milling notches in the Walking Beam Support (107)
to accept the Bearings.

11 The Walking Beam assembled with its Support,
Bearings. Pivot and square-headed setscrews.




The POWER PISTON CENTER
(110) will be thenextitemthat wefabricate.
The body portion is turned as shown,
complete with the .189” diameter bore atthe
top and the 4" x %" deep bore at thebottom,
for the bushing to be pressed in. Note the
22" diameter bore through thecenter. Don’t
be tempted just to bore or ream the .189”
diameter all the way through because
without that .22"” diameter relief, the .188"
diameter displacer piston rod would have
too much friction due to theextreme bearing
length and the viscous drag of lubricating
oils. These engines, with their low power,
can’t tolerate many power-robbing conditions.

The two .50” diameter bosses are next
to be machined. Take .50” bar stock, chuck
and drill with a 429 tapdrill. The.30" radius
necessary to make a good contact with the
.60” main body diameter can either behand-
contoured with a file or milled. Tap drill the
body portion at the 68" dimension fromthe
bottom flange. To assemble, make up an
aluminum 6-32 stud, 1.25" long. The major
diameter of this stud should be only .134",
which will allow it to be inserted through
the tap-drilled holes in the side bosses and
the body. With nuts applied to either end of
the stud, the parts are now fixed together so
that theycan be soft soldered in place. With
an acid soldering flux applied, bring up to
temperature with a propane torch. Be sure
the part is at a high enough temperature to
allow the solder to flow into the joint by
capillary action, sothata minimumamount
will be used and the brass will bekeptclean.

After soldering, the stud is removed
and if it weren’t aluminum, you’d have a
tough time doingit!Nowtapthe8-32 thread
in each boss.

The POWER PISTON NUT (111)
comes next. It’s a straightforward turning
job. Photo 12 shows the power piston
center with its bushing along with the
power piston nut and the spanner wrench,
which is used for tightening it when it is
assembled to the power piston. The pins for
the spanner wrench are .070” diameter
bearing needles from a worn-outautomotive
universal joint. When a U-joint fails,
usually only oneortwo of the four bearings
areruined, leaving a good supply of hardened
pins for many uses.

The DISPLACER YOKE (112) is a
relatively simple part. Thetapped holes and
the .250” to .253"” diameter pivot hole are
somewhat forgiving as to their location.
Locating them centrally within their re-
spective bosses is sufficient. The main
consideration is toobtain alinkage which is
true running and this requires that the axes
of all thetapped holes and pivotborebe kept
parallel with one another and perpendicular
to the vertical portion of the yoke. Face the
bosses to the dimensions shown. Photo 13
shows the completed yoke withits pivotscrew.

Machining the FLYWHEEL (113) is
shown in photos 14 and 15. First mountit
in a four-jaw chuck on the i.d. of the rim,
centering it on the cast portion of the rim
between the spokes. Machine the front face,
both the hub and rim. Take acutofftheo.d.
of the flywheel, but not down to the finish
dimension. Merely achieve a full 360° cut,
then remove the flywheel from the chuck
and remount it with the other face to be
machined. You will usetherough-machined
od. as the circular datum on which to
indicate and the back face as the perpendic-
ular datum. If you are within about .010”
total indicator reading on the o.d., this will
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suffice, because you will bore the .499"
diameter bore for the crankshaft and finish
the o.d. with the same setup, which will
assure you a true-running flywheel.

The CRANKSHAFT (114) journal is
a .500” diameter dowel pin. Thereason for
using a dowel is that it is a good method of
obtaining a hardened and ground shaft.
The needle bearings which carry the crank-
shaft and flywheel assembly require a
hardened surface of Rockwell C 58 as a
minimum to run efficiently. The dowel
called foris 3" long. The amount of extension
from the flywheel is 1.84". This provides for
the dowel to engage the flywheel 1.16”.
Since the flywheel is thicker than 1.16”, the
dowel will end .34” in from the back side of
the flywheel. This allows us to machine a
small stub of .50” diameter cold-rolled steel,
which will be fashioned into the remaining
portion of the shaft. A keyway is milled or
filed into the stub and a dummy gibheaded
key fabricated, in keeping with the goal of
making our model a proper replica of the
original engine.

The crank web is laid out on a piece of
.32" thick cold-rolled steel. Rough saw it to
shape and then chuck in a four-jaw to turn
the 1.00” diameter, thinning out the remain-
ing portion to the .25” thickness. Bore the
.50” diameter hole to allow a light hand

press fit when assembled with the .50”
dowel. After removal, hand filethe heel end
to match the 1” turned diameter, hand-
contour the toe end to the .25” radius, then
blend between the two ends. Drill and tap
the 10-32 hole, keeping it parallel with the
50" bore. The last operation is drilling and
tapping for the 8-32 setscrew.

The POWER PISTON (115)is chucked
on its o.d. A threejaw chuck will have
enough accuracy for both setups needed.
The inner contour is completely machined,
then the piston is chucked on the i.d. Do not
apply too much chucking force, so as not to
distort the piston. The outside diameter
should be turned so that it is a fairly snug
fit into the cylinder sleeve. The four grooves
on the od. allow oil to be carried down the
cylinder wall and also allow any small
particles of dirt to migrate to the groove,
rather than be trapped in the very small
clearance between the cylinder and the
piston. Machine the .500” diameter bore
with the same set-up as is used for machin-
ing the o.d. Concentricity is thus maintain-
ed for the total assembly. The recess for the
power piston nut is the last operation.

The POWER PISTON TOP RING
(118) is machined from brass. Besure thatits
0.d. does not come in contact with thecylinder.
A radial clearance of .010” is desired.

.189 dic
?T [90' countersink, .03 deep

; PR
.40 dia —T ‘J 062 rad f“’;
o | typ - ?H; '9!
§
S ' 224044 1) 29 (136}
.50 dia N 4 gi gl. 5 F:zgg-szjnline
T @ el )
| ] /
| | H A Le
A Y
60 dio.— i wT' % _.n:,
A P &
. ; | A F

b5

chomfer .02 x 45°

| S A
LOOdio Y2-20 L3Ygid x Va0d x ¥ Iorg

bushing, press in place

IO POWER PISTON CENTER
Bross, | required



The full-sized engine usesa leather cup
ring on the bottom of the piston todoalithe
sealing. The piston body acts more like a
crosshead, for alignment only. Our model
cannot tolerate the friction generated by
this technique, so we shall lap the piston to
fit the cylinder. The teflon packing, shown
in the top groove of the piston on the engine
layout drawing was purchased from a
plumbing supply store. It is intended for
valve stem packing, is circular in cross-
section and is spiral wrapped with a thin
sheath of teflon. With thetopring in place, it
should not exert much pressure on thecylin-
der wall. In fact, if a good fit has been
achieved from the lapping operation, it can
be omitted. Photo 16 shows the power
piston components. The side links connect
the assembly to the walking beam.

The DISPL.ACER PISTON (117) is
an all-steel assembly that can either be
silver soldered or brazed together. The steel
tubing used is welded-seam automotive
exhaust tubing. Machine the .25” thick cap
to fit snugly into the i.d. of the tube. The
.189” diameter hole should also be put in
now, to maintain concentricity with the
piston o.d. When fitting the steel tubing to
the cap, be sure that the tubing is cut off
square with its o.d. and check true place
ment of the cap using the .187” diameter

38

.19

3.09

{5

two #40(.096) through
for pin Sponner

.86 dia.

Il POWER PISTON NUT
Steel, | required

Orawings by
George R. Broad. Jr.

3.8

three #29 (.I36) through,
tap 8-32 through

.25010.253 dia through

2 DISPLACER YOKE

Cast Aluminum, | required



(¢

.499 dia., press fit for Y2 dowel
-sge CrankshafI(115)

2

.25 rod
#21{.159), tap 10-32

113 FLYWHEEL
Cost Aluminum, | required

.06 rad.

1.00 dia.

#29 (,136), tap
8-32 for sefscrew

3.00

v

14 CRANKSHAFT
Steel, | required

76

.18
-] '

\__iz rad. typ.
|

-

—. 70

A

8.88 dia.

7.62 dia.

e b,
1
|— .06 typ.
F'S
.06 rad.
i
144 id

six # 50 (L070) Ihrough,
tap 2-56, locate
from TopRing{117)

Y2 dia. dowe!, press fit in flywheel a
7 /) > Gl oy —+
' 2 £
3 I 88 id. I o

(lap to cylinder,
.00I to.002 loose)

S POWER PISTON
Cost Aluminum, | required



six #42 (.093),
equally spaced

1.44 dia.

g
P T M
e

e POWER PISTON TOP RING
Bross, | required

e “two #23(.154)x

) H
%’% .50 deep, drill 7ge
’ (.109) through,
/ tap 6-32 for
! E sefscrews
1.750.d. x .06wall ]
4l skeeltubing H

6.44

.06 thick, silver salder in place

f
E

N7 DISPLACER PISTON
Steel, } required

1.62 dio. boltcircle

s #I15 {.180) holes

3.20 dio equolly spaced

2.75 dia bolt circle—"ll

T o
L
u_). [ steel
5 : :
E 1
= 8 § 21204 x 2.001d
= g i copper.lublnq
“w H
i : f /—slaznless steel
H ~.0i5 thick i
> —
silver solder 5“
18 DISPLACER CYLINDER
| required
#60 (.040), countersunk tor ail hale
+:50 10-32
.25 q
i . T
md.\ﬁ ,i.\ L il
- -—
BN |
- ¥ 188 dio —
't
o 4;«
e DISPLACER PISTON
ROD END
Brass, | required
il o
<
M~
i, 83 1W0 74 (.109) through, '
 — =5 4 tap 6-32 as shown
_",zse;r 56 r /
- I i . - {
4 -4 L 438 dia.
N o ¥
121 DISPLACER PISTON ROD '
END PIVOT 120 OISPLACER PISTON ROD
Steel, | required Steel, | required

77



.25 rad. bothends
.255 dia both ends
"2 ]

N
TR )
|
2 o
: | 2
| .03
.
1]
| N
..

60 #23 (.154)

.25 rad 2 T4 &5 g
Y =

/

.18

125 POWER PISTON LINK
Brass, 2 required

.25 rod. both ends L&
25

.255 dio. bath ends

123 CRANKSHAFT LINK
Brass, | required

L—.18 square
4
o e
©
[-%
= 16 I~
. o)
h-] p
2] .32 —
e
o
.

.25 rad. boih ends

.255 dia. bothends

129 DISPLACER YOKE LINK
Bruss, | required

.25 od

Ly

2585 dio.

125 dig .19 rad “i
.20

122 DISPLACER PISTON ROD YOKE 126 WATER PUMP LINK
Steel, silver soldered construction, 2 required Brass, | required

.28 rad.

12 Thepower piston center and its bushing and the 13  The displacer yoke and the shouldered screw
power piston nut and its wrench. which fastens it to the flywheel support bracket.




10-32 {use a thinjom
nut on back side)

127 CRANKPIN
Steel, | required

displacer piston rod, insertedinto the piston
as a gauge to insure that the rod will be
parallel with the piston o.d. Silver solder on
both ends. It is not mandatory that the
piston be totally airtight, inasmuch as our
engine is not pressurized. The two 6-32
setscrew holes are the last operation.

The DISPLACER CYLINDER (118)
consists of three pieces silver soldered
together, but the top steel flange and the
copper cylinder are the only two pieces to be
soldered together at this time. Turn thesteel
flange so that the i.d. is a snug fit over the
copper tube. The tube itself should be cut
about .12” longer than shown. The actual
length will be determined during a trial
assembly of the power piston and displacer
piston with their respective linkages, to
ingure that a minimum amount of dead
volume is allowed into the engine. More
about this later on.

While working on the cylinder, let’s do
something in the quest for greater efficiency.
From just below the flange and for a
distance down of about 2”,turnthecylinder
wall to a thickness of .020”. This formse a
heat dam which will minimize losses from
heat conduction.

Transfer the flange holes to the base
(101) and drill and tap the base for the 8-32
mounting holes, keeping the cylinder con.
centric with the 2.28” diameter in the base.

The DISPLACER PISTON ROD
END (119) is machined from .88" diameter
brass bar stock. Turning can be done in one
setup by maching with the 10-32 hole
toward thetailstock. Turnthe .44” diameter
and drill and tap the 10-32 hole, then use the
tailstock with a center to support the piece.
Using a template or .44” radiusgauge, turn
the spherical radius, leaving about .25"

6
.250 dia T{
| ¥4 Facing the tlywheel on the lathe.
‘% - 15  Boring the {lywleel hubd lor the crankpin.
.38 hex 8-32 18 The completed power piston. withits center, top
A ring, packing and matched links.

128 SHOULDER SCREW
Steel, 6 required, A=.20, B=.52

129 SHOULDER SCREW
Steel, | required, A= 27, B= .65

130 SHOULDER 'SCREW
Steel, | required, A=.29, B=.75
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diameter at the top, which can be parted off
and hand finished. Mill or file the two flats to
the .50” dimension, Bore the .440” diameter,
keeping it perpendicular to the 10-32 hole.

The DISPLACER PISTON ROD
(120) is a piece of .188"” diameter cold-rolled
steel rod. The surface finish should be
smooth, inasmuch as it reciprocates within
the power piston center. The fit should be
around .0005” to .001” loose, to minimize air
leakage around the rod.

The DISPLACER PISTON ROD
ENDPIVOT(121) can belowcarbon steel,
also. The loads and velocitiesimposed on all
the rods and pivotsaresolowthat hardened
surfaces are unnecessary. The .438” dia-
meter should be a close running fit into the
rod end. The flats are then milled parallel
with the journal diameter. The two 6-32
holes should wait to be transferred from the
top ends of the yoke rods.

The two DISPLACER PISTON
YOKE RODS (122) are fabricated from
cold-rolled steel and silver soldered together.
Bend the .18” square stock to the 1.00”
radius as shown, allowing about .06” extra
on both ends. Make up the pieces as shown
with the .18” slots filed to a snug fit on the
square rod. The ends of the square rod
should be trimmed at a trial assembly with
the yoke and the power piston placed into
the cylinder with the piston rod,rodendand
pivot asser.bly in place. Transfer and tap
the 6-32 holes into the displacer piston rod
end pivot and bolt the two top pieces of the
yoke rod to the pivot. With the lower portion
of the yoke rod end mounted to the yoke
using the shoulder screws, the ends of the
.18" square rod can be trimmed so that the
end result is a freerunning linkage. If this
process is not followed, the linkage will
impose an excessive radial load on the
displacer rod, where it rides in the power
piston center bearings. Photose 17 and 18
show the displacer piston linkagecomponents,

The LINKS (123, 124, 125 and 126)
are milled from brass bar stock. The end
bores should be kept parallel. Thetwo power
piston links (125) should have their .255"
diameter bores put in simultaneously while
the two are clamped together to insure even
loading of the power piston. The profiles of
the links can be milled to the proper
contours, leaving the end radii to be hand
filed, using a couple of filing buttons. Make
them from drill rod, .50” diameter and .12”
thick, with .25” diameter center holes. After
machining, harden them. By placing themon
either side of the link ends and bolting them
in place, the ends can be filed to a uniform
size. Photo 19 shows the finished links.

The CRANKPIN (127) and SHOUL-
DER SCREWS (128, 129 and 130) are
turned from cold-rolled .38" hex stock. They
can be left soft. A smooth finish with
approximately .001” to .003” loose fit with
their respective links isall thatis necessary,
due to the low velocities at which the
linkage operates.

17 The displacer piston rod yokes tasten to the dis-
placer piston rod end pivot witli 6-32 hex head
SCrews.

18 The completed displacer piston yoke assembly:
two yokes, the end pivotandthe displacer piston
rod end.

19 The crankshaft link, one of the power piston
links and the water pump link.



The FIREBOX (131) is laid out from
the full-sized pattern supplied with the
casting kit and also reproduced here. Cold-
rolled steel of .045” thicknessis used. Photo
20 shows the blank, after cutting. All the
.62" radius corners are hard-formed around
a piece of bar stock placed in a vise, 1”
diameter stock being used to allow for
springback. Put the holeforthedoorin after
welding, to minimize distortion. The welded
seams should be finished either by hand
filing or by using an auto body grinder.

The .12" aquare stock should be formed
around the perimeter of the box. On the full-
sized engine, this is a flange on the lower
firebox casting; the upper half of the firebox
is trapped between this flange and the
engine base plate. The aquare rod is brazed
in place with the brazing rod applied only to
the bottom side, allowing a fillet on the
lower side of the square rod and a sharp
corner on top, to simulate the original joint.
The bosses for the four tierods that suspend
the firebox from the engine base plate are
then brazed on.

Thedoor (photo 21) is fabricsted from
.12” thick stock.

Photo 22 shows the completed firebox
with the elbow for the chimney silver
soldered in place. I prefer a two-piece atack
which allows the vertical section to be
removed for transportation purposes. The
elbow shown is a 1)4” diameter brasa sink
drain, purchased from a plumbing store. It
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provides a tight bend radius and a joint for
the vertical stack to be slipped on.

Nowthatall partsfor theengine proper
are made, you’re probably anxioustosee the
fruits of all yourlaborfunction, so let’s put it
together. We haven’t yet built the water
pump, but I prefer to assemble the engine
and get it running before doing any final
filing, filling or painting of the castings or
finishing and buffing the brass components.

Using the assembly drawings as your
guide, assemble the parts. The predeter-
mined geometry of the linkage establishes
the phsse angle of the pistons, that is,
the relationship of one piston to the other.
The displacer piston on a Stirling engine
will lead the power piston by 90°. The
only thing yet to be done is silver solder-
ing the displacer cylinder bottom, which
can be done as soon as we determine its
location. Adjust the displacer piston on
its rod so there is .06” to .10” clearance
between it and the power piston bottom,
when the power piston is at dead center.
Tighten the two setscrews in the displacer
piston, which affix it in place. Now, advance
the displacer piston to bottom dead center
and note the relationship of the displacer
piston to the end of the displacer cylinder.
The end cap should be placed so thereis .06”
to .10” clearance from the piston bottom to
the end cap. (Be sure the gasket between the
flange and engine base is in place, because
it affects the clearance.) By using this
technique, thedead volumeofthecylinderis
minimized. (Dead volume is anything other
than swept volume.)

Now, oil all the jointsand power piston
with a light grade oil; if an automotive type
oil is used on the piston, too much drag is
generated and it will keep the engine from
operating. Put some water into the water
jacket, to keep the epoxy cement from
overtemperaturing. If you run theenginefor
over 15 minutes at a time, the water should

.25 be circulated.
ﬁ Using a propane torch, spirit burner,

sterno or some similar heat source, you are

ready for start-up. It will take about 5 to 10

minutes to come up tooperating temperature.

Simply give the flywheel a turn and she will
be running!

S The water pump is not essential to the

.30 dia 5g drill x .32 deep operation of the engine, except that water is

\_ six notches, 06 wide x .06 | necessary to cool the cylinder. This can be

deep, os shown six notches, .06 wide,  accomplished by using a separate water

match to Burner container of approximately one pint volume

Body (190) and plumbing it to the top and bottom of the

water jacket, relying on the thermo-syphon

method for circulation. But in the interest of

60 rad having an authentic model, the pump is a

necessity. And seeing the pump dischsrg-

C_J ] six.06 do holes . Pt .
A= == = by gl _\( ) ﬂ . ing water, even though it is only recircula-

.62 dia.

&

3.00

-

1.250.4d

1.50

ting it from a small tank, completes the
= picture inasmuch as you can actually seeit

190 BURNER BODY ; 7304 doing work. ) o
Cold-rolled Steel and Brass, | required i I The pump, as I have designed it, is a

Silver -soldered construction 23 ! 380d small departure from the original, mainly

1.4

8 e 25i4 for simplification. Also, I have chosen to

A: ' 20 The firebox blank (131-A), cut according to the
-—— 316

.94

pattern supplied with the casting setand with bend
lines scribed in place.

*7 2t Details of the built-up firedoor and door ring are
.53 dia easily seen in this photo.

22 The completed firebox, with the elbow for the stack

42 TOP PLATE AND STEM extension silver soldered in place.

' Cold-rolled steel, | required
Silver-soldered construction
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make it entirely from brass. The original
had only the cylinder portion of the body in
brass, along with the top gland nut, the
body being an iron casting.

The PUMP BODY (132) is comprised
of seven individual pieces, soft soldered
together. The mounting flange is a good
place to start, because it can be used as a
template for locatingthe four6-32 mounting
screws and the .25"” diameter water transfer
hole in the cylinder. The cylinder portion
itself is machined from a piece of .75" square
brass stock. The .376” bore should have a
smooth finish which is best achieved by
reaming. A fewimperfections are allowable,
as long as they are not of a nature that
would score the piston. Theinlet boss at the
bottom is turned on its 0.d. only, having the
250" diameter hole and 1/16" pipe tapping
operation done after the soldering. The ball
check valve seat at the bottom must havea
uniform contact with theball. To accomplish
this, before inserting the seat into the body,
place a ball over the .218” drilled hole and
give it a lighttap with a hammer. This will
brinell a narrow, spherical seat that matches
the ball.

On my pump, I didn’tsolderonthetwo
side plates. This allowed me to polish the
complete body. After polishing the side
plates, I attached them with epoxy cement
and then clear lacquered the assembly to
prevent tarnishing.

The PUMP ROD (133) is made froma
piece of 5/32"” diameter stainless steel. If
stainless is not readily available, then cold-
rolled will be acceptable. (Incidentally,
when running my engine, I usually add a
small amount of water-soluble oil to the
pump water to prevent rust or corrosion
from forming on the steel cylinder sleeve.
This would also protect a cold-rolled pump
rod.) The rod’s outside diameter should be
smooth to minimize friction in the packing
gland. The PUMP ROD CLEVIS (134)is
made of brass.

The PISTON ( 1356) is a small brass
wafer that is a press fit onto the piston rod.
The ports for the passage of water can be
drilled and filed to final shape. Some care
should be exercised in not exceeding the .15”
radius dimension, to insure a proper seal
with the valve.

The VALVE (138) simply is a small
wafer of brass or nylon. I prefer nylon
because it does away with the clacking
sound of metal on metal as the valve closes
at the start of the upstroke and makesfora
quieter-operating pump. Thismayseemlike
a small thing, but in the absence of other
engine noises, itcanbe annoying. The valve
must have the ability to slide freely on the
.09” diameter of the piston rod, but not cock
orbind on the rod. The .32"” outsidediameter
must just cover the ports in the piston, but
not besolargeastoimpedetheflowof water
around it.

The GLAND NUT (137)1s turned from
.75" hex stock. It would be best to sizethe.158"
diameterto the already-constructed pumprod,

23 The various parts o1 the burner are seen in this
exploded view.

24 The completed burner assembly (145).

25 Gas regulation is accomplished by this modified
Sears propane torch.
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145(A) BURNER ASSEMBLY

p\} firebox —-?{

burner mounting tab
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! ‘ displacer cylinder 4/—J

a4 GAS JET
Brass, | required

end 1o suit
hose used

.06 dia.
x 1.5 deep

burner mounling strap

45(8) BURNER MOUNTING DETAL

.32 dia.

%4

.25 sphericol rad

spring

146 WATER DRAIN COCK
Bross, 1 required

to allow a emoothrunning clearance.

The PACKING NUT(138) screwsin
from the top, trapping a little teflon or
similar packing beneath it. Donotapply too
much load on the packing, because the
friction generated can be enough tokeepthe
engine from running

The PRIMING CUP (139) is non-
functional and is made purely for aesthetic
purposes. It is turned from onepiecedown to
the 90° elbow. A small hole is drilled
through at the shut-off valve and a handle
fabricated as shown. Pass it through the
valve body and solder asmall washer on the
opposite side, allowing it to be rotated.

The air chambers shown on the engine
cross sections at theinlet and outlet are non-
functional also. Their purpose on the full-
sized engine was to provide an air cushion
to minimize water hammer. They can be
turned from 1” diameter brass bar stock.

The tubing used for all the water piping
is 5/16” o.d. x 7/32" id. brass tubing,
threaded 1/16” NPT.

Only one last detail remains, the
propane burner, and for some, it will be an
option; if you prefer to use a spirit burner or
some other flame source, the burner may be
omitted, but personally, propane is by far
the simplest and best fuel. It is readily
available in small bottles and is compara-
tively neat and clean. The amount of gas
consumed by the burner is small; a 14-o0z.
cylinder should lastfor eight to ten hours of
operation.

The BURNER BODY (140) is a
silver-soldered assembly. The 1.25” dia-
meter tubing is a piece of brass tubing cut
off the elbow used on the firebox. The .62”
diameter stem is tap drilled 29/64” through
and threaded as shown on its end.

The VENTURI(141) may bemachined
from aluminum and is made to be a light
slip fitin the 29/64” id. which will allow for
afore-and-aft adjustment relativeto the gas
jet, to optimize the gas-to.air mixture. The
flame notches on the top are best sized by
starting out with smaller notches and
working larger by trial, lighting the burner
unt1] satisfied with the flame shape.

The TOP PLATE AND STEM (142)
is also silver soldered and ismadefrom cold-
rolled steel. The hole down the center is for
secondary air circulation. The six .06”
diameter holes should be sized by the same
trial-and-error method used to size the
notches in the body.

The BOTT'OM PLATE (143) issecured
to thethreaded end of thestem by a%.-.16 hex
nut. The same nut can also mount the
burner to a bracket in the firebox.

The GAS JET (144) is turned from
brass, as shown. The .020” diameter hole
can either be drilled to size or a piece of
hypodermic tubing .020” i.d. and .032"” o.d.
can beinserted into the end. Theconnection
end is machined to suit the hose used.

Photo 23 shows the parts to the
propane burner. The complete assembly is
shown in photo 24.

Photo 25 shows themodified propane
torch, which I use toregulate the gas. This
torch was purchased from Sears because of
its somewhat unique design. It has its
metering orfice built into the base, allowing
the torch end to be cutoff and an adapter for
the connecting hose to be soldered on. If a
different make of torch head is used, be
certain that the metering orfice is used.

Your quarter-sizereplica of an Ericsson
Hot Air Pumping Engine is now complete.
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This small, simple steam engine (photoa
page 86) is mainly intended for radio con-
trolled ship models. It is, strictly speaking,
not a model, merely a small power unit.
Radio-controlling the engine will require
two channels, one for the throttle and one
for the reversing valve. The engine is self-
starting in all positions and relatively slow-
running, so neither gearbox nor clutch is
needed.

I managed to build my own engine in
two weekends and the boiler in about the
same amount of time. Add to that the time
spent in making the boiler fittings, like the
check valves, water gauge and the butane
burner. These things can, of course, be
purchased ready-made fora reasonable sum
to save time, but they are easy and interest-
ing things to make.

In order to keep things as simple as
possible, the engine has single-acting, oscil-
lating cylinders; thus there are no valves,
valve gear or glands. The drawback with
single-acting cylinders is that the engine
must have four cylinders in order to be self-
starting in all positions. By making itin the
shape of a V-4, the crankshaft will then
require only two cranks, 180° apart, which
will simplify fabrication. I say fabricati'on,
because the crankshaft is built up fromrods
and disks, stuck together with Loctite and
pinned for additional security. No finish
machining is required.

All parts are quite small, the whole
project being well within the capacity of the
smallest lathe, such as a Unimat. The
materials required are easily obtained,
brass, copper and silver steel, together with
a few bits of bronze and stainless steel rods.

Regarding the engine being in the form
of a V-4, this is nothing new. I have seen
several engines built that way, but when I
wanted to build my own I found that there
were no finished designs available, so I had
to make this one.

Because the engine is relatively slow-
running, around 1000 RPM at 30 psi, it is
best suited for a heavy hull with a large
screw, like a tug. Of course, it can be run
much faster, but I think it is better to keep
down the RPM and use its torque instead.
There is plenty of the latter. With 30 psi
steam pressure it is difficult to stop the
engine by gripping the output shaft by the
fingers, if youforgive this primitive method
of measuring power.

This engine can, of course, be used for
purposes other than to propel ship models.
As I never get around to building any ship
models for my steam engines, I have been
toying with the idea of installing theengine
in a large toy truck. That would make a
grand gift for a small boy. In this case I
should, however, use a different boiler. A
vertical one is more suited for this application.

If you detect a few small differer.>>s
between the engine in the photos and tne
drawings and text, don’t get puzzled. As I
built my engine with just a few raw sketches,
I made a few mistakes and there is no need
for you to copy them. Just follow the
drawings and the text and you'll be safe. As
thegeneralsaid to his men: “If you find any
difference between the map and the country,
it is the map that counts.”

Now for the actual construction, the
first parts are the two ENDPLATES (I).
As they must be identical, we’ll make both
at the same go. With a hacksaw, cut two
pieces of 3mm sheet brass, 70 x 100mm. At
least one side of each piece must be smooth
and free from scratches. Clamp them to-

&:=M2

Locate from Part 4

1 ENDPLATE
2 required

gether with the smoothest sides facing each
other and mill the top and bottom edges
until the heightis 67mm. If youlack milling
facilities (the Unimat will do nicely here),
hand filing will do the job. The top and
bottom edges must be straight and parallel
and 67mm apart. Thereafter, mill or file the
right side straight and square tothetopand
bottom edges.

Now on one of the pieces, scribe the
vertical centerline 50mm from the previ-
ously-milled right side. For laying out work
like this, a slightly modified vernier caliper
is a very handy tool. Just grind its fixed jaw
to a sharp point, as shown in Figure 3. The
caliper must, of course, be of the hardened
variety and the grinding done carefully,
with frequent cooling by dipping it in water
to avoid annealing it. The caliper’s normal
function will not be affected. Do not use it
for scribing on hard steel however, or it will
quickly become blunted. Your vernier
caliper will now double as a scribing gauge,
giving much better accuracy than using a
steel rule and scriber. Using this instru-
ment, lay out all hole centers except the four
steam ports (1.5mm diameter) and the two
pivot pin bushing holes (mm diameter).
Measure from the right vertical edge and
use the vertical centerline 50mm fromitasa
reference.

Scribe a lineparallel to thetop edge and
4mm below it. Mark out the positionsforthe
six small holes on this line. For example,

when setting out the right 3mm diameter
hole, set the scribing gauge to 50mm-17.5mm
= 325mm and make a crossmark on the
horizontal line, measuring from the right
edge. When laying out to the left of the
centerline, add 50mm to the dimension
found on the drawing, still measuring from
the right edge.

Make a centerpop at each intersecti’on,
When doing this, use a sharp center punch.
Hold the centerpunch leaning 45° to the
right and sét it down in the horizontal
scribed line a short distance to the right of
the crossing line. Move the point towards
the crossing line until you feel the point
click down in the line, then raise the punch
to the vertical, change hand without shift-
ing the punch and give it a light blow with a
hammer. Using this technique, your holes
will be located very accurately. After the
centers of the ten holes have been laid out
and centerpopped, the centers for the
cylinder pivot pins can be laid out. To do
this, use a protractor set to 45° or a fixed 45°
square. Set it against the endplate’s bottom
edge and adjust its position so a line can be
scribed through the crankshaft bearing
center and 45° to the right. Turn the pro-
tractor over and scribe through the bearing
center, to the left. Using a divider set to
43mm, make a short crossline on each of the
two lines. Centerpop at the intersections.

Mark out the endplate’s outer contour,
again using the protractor and the scribing
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gauge. Clamp the two endplates together
with a pair of toolmakers clamps, making
sure their bottom edges are aligned by
standing the sandwich on a flat surface
before tightening up the clamps. Drill two
holes somewhere outside the scribed lines
marking the outer contours and rivet the
endplates temporarily together through
these holes.

Drill through at all centerpops, using a
1.5mmdrill bit. Open up the four screwholes
to 3mm. Also, using the 3mm drill bit, open
up the crankshaft bearing center and the
two cylinder pivot pin holes.

Next we need a simple drilling fixture
for the steam ports, as they must be accur-
ately located. The fixture, Figure 4, is made
from a piece of flat steel stock, 3 x 12mm or
14" x 4" These dimensions are not critical.
Locate and drill the two holes 8.5mm from
the left edge. Mark this edge with a felt pen
foridentification. We also need two pieces of
3mm diameter silver steel rod, around
15mm long. To use the fixture, ingert one of
the silver steel rods in the crankshaft center
hole on the endplates and the other rod in
the left pivot pin hole. Put the fixture over it
and butt up its left(marked) sideagainst the
rod in the crankshaft hole, from the right
side. Lock in place with a toolmakersclamp.
Using a 1.5mm drill bit, drill through the
1.5mm hole in the fixture and through the
endplates. To drill the other steam port, just
turn the fixture over on its back and butt it
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2 BOTTOM PLATE

1 required

up against the left side of the rod in the
crankshaft center hole. Repeat for the other
side’s steam port. Make sure you butt the
marked side of the fixture against the pin
every tume. This way the steam ports can’t
help being spaced equally from a line
through the pivot pins and the crankshaft
center.

Now drill out the pivot pin bushing
holes to 6mm diameter. Use a drill bit with
the tip modified for brass,as shown in photo
5. By grinding off the lips as shown, the risk
of catching when drilling brass is greatly
reduced and it also produces smoother
holes. Just grind a small vertical flat on
each lip, a few seconds of work on the
grinding wheel. By the way, this way you
can get a new use for dull drills, if youdon’t
care to sharpen them.

Forthe 12mm crankshaft bearing hole,
we need a pindrill of that dimension. If you
have a %" pindrill, by all means useitand
make the bearings to suit. The pindrill,
Figure 6, is quickly made from silver steel.

41

2|4
4

3

I 3 holes, B2
10mm PC.
120° div.

4 CRANKSHAFT BEARINGS
2 required

Turn down the shaft tosuityourdrillchuck.
Face the other end of it and drill out to take
the pin, in this case 3mm diameter. The
cutting teeth are filed by hand. Harden the
business end by heatingit tocherry red and
plunging it into cold water. Give it a few
strokes on the edges with an oilstone slip and
ingert the center pin, which should not be
hardened. If used carefully, the pin drill
does not require tempering and is now ready
to go to work.

When the crankshaft besring hole is
finished, counterdrill the 8 small holes as
shown on the drawing, to accept the steam
pipes. The pipes will be made of 4” copper
pipe. The counterdrilling should be about
1.5mm deep. Deburr allamall holes lightly,
using a drill bit held by hand. The bearing
hole can be dealt with by a acraper(photo 7).
Put 3mm screws with nuts on the back side
through two of the 3mm holes. Then rough
out the outer contours with a hacksaw. Trim
with a file. Separate the endplates and
deburr the holes on the backside, except the

fif |
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3 SPACERS
2 required

M6x0,75 &8

steam ports. This is important, for if the
steam ports edges are chamfered the
admission and exhaust timing will be upset,
resulting in a poor-running engine. Instead,
use a smooth, single-cut file to file the burrs
from the ports ifnecessary. Finish by laying
a fine emery cloth on a dead flat surface,
such as a drilling machine table or apieceof
plate glass, and rub the endplateagainstit.
Chamfer all outer edges of the endplates
very lightly with a fine file and they arenow
finished, as shown in Photo 8.

The BOTTOM PLATE (2} is made
from the same atock as the endplates and
calls for no further description.

Now we’ll jump a bit with the part
numbers. The reason for this is that parts 3
and 5 must beofequal length anditismuch
easier to match part 3 to part 5, than the
other way around. The REVERSING
VALVE BLOCK (5) is made of a piece of
brass 8 x 40mm. Cut off a piece with a
hacksaw, say 43mm long. Clamp it to the
milling table (if you are using a Unimat)

M6x0,75

el
8 | T
—=I~M3 ~
-
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o
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u
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1 required

It

13 EXHAUST FLANGE

l .@@@—1«

M3, locate from Part 1. #2°

5 REVERSING VALVE BLOCK

1 required



with a spacer of, say, 3mm between the
block and the table. If you own a dial
indicator, useit to align the block parallel to
the Unimat’s longitudinal axis. If not, set it
as good as you can by eye, tighten the
clamps and mill one end, using a pin mill.
Check for squareness with a small square
without removing it from the table. Then
loosen the clamps partially and adjust the
block’s position in the desired direction by
gently tapping it with a plastic mallet.
Retighten and make another cut. Check
again and, if necessary, repeat until satis-
fied. Then mill the other end until the
block's length is 41mm. Remove the block
from the table and chamfer all sharp edges
very lightly.

If you are using a large lathe, the block
can, of course, be trued upquicker by setting
it up in the four-jaw chuck and facing the
ends. A proper milling machine with a
machine vise mskes an even quicker job ofit.

Next, using the scribing gauge, mark
out the positi'on forthe two holes marked M6
x 0.75 on the drawing. Centerpop and drill
with a 5.3mm drill bit to 8mm depth.
Changetoa3mmdrillbitanddrillto16mm
total depth. Tap the holes M6 x 0.75. Mark
out the six small holes on the top surface.
Drill the center hole straight through,
2.5mm diameter and tap M3. The hole
marked M2 should also be drilled through,
1.7mm diameter, and tapped M2. The
remaining four 2.5mm holes aredrilledtoa
depth of 6mm.

In order to be able to temporarily put
together the block with the endplates for
marking out the positions for the assembly
screws, we have to make the EXHAUST
FLANGE (13) now. This is a simple
turning job. Make thethread with adie held
in a tailstock die-holder. The three M2
screwholes can be left untillater. Attach one
of the endplates to the valve block by means
of part 13. To make sure that they line up
properly, stand them upside-down on a flat
surface and then tighten up part 13. The
3mm mounting screwholes can now be
spotted, using a 3mm drill bit. Drill only
about 1mm deep, then change to a 2.5mm
drill bit and drill to 8mm depth. Tap both
holes M3 and insert M3 screws. Then spot
the four steam pipe holes, using a 2.5mm
drill bit. Disassemble the endplate and
repeat the process for the other end of the
valve block. Then disassemble again and
drill the channels through theblock,usinga
3mm drill bit. Drill only halfway from each
end, until the dnli bit breaks into the vertical
2.5mm hole. Next, mill thetwooblongcavities
in each end. Clamp the block in the machine
vise, with one of the end faces upwardsasin
photo 9. Mill the cavities to a depth of 3mm.
Repeat for the other end, then deburr with a
smooth file, The top surface of the block must
be smooth and flat to prevent the reversing
valve from leaking. To obtain this, rub the
block against an emery cloth until all
scratches are removed. Treat the ends the
same way and the block is finished.

Two SPACERS (3), are needed and
again are a simple turning job. They are
made from 6mm diameter birass stock. It is,
however, very important that both are
exactly thesame length asthevalve block.

After this, we might as well make and
fit the STEAM PIPES to the endplates.
These pipes are simply pieces of 4" (3.2mm)
copper pipe. Study the general arrangement
and photo 10 carefully: It is important that
the steam ports are connected to the valve
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block in the manner shown, otherwise the
engine will notrun. Note that the pipes must
be bent to clear the pivot pins arid spring
assemblies and the steam inlet and exhaust
pipes (see photo 11). Cut the pipes over-
length at first, in order to have something to
hold on to when bending. Anneal the tubes
by heating to dull red before bending. This
will have to be repeated a few times as the
copper will harden when being bent. When
satisfied with the shape, trim to final length
and insert in the endplate. Don’t forget to
deburr the insides of the pipe ends. When all
pipes are in position, silver solder them to
the endplates. Then put them in a pickle
bath for a few minutes. Rinse in water
afterwards, taking carethat all tracesofthe
pickle acid is flushed out of the steampipes.

The CRANKSHAFT BEARINGS
(4) are turned up from a piece of 25mm
diameter brass rod or even better, bronze
rod. Cut off a piece approximately 35mm
long and set it up in the three-jaw. Face it
and then turn down to 15mm diameter for
5mm length. Chamfer the sharp edges with
a file. Part of fto 13mm total length. Repeat
for the second bearing.

Set up one of the bearings in the three-
jaw, gripping it across the 15mm diameter
part and pressing the flange against the
jaws. Turn the outer end to final dimension
and chamfer the edges. Use the 12mm holes
in the endplates as a gauge for the bearing
stud, as the bearings should fit snugly in the
endplates. Put a centerdrill in the tailstock
chuck and center drill the bearing. Drill
through with a small drill bit, say, 2.5mm.
Open up the hole to 5.9mm and ream with a
6mm reamer, running the lathe on low
speed. Chamfer both ends of the bearing
hole lightly, using a scraper. Repeat the
process for the other bearing. The three
2mm diameter screw holes are best done
using the Unimat dividing head.

Clamp one bearing to each endplate
and spot the screw holes. Drill through with
a 1.7mm drill bit and tap M2.

We can now assemble the parts made
thus far. Put together the endplates, valve
block and spacers, using M3 x 8mm cheese-
head screws, but do not tighten up yet.
Stand the assembly upside-down on a truly
flat surface. Press down the valve block and
the endplates against the flat surface and
then tighten the screws in the valve block.
Turn the assemblyrightsideup, pressdown
the spacers and tighten the screws.

To makesure thatthebottomplatewill
bed down properly on both the endplates
and the spacers, set up the engine frame
upside-down in the milling machine. Takea
Iight skim on the bottom edges and the
spacers, as shown in photo 12.

Clamp the bottom plate in place, using
a pair of toolmakers clamps. Spot the two
screw holes through the bottom plate into
the spacers. Drill through, 2.5mm diameter
and tap M3. Insert a pair of M3 x 6mm
countersunk screws and tighten up. Remove
the bottom plate and spacers together by
taking out the four screws at the bottom of
the endplates. Soft solder the spacers to the
bottom plate. After cleaning, reassemble to
the rest of the engine frame.

In order that the engine frame always
be assembled in the same way, make some
kind of indentification mark, such as a
centerpop or stamp, ononeoftheendplates
and at the corresponding end of the valve
block and bottom plate.
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Forthe REVERSING VALVE (6), set
up a short piece of 30rnm diam eter brass rod
in the threejaw chuck and face it. Center
drill and drill 3mm diameter to 10mm depth.
Counter drill, preferably using a 6mm end
mil, to a depth of 5mm. Part off a disk about
8.5mm thick, reverse in the chuck and face
to 8mm thickness. Using the dividing head,
center drill the four holes on the bottom,
spaced 90° and on a 7mm radius from the
center. With a 3.5mm drill bit, drill these
holes to a depth of about 3mm. Using the
Unimat as a milling machine, mill the
steam channels between the holes, also to
3mm depth (see photo 13). Setting up by
sighting is sufficient since the exact lo-
cation of the channels is not critical, what
matters is that the position of their ends
coincide with the four holes on the Valve
Block, Part 5. Deburr the valve’s bottom
surface with a smooth file and by rubbing it
against a fine emery cloth laid on a flat
surface. The bottom of the valve must be
truly flat and free from scratches to avoid
steam leakage. Set up in the latheand make
thebevel at thetop corner. Drilltheholefor
the handle, taking care not to drill through
into any of the steam channels. The handle’s
position is not critical, it can be located by eye.

The PIVOT PIN (7), is simply a 3mm
diameter silver steel rod, threaded M3 at
each end. By the way, all threading oper-
ations on the various pins should, of course,
becarried outin thelathe, holding the pinin
thelathe chuck and thediein atailstock die-
holder. This is to ensureconcentricity of the
threads. Always use cutting oil when
threading either silver steel or stainless
steel.

The valve retaining spring must be
fairly stiff in order to cope with the steam
pressure acting on the underside of the
valve. Search the junk box for a suitable
spring first. Ifnone is found, wind one up in
the lathe from 0.5mm music wire.

Make and fit the fixed stop pin to the
valve block. This pin is simply a 5mm
length of 3mm diameter silver steel rod,
drilled through to take a M2 screw. To find
the positions for the two stop pins on the
valve, do as follows: fit the pivot pin to the
valve block and slip on the valve, upside-
down. Rotate the valve until the centerlines
of the channels are 45° to theengineframe’s
centerline. Scribe a mark on the valve
1.5mm in front of the fixed pin. Rotate the
valve clockwise 90° until the channels are
again 45° to the centerline and scribe
another mark, this time 1.5mm behind the
fixed pin. Remove the valve and drill 3mm
diameter, 5mm deep at the marks. Make the
stop pinsfrom 3mm diameter silver steel rod
and fit them tothe valve, using Loctite. Also
make and fit the handle, then make the
stepped washer of brass. Assemble the
valve on the engine frame, putting a drop of
oil on the valve face. Use two nuts on the
pivot pin, so that they can be locked against
each other.

The CRANKSHAFT (9) is made of a
few bits of centerless ground silver steel rod
and three disks of brass. Mild steel disks
would, of course, do equally well. Start by
parting off three pieces of silver steel rod,
6mm diameter. One of them should be
98mm long and the other two 22mm long.
Make a deep center mark with a centerdrill
in both ends of the long piece. Face the ends
and chamfer the edges on all three pieces.

Set up a piece of 3@mm diameter brass
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rodin thethree-jaw, withenoughpokingout
to part of f three 6.5mm thick disks. Center
drill and drill out to 5.9mm. Put a 6mm
reamer through, held in the tailstock chuck.
Face and part off a 6.5mm thick disk, as
shown in photo 14. Repeat for theother two
disks, not forgetting to face before parting
off. Set up one disk ata time in thethree-jaw
and face to 6mm thickness. If you are using
the Unimat for this, reversethe chuck jaws
before setting up. This way the disk can be
firmly seated against a step in the chuck
jaws to insure it does not wobble.

Set up the dividing head in the milling
machine. Using the three-jaw, chuck one
disk (photo 15). However, turn the chuck
jaws the opposite way, notas shown in the
picture. I goofed here, finding that I could
not drill the second crankhole without hitting
a chuck jaw. Instead, put a packing piece
under the disk, as can be seen in photo 16.
Put a piece of 6mm diameter silver steel rod
in the mili'ng chuck. Manipulate the feed-
screws until the steel rod can be fed down
into the center hole in the disk. Raise the rod
and feed in the cross-slide exactly 10mm.
Lock the slides.

Exchange the steel rod for a centerdrill
and make a center mark, as in photo 16.
Changeto a 6mm drill bit and drill through
the disk (photo 17). Then rotate the dividing
head 180°, and repeat theprocess(photo 18).
Repeat forthe other disks, butnotethat they
should have only one singlecrank hole. You
now have the components for the crank-
shaft, as shown in photo 19.

Before we assemble the crankshaft, we
need two spacers to put between the crank
disks to get the correct spacing. Two short
pieces of 10mm square rod or any scrap bits
10mm thick will do. The stuff used for
bonding the crankshaftis Loctite Retaining
Compound No. 75, or Loctite Superfast No.
60!1. If you use the latter, you will have to
work really fast. If any part becomes stuck
out of alignment, just heat thejointto above
220°C, after which the joint can be torn
apart and redone. Before applying any
Loctite, make adry run, to see that all parts
fit together. If not, one or more holes will
have to be adjusted with a reamer until
everything fits.

The first stage of assembly is to fit the
two cranks into the center disk, as in photo
20. However, when doing this, put together
all parts, in order that everything shall line
up properly, but apply Loctite only to the
joints between the cranks and the center
disk. Set aside to cure for a couple of hours.
Curing can be hastened by applying mild
heat, no more than 70°C.

The next stage of assembly is to fit the
shaft to the center disk, as in photo 21. Again,
assemble all parts to avoid misalignment. Be-
fore the joint cures, check that the shaft is
protruding 46mm on each side of the disk.

The final step is to fit the two outer
disks. Both can be dealt with on the same
go. Apply Loctitetothecranks and theshaft
and slide on the disks. Put the spacers,
mentioned earlier, between the disks to
insure correct spacing. Let the whole
assembly cure overnight.

For additional security, fit either taper
or roll pins through all joints. They can be
seen in photos 22 and 23. If you fit taper
pans, their holes must, of course, be reamed
with the proper taper reamer. Roll pins are
easier to fit, as they only require a drilled
hole. All that remains now is tocut away the
unwanted pieces of the shaft between the
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disks, using a hacksaw. When doing this,
protect the cranks by wrapping strips of
sheet brass around them. Finally, trim the
rough surfaces after the saw-cuta with a file.

You may now want to try the crank-
shaft in place in the engine frame. You will
then find that the crankshaft bearing
registers are too deep. There is a purposein
that. Justset them upin the lathe and face
an equal amount off each of them, until the
crankshaft fits in the frame without axial
play.

The FLYWHEEL (8)is anotherstraight.
forward turning job. Set up a short piece of
40mm diameter brass rod in the threejaw
and part off so that a disk of around 15mm
thickness remains in thechuck. Face, center
drill and drill through using, say, a 2.5mm
drill bit. Enlargethehole to 5.9mm in steps.
The flywheel must be a push fit on the
crankshaft, so either ream or bore it until a
test rod from the same stock as was used to
make the crankshaft fits without shake.
Turn the recess in the front face and break
all sharp edges, using a file and a scraper.

Remove from the chuck and drill the
slanting set-screw hole, 2.5mm. Hold the
flywheel in a vise and use a center drill to
start the hole. Tap M3. Poke a reamer
through the axle-hole to remove the burrs,
then set a short piece of 6mm silver steel rod
in the lathe’s three-jaw, with about 12mm
protruding from thejaws. Check thatitruns
true. Put a setscrew in the flywheel and slip
iton therod, with thefront facing the chuck.
Tighten the setscrew lightly. Face the
flywheel’s back sideand take a skim along
the periphery. Break the edges with a file
and remove from the rod. If you wish to
make the 8ix 4mm diameter holes through
the flywheel, use the Unimat’s dividing
head to spot them. The holes have no
function, merely making the flywheel a bit
more fancy-looking.

When finished, install the flywheel on
the crankshaft. Tighten the setacrew very
lightly. Then remove the wheel again and
file a small flat on the shaft where the set-
screw has made a mark. This way, the set-
screw will not raise a burr on the shaft
which might make it difficult to remove the
flywheel later on and also scratch the
bearing ifit has to be withdrawn. Install the
flywheel and tighten the setscrew.

There are four CYLINDERS (10), but
please notice that two of them differslightly
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<Solder joint

PORT BLOCKS

(19

from the other two. The difference is that
two of them have Smm thicker port blocks.
This is to enable two of the connecting-rod
big end bearings to work in tandem on each
crank. The best material for the cylinder
barrels is bronze, but hard brass will do as
well. Avoid the soft, so-called screw-brass
rod; it will wear too quickly.

First an explanation of the photo-
graphs. As I used a large lathe, I made the
port blocks and barrelsin pairs and parted
of f after silversoldering. If you are using the
Unimat, this method would give excessive
overhang, since the parts will not enter the
Unimat’s mandrel bore. Therefore, follow
the text; there are just a few slight depar-
tures from the pictures.

Start with the port blocks. Four pieces
of brass will be needed, two of them 10 x
15mm, the other two 15 x 15mm. All ofthem
should be about 22mm long. Soft solder the
two 10 x 15mm pieces together to form a
block, 15 x 20 x 22mm. Set upin the four-jaw
and face one end. Reverse in the four-jaw,
and face the other end. The length is not
critical, as long as it is over 20mm. Soft
solder the other two pieces together, this
time to make a block 15 x 30 x 22mm, and
face its ends. Now, with the scribing gauge,
scribe the vertical centerline on one end of
each block, as shown in Figure 24. Center-
pop carefully where this line intersects the
solder joint. Set up one of the blocks in the
four.jaw, with the centerpop facing the
tailstock. Adjust the jaws until the center-
pop runs truly. Center drill, and drill
through with a 4mm drill bit, carefully, so it
does not run out of line. Open up with
successively larger drill bits to 12mm (photo
25). When using drill bitslargerthan 6.5mm
in the Unimat, the three-jaw can substitute
for the drill chuck, as it also fits on the
tailstock. If the drill bits are modified for
brass and speed and feed are kept down, no
undue strain will be put on the lathe. The
risk of the drill bit catching and wringing
the workpiece out of the chuck will also be
minimized. Alternatively, a simple, home-
made D-bit could be used after drilling
to 6.5mm.

When both blocks are drilled, melt
them apart and remove all traces of soft
solder with a file. It is important that no
trace of soft solder remains, as this would
prevent the silver soldering of the port
blocks to the cylinder barrels.
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From a 12mm bronze or hard brassrod,
part off four pieces, say, 38mm long. The
parts for the cylinders are shown in photo
26. Silver solder the port blocks to the rods
(photo 27). Note that the cylinders in the
photo were made in pairs as previously
explained, to be parted off in the middle
after soldering. When you solder your
cylinders, the port blocks should be so posi-
tioned that the rods protrude 16mm below
the block’s lower end. Put the cylinders in
the pickle bath after soldering.

Grip one of the cylinders by its round
end in the three-jaw. Center drill and drill
through with a 4mm drill bit, taking care
that the drill does not wander off center.
Enlarge with successively larger drill bits to
9.8mm and ream 10mm diameter, using low
speed. As the Unimat's tailstock chuck will
nottakea 10mm reamer, the latter willhave
to be supported on a center held in the
tailstock barrel. Hold the reamer with a
wrench to prevent it from rotating and slide
the tailstock forward to perform the ream-
ing operation. If you lack a 10mm reamer, as
I did., the cylinders can be finished by
boring, using a long voringtool, asshownin
photo 28. In both cases, use a short piece of
the same 10mm diameter stainless steel rod
which will be used to make the pistons as a
gauge. It should, of course, be a nice, sliding
fit in the cylinders. Repeat for the other
cylinders. Face off the cylinders and port
blocks until the latter are 20mm long.

Remove all sharp edges with scraper and
file. Drill the steam port hole and the pivot
pin hole in each cylinder (photo 29). It is
important that the distance between them
be equal to the distance between the corres-
ponding holes in the engine frame. The
steam port hole should go straight through
into the cylinder bore, but the pivot pin hole
must on no account do so. Drill the latter
hole 2.5mm diameter and tap M3. As it is
very important that the pivot pin is square
to the port face, use the set-up shown in
photo 30 when tapping. The tap is held in a
pinchuck, which is slid onto adrill bitorrod
held in the drill press chuck. Remove the
burrs around the steam port hole in the
cylinder bore with a small scraper.

Mill a shallow recess on the port face,
6mm wide and 0.5mm deep, across the pivot
pin hole, as shown in photo 31. Repeat the
above for all cylinders and they will now
look like photo 32.




Make and fit the CYLINDER TOP
COVERS (11). They should beatight press
fit in the bores. Use a bench vise to press
them into place, not forgetting to protectthe
cylinder bottom end and the cover by plac-
ing pieces of hardwood between them and
the vise jaws.

The port block sliding faces must be
flat and free from scratches. To insure this,
rub it against a smooth file laid on the work
bench and then against a fine emery cloth
laid on a flat surface. Chamfer the edges
very lightly, but do not remove the edges
from the steam ports, as it would upset
admission and exhaust timing if these
edges were chamfered.

Four each of the PIVOT PIN, BUSH-
ING AND SPRING (12) are needed. The
pivot pins are simply 25mm lengthsof3mm
diameter silver steel rod, threaded at each
end according to the drawing. The bushes
are turned from brass rod. Their center
holes should be reamed 3mm diameter to be
a sliding fit on the pins. The bushings
should fit loosely in the engine frame, as
they are to be soft-soldered in place.

Disassemble the engine frame. Insert
the pivot pins in their holes in the cylinder
port blocks. The end with the short thread
goes into the port block. Put adrop of Loctite
in the holes before inserting the pins, and
they will stay for keeps. Wipe of fthe surplus
carefully. Smear a drop of oil on the port
block surface, insert. the bushee in the end-
plates and install the cylinders. Use a pair
of 3mm i.d. tubes to hold the parts in place.
(They can be seen in photo 11.) Put nuts on
and tighten up, fingertight will do. Apply
soft.solder flux to the joints between the
bushes and the endplate. Soft solder, apply-
ing heat with a propane torch. Disassemble
and wash in warm water to remove the re-
maining flux. Repeat for theotherendplate.

Assemble the engine again, with the
cylinders in place. Note that there should be
one cylinder with a thick port block on each
side, diagonally opposite, as shown in the
general arrangement drawing.

For the pivot pin springs, first rum-
mage the trusty junk box. Ifnot found there,
wind them up on the lathe, using music wire
around 0.4mm diameter. Put double nuts on
the pivot pins, so they can be locked up
against each other. Also, put a flat washer
between the nuts and the springs.
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14 PISTON AND PISTON ROD
4 required

To build the RISTON AND PISTON
ROD (14), let’s start from the bottom, with
the big end bearings or shall I just say
bearings, as there are no small end bear-
ings. The bearings are best made in pairs.

From 5 x 5mm brass stock, cut four
pieces 40mm long. Mill or turn all four
pieces to the same length. The exact length
doesn’t matter a bean, aslong as each pair
is of equal length.

Scribe the centerline along the full
length on one of the pieces. Make a cross
mark 2mm from each end and another
11mm from each end. Centerpopatthecross
marks. Now, clamp this piece with the
center marks facing upwards, on top of
another piece. Line up the ends before
tightening up, as in photo 33. Drill through
both pieces with a 1.7mm drill bit, taking
care the drill does-not wander out of line.
Separate and drill out the holes in oneof the
pieces to 2mm diameter. Deburr all holes.
Tap the 1.7mm diameter holes M2. Rub the
mating surfaces of both pieces on a file to
insure that they are flat. Screw the pieces
together, using M2 x 8mm cheese-head
screws, as in photo 34.

Scribe a line on the side of the piece,
6.5mm from each end. Make centerpops
where these lines intersect the joint line and
drill, say, 2mm. Enlarge in steps to 5.9mm
(see photo 35). Ream 6mm. As it is impor-
tant that the bearing holes are square with
the piston rods, both drilling and reaming
should be carried out in a drilling machine
or drill press. Repeat these steps for the
other bearing pair and your bearings will
now look like photo 36.

Mark out the length for each bearing;
part off with a hacksaw leaving, say,
0.5mm for finishing. Do this in the Unimat
by vertical milling.

Turn up a stub in the lathe, which is
just a little too large to enter the bearings,
say 6.0lmm. Mountone bearing on the stub
by slackening the M2 screws, pushing the
bearing on the stub, and tightening up the
screws. Face off 0.25mm on each side of the
bearing. Turn the0.25mm relief on each side
at the same time (see photo 37). Remove
from the stub and break all sharp edges
with a file. Chamfer the ends of the bearing
bore very lightly by the discreet use of a
acraper. Repeat for the other bearings. The
bearings are now finished, as shown in
photo 38. From now on, keep each bearing’s
upper and lower halves mated as there
might be small differences between the
units which could make assembling diffi-
cult later on.

Now for the piston rods. Therod proper
is made from 3mm diameter silver steel. To
start with, make them 36.5mm, 1mm longer
than shown in the drawing. Thread the
bottom end for 3mm length and the top end
for 18mm length. The bolting flange at the
bottom end is made from a stripof1.5 x 4mm
mild steel. Use the lower halves of the
bearings as drilling jigs for the 2mm
diameter bolting holes. Mark out and drill
the hole for the piston rod 25mm diameter
and tap M3. Screw in the piston rod and
silver solder the joint. After cleaning up, set
up the rod in the three.jaw and face the
bottom flange, also removing the protrud-
ing end of the rod. This way the flange will
be truly square with the rod. The rods will
now look like the left pair in photo 39.

The pistons are simply 15mm long
pieces of 10mm diameter stainless steel rod,
centerless-ground stock. Before parting of f



the pistons, turn the oil grooves. Their
dimensions and positions are not critical.
Remove the sharp edges and polish with
polishing paper, running the lathe at high
speed. Drill through 25mm diameter and
tap M3. File the small flat and mount the
pistonson therods. Use a locknut under the
piston’s bottom to prevent the piston from
unscrewing itself. The pistons will nowlook
like photo 40. The purpose of theflat at the
top of the piston is to prevent the steam port
in the cylinder from being blocked when the
piston is at the top end of its stroke.
Assemble the pistons and the rods in
the engine. Do not put on the bottom halves
of the bearings yet, as each piston will have
to be taken out several times while you
adjust its position by screwang it up or down
on the rod. The pistons should clear the
cylinder top covers by about 0.5mm (one
twrn on the M3 thread). When satisfied with
this, lock the piston on the rod by means of
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the locknut. Putadrop of plumber’sjointing
compound between the nut and the piston,
to prevent steam leaking through the
thread. Make sure the flata on the pistons
face the steam porta. Install the bearing
lower halves. Put a little oil in the bearings
and in the cylinders. Oil all moving parts,
including the port faces.

Your basic engine is now completed, but
will probably be alittle stiff, so I suggest you
give it a run-in by gripping the output shaft
in the lathe’s three.jaw and let it run for an
hour or so. Support the other end of the
crankshaft on a live center held in the
tailstock. Put a piece of soft wood between
the engine’s bottom plate and the lathe bed
to prop up the engine and topreventit from
rotating. Keep it well lubricated and run the
lathe on low speed. When the engine feels
reasonably free running, remove it from the
lathe and wash in kerosene. Oil all moving
parts afterwards.

The LUBRICATOR (15), begins with
a body made of 16mm diameter brass rod.
Part of fto 30mm length. Drill the 7mm cross
hole for the steam pipe, 5mm from one end.
Thendrill the slantai'ng hole, 6mm diameter,
for the drain valve. Set up in the lathe and
bore out the inside to 13mm diameter.
Reverse in the chuck and round off the
bottom.

Make the drain valve body from 6mm
diameter brass rod. Do not forget todrill the
inlet holes, as they would be very difficult to
drill at a later stage. Part off a 70mm length
of 7Tmm diameter brass rod for the steam
pipe. You will now have the parts shownin
photo 41.

Silver solder them together, as shown
in photo 42. Note that the 7Tmm diameter
brass rod should stick out around 30mm on
the side which will later be screwed into the
engine.

Turn up thelubricator’stop. Threadthe
filler hole M6 x 0.75. Silver solder thetopto
the lubricator body.

Set up the lubricator in the three-jaw,
gripping it by the shorter end of the 7mm
diameter rod. Face the other end to correct
length, turn down to 6mm diameter and
thread M6 x 0.75 according to the drawing.
Reverse in the chuck and part off the other
end 3mm from the body. Center drill and
drill 4.5mm diameter, about 30mm deep.
Tap M5 x 05, then drill through the rod,
using a 3.5mm drill bit. Remove from the
lathe and drill the communicating hole
0.5mm diameter. Use a small centerdrill to
spot the hole on top of the steam pipe inside
the lubricator. Make and fit the filler plug.

The lubricator can now be installed on
the engine. If it does not line up properly
when screwed home, make a brass washer
and put it between the lubricator and the
engine. Adjust the thickness of the washer
until the lubricator body lines up vertically
when screwed in tightly.

Make the drain valve spindle and
gland nut. When assembling, put a few
turns of graphited yarn around the valve
spindle below the gland nut. This will make
the gland steamtight.

Make and fit the drain pipe and the
lubricator is completed.

The THROTTLE VALVE (16) body
is made of two pieces of brass rod, silver
soldered together. First, part off a piece of
8mm diameter rod, say, 30mm long. Drill a
6mm diameter crosshole, 3mm from one
end. Then part off a 6mm diameter rod to
30mm length. Insert this in the hole in the



thicker rod and adjust until it protrudes
equally on both sides. Silver solder in
position. Grip the valve body by the longer
8mm diameter end in thethree-jaw. Facethe
outer end until it protrudes 5mm from the
soldered joint. Center drill and drill to 12mm
depth, using a 5.3mm drill bit. Change the
drill bit to a 2.5 and drill through. Chamfer
the entrance of the hole slightly and tap M6
x 0.75 to 6mm depth.

Reverse the valve body in the chuck
and part off to the correct length, 199mm. Do
this carefully, as there is not much to grip
on. Then turn down to 6mm diameter for
5mm length. Chamfer the end and tap M6 x
0.75.

Now grip the valve body by one end of
the 6mm rod. Face the outer end until it
sticks 10mm out from the body. Centerdrill
and drill through to the other hole with a
2.5mmdrill bit. Turn down and thread M5 x
0.5 for 5mm length.

Make the gland and gland nut from
8mm hex stock. These call for no further
description.

The valve spindle is made of a piece of
4mm diameter stainless steel rod. Becareful
about the length of thethread. Make the cap
of 8mm diameter braes and secure it with a
drop of Loctite. Drill a cross hole 1.5mm
diameter and fit a handle of 1.5mm dia-
meter silver steel. It too, could be secured
with Loctite.

Assemble the throttle valve (photo 43)
and fit it to the engine. If it does not line up
in the desired position, fit a thin brass
washer between the valve and the engine.
Put a short length of graphited yarn in the
gland nut, to render it steamtight.

Your steam engine is now finished and
ready for testing, either on compressed air
or steam, if you have a source of the latter. If
you are using steam, fill thelubricator with
steam oil before the first run. Ordinary oil
will notdo for cylinder lubrication, asitdoes
not work together with steam. Make it a
habit to drain the lubricator of the con-
densed water after each running session
and refill it up to the communicating hole in
the steam pipe inside the lubricator, with
steam oil. The draining is best done while
there is still a bit of steam pressure in the
boiler. Put a small can under the drain pipe,
open the drain valve one turn and crack the
throttle. The steam pressure will force the
condensate out of the lubricator. Close the
throttle and the drain valve when steam or
pure oil appears from the drain pipe (no
reason to waste good oil). When the drain-
ing isdone without steam pressure, the filler
plug must, of course, be removed to let air in
the lubricator.

If you are using air for test running,
give the port faces and the cylinders a drop
of machine oil now and then. In both cases
the rest of the engine should be lubricated
with machine oil.

Youmight find thatthereversing valve
retaining spring needs tightening to keep
steamtightat the highestateam pressure,30
psi, when running with the throttle wide
open.

The springs forthe cylinder pivot pins,
on the other hand, should not be tighter
than is required to preventsteam leakage at
the portfaces. Wedon’twantto waste power
in the form of friction here. Check this both
at full throttle and while loading the engine
until it stalls.

At this point your'V-4 Engine should
resemble the one shown on the next page.
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With your V-4 Oscillating Cylinder Engine
complete, the next logical step is to provide a
boiler to make it run. Author Jan Gunnarsson
fulfills that requirement in the next article for
the Miniature Boiler Works.
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Modelbuilder Jan Gunnarsson of Swe-
den has provided projects for Amateur
Machinists in his country as well as the two
featured in this book. In addition to those
presented here, he has built beautiful minia-
ture Live Steam locomotives which further
express his interest and knowledge in
matters of steam.

Professionally, Jan
works in the area of
computer technology
for a Swedish firm and,
between  world-wide
travels for his com-
pany, enjoys dest8ning
and building miniature
ateam projects. He has a steady flow of pro-
Jjects mouving through his shop and Live
Steamers are always anxious to see what
he will turn out next.

Here he describes a boiler suitable for
most of the engines in this volume but spe-
cifically designed for the V-4 Qscillating
Cylinder Engine.
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This boiler(photos 1 and 2) isintended
as a companion to the previously described
little V-4 Oscillating Cylinder Engine. As
it i8 capable of generating steam at con-
siderably higher pressure than the V-4 re-
quires, it can, of course, be used for other
steam engines, say, a Stuart 10 or similar.
I even have used it for supplying a Stuart
D-10, running under light load. The limiting
factor in this case is the boiler’s small water
capacity. Although there is an engine feéd
pump included in the description, the water
gauge will need frequent monitoring if the
boiler is to steam such a demanding engine
as the D-10.

Choosing between a firetube or water-
tube boiler, it is my opinion that the former
involves more work on the boiler proper,
while the latter involves more thin-gauge
sheet metal work in making the casing. I
opted for the water tube boiler (and a small
and simple one at that) because it does not
require so much in the way of brazing
equipment.

I have included a few features which,
although they mean a little more work, are
justified. The first is a steam dome, not
usually found in boilers of thistype. This is
essential in such a small boiler if it is to be
used for marine work, asit will helpprevent
priming when pitching and rolling. The
second is that the casing is double-walled.
The air for combustion is taken through
inlet holes on top of the outer casing, then
passes between the outer and inner casings,
down to the bottom of the firebox. In this
manner, thetemperature of theoutercasing
is kept down and the air for combustion is
preheated before entering the firebox. No
asbestos lagging is required. Finally, a
water column is fitted, thereby permitting a
longer gauge glass to be fitted. The water
column will also dampen the water level in
the glass, giving a more accurate reading.

The boiler drum is made of a 54mm
diameter copper tube, with 1.5mm wall
thickness, which is the thinnest wall
thickness available here. This roughly
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equals 16 SWG and will allow a safe
maximum working pressure of well over 150
psi or 10.5kg/cem?, with a safety factor of 8.
Astheboiler only will be called upon togive
steam at 30 psi, or 2.1kg/cm?, it may seem
rather on the heavy side. As I said, it is the
thinnest tube available here, but if you can
get ahold of a tube with 1 or 1.2mm wall
thickness (18 or 20 SWG), use it, as it will
reduce the requirements for heating when
brazing and still have more than ample
strength. Likewise, the barrel diameter can
be varied within reason, say, between 2"
and 24", if your supply isinchsize. If you do
this, remember to adjust such components
as the endplates and the dome accordingly.

For fuel, butane gas is used, as this
lends itselftoeasy remotecontrolin casethe
steam plant is to be used for a radio-
controlled ship model. The burners have a
twin control valve, oneof them acting as a
pilot valve, to be set for a small flame for
stand-by. This will prevent the burner from
accidentally being turned off when manipu-
lating the main valve. There are two
burners, giving a largebed of fire under the
boiler. They never will have to be operated
at full output and thus will work very
quietly.

The first part to tackle is the Boiler
Barrel (1) tube. If your lathe will swing the

0-60 psi

Lmm

L & mm eopper tube
from hand pump

REAR VIEW

3.2mm copper tube

-Pressure (auge

copper tube

54mm tube over the cross-slide, cut the tube
a little over-length, say 155mm, with a
hacksaw. Unless you have a fixed steady,
turn up a wooden bung to a force fit in the
tube. Center drill deeply in one end of the
bung and knock it into one end of the tube.
Grip the other end in the three-jaw chuck.
Support the outer end with a center held in
the tailstock. True up the outer end and then
remove the sharp edges, using file and
scraper, running at low speed.

Remove from the chuck and knock out
the bung. Insert it in the other end and
repeat the process, this time bringing the
tube to the final length, 150mm. Before
removing the tube from the lathe, scribe the
top center-line on the tube. To do this, lock
the headstock mandrel by engaging the
backgear and traverse the tool over the
whole length of the tube, with the tool just
touching the tube. This should be done very
lightly as we do not want to weaken thetube
with a deep scribed line, however high the
safety factor is. Remove the tube from the
lathe.

If your lathe is too small, the tube will
have to be finished by hand filing. Finish
one end beforecuttingthetube tolength. In
order to file the end square, wrap a narrow
strip of thin sheet brass around the end of
the tube 8o the ends of the strip overlap and

the outer edge lines up at the overlap. The
edge of the strip must, of course, be straight.
Scribe a line on the tube against the brass
strip. Remove the strip and file to the line.
Using a scribing gauge or a rule, mark out
the length, 150mm. Again, using the brass
strip, scribe around the tube at the mark.
Cut off with the hacksaw. Hold the tubein a
bench vise when doing this and turn the
tube asthe sawing progresses. This way you
can saw close to the scribed line, so there
will be little filing work to clean up. Thevise
should have plastic or sheet lead jaw
protectors to avoid damaging the tube.

Next, mark outthetop centerlineon the
tube, if this hasn’t already been donein the
lathe. Dothisby layingthetube on a surface
plate or any reasonable flat surface and
butting it up against a block (wood will do)
to prevent it moving. Use a scribing block to
scribe the line. Lacking this, a small block of
wood will do. The heightisnotatall critical.
Just hold a scriber against the block and
slide it over the whole length of the tube.
Then find the bottom centerline. A simple
trick for doing thisistowrap astripof paper
around the tube and make pencil marks on
both ends of the strip, where it passes over
the scribed line. Now remove the strip and
fold it so the two pencil marks coincide.
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Unfoldandwrap around oneendofthetube
again, taking care that the pencil marks
again coincide with the scribed top center-
line. Make a scribe mark on the tube at the
fold. This obviously must be halfway
around the tube fromthetop centerline and
thus is the bottom centerline. Repeat at the
other end of the tube. Join the two marks,
using scriber and straightedge.

On the top centerline, mark out the
centers for the dome hole and the filling
plug. Now the centers for the water tubes
have to be found. Set your scribing gauge to
18mm and make a long scribe mark across
the bottom centerline 18mm from each end.
Use adivider set to8mm tomarkout thetwo
inner tube centers, measuring from the
bottom centerline. Reset the divider to
20mm for the two outer tubes, still measur-
ing from the bottom centerline. Center pop
at all hole locations (note: not on the bottom
centerline) and drill, say, Imm. Drill out to
the proper size, using drills modified for
sheet metal. Drills with standard tips will
produce holes in thin stock which are
anything but round and to size; besides,
they are likely to catch the material and do
nasty things to one’s hands.

Drill the small holes at the dome
location. Their position is not critical.
Deburr all holes.

The Water Tubes (8) are bent up from
8mm copper tube with a wall thickness of
around 0.8mm. If you are using inch-size
atock, 5/16” 20 or 22 SWG should be used.
Do not make the mistake of cutting the
tubes to size before bending them. Instead,
take a length of tube as long as can be
conveniently handled, say around 1 meter,
and fill with fine,dry sand. Closeone end by
squeezing it flatin the bench vise. Fill it well
and ram down the sand. Closethe otherend
the same way. Now, heat thespot whereyou
want to make the first bend to a dull red. As
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you need something to hold onto while
bending, the first bend should be made
about 75 to 100mm from the tube’s end.
When it has cooled down, startbendingit by
hand. You will find that the sharp bend
cannot be done at one go. As soon as the
tube begins to feel stiff and hard, you will
have to repeat the heating before contin-
uing with the bending. If the tube tends to
flatten out at the bend, this can be counter-
acted by gently squeezing it in a vise with
smooth jaws. When satisfied with the bend,
make the second bend. Spct the position of
this bend by eyesight, checking against the
holes in the barrel tube. Make sure the tube
will fit in the barrel before trimming the
ends to length. If necessary, adjust with
further bending. After the ends have been
cut, shake out thesand, trimtheendsanddo
not forget to deburr the inside of the ends.
Repeat the proceedure for the other tube.

In order to flange the Endplates (2
and 3), a former is needed. Itcan be madeof
metal, hardwood or plexiglas rod. I used a
scrap piece of 50mm diameter aluminum.
Just face it and turn down to 47mm dia-
meter. (If your boiler barrel diameter is
larger or smaller than 54mm, adjust thesize
of the former accordingly, taking the barrel
tube thickness into account.) Round off the
edge to about lmm radius.

Mark out and cut two disks of 2mm
copper, 57mm diameter, using a hacksaw
and a coarse file. Anneal them byheatingto
dull red. Find the wooden bung used when
truing up the barrel tube ends, or make up
something similar of wood or plastic.
Sandwich the copper disk between the bung
and the former (photo 4). Make sure the
disk protrudes an equal amount all around
and clamp the assembly in the bench vise.
Use a plastic or wooden mallet (never a
hammer) to knock the copper down around
the former. Do not, on any account, try to
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makeitin one go; if this is done, the copper
will become brittle and crack. Instead, start
by knocking it over about 30° (photo 5),
working around the disk, turning the whole
assembly in the vise as you proceed. When
the copper begins to feel hard and dead,
remove the disk and anneal it before
proceeding. About three or four annealings
probably will be required. When the flang-
ing of the first endplate is finished, repeat
for the second one (photo 6).

It will be found that the endplatee are
just atrifletoo large to enter the barrel tube.
This is due to the fact that the metal has
thickened somewhat when bent over to a
smaller diameter. To correct this, set the
endplates up in the lathe, one at a time, and
skim off the flange to a loose sliding fit in
the barrel tube. At the same time, make a
small center dot at the end, for the stay
bushing hole. Remove from the lathe and
mark out the centers for the remaining
holes, using the center dot asreference. Note
the difference between the front and back
endplate. Drill all holes, first using a small
drill and then a 6mm drill with a modified
tip. A drop of cutting oil will do wonders.
When the holes are deburred, your end-
plates are finished (photo 7).

The Feed Valve Bushings (10), the
Water Column Bushinge (11) and the
Superheater Bushinge (12) are simple
turning jobs, which calls for no comment,
except that the threading should bedonein
the lathe using taps in the tailstock. Make
the Center Stay (4) of 5mm phosphor
bronze or copper and its Stay Nute (6) at
the same time. You may wonder why the
stay on the photos of my boiler looks
thinner. The reason is that I used much
stronger monel metal, being out of stock of
5mm phoephor bronze and copper. By the
way, if you plan to use commercaslly avail-
able non-return feed valves, the threads of
their bushings must, of course, be adjusted
accordingly.

The Steam Dome (8) and the Filling
Bushing (7) are the last two parts to make
before the boiler can be brazed up. The
filling bushing is another simple turning
job, requiring nodescription. You will notice
that it is missing in my photographs of the
boiler at this stage, the reason being, I
added the filling plug as an after-thought. I
hadintended to usethepluginthedome for
filling up, but found out that this way, the
superheater also got filled with water.

The dome is made of 32mm brass rod,
about 35mm long to start with. Set it up in
the three-jaw, face and turn down to 22mm
diameter for 24mm length. Chamfer the
corners, reverse in the chuck and bore out
(photo 8).

The base has to be curved to fit the
barrel tube (photo 9). This can be done
either by hand filing or milling. If you have
access to a milling machine, the set-up in
photo 10 will do the job. The swing tool is
set to describe a circle of the same diameter
as that of the boiler barrel tube. Unfortu-
nately, the trusty Unimat will not do this
job as a vertical miller, as its vertical feed is
limited to 20mm, so the Unimatists will
have to resort to hand filing,

All joints of the boiler pressure vessel
should be silver soldered, using a good
quality silver solder such as Easy-Flo
Number 2. Admittedly, this is one of the
more expensive varieties of silver solder,but
a very small quanti'ty will be needed, less
than one half-meter stick of 1.5 or 2mm
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thickness. It is one of the easiest solders to
use, flowing as its name impliea. Whatever
make or type you use, make sure you use a
flux intended for use with it.

The heating equipment needed is quite
modest, a bottled gas outfit being preferred.
If you have an oxy-acetylene outfit, you
probably will know how to use it and can
sku'pthese notes. I used a Sievertbottledgas
set with burner support number B2 and
burner type 3941, the latter having a flame
tube of 22mm diameter, just to give an idea
of size. As a brazing hearth, I use an old
baking oven pan with a pair of fire bricks to
put the workpiece on.

Finally, a pickle bath is needed. The
pickle bath is used to remove the oxides and
the flux remaining after each soldering
operation. It consists of a 10% solution of
sulfuric acid and is made by adding onepart
of concentrated sulfuricacid to nine partsof
water. The acid must be added to the water,
never the other way around or a violent
reaction will occur, causing the acid to
splatter about. It must be done outdoors
because of the fumes. Keep the bath in a
plastic bucket of about 5 liter capacity,
making it about 2/3 full. The bucket must
have a really closefitting lid. All pickling
should be done outdoors, and the lid kept
closed when the bath is not used, as the
fumes will cause rusting of tools and other
steel items. Keep it out of reach of children.
All this may sound formidable, however,
the acid bath is quite weak and is perfectly
safe if handled with intellegence. If you
happen to get splatters on your skin, just
flush with water and it will do no harm.

The first soldering operation will be to
attach the water tubes to the barrel tube
{photo 11). Put the parts in the pickle bath
for a few minutes in order to remove oxides
and degrease them. Rinse in water and let
dry. Put the water tubes into their holes in
the barrel. The ends should protrude about
1mm into the barrel tube. If the tubes are a
loose fitin the holes, they must be prevented
from slipping during soldering. To do this,
tie the two inner tubes together at the
middle, using brass or copper wire. Then do
likewise with the outer tubes (photo 12).

Apply flux paste to all joints, both on
theinsideand outside. Lay the assembly on
itsbackin the brazing hearth. Apply heat to
one end of the tubes and barrel by playing
the flame on it. Do not attempt to apply the
solder until the proper temperature has been
reached. This can be judged from the
behavior of the flux. When it has molten to
an almost clear liguid, the temperature is
about right. Touch the joint with the solder
stick and it will melt and run around the
joint. Don’t keep the stick in the flame for
morethan a second or two orit will melt and
deposit a large blob of solder on your work-
piece. The solder should melt by the contact
to the workpiece, not by heat from theflame.
When all four tubes are soldered to the
barrel, turn the attention to the joints
at the other end (photo 13).

When finished, put it inthe pickle bath.
Tie a length of brass wire to it for holding
the assembly while it is lowered into the
bath. The bath will act faster if the work-
piece is put in while still warm, but do not
overdo it. Let the workpiece cool down a bit
first, or there is a greatriskthat the acid will
splatter all around. If pickling warm,
always wear protective glasses for your
eyes and have a bucket of water close at
hand. After a couple of minutes, remove



from the bath and rinse in water. Inspect
the joints to make sure that the solder has
penetrated and can be seen on the inside of
the barrel.

We now can go on and attach the front
endplate. Put the center stay into poaition
by means of the stay bushing and the
backing nut. Adjust the bushing and nut on
the stay so that, when the back plateisinits
proper position in the barrel tube, the other
end of the stay will protrude 5Smm out of the
barrel’s other end. Stand the assembly
vertically on the brazing hearth, with the
front plate uppermost. The barrel tube must
rest on a pair of packing pieces to prevent
the stay from pushing out the endplate. In
order to reduce the number of heating
operations needed to completethe boiler, the
Superheater (9) should be put in now.
Simply cut a 5mm copper tube to 0.75m
length. Anneal one end and make the bend
that will enter the steam dome. Poke it
through the hole in the front endplate and
through the hole at the steam dome’s
location. Apply flux tothe joint between the
endplate and the barrel tube, alsoatthestay
and superheater bushings. In order to
protect the already-soldered jointa between
the barrel tube and the water tubes (in case
they are re-melted) apply flux to them also.
Silver solder the joints at the endplate,
pickle and wash (photo 14). Beforethe next
soldering operation, the superheater should
be bent to shape, to get it out of the way
(photo 15). Anneal the tube where itis to be
bent.

Now dotherearend, including its bush-
ings. Before putting on flux, adjust the nut
on the stay to give the proper position of the
endplate in the barrel (photo 16). After
pickling and washing, all jointas done thus
far should be carefully inspected. Ifthereis
any doubts about soundness, re-solder it,
not forgetting to protect nearby joints with
flux.

Toholdthedomein positionduringthe
soldering, drill a small hole through its
flange and the boiler barrel tube and knock
in a tight-fitting brass pin.Setthefiller plug
bushing in its hole. Apply flux to it and to
the dome. Solder up and pickle, this time
giving it some extra timein the bath (photo
17).

There is one small thing to be made
before the boiler is ready for the hydro test
and that is the Superheater Union (13).
Turn this part up from brass and slso make
a cap nut of Bmm hex braas for it. This nut
will be used as the steam pipe union nut
later on, but do not drill through it yet as it
will be used to blank off the superheater
during the hydro-test. Cut the super-heater
tube to proper length, silver solder the union
fitting to it and you are ready for the test.

The purpose of thetest istocheck tosee
that the boiler is leak-free and, much more
important, that it is able to withstand a
pressure far exceeding the intended work-
ing pressure. It is an absolutely safe testing
method. Should the boiler fail, which is
extremely unlikely, there will be no explo-
sion, only a squirt of water.

First, make and fit threaded plugs of
hex brass to all openings in the boiler,
except one in the dome, which will be used
for the pressure gauge. To insure absolute
tightness, wrap a strip of plumber’s teflon
(PTFE) tape in the threads of all plugs
before screwing them in. Next, you need a
pressure gauge with amsximum reading of
around 8kg/cm? say, 100 psi. Make and fit




112

®

an adapter to it, so itcan beacrewedintothe
safety valve hole in the dome, but do not
screw the gauge in yet.

The boiler must next be completely
filled with water; no air bubbles can remain
in it. Unacrew the cap nut on the super-
heater to let out the air initand thentighten
it. When the boiler has been completely
filled, screw in the pressure gauge with
teflon tape on its threads, It is important
that all threads are completely pressure
tight during the test, otherwise the pressure
cannot be raised.

To raise the pressure, just heat the
boiler, using a gas burner. As the water will
expand more than the copper when heated,
the pressure will go up. No large amount of
heat is needed. Watch the pressure gauge,
and remove the flame when twice the
working pressure is reached (4.2kg/cm? or
60 psi) (photo 18). Keep the pressure there




for about 10 minutes. If this can be done
without heating the boiler to more than 50
60°C, ithas passed thetest. Ifthereis a leak,
the pressure will not raise. The leak can be
located by the appearance of water trickling
through it. The boiler must then be empti'ed
and the faulty joint re-soldered. The plugs
also must be removed during the soldering,
to prevent burning the teflon tape. Thenre-
do the test. Note that during the test, the
boiler must on no account be heated above
100°C (212°F), as the test will then cease to
be a hydraulic test. In such case, should a
burst occur, the escaping water will flash
into steam and result in an explosion,
Having successfully completed the
hydro-test, the boiler can be emptied and
put aside. With the boiler itself completed,
we will continue construction by making
the casing and the armature for our Minia-
ture Boiler Works, which aredescribed next.
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Thecasingmay seem abitcomplicated
at the first look. It is double walled in order
to keep the temperature of the outer surface
down to enable it to be installed safely in a
small wooden hull. The air required for
combustion in the firebox is made to pass
between the outer and the inner casings.
That way the outer casing will be kept cool
and the air will be pre-heated before enter-
ing the firebox. No asbestos insulation is
used.

The best material fortheInnerCasing
(22) undoubtedly is stainless steel, but
brass also would do in a pinch. In thelatter
case, increase the thickness to lmm.

Startby cutting the sheet to size, 178 x
284mm. Scribe lines to representthecenters
of the bends. If you haveaccessto a bending
brake, use it to bend the sheet to a U.shape
(photo 19). The radius of the bend is not
important, I have shown it fairly large in
the drawing because most builders will
have todo thebending by hand, resultingin
larger radius than when a proper bending
brakeis used. If the bending has to be done
by hand, do as follows: clamp a pair of flat
steel bars to the sheet, about lmm from the
scribed line and on the center part of the
sheet. Use a pair of heavy clamps for this.
Position the protruding part of the sheet on
the workbench, butt up the steel bar against
the edge of the bench, and then use the
clamps as handles for making the bend.
(See Figure 20.) Then repeat for the second
bend.

Now, check the dimensions.Itdoes not
matter a bean if the height and width do not
check exactly with those shown on the
drawing; only remember to adjust the
dimensions of the outer casing and the
endplates when making them, later on. The
heights of the legs of the inner casing
wrapper must be equal, of course. If not,
trim off the longer leg.

Mark out and drill the 8mm diameter
air inlet holes along the bottom edges. Usea
drill bit modified for sheet metal drilling
(photo 21).

Mark out the centers for the three holes
on the top surface(photo 22). Note that the
center distance of the holes for the steam
dome and the filling plug bushing must
agreewith the same dimension on the boiler
barrel, so check on that first. If you have a
hole cutter and a stout enough drilling
machine, fine, use it to makethelargeholes.
Otherwise, scribe the contours of the holes
with adivider,thendrillarowofsmall holes
just inside the scribed line, close together.
Break out the center piece and finish by
filing.

Now make the framework of 4 x 4mm
brass. If you feel it difficult to bend the
vertical end pieces to fit the inner casing,
there is no objection to making them in
three pieces and finishing the top corner
radius by filing. Mark out the position for
the rivets on the framework pieces, drill
lmm diameter and use them as drilling
fixtures for drilling the corresponding holes

in the inner casing. Countersink the holes
on the outside of the framework members
and rivet them to the inner casing (photo
23). Be careful with the position of the
rivets, so that they will not interfere with
the screw holes for the endplates or the
rivets for the outer casing, later on.

If you make the framework in three
pieces, save the filing of the top corner
radius until after the outer casing is made,
8o it may be made to fit that of the outer
casing.

The Outer Casing (23) is bent up from
0.5mm sheet brass in the same way as the
inner casing. To obtain the radius at thetop
corners, substitute a piece of wood for oneof
the steel bars. The wood should haveoneof
its edges rounded off. If desired, the outer
casing can, of course, be made of stainless
steel, though brass is much easier to bend
and drill. Note that the outer casing should
be 2mm longer than the inner casing.

Mark out and drill all holes, except the
three large ones on the top (photo 24).
Before the casing can be permanently
assembled, spacers 27A, 27B and 27C are
needed. These parts are turned up from
brass stock. Insert Filler Spacer (27C) in
its hole in the inner casing. Slide the outer
casing on to its proper position. Note that
the outer casing should protrude lImm past
theendsoftheinner casing. Using ascriber,
mark out the hole for the filling bushing on
the inside of the outer casing. Remove the
wrapper, drill and file the hole.
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Rivet the Stack Spacer (27A) and
Dome Spacer (27B) to the inner casing
with two rivets for each of the spacers. The
rivet heads should be on the inside.

Now, slide the outer casing into posi-
tion again and mark outthestack and dome
holes with the acriber. Removeanddrill and
file out the holes.

The outer casing now can be attached
permanently. Do not forget to insert the
filler spacer when doing this. Hold the outer
casing in position with a couple of tool-
maker's clamps. Peen overthe flanges ofthe
filler spacer with a ball peen hammer on
both inside and outside.

There are two ways to rivet the casing
together. The first is to drill theholeaforthe
rivets, countersink on theoutsideand insert
the rivets from the inside, then rivet up on
the outside. The other way, which I used, is
todrill the rivet holes a tight press fitforthe
rivets and then hammer the rivets in from
the outside, relying on the press fit of the
rivets. The rivets should, in this case, be cut
to 4mm length before being knocked in.
Incidentally, for lmm rivets I use lmm
brass nails with round heads. They just
happen tobe atight press fit in holeadrilled
with a Imm drill bit.

Whichever method you choose, start
with the twelve rivets on the top of the
casing. Then do the middle vertical row on
the sides, from the top and down. After this,
do the outer vertical rows and the bottom
rows. Hold the wrapperstogether with afew
toolmaker’s clampe when riveting and keep
on the alert, so the outer casingdoes not slip
outof position. If youdrivetherivets in from
the outside, use a rivet snap to prevent
damage to the rivet heads. Finally, put four
rivets through the dome spacer from the

outside and rivet into countersunk holes on
the inside (photo 26). Thetwo rivet heads
on the inside of the dome spacer must be
filed or chiseled away, as they would
otherwise interfere with the steam dome
seat.

The Front Endplate (24) and Rear

coppertube

Tmm hex brass

18 PIPE UNION
Brass

Endplate (25) are made of Imm sheet
brass, or if you prefer, Imm stainless steel.
Start by cutting two pieces to 79 ¥ 109.5mm
{remember to check from the job). Mark out
all holes shown on the drawing for the front
endplate. Center pop and drill lmm dia-
meter. Clamp together with the other piece



and drill through all holes (photo 26),
except the hole marked 6mm diameter on
thedrawing. Separate and open up all holes
on the front endplate to final size. Round off
the top corners to fit the casing and clamp
the endplate into place at the stack end of
the casing. Spot the screw holes in the end of
the wrapper. Drill through with a 1.7mm
drill bit and tap M2. Put in screws and
tighten up.

Now for the rear endplate. Locate and
drill (Imm diameter) the remaining hole
centers. Use a divider to scribethe outlineof
the boiler barrel opening. Drill a row of
small holes, say 3mm diameter, just inside
the scribed line, close together (photo 27).
Break out the center and file the opening to
a close fit for the boiler barrel (photo 28).
Open out the remaining holes to final size
and round of f the top corners. Attach to the
wrapper as before.

Make the Fire Door (26) from imm
brass. Attach it to the rear endplate with an
M2 screw and a locknut on the inside of the
endplate.

The Stack Base (19) ismadeofapiece
of 32mm diameter brass tube, and a bottom
flange (photo 29), also of brass. The
diameter of the tube can be varied within
reason, to suit whatever you have on hand.
Silver solder the joint, The step at the top is
intended to fit an extensionstack,if desired.
Use the Unimat dividing head to spot the
mounting holes. Drill the mounting holesin
the casing, using the stack base as drilling
fixture. Rivet the stack basein place(photo
30).

"~ WORKBENCH TOP./~
7 /,/./ -/,'///.//I. —./ / /,'.. ;

To beginthe Feed Water Heater (20),
turn up the two end fittings from 10mm
diameter brass rod. Use a large centerdrill
to make the 60° mating surfaces for the
unions. Silver solder the fittingsto a375mm
length of 4mm diameter copper tube. Anneal
by heating and bend to shape. Make two
nuts from 8mm hexagonal brass stock and
two washers from 10mm diameter brass rod
(photo 31). Mount the feed water heater in
the casing.

The boiler barrel now can be assembled
into the casing. Remove the end plates from
the casing. Put an M5 nut on the boiler’s
center stay, then hold the barrel in place in
the casing and re-install the end plates. Put
another M5 nut on the center stay and



adjust the two nuts so that the boiler barrel
is protruding lmm outsidethe rear end plate
(photos 32 and 33), then tighten up the
nuts. Make and fit a brass nut to the
superheater outlet.

The boiler Bottom Plate is only a
sheet of Imm brass, attached with counter-
sunk screws to the boiler casing’s bottom
edges. Make it up and attach to the boiler.

The Safety Valve Seat (14B) is made
of 8Bmm hexagonal brass stock. Set it up in
the three-jaw, with about 10mm protruding
from the jaws. Face the outer end, center-
drill and drill 53mm to 5mm depth. Cham-
fer the entrance to the bore lightly and tap
M6 x 0.75. Using a 3mm drill bit, drill to
about 20mm depth. Toform the valve seat, a
Smm endmill is used in the tailstock chuck
(photo 34). Feed the endmill in exactly
6mm. Then use a 3mm reamer to remove
any burrs in the 3mm hole. Turn the outside
contour and then part off to 13mm length.
Reverse in the chuck and turn and thread
the bottom end (photo 35).

Now the spindle Houseing (14A). Set
up a piece of 7mm hexagonal brass rod in
the threejaw and turn the top outline
Centerdrill and drill1.5mm to 10mm depth.
Then make the recess in the top and break
the edges. Part off to 15mm length.

To spot the steam outlet holes in the
top, use the Unimat dividing head (photo
36). Just spot the holes with a centerdrill,
then change to a 1.5mm drill bit and drill to
about 7mm depth. Note that the holes
should slope slightly towards the center.
The drawing indicates an angle of 6° but
this is not at all critical. The easiest way to
do this is to prop up one side of the dividing
head when drilling.

Now set the workpiece up in the lathe
again. This time, grip it by the already-
finished top end. Face, turn down to 6mm
diameter for 4mm length. Thread M6 x0.75.
Centerdrill anddrillto I0mmdepth, usinga
4.8mmdrill bit. Chamfer the entrancetothe
bore slightly and poke a 1.4mm drill bit
through all the small holes to remove any
burrs.

TheSpindle (14C)isturned upfroma
piece of 3.5 or 4mm stainless steel rod. Note
therecess in the lowerend. Itis done with a
centerdrill, followed by a 3.5mm drill bit.

The Spring(14D) must bemadeeither
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of stainless steel spring wire or phosphor
bronze wire; ordinary music wire would rust
away quickly. The spring can be wound up
in the lathe, using a 1.5mm rod for a
mandrel. Its length, and maybe also the
number of turns, will probably have to be
adjusted at the boiler’s steam trial, as the
stiffness of the wire will vary between
different sources.

The 4mm ball can be either stainless
steel or phosphor bronze, the former being
preferred. To make sure that the ball will
seal on its seat, do as follows: stand the
valve seat on a hard surface. Drop the ball
into place. Stand a short pieceof 4mm brass
rod on top of the ball and give it a light but
distinct blow with a small hammer. If your
ball is phosphor bronze, substitute a steel
ball of the same diameter while doing this,
as the bronze ball is too soft.

Assemble the safety valve and screw it
into place on the steam dome (photo 37).

The Dome Plug (15) and Filling
Plug (16) simply can be turned up from
brass. The cross-pin on the filling plug
(photo 38) either can be a press fit, or
secured with Loctite.

Two Feed Valves (17) are required,
one for the engine-driven feed pump and one
for the hand pump. The latter is not really
necessary, but is very handy for filling the
boiler when starting from empty, or in case
the engine-driven pump should fail. If you
decide not to fit the hand pump, fit a
threaded plug in its bushing and make only
one feed valve. The boiler will, of course, run
without the engine pump also, but the
operating time will be limited to about 20
minutes.

To make the valves, start by making up
the required number of Valve Body Fabri-
cations (photo 39). Actually, make two
extra while at it, as they will be needed for
the water gauge, later on. Part off as many
30mm lengths of 8mm diameter brassrod as
will be needed (eight, if you are to make two
valves and the water gauge). Crosadrill half
of them at the middle, using a 5.5mm drill
hit. While doing this, hold the rods in a
machine vise, and start the hole with a
centerdrill. The exact location of the hole is
not at all critical, eye-sighti’ng will do. Turn
down the remaining pieces to a sliding fitin




the 5.5mm hole. Use a tool with a rounded-
off nose to get theradius between the 5.5mm
and 8mm diameter parts. Silver solder the
parts together.

While soldering, be careful not to apply
too much solder to the joint, which would
spoil the neat appearance of the finished
fitting. It should suffice to touch one end of
the joint with the solder stick. If thejoint is
properly fluxed the solder will flow through
to the other side and form a nice fillet. Be
careful to avoid overheating, as the flux
then will be burned and hard to remove.
Pickle while still hot. Use a pair oftweezers
to tie a brass wire around the valve body to
hold it in the pickle bath. After the pickling,
rinse well in water and polish up with a
brass brush.

Now we are ready for the machining.
Grip one of the embryo valves by one end of
the vertical 8mm diameter stem, using the
three-jaw chuck. Part off and face the outer
end so that it protrudes 7.5mm from the
centerline of the crosspiece. Round off the
edges with a small file. Center drill and drill
to about 20mm depth with a 4.5mm drill bit.
Change to a 5mm drill bit and drill to about
1.5mm depth. This will allow the bottom
fitting (the valve seat) to bed down properly
when assembling the valve. Now, tap the
hole M5 x0.5mm, all the way. Remove from
the chuck and repeat the process for the
other valve.

For the following operations we need a
few simple chucking fixtures. Part off four
stubs of 10mm brass rod; they should be
about 25mm long. Chuck one in the three-
jaw, with about 10mm sticking out. Turn
down to 5Smm diameter for about 6mm
length. Thread M5 x 0.5mm. Useasmallfile
to make an identification mark just outside
chuck jaw number 1. This will enable you to
set it up the same way from time to time.
Using a narrow parting tool, make a groove
at the very end of the thread. This will
enable a threaded object to be screwed onto
the stub all the way, against the shoulder.

Now, chuck the next stub, but this time
only about 3mm should stick out from the
jaws. Face it and remove the edges. Center
drill and drill 45mm diameter, to 12mm
depth. Counterdrill 5mm diameter to 2mm
depth and then tap M5 x 0.5mm to the
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bottom. Make a witness mark as before.

Repeat the process for the other two
stubs, but this time make it M6 x 0.75mm.
Keep these stubs with yourtapsanddies, as
they will be needed frequently.

Back to the feed valves. Chuck the M5
x 0.5mm male-threaded fixture in the three
jaw and screw one of the valves ontoit, with
the already-finished end towards thechuck.
Part off and face the outer end to 5.5mm
length from the centerlineof the cross-piece.
Counterbore to about 1.5mm depth, using a
5mm diameter drill bit. Repeat for the other
valve.

Remove the fixture from the chuck and
grip one of the valves by its 5.5mm stem in
the chuck. Face the end to 14mm length
from the body’s centerline and turn down to
5mm diameter for 6mm length (photo 40).
Chamfer the end and thread M5 x 0.5mm
(photo41). Center drill and drill throughto
thetapped holewith a 2.5mm diameter drill
bit. Repeat for the remaining valve.

Now, use the female-threaded fixture
to hold the valve in the chuck. Part off the
5.5mm diameter stem about lmm from the
valve body (photo 42). Face and round
off the edge. Treat the other valve the
same way.

The top caps (17A) are made of 7mm
hex brass rod. Use the tapped fixture for
holding them while rounding off the top
face. This can be done either with a suitably
ground lathe tool or, quicker, a small file. 1
always keep a small file, of the typeintended
for dressing up auto engine breakercontacts,
handy at the lathe for this kind of job.



The valve seat (17C) is made from the
same stock. Note that the bottom end of the
7mm hex portion should be rounded off, to
remove the sharp edges. To this end, use a
round-nosed tool while turning the 6mm
diameter end before threading (photo 43).
Use a large centerdrill to form the 60° seat
for the union (photo 44). Part off to 15mm
length, then set up in the chuck using the
tapped fixture (photo 45). Turn down and
thread the top end. Drill through 3mm
diameter and face the valve seat. Asthe last
operation, skim off the valve seat (the top
surface) to remove the burrs formed when
drilling through.

Screw the valve seat into the body and
drop the ball into place. Use the method
prescribed for the safety valve to seat the
ball. Then screw in the top cap. Check the
lift of the ball by poking a small drill bit or
rod up through the bore in the seat, lifting
the ball off the seat. The 0.8mm figure is not
at all critical, eye measurement will do. If
necessary, adjust the length ofthe top cap’s
threaded portion, ther. your valves are
finished (photo 46) and can bescrewed into
their bushings on the boiler.

Your Miniature Boiler Works is starting
to take shape now and should look quite
presentable. There is still much to be done,
though, and our next step will be the con-
struction of some of the fittings and valves.

The main reason for fitting a Water
Column (21A) to this boiler is to increase
the distance between the water gauge’s top
and bottom fittings, so a longer glass can be
used, to allow a larger variation ofthe water
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level. Secondly, it will help dampening
movements of the water level in the glass.

The column is made of a piece of 8mm
square brass stock, its length being 76mm.
Set it up in the lathe, this time using the
four-jaw chuck. Adjust the jaws until the
workpiece runs true. Center drill and drill
roughly half-way through, 4.5mm diameter.
Tap the hole M5 x 0.5mm to 6mm depth.
Reverse in the chuck. When doing this,
loosen only the number one and two jaws,
reverse the workpiece and re-tighten the
same jaws. Re-centering will not berequired
now. Again, center drill and drill 4.5mm
until thedrill breaks through into the hole
from the other end. Tap this end too.

Mark out the centers for the two water
gauge bushings on the frontsurface. Center
pop and drill 6mm diameter, breaking into
the center passage. Use a small drill first
and then change to a 6mm drill bit with the
tip modified for braes as otherwise, it would
very likely catch when breaking through to
the center passage.

Nowmeasure, on your boiler barrel, the
exact distance between the two water
column bushing studs. Mark out on the
water column in accordance, using the
scribing gauge. Center pop carefully, then
drill through, starting with a 25mm drill
bit; follow up with a 5 mm drill bit, again
modifiedfor brass. Deburr all holes. Try the
column for fit on the boiler. Ifitjusat will not
go on, enlarge the holes slightly until it will
fit. Make the two water gauge Bushings
{21E) and silver solder them to the column
(photo 47). Then make the Bottom Plug
(21G) and also the Pressure Gauge
Connection (21H) at the top. Then finish
off the four Washers (21F) and the two
Cap Nuts (21I) after which the column is
fitted to the boiler fordrillingthecrossholes
in the bushing studs. Make a drill bushing
for this operation (see Figure 48). Insert
the drill bushing in the pressure gauge hole
and drill through the stud, using a 2.5mm
drill bit. Do likewise at the lower end
connection.

The bodies for the water gauge top and
bottom fittings (photo 49) are fabricated
the same way as those for the feed valves, if
you have not already done that. Begin the
machining by setting up oneofthe bodies in
the three-jaw. Grip it in one end ofthe 8mm
diameter part. Part off to 8mm length,
measured from the centerline of the cross
piece. Turn down the 6mm diameter for
4mm length. Then use a parting-off tool, set
diagonally in the toolpost, to chamfer the
edge of the 8mm diameter part lightly
(photo 50) as it would bedifficulttoreachit
with a file. Chamfer the outer edge too, for
starting thread. Thread M6 x0.75mm (photo
61). Repeat for the other gauge body.

Note that there is a small difference
between the gauge bodies. The lower one
has a short restriction in the bore. This will
give the glass tube a shelfto stand on when
assembling the parts, toinsurethat the tube
will stay in theright position when tighten-
ing the gland nuts,

Back to the machining. Use one of the
tapped chuck fixtures (which were described
last month with the feed valves) to hold one
of the bodies in the three-jaw. Part off to
final length, face and remove the edges.
Center drill and drill through with a 3.5mm
drill bit (photo 62). Change to 4.5mm drill
bit and drill to 5mm depth. Tap M5 x 0.5mm
(photo 53). Now, change the holding
fixture to the one withthe M5 x 0.5mm male
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thread and screw the body into it. Drill out
to 4.5mm diameter, 2mm deep.

Repeat for the top body, with the only
exception being that it is drilled 4.5mm
diameter all the way through.

The cross pieces are finished in exactly
the same manner as the same operation on
the feed valves (photo 54). The only
remaining parts are the plugs and the
Gland Nuts (21C) (photo 55). They are
made from 7mm hex stock. Chamfer the
edges for appearance.

To begin the Burner (28), part offtwo
pieces of22mm diameter brass rod to 25mm
length for the Burner Base (28B). Face
both ends to make the pieces 24mm long.
Chuck one of them in the three-jaw, with
about 15mm sticking out. Reduce the outer
12mm diameter. Repeat for the other piece.

Grip one of the pieces by the 12mm
diameter end. Turndown the outer 10mm to
10mm diameter. This will leave a flange
22mm diameter and 2mm thick. Center drill
and drill through, say, 5mm diameter.
Follow upwith a 7.3mm drill bit,allthe way
through. Change to a 8mm drill bit and drill
to just lmm depth. Tap M8 x 0.75mm, to
about 10mm depth (photo 56). Repeat for
the other piece.

Use the Unimat dividing head to spot
and drill the six air holes around the
periphery of the tapped end (photo 57).
Spot and drill the mounting holes, alsowith
the aid of the dividing head. Again, repeat
for the other piece.

Now, grip one of the pieces in the three-
jaw, with the 12mm diameter end facing the
tailstock. Using an 8mm drill bit, drill to
19mm depth—just past the air holes, that is.
Remove from the chuck and poke a 2.5 mm
drill bit through the air holes to removethe
burrs, then finish off the other piece.

Next comes the Burner Bars (28A).
Each one simply is a 95mm length of 10mm
brass tube, lmm wall thickness, with 20
thin slots. The slots should beabout0.25mm
wide and go halfway through the tube
(photo 58). The easiest way to make the
slots is to cut them with a thin razor saw. If
you wonder why the slots on my burner are
slanted, it is because I cut them in the
milling machine. That took most of an
evening’s work, including the set-up, while
hand-sawing should take less than half an
hour; take your choice.

Make the Plugs (28D) that close the
outer ends of the burner bars. Their flanges
are 1.5mm larger in diameter than the
burner bars, simply because it is easier to
solder a joint which has a step in it than a
butt joint.

There remains one thing to be done on
theburner bases. That is to bore them out to
a sliding fit on the burner bars, to 10mm
depth. Then silver solder the parts together
and put them in the pickle bath for a few
minutes (photo 59).

The Orifices (28C) are made from
10mm hexagonal brass stock. Part off two
pieces, 16mm long. Grip one of them in the
three jaw, with about 10mm sticking out.
Turn down to 5mm diameter for 5mm
length. Chamfer the edge and tap M5 x
0.5mm. Chamfer the edges ofthe hexagonal
part, too (photo 80). Center drill deeply, to
form the geat for the union and drill with a
2mm drill bitto 14mm depth. Repeat for the
other part.

Now, use one of the tapped chucking
fixtures to hold one of the orifices in the
three-jaw. Turn the outer end to the outline

shown in the drawing, and thread M8 x0.75
mm (photo 61). Center drill very lightly
with the smallest possible center drill
(photo 62). Change to a0.3mmdrill bitand
drill through. As there is only 2mm of
material left before the drill enters the 2mm
diameter bore from the other end, the
grilling is easy despite the very small drill
it.

Face off the outer end to remove all
traces left by the centerdrill (photo 63).
Repeat the process for the remaining orifice.
The burners now can be assemble d and put
into place in the boiler casing. Use the
burners themselves as drilling templates for
spotting the mounting holes in the casing,
then drill .7mm and tap M2.

The Burner Valve (31) (photo 64)
really is a twin valve in a common block.
One ofthem, the pilot valve, is used to adjust
the burner to a suitable minimum output to
prevent blow-off when the engine is stopped.
The main valve is used to regulate steam
output under load. This way, there is no
risk of the burner accidentally being put
out when operating the main valve.

Begin with the Valve Body (31A). It
is made from 8 x 15mm flat brass bar, 25mm
long. Square up the ends in the lathe,
holding it in the four-jaw chuck. Use the
scribing gauge to mark out the centers ofthe
two valve seats and the input and output
connections. Center-pop all of them, then
drill the holes for the valve seats, say,
2.5mm first. Changetoa5.5mmdrillbit and
drill through. Use a drill bit modified for
brass and hold the workpiece in a machine
vise, otherwise there is risk that the drill will
catch when breaking through.

Now, make the Valve Seats (31B)
from 6mm diameter brass rod. Chuck a
length in the threejaw, with about 18mm
sticking out. Turn down the outer 16mm of
the rod to a loose fit in the holes of the valve
body. Part off to 23mm length and repeat for
the other valve seat.

Grip one of the pieces in the three-jaw
on the turned-down portion. With a round-
nose tool, turn down the outer 6mm to 5Smm
diameter. Chamfer the edge and thread M5
x 0.5mm, 4mm length. Center drill and drill
2.5mm diameter to 15mm depth, then
change to a 1.2mm drill bit and continue to
2lmm depth. Change again, to a 3.lmm
drill bit and drill to 7mm depth. Finally, tap
M3 to the bottom of the 2.5 diameter bore,
using a bottom tap. Repeat for the other
valve eeat (photo 66).

Silver solder the seats to the body. Itis
important that there are no leaks in the
solder joints. Therefore, apply flux to the
bores of the body before inserting the valve
seats and flux the visible joints liberally.
Heat and apply silver solder to the upper
joints only. Play the flame on the lower end
until a smooth fillet of silver appears,
indicating that the silver has flowed all the
way through the body, insuring a sound
joint.

The passages through the body now
can bedrilled (photo 66). First, drill 4.5mm
diameter to 4mm depth and tap M5 x
0.5mm. Then drill 1.5mm diameter to
connect the valve seats. Poke a 1.2mm drill
bit through the valve seats to remove the
burrs. Finally, drill the 2mm diameter
mounting holes.

The Connection (31C) fittings are
turned up from 6mm hexagonal stock. Make
the two spacer washers to go with them and
screw the fittings into the valve body.
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Drill bushing

Figure 48










The Valve Spindles (31D) are made
from 3mm diameter stainless steel. Turn
down the outer 6mm to2mm diameter. Then
use a fine-cut file to form the point. Polish
the point with fine emery cloth. Thread M3
to 13mm from the tip. Part offto the required
length and repeat forthe other apindle. Note
that the two spindles are of different length.

The handwheels are turned up from
brass acraps. They are secured to the stems
with Loctite. For additional secutiry, the
pins go through the spindles.

Make theGland Nuts (31F) from6mm
hexagonal brass stock. The packing can
conasist either of graphited yarn or plumb-
er’s teflon tape, twined to a string. Wind
afew turns of it on the stem in the opposite
direction to that of the gland’s thread,
tighten the gland nut and your burner valve
is complete (photo 67).

The enginedriven Feed Pump (29)
(photo 69) will feed water into the boiler
whenever the engine i8 running, in either
forward or reverse. It is geared to the
crankshaft, running at half engine speed.
The capacity of the pump can be altered by
repositioning the connection rod in any of
the tapped holes in the large gear, thus
altering the throw of the ram. Further
adjustment of the pumpoutputismade with
the bypass valve. The drawings show
metric gears of module 0.5 size, but any type
of gear can be used, as long as they are of
roughly the same size. Neither the number
of teeth or the gear ratio are critical, as long
as the gear ratio isinthe neighborhoodof2:1.

First select the gears. The amall one
should have a boss for the setacrew and be a
good fit on the engine shaft. If not, bore and
ream and fit the setscrew. The large gear
should also have a boss, 9.5mm long. Bore
out and ream the boas to 6mm. If the gear’s
bore is already larger than that, fit a
bushing to reduce the bore to 6mm. If
needed, machine the gear toZmm thickness.
Part off a length of 6mm silver steel rod to
the same length as the gear’s total thickness
and drill through it, 3mm diameter. Insert
the stud in the gear and clamp to the
engine’s rear endplate with a tool-maker’s
clamp.

To obtain the proper mesh between the
gears, puta piece of very thin paper between
them before tightening the clamp. A piece of
airmail paper will be about the right thick-
ness. The exact horizontal location of the
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large gear is not critical; eyeballing will do.
Tighten up the clamp and spot the ascrew
hole, using a 3mm drill bit. Remove the gear
and drill through the endplate, 2.5mm
diameter. Tap M3. While drilling and tap-
ping, stuff a wad of household paper behind
the endplate to collect the chips.

Make the retaining washer from steel.
The washer must be recessed in the gear in
order to clear the connection rod, ao turn the
recess in the gear, lmm deep. Shorten the
stud correspondingly, also countersink it
lightly at one end. Drill and tap the crank-
pin holes in the large gear. Their positions
are not critical, the easiest way is to locate
them by eye-sighting. In my photos, you will
notice that there are more crank pin holes
than indicated in the drawings. This is
because the gear had been used previously
for an experimental, long-stroke pump.
When the holes have been tapped, mount
the gear on its stud on the engine endplate.

Next comes the Pump Bracket (29G)
(photo 68). It can either be sawn out of a
piece of brass angle, or bent up from 2mm
flat brass. If you do the latter, first cut a
strip 13mm wide and about45mm long. The
bend must have fairly smallinternal radius.
Therefore, file ormill a bevelled recessat the
line of bend, just leaving a small amount of
metal to keep the pieces together, then bend
90° and silver solder. Trim to size, mark out
and drill the holes. Round off the outer end
of the short leg. Clamp the bracket to the
engine rear end plate with a clamp and spot
the mounting holes(photo 70). The bracket
should be located on the same horizontal
centerline as the large gear. Drill the
mounting holes 1.7mm diameter and tap
M2. Attach the pump bracket with M2
screws.

The Pump Body (29A) is made of
brass or bronzerod. Partoffa pieceof 10mm
rod to 50mm length. Drill a 7mm cross hole
30mm from one end. Put a 30mm long 7mm
rod in thishole andsilversolder(photo 71).
After pickling and cleaning, grip the
assembly in the three.jaw, by the shorter
10mm diameter end. Using a round-nose
tool, turn down the outer end to 8mm
diameter for 25mm length. Chamfertheend
and thread M8 x 0.75mm. The threadshould
be 18mm long (photo 72). Center drill and
drill all the way through, using progres-
sively larger drills, to 3.9mm diameter.
Ream 4mm diameter(photo 73). Reversein
the chuck. Use atapped bush fixture to hold
the cylinder, to avoid damaging the thread.
Part off to final length and round off the
corner. Drill out to 4.5mm diameter for
10mm depth and tap M5 x0.5mm (photo 74).

Now, grip the embryo pump cylinder
by one of the 7mm diameter ends. Part off
the projecting end at 12mm from the
cylmnder centerline. Center drill and drill
to 5mm depth with a 4.5mm drill bit.
Change to a 3mm drill bit and drill through
into the cylinder bore. Tap the hole M5 x
0.5mm. Form the valve seat with a 4mm
endmill, held in the drill chuck (photo 75).
Reverse the pump cylinder in the chuck
and repeat for the other end, the only dif-
ference being that no connecting hole
should be drilled to the bore. Instead, drill
two 2mm passages using a bench drill.
This way, the valve ball cannot block the
water entry to the cylinder.

Make the two Nuts (29F) and the
Gland Nut (29H). The Delivery Valve
(29C) is made of a piece of 7mm hex brass.
The 60° taper at thetop end isformed witha



centerdrill. File the four notches at the
bottom end; their exact form and sizeis not
critical, their purpose, again, is to prevent
the ball from blocking the water’s passage.

The Inlet Valve (29D) is made by
soldering together two pieces of brass rod in
the same way as was done for the pump
cylinder, the only difference being that the
10mm diameter rod should be 30mm long,
with the crosshole in the middle. The
machining isdonemuchinthesameway as
that of the pump cylinder. Note that the top
end should be faced after drilling and
threading to provide a proper seat for the
valve ball. Make a locknut (29E on the
assembly drawing) from 7mm hex brass
(photo 76).

The parts so far made can be assembled
now. Put a 4mm stainless steel ball in the
top (delivery) valve box. In order to form a
seat for the ball, stand thepump cylinder on
the work table, resting on the bottom valve
box. Then hold a short piece of 4mm brass
rod against the ball and give it a light, but
distinct, blow with a hammer. Screw in the
delivery valve. The ball should be abletolift
about 0.8mm from ita seat, so make a brass
washer of the proper thickness required to
obtain this goal.

Install the inlet valve and ball. This
ball can be seated by screwing the inlet
valve hard up, until it bottoms on the ball,
then backing off about one and a halfturns,
which will give the proper balllift. Finally,
tighten up the locknut. Also, make the Cap
Screw (29B) and fit it to the cylinder.

Next comes the Pump Ram (29M)
which simply is a piece of 4mm stainless
steel rod, turned down and threaded M3 at
one end. It must be smooth and free from
scratches, 80 polish it with a fine polishing
paper. Make and fit the Crosshead (29L).
Pump ram shown in photo 77 differs
slightly in proportions, as you may detect;
my pump haa a 5mm bore. As I found out,
this gave the pump an unnecessarily large
capacity, 8o I reduced the boreto 4mm in the
drawings. Mount the pump cylinder in the
pump bracket on the engine.

The Connection Rod (291), is milled
or, simpler, filed out of a acrap of 1.5mm
mild steel or brass sheet. Drill the bushing
holes first. Turnupthetwo phosphor bronze
bushings and press them into the con-rod.
Ream thebores after fittingthem tothecon-
rod, as they will probably shrink a fraction
due to the press fitting (photo 78).

Finally, make the two Gudgeon Pine
and Washers (280). The pins are short
lengths of 3mm silver steel rod, drilled
through 2mm diameter. Their length should
be just a fraction over the width of the con-
rod bushings. Then assemble the con-rod to
the pump. Set the crank end in the hole in
the gear wheel giving the shortest stroke
(photo 79). Adjust the positi'on of thepump
cylinder in the bracket togiveabout 0.5mm
clearance between the ram and the cap
screw when the ram is fully in. Whenever
the stroke of the pump is changed, this
clearance must be adjusted to prevent the
poasibility ofthe pump becoming air-locked.
Put a few turns of graphited yarn around
the ram and tighten up the gland nut
lightly; finger tight will suffice.

Your engine-driven pump is now com-
plete (photos 80 and 81), requiring only
the connection of plumbing to make it oper-
ational. Before we consider it finished,
though, let's take a look at a couple of
optional features.
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The Hand Pump (30) is an optional
accessory, which is not needed forthe power
plant’s function. It is, however, a very
handy means of filling up the boiler from
empty and for hydraulic testing of the
boiler, which should be done from time to
time. In a stationary plant it is also useful
for keeping up the water level in the boiler if
the engine pump should fail. In a ship model
it will be a bitawkward tomanipulate, but it
will enable hydraulic testing to be done
without removing the boiler from the hull.

The Pump Stand (30A) is madeoftwo
pieces of sheet brass, lmm and 2mm thick,
respectively, and silver soldered together
(photo 82). When riveting the 3mm thick
spacer in place, put a 12mm diameter brass
rod in the opening for the pump cylinder to
obtain the proper space for the latter.
Although not shown in the drawing, the
base should have four 3mm holes for mount-
ing screws.

Next, makethe Valve Box (30C) from
12 x 12mm brass. Cut off and face a piece to
30mm length. Mark out and center pop the
position for the three bores. Set up in the
four-jaw as shown in photo 83. Adjust the
jaws until the center pop runs reasonably
true. Center drill and drill to 10mm depth
with a 3mm drill bit. Drill out to, say, 9.5mm

Outlet

Soft solder

diameter. Then bore to final size, using an
internal boring tool (photo 84). Now, set
the work lengthwise in the chuck and adjust
the jaws until the center pop markrunstrue.
Turn down to8mm diameter for 7mm length
(photo 85). Center drill and drill 4.5mm
diameter to 6mm depth. Tap M5 x 0.5mm
(photo 88). Then drill through tothe 10mm
bore with a3mm drillbit. Exchangethedrill
bit for a 4mm endmill. Feed it in 7mm to
form the valve ball seat. Pokethe 3mm drill
bit through once again to remove the burrs.

Repeat for the other end of the valve
box, only this time do not drill through to
the center bore. Remove from the chuck and
chamfer all sharp edges with a file and
scraper. Drill the two communicating holes
to the center bore with a drillpress and the
valve box is completed.

The Cylinder (30B) simply is a 6mm
length of 12mm diameter bronze or brass
rod, which is drilled through and reamed
8mm diameter (photo 87). Turn down
10mm of one end to a press fit in the valve
box and press the parts together (photo88)
in a bench vise. Should you miss the press
fit, no harm is done, simply use Loctite to
stick them together.

Drill the three communicating holes
intothe bore of the cylinder, then soft solder

30 HAND PUMP

4

1 I H
©10 (press fit in part©) Stzw

8x2mm O-ring

30B CYLINDER
Brass, 1 required
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the cylinder to the stand (photo 89) (Of
course, if the cylinder has to be Loctited to
the valve box, this has towait until after the
soldering has been done, as the heat would
destroy the Loctite bond) The Delivery
Valve (30E) and the Iniet Valve(30F) are
very similar to their counterparts on the
engine pump, so I will save repeating a
description of ther'r manufacture. Likewise,
their valve balls should be seated in the
same manner.

For the Pump Ram (30D) a piece of
8mm diameter stainless steel rod is needed.
Part off to 72mm length.Turn down oneend
to 4mm diameter, 6mm length. Drill 2.5mm
diameter to about 8mm depth and tap M3.
The cross drilling and slotting of the other
end should be done at the same set-up in the
Unimat (as a vertical milling machine) to
make sure that the cross hole is at right
angle to the slot. Use a slitting saw for
cutting the slot. As a 3mm wide cut in
stainless steel will be a bit on the heavy side
for the Unimat, a thinner saw, say, 1.5mm
can beused and theslot be made in several
cuts. When finished, remove all sharp edges
and polish the ram with fine polishing
paper. Make the spacer from brass and fit it
and the O-ring to the ram (photo 90). The

“length of the spacer may need some adjust-
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ing, until it squeezes out the O-ring to a
proper fit in the cylinder bore.

The Link (30G) is made from scraps of
1.5mm thick shest steel or brass. Clamp
them together when drilling the holes. Also,
make the two spacers, and rivet the parts
together. Actually, I did not follow my own
drawings here, as might be seen in photo
91. I milled thelinkoutofsolidatsel,just for
the fun of it.

Saw and file the Handle (30H) out of
3mm steel or brass. Ream the pin holes 3mm
diameter. If the link and handle aremadeof
steel, they can be protected from rusting by
blackening them, either with chemical gun
blue or by heating and dipping in oil.

Finally, make the three Pins (30.J, K
and L) from 3mm diameterdrill rod. Assem-
ble the pump (photo 92). The two short
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pins are kept in place by expanding their
ends, using a center punch in the holes
drilled through them.

The Exhauset Steam Feed Water
Heater (32) (photo 93) is a purely optional
item since the engine will run equally well
without it. If you are in a hurry, you may
wish to delete it, or add it later on. It will,
however, increase the boiler’'s steam-raising
capacity slightly, and save a small percent
on fuel. My reason for including it is more
ecological than economical. It willseparate
most of the oil and condensed water from
the exhaust. Thie is very desirable if your
plant is to be used to power a model ship, as
itwillotherwiseleavean oil film initswake
and also shower itself with oil and water
droplets. Besides, it ia very simple to make,
so take your choice.

The first part on the agenda is the
Barrel (32A). It is a 56mm length of 32mm
copper or brass tube, iImm wall thickness.
Its diameter can, of course, be varied within
reason, to suit whatever material is on
hand, only remember to adjust the dimen-
sions of the end plates accordingly. Square
up the ends of thetube in the lathe. Markout
and drill the holes. Wind up the Water
Tube Coil (32E) thin-walled copper tube.
Anneal the tube, and fill it well with fine
sandto prevent flattening. Winditaround a
14mmrodin order togettheproper diameter
of the coil (photo 94). Note the direction of
the winding. Again, anneal the outer ends
of the coil, bend to proper shape, trim to
length and shake out the sand (photo 95).
Deburr the ends.

Make the Water Connections (32F)



from brass rod. They should fit stiffly in
their holes in the barrel.

The End Plates (32B and D) and the
End Flange (32C) are turned up from
40mm diameter brass rod. Spot the twelve
screw holes near the periphery of 32D with
the aid of the dividing head. Do not drill the
acrew holes in the end flange yet; that is
better left until after the parts have been
soldered together. Also, leave the screw
holes forthe pipeflanges until the plumbing
stage. Make the Drain Connection (32G)
and a washer for it. (The latter is only
shown in the assembly drawing.) You now
have the parts shown in photo 98, ready
for silver soldering together.

Assemble the parts, except the end
flange and the end plates, apply fiux on all
joints, including those between the water
tube coil and the water connection fittings.
Silver solder all joints in one heat, then
pickle and rinse (photo 97). Then attach
the end flange and the end plate and solder
them to the barrel. When doing this, the
previously.soldered joints should be pro-
tected by flux, in case they might be melted
again. Pickle again, this time for at least ten
minutes and rinse thoroughly (photo 98).

Now, clamp the loose end plate to the
end flange and drill thescrew holes, 1.7mm
diameter. Remove the end plateand tap the
holes in the flange M2. Attach the end plate
to the feed water heater with M2 screws. To
make sure that the joint will be leak-free,
apply some plumber’s jointing compound to
it before putting the parts together. The
exhaust feed water heater is now completed
(photo 99) and can be put aside, awaiting
the plumbing stage.

While we are in this area we might as
well finish off the Exhaust Flange and
Bend. This item will be needed only if you
decide to let your engine exhaust up the
stack. The alternative is to run a separate
exhaust pipe parallel to the stack. Anyhow,
the exhaust flange is a sumple thing to
make, needing no further description
(photo 100).

The Bypass Valve (33) is used to
regulate the amount of water forced into the
boiler by the engine feed pump. It is set to
maintain a steady water level in the boiler,

the pump’s excess discherge being bled
back to the inlet side of the pump.

The Valve Body (33A) is made of two
pieces of brass rod, silver soldered together.
First, part off a piece of 8mm diameter rod,
say, 30mm long. Drill a 6mm diametercross
hole, 9mm from one end. Then part off a
6mm diameter rod to 30mm length. Insert
this in the hole in the thicker rod and adjust
until it protrudes equally on both sides.
Silver solder in position. Grip the valve
body by the longer 8mm diameterendin the
three-jaw. Face the other end until it
extends Smm from the soldered joint. Center
drill and drill to 13mmdepth, using a4.5mm
drill bit. Change the drill bit to 2mm and
drill through. Chamfer the entrance to the
hole slightly and tap M5 x 0.5to6mm depth.

Reverse the valve body in the chuck
and part off to the correct length, 2lmm. Do
thie carefully, as there is not much to grip
on. Then turn down to 6mm diameter for
5mm length. Chamfer the end and thread
M6 x 0.75.

Now grip the valve body by one end of
the 6mm rod. Face the outer end until it
sticks 10mm outfromthebody (14mmtothe
centerline). Center drill and drill through to
the other hole with a 3mm drill bit. Thread
the outside M6 x 0.75 for 6mm length and
put in the 60° cone.

Make the Gland(33B) and Gland Nut
(33C) from 7mm hex stock. Thesecall forno
further description.

The Valve Spindle (33D) is made
from a piece of 3Imm diameterstainless steel
rod. Be careful about the length of the
thread. Make the handwheel of brass and
secure it with a drop of Loctite. Drill a cross
hole of 2mm diameter and fit a handle of
2mm diameter drill rod. It, too, could be
secured with Loctite.

Note that L havefiledawaythe stubleft
by machining away the chucking spigot
opposite the outlet. Itmakes the valve look a
bit neater.

The exact length and routing of the
various pipes will, of course, depend on the
engine and boiler room layout if the plant is
to be used for marine work. The hand pump
and the burner control valve can be posi-
tioned wherever convenient. Even if your

plant is to end up in a ship’s hull, it will
sumplify the plumbing work if you mount
the engine and boiler temporarily on apiece
of board, preferably faced with Formica or
some other water-reaistant surface. The
boiler and engine should be located in the
same relative positions as they will havein
the hull.

Make the flanges for the exhauat pipe.
Four will be needed, three Exhaust Flanges
and one Engine Exhaust Flange, if you
have made the exhaust feedwater heater.
Drill the screw holes in the dividing head.
Fill a 6mm copper pipe of, say, 0.5m length
with fine sand and anneal it. Bend to form
the pipe connecting the engine to the
exhaust feed water heater. Several anneal-
ings will be necessary. When satisfied with
ita shape, cut and trim to size. Silver solder
the flanges to it. Notethat theacrew holes in
the flanges ahould be so oriented that they
are accessible(photo 101). Drill the corres-
ponding screw holes in the engine exhaust
flange and the feedwater heater and tap M2.
Install the feedwater heater in place, then
make and inatall the exhaust pipe between
the feedwater heater and the atack base
(photo 102).

Now, make all the required Union
Nipples and Union Nuts (photo 103).
These components lend themselves to masa
production (photos 104, 105, 106 and
107).

The pipe from the engine pump to the
feedwater heater ia made of two pieces of
4mm copper tube. Make the right-angle
bend in the shorter piece first, then silver
solder to the Bypass valve socket. Trim
the pump end of the pipe to length, then
solder on the union (not forgetting toslipthe
union nut on first).

Bend the feedwater heater end of the
pipe to shape, trim to length and attach its
union and nut. Pickle and waah carefully,
and it is ready to install (photo 108).

The bypass valve now can beinstalled.
A washer may be needed underitin orderto
orient ita outlet properly. Make and install
the return pipe between the valve and the
pump inlet valve.

Next comes the pipe between theengine
pump inlet valve and the hand pump inlet
valve. This pipe has a aupply connection
near the engine pump. It is also made of
4mm copper pipe.

The output from the exhaust feedwater
heater ia connected to the boiler feedwater
heater (photo 109), running parallel to the
hand pump supply pipe. Then make the
short pipe connecting the boiler feed water
heater with the feed valve (photo 111; also
seen in photo 109). As this pipe has sharp
bends, it needs filling with sand during
forming. Also, make and fit the pipe from
the hand pump to the other feed valve.

The preasure gauge is connected by a
2.4mm copper pipe, which also supports it.
It is important that this pipe has an S-bend
in it, where condensate will collect and
protect the gauge from direct contact with
steam.

The drain outlet ofthefeedwater heater
should be connected to a drain tank when
the plant is installed in a hull. For test
running, it is sufficient to make up a short
length of 3mm copper tube to bring the
condensate to the side of the plant, whereit
can be collected in a small can.

The superheater is connected to the
thro)ttle valve by a 4mm copper pipe (photo
110).
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Exhoust Flange ond Bend

By- pass valve

Throttle valve

Exhaust ta feed
water heater

33AVALVE BODY
Brass. 1 required

Steam pipe, frorn\
superheater

/ Z L_To hand pump —From water supply
L To condensate tank | 3mm pipe)
To boiler feed water heater

33BGLAND Nate: atl pipework 4mm copper tube unless otherwise specified
Brass. 1 reguired
ENGINE PUMP PIPEWORK

Pin, @2 brass

Vg Handwheel, brass
93 n
@t
/)
MSx05
33C GLAND NUT 33DVALVE SPINDLE ENGINE EXHAUST FLANGE
Brass. 1 required Stainless Steel. 1 required Brass, 1 required

The final pipe work is that feeding the
burners. [tis all done with 3mm copper pipe.
The Fan-out Fitting between the valve
and the burners is made of a small block of
6mm square brass, drilled out to take the
three pipes. The complete pipe is shown in
photo 112. Makethepipeconnecting tothe
control valve as long as will be nseded in
your boiler rcom layout; the excess can be
coiled uptemporarily when testing,asinthe
photos. The same applies to the pipe
between the gas container and the control
valve. I have not specified the connection
fitting for the gas container end of the pipe,
as that will depend on the kind of gas
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container. For marine work, the disposable
type is preferred, because of its much lower
weight. The gas used should be Butane, as
theburner orifices aredimensioned forthat.
If you should want to use Propane gas,
orifices with much smaller bores have to be
substituted, as that gas has much higher
pressure,

The miniature preasure gauge shown
in the photos is a commercial item, the only
ready-made part used in the steam plant.
Ideally, it should have a range of 0-60 psi,
Not being abletolocate such arange, Ifitted
one reading 0-120 psi.

Before the steam test, a second hy-
draulic test should be made with all boiler
fittings except the safety valve in place.
Remove the safety valve. Also, remove the
steam pipe at the superheater union and fit
a cap nut in its place. Do the same with the
pipe from the exhaust feedwater heater, at
the boiler feedwater heater. Make a fitting
which will take a plastic tube and fit on the
water supply fitting at theengine pump. Put
the other end of the plastic tubeintoa can of
clean water and fill the boiler completely by
operating the hand pump. Now fit your test
pressure gauge in place of the safety valve.
Again, operate the hand pump to raise the
pressure to twice the working pressure, 60
psior 4.2kg/cm? I there are no leaks in the
armature fittings, an occasional stroke on
the pump will suffice to keep the pressure for
afewminutes. If, ontheotherhand, a leakis
found, the boiler will havet obeemptiedand
the leak attended to. Use plumber’s teflon
tape or jointing compound to cure leaking
threads, preferably the former on threads
which will have to be taken apart for
installation or maintenance. Whensatisfied
with the test, the boiler has to be partly
emptied for the steam test. This has to be

EXHAUST FLANGE
Brass, 3 required

3mm copper pipe
from burner valve

L‘—3mm copper pipes
to butners

GAS PIPE FAN-QUT FITTING
Brass. 6 x 6mm, 1 reguired

50“

Silver solder
4mm copper pipe

FEED WATER CONNECTION
Brass, 1 required

8

Silver solder
4Lmm copper pipe

BY-PASS VALVE SOCKET
Brass, 1 required

60°
Y o3 MBx075
Tmm hex
n J_ p 252 o o
~r B OL,ﬁ -
o4L7

4Lmm copper pipe

UNION NIPPLE AND UNION NUT
M6 x 0.75, Brass, 14 required each

36

3mm copper pipe

UNION NIPPLE AND UNION NUT
M5 x 0.5, Brass, 5 required each




done in a most undignified manner, by
removing the filler plug and the test gauge
and holding the whole steam plant upside
down. Leave the water level at about two-
thirds on the water level gauge. Replacethe
filler plug.

Re-install the safety valve. Removethe
dome plug and put the pressure test gaugein
its place. Re-connect the feedwater pipe to
the boiler feedwater heater. Also, connect
the steam pipe to the superheater. Connect
the gas supply to the burner valve. Fill the
engine’s lubricator tank, up to the small
hole in the steam passage, with cylinder oil
Note that ordinary oil should never be used
in the lubricator, only cylinder oil (some
times called valve oil) works in conjunction
with steam. Oil all moving parts of the
engine with machine oil. Check that the
throttle valve is closed and open up the
bypass valve threeorfourturns. Also, check
that the lubricator’s drain valve is closed.

Now, light the burners. Do this by
ingerting a burning match through the fire
door, and then opening the pilot valveabout
an eighth of a turn—never the other way
around, as in that case, the firebox would be
filled with a gas-air mixture before the
match is introduced, with an obvious result.
Do not be alarmed by this warning, I have
tried it purposely several times, to make
sure there is no danger.

Leave the burner at this low setting for
about two minutes, as the draft is very poor
when the boiler is cold; any increase in the
gas supply would only result in incomplete
combustion, causing the burners to choke
themselves. After about two minutes, close
the fire door and open up the burner main
valve. Within a couple of minutes, the
pressure should begin to rise. Go slowly, by
moderating the fire if necessary, until the
pressure reaches 40 psi or 2.8 kg/cm2. That
is, if the safety valve does not open, of
course. If the safety valve opens at a lower
pressure, the fire has to be put out and the
safety valve spring adjusted, or a very small
brass washer put between the valve stem
and the spring. It does not matter if the
valve does not open exactly at 40 psi during
the test, as the boiler has a very high safety
factor. Anything up to50 psi would do. Keep
the pressure near the blowing-off point for
about a quarter of an hour and check that
there are no steam or water leaks. If noleaks
are found, the boiler has passed the steam
pressure test, if not, the fire must be dropped
and the leak tended before the test is
redone.

When the test is completed, the safety
valve must be reset tothe proper blowing-off
pressure, 30 psior 2.1 kg/cm2 Todothis, put
out the fire and let the boiler cool off until all
pressure is gone. Remove the plastic feed-
water tube from the water supply can or
remove the filler plug, otherwise the boiler
will fill itself completely with water, due to
the vacuum which will form in it when the
steam condenses.

Lower the blowing-off point of the
safety valve by inserting a washer of
appropriate thickness between the valve
spindle housing and the valve seat. In this
way, the boiler can be given periodic steam
tests simply by temporarily removing the
washer.

When the valve is working at the
proper pressure, try the hand pump, tomake
sure thatit is working properly. Keepan eye
on the water gauge; the level should be kept
at about half to two-thirds of a glass.



Now, at last, the engine can be tried
out. Place a amall can or tray under the
drain pipe, as there will be plenty of
condensate from the feedwater when the
engine is running. Crack the throttle valve
open, just a very small amount. As the
engine is stone cold, all the steam will
condense in it in the beginning, and it will
act more like a hydraulic motor than a
steam engine to begin with. Keep the speed
down to crawling until the cylinders have
warmed up and the cylinders have been
cleared of condensate, then the speed can
be increased.

Watch the boiler pressure and try to
keep it just below the blowing-off point by
means of the burner main valve. Keep an
eye on the water gauge; when ithas fallen to
about a third on the glass, put the engine
pump into action by closing the bypass
valve. By careful regulation, it is possible to
find a valve setting which will keep the
water level constant over long periods. The
engine pump may need to have its stroke
adjusted in order to obtain this. Remember,
whenever the pump’s stroke is changed, the
pump cylinder’s position in the bracket
must be adjusted for minimum clearance
to prevent the possibility of the pump being
airlocked. Should there be an irregular
rattling noise from the pump when running,
itindicates that the valve balls arebouncing
on theirseats, due to the high I\ft. The valve
lift should then be reduced.

In a small boiler likethis, itisimportant
to use clean feedwater. If the feedwater is
stored in a tank, it will pay off to use
distilled water, as it will only use small
amounts. In marine work, however,it might
be convenient to take the feedwater directly
from the pond or lake which the vessel is
running in. There is no objection to this,
provided the water is clean. The boiler will
then need to be washed out at regular
intervale. In severe cases, the boiler can be
cleaned out by filling it with aweaksolution
of vinegar and leaving it for a couple of
hours. Flush very carefully with clean water
afterwards.

After each running sesgsion, wipe down
the engine and oil it. Drain the lubricator
of condensate, top off the oil, and the
steam plant will be ready for the next run
(photo 113).
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Metric to Decimal Inch Conversion Chart

by William C. Fitt

millimeters (mm)

0 .001 .002 003 004 .005 006 .007 .008 .009

mm inches

0  0.00000 0.00004  0.00008 0.00012 0.00016 0.00020 0.00024 0.00028 0.00031 0.00035
.010 0.00039 0.00043 0.00047 0.00051 0.00055 0.00059 0.00063 0.00067 0.00071 0.00075
.020 0.00079 0.00083 0.00087 0.00091 0.00094 0.00098 0.00102 0.00106 0.00110 0.00114
.030 0.00118 0.00122 0.00126 0.00130 0.00134 0.00138  0.00142 0.00146 0.00150 0.00154
.040 0.00157 0.00161 0.00165 0.00169 0.00173 0.00177 0.00181 0.00185 0.00189 0.00193
.080 0.00197 0.00201 0.00205 0.00209 0.00213 0.00217 0.00220 0.00224 0.00228 0.00232
.080 0.00236 0.00240 0.00244 0.00248 0.00252 0.00256  0.00260 0.00264 0.00268 0.00272
.070 000276  0.00280 0.00283 0.00287 0.00291 0.00295  0.00299 0.00303 0.00307 0.00311
.080 0.00315 0.00319 0.00323 0.00327 0.00331 0.00335 0.00339  0.00343 0.00346 0.00350
090 000354 0.00356 0.00362 0.00388 0.00370 000374  0.00378 0.00362 0.00386  0.00390
100  0.0038¢4 0.00398 0.00402 0.00406 0.00400 0.00413 0.00417  0.00421 0.00425 0.00429
110 0.00433 0.00437 0.00441 0.00445 0.00449 000453  0.00457 0.00461 0.00465 0.00469
320 0.00472 0.00476  0.00480 0.00484 0.00488 0.00492 0.00496 0.00500 0.00504 0.00508
130 0.00512 0.00516 0.00520 0.00524 0.00528 0.00531 0.00535 0.00539 0.00543 0.00547
140 0.00551 0.00555 0.00559  0.00583 0.00587 0.00571 0.00575 0.00579 0.00583 0.00587
150 0.00591 0.00594 0.00598 0.00602 000606 0.00610 0.00614 0.00818 0.00622 0.00626
.180 0.00630 0.00634 0.00638  0.00642 0.00846 0.00650 0.00654 0.00657 0.00661 0.00665
170 0.00669 0.00673  0.00677 0.00681 0.00885 0.00689 0.00693  0.00697 0.00701 0.00705
.180 0.00709 0.00713 0.00717 0.00720 0.00724 0.00728 0.00732 0.00736 0.00740 0.00744
190 0.00748 0.00752 0.00756  0.00760 0.00764 0.00768 0.00772 0.00776  0.00780 0.00783
.200  0.00787 0.00781 0.0079S 0.00799 0.00803 0.00807 0.0081% 0.00815 0.00919  0.00823
.210 0.00827 0.00831 0.00835 0.00839  0.00842 000848 0.00850 0.00854 0.00858 0.00862
.220  0.00886 0.00870 0.00874 0.00878 0.00882 0.00888 0.00890 0.00894 0.00898  0.00902
230 0.00305 0.00908  0.00913 0.00917  0.00921 0.00925 0.00929  0.00933 0.00937 0.00941
240 0.00945 0.00949 0.00953 0.00957 0.00961 0.00865 0.00968 0.00972 0.00976  0.00980
.250 0.00984 0.00988  0.00992 0.00996 0.01000 0.01004 0.01008 0.01012 0.01016 0.01020
.280 0.01024 0.01028  0.01031 0.01035 0.01039 0.01042 0.01047 0.01051 0.01055 0.01059
270  0.01063 0.01087 0.01071 0.01075 0.01079 0.01083  0.01087 0.01091 0.01094  0.01098
.280 0.01102 0.01106  0.01110 0.01114 0.01118 0.01122 0.01126 0.01130 0.01134 0.01138
290 0.0142 0.01146 0.01150 0.01154 0.01158 0.01m181 0.01165 0.01169 0.01173 0.01177
300 0.01181 0.01185 0.01189 0.01193  0.01197  0.01201 0.01205 0.01209 0.01213 0.01217
.310 0.01220 0.01224 0.01228 0.01232 0.01236 0.01240 0.01244 0.01248 0.01252 0.01256
320 0.01260 0.01264 0.01268 0.01272  0.01276 0.01279 0.01283 0.01287 0.01291 0.01295
330 0.01299 0.01303 0.01307 0.01311 0.01315 0.01319 0.01323 0.01327 0.01331 0.01335
340 0.01339 0.01342 0.01346 0.01350 0.01354 0.01358 0.01362 0.01366 0.01370 0.01374
.350 0.01378  0.01382 0.01386 0.01390 0.01394 0.01398 0.01402  0.01405 0.01409 0.01413
360 0.01417 0.01421 0.01425 0.01429 0.01433 0.01437 0.01441 0.01445 0.01449 0.01453
370  0.01457 0.01461 0.01465 0.01468 0.01472 0.01478 0.01480 0.01484 0.01488 0.01492
.380  0.01496 0.01500 0.01504 0.01508 0.01512 0.01518 0.01520 0.01524 0.01528 0.01531
390 0.01535 0.01539 0.01543 0.01547 0.01551 0.01555 0.01559 0.01563 0.01567 0.01571
400 0.01575 0.01579  0.01583 0.01587 0.01591 0.01584 0.01598  0.01602 0.01606 0.01610
410 0.01814 0.01818 0.01822 0.01626 0.01630 0.01634 0.01638 0.01642 0.01646 0.01650
420 0.01653 0.01657 0.01661 0.01665 0.01669  0.01673 0.01877 0.01661 0.01685 0.01689
.430 0.01893 0.01697 0.01701 0.01705 0.0v709  0.01713 0.01716 0.01720 0.01724  0.01728
440 0.01732 0.01736 0.01740 0.01744 0.01748 0.01752 0.01758 0.017680 0.01764 0.017668
450 0.01772 0.01776 0.01779 0.01763 0.01787 0.01791 0.01795  0.01799 0.01803  0.01807
.480 0.01811 0.01815 0.01819 0.01823 0.01827 0.01831 0.01835 0.01839 0.01842 0.01846
470 0.01850 0.01854 0.01858 0.01862 0.01868 0.01870 0.01874 0.01878 0.01882 0.01886
480 0.01890 0.018%4 0.01898  0.01902 0.01905 0.01909  0.01913 0.01917 0.01921 0.01925
.490 0.01929  0.01933  0.01937 0.01941 0.01945 0.01949 0.01952 0.01957 0.01961 0.01965
.500 0.01968 0.01972 0.01976 0.01980 0.01884 0.01988 0.01982 0.01996 0.02000 0.02004
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mm 0 001 .002 .003 .004 .005 .006 007 008 009
510  0.02008  0.02012  0.02016  0.02020  0.02024  0.02028  0.02031 0.02035  0.02039  0.02043
520  0.02047 0.02051 0.02055  0.02059  0.02063 0.02067 0.02071 0.02075  0.02079  0.02083
530  0.02087 0.02090  0.02094 0.02098  0.02102 0.02106 0.02110  0.02114 0021318  0.02122
540 0.02126 0.02130 0.02134 002138 0.02142 0.02148 0.02150 0.02153  0.02157  0.02161
650 0.02165 0.02169  0.02173  0.02177 0.02181 0.02185  0.02189  0.02193  0.02197  0.02201
560 0.02205 002209 0.02213  0.02216  0.02220  0.02224  0.02228  0.02232 0.02236  0.02240
570  0.02244 002248  0.02252 002256  0.02260 0.02264 0.02268  0.02272  0.02276  0.02279
580  0.02283  0.02287  0.02291 0.02295 0.02299  0.02303 0.02307 0.02311 0.02315  0.02319
590  0.02323  0.02327  0.02331 002335 002339 0.02342 002346 0.02350 0.02354  0.02358
600 0.02362 0.02366 0.02370 0.02374¢ 0.02376  0.02382 0.02386 0.02390 0.023%4  0.02398
.610  0.02402  0.02405  0.02409  0.02413  0.02417 0.02421 0.02425  0.02429  0.02433  0.02437
620  0.02441 0.02445 002449 002453 0.02457  0.02461 0.02464 002468  0.02472  0.02476
830 002480 0.02484  0.02488 0.02492 0.02496 0.02500 002504 0.02508 0.02512  0.02516
640  0.02520 0.02524  0.02527  0.02531 002535 0.02639  0.02543  0.02547  0.02551 0.02555
650 0.02559  0.02563  0.02567  0.02571 0.02575  0.02579  0.02583 0.02587 0.02590  0.02594
660 002598 0.02602 0.02606 0.02610  0.02614  0.02618  0.02622  0.02626  0.02630  0.02634
670 002638 0.02642 0.02646  0.02650  0.02653 0.02657  0.02661 002665 0.02669  0.02673
680 002677 0.02681 0.02685 0.02689  0.02693  0.02697  0.02701 0.02705 0.02709  0.02713
690 0.02716  0.02720  0.02724  0.02728  0.02732 0.02736  0.02740  0.02744  0.02748  0.02752
.700  0.02756 0.02780 0.02764 0.02788 0.02772 0.02776 0.02779 0.02763 0.02767  0.02791
710 0.02795  0.02799  0.02803  0.02807 0.02811 0.02815  0.02819  0.02823  0.02827  0.02831
720 0.02835  0.02839  0.02842  0.02846  0.02850  0.02854 0.02858 002862  0.02866  0.02870
730  0.02874 0.02878  0.02882 002886 002890 0.02894 0.02898  0.02901 0.02805  0.02909
740 0.02913  0.02917  0.02921 002925 002929 0.02933 0.02937  0.02941 0.02945  0.02949
750  0.02953  0.02957  0.02961 0.02864  0.02868  0.02972  0.02976  0.02980  0.02884  0.02988
760  0.02992  0.02996  0.03000  0.03004  0.03008 0.03012 0.03016  0.03020  0.03024  0.03027
770 0.03031 0.03035 003039 0.03043 0.03047 0.03051 0.03055 0.03059 0.03063  0.03067
780  0.0307 0.03075 0.03079 003083 0.03087 0.03090 0.03084 0.03098 0.03102  0.03106
790 0.03110 0.03114 0.03118  0.03122 0.03126  0.03130  0.03134  0.03138  0.03142  0.03146
.800 0.03150 0.03153  0.03157  0.03161 0.03165 0.03169 0.03173  0.03177  0.03161  0.03165
.810  0.03189 0.03193  0.03197  0.03201 0.03205 0.03209 0.03213  0.03216 0.03220  0.03224
820 0.03228  0.03232 0.03236  0.03240  0.03244  0.03248 0.03252 0.03256  0.03260 003264
630 0.03268 0.03272 0.03276  0.03279  0.03283  0.03287 0.03291  0.03295 0.03299  0.03303
840  0.03307 0.03311 0.03315  0.03319 0.03323  0.03327  0.03331 0.03335 0.03338  0.03342
.850 0.03346 0.03350 0.03354 0.03358 0.03362 0.03366 0.03370 0.03374 0.03378  0.03382
.860 003386  0.03380 0.03394  0.03398  0.03401 0.03405 0.03409  0.03413  0.03417  0.03421
.870 0.03425 003429 0.03433 0.03437 0.03441 0.03445 003449 0.03453 0.03457  0.03461
.860  0.03464  0.03468  0.03472 0.03476  0.03480 0.03484  0.03488  0.03492 0.03496  0.03500
.890  0.03504 0.03506 0.03512 0.03516  0.03520 0.03524  0.03527  0.03531 0.03535 0.03539
900 0.03543  0.03547  0.03551 0.03555 0.03558 0.03563 0.03567  0.03571 0.03575  0.03579
810  0.03583 0.03587 0.03590 0.03594  0.03598  0.03602  0.03666 0.03610  0.03614  0.03618
.920  0.03822 0.03626  0.03630 0.03634 0.03838  0.03642 0.03646 003650 0.03653  0.03657
930  0.03661 0.03665 0.03669  0.03873  0.03677  0.03681 003685 0.03669 0.03893  0.03697
940  0.03701 0.03705 003709 0.03712 0.03716  0.03720 0.03724  0.03728  0.03732  0.03738
.960  0.03740 0.03744  0.03748 0.03752 0.03756  0.03760  0.03764  0.03768  0.03772  0.03775
.860 0.03779  0.03783  0.03787  0.03791 0.03795 0.03799  0.03803 0.03807 0.03811 0.03815
970 0.03819  0.03823  0.03827  0.03831 0.03835 0.03838  0.03842  0.03846 0.03850  0.03854
980 0.03858 0.03862 0.03866 0.03870 0.03874 0.03878 003882 0.03886 0.03890  0.03894
980 0.03898  0.03901 0.03905 0.03808 0.03913  0.03917  0.03921 0.03925 0.0392¢  0.03933
1.000 0.08837  0.03941 0.03945 0.03949 0.03853  0.03857  0.039681 0.03684 0.03968  0.03972
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Note: There are some minor discrepancies in the
foltowing figures because the eGuipment used did
not distinguish the accepted practice beyond the
third decimal point. As a result. Tmm reads 0.040
inches rather than 0.039(0.039369)./n any instance,
the error is less than 0.001 inch.

0.040 0.044 0.048 0.052 0.056
0.079 0.083 0087 0.091 0.095
0.119 0.123 0.126 0.130 0.134
0.158 0.162 0.166 0.170 0.174
0,197 0.201 0205 0209 0.213
0.237 0241 0245 0249 0.252
0.276 0.280 0.284 0.288 0.292
0.315 0.319 0323 0327 033
0355 0359 0363 0.367 0.371
0.394 0.398 0.402 0406 0.410
0434 0.438 : 0441 0.445 0449
0473 0.477 0.481 0485 0.489
0512 0.516 0520 0.524 0.528
0.562 0556 0560 0563 0567
0591 0595 0599 0.603 0.607
0630 0634 0.638 0642 0.646
0670 0674 0.678 0.682 0.686
0709 0.713 0.717 0.721 0.725
0.749 0.752 0.756 0.760 0.764
0.788 0.792 0.796 0.800 0.804
0827 0831 0835 0.839 0843
0.867 0871 0.875 0.878 0.882
0906 0910 0.914 0.918 0.922
0945 0949 0953 0957 0.961
0985 0989 0.993 0997 1000
1024 1028 1.032 1.036 1.040
1.063 1067 1.071 1075 1079
1.103 1107 t.111 1,116 1.119
1.142 1.146 1150 1.154 1.158
1.182 1186 1.189 1193 1,197
1221 1.225 1229 1.233 1.237
1.260 1.264 1.268 1.272 1.276
1.300 1304 1308 1.312 1.315
1.339 1.343 1.347 1.351 1.355
1378 1382 1386 1390 1.394
1.418 1422 1426 1430 1434
1457 1461 1465 1469 1473
1497 1500 1504 1508 1512
1636 15640 1544 1548 1.662
1.676 1579 15683 1587 1.591
1.615 1619 1623 1626 1.630
1664 1668 1.662 1666 1.670
1693 1697 1.701 1.705 1.709
1733 1,737 1.741 1.745 1.749
1.772 1.776 1.780 1.784 1.788
1.812 1.815 1.819 1.823 1.827
1.861 1855 1.869 1.863 1.867
1890 1894 1898 1902 1.906
1930 1934 1937 1941 1945
1.969 1973 1.977 1981 1.985

Metric to Decimal Inch Conversion Chart

0.060
0.099
0.138
0.178
0.217
0.256
0.296
0.335
0.375
0.414
0.453
0.493
0.632
0.571
0.61
0.650
0.689
0.729
0.768
0.808
0.847
0.886
0.926
0.965
1.004
1.044
1.083
1.123
1.162
1.201
1241
1.280
1.319
1.359
1.398
1.437
1.477
1.516
1.556
1.585
1.634
1674
1.713
1.752
1.792
1.831
1.8M
1910
1.949
1.989

0.063
0.103
0.142
0.182
0.221

0.260
0.300
0.339
0.378
0.418
0.457
0.497
0.536
0.575
0.615
0.654
0.693
0.733
0.772
0.812
0.851

0.890
0.930
0.969
1.008
1.048
1.087
1.126
1.166
1.205
1.245
1.284
1.323
1.363
1.402
1.441

1.481

1.620
1.560
1.599
1.638
1.678
1.717
1.756
1.796
1.835
1.875
1.914
1.953
1.993

0.067
0.107
0.146
0.186
0.225
0.264
0.304
0.343
0.382
0.422
0.461
0.500
0.540
0.579
0.619
0.658
0.697
0.737
0.776
0.815
0.855
0.894
0.934
0.973
1.012
1.052
1.091
1,130
1.170
1.209
1.249
1.288
1.327
1.367
1.406
1.445
1.485
1524
1.563
1.603
1.642
1.682
1.721
1.760
1.800
1.839
1.878
1.918
1.957
1.997

by Larry Koehl

0.071
0.111
0.150
0.189
0.229
0.268
0.308
0.347
0.386
0.426
0.465
0504
0.544
0583
0.623
0.662
0.701

0.741

0.780
0.819
0.859
0.898
0.938
0.977
1016
1.056
1.095
1.134
1.174
1.213
1.252
1.292
1.331

1.371

1410
1.449
1.489
1.628
1.567
1.607
1.646
1.686
1.725
1.764
1.804
1.843
1.882
1.922
1.961
2.000

0.075
0.115
0.154
0.193
0.233
0.272
0.312
0.351
0.390
0.430
0.469
0.508
0.548
0.587
0.626
0.666
0.705
0.745
0.784
0.823
0.863
0.902
0.941
0.981
1.020
1.060
1.099
1.138
1.178
1.217
1.256
1.296

1335
1.375
1.414
1453
1.493
1.532
1.57
1.611
1.650
1.689
1.729
1.768
1.808
1.847
1.886
1.926
1.965
2.004

2.008
2.048
2.087
2.126
2.166
2.205
2.245
2.284
2.323
2.363
2402
2441
2481
2520
2560
2.599
2638
2.678
2.717
2.756
2.796
2.835
2874
2.914
2.953
2993
3.032
3.07M
3.1
3.150
3.189
3.229
3.268
3.308
3.347
3.386
3.426
3.465
3.504
3.544
3.683
3.623
3.662
3.701
3.741
3.780
3.819
3.859
3.898
3.937

A

2.012
2.052
2.09
2.130
2.170
2.209
2.249
2.288
2.327
2.367
2.406
2445
2.485
2524
2.563
2,603
2.642
2.682
2.721

2.760
2.800
2.839
2.878
2.918
2.957
2.997
3.036
3.075
3.115
3.154
3.193
3.233
3.272
3.31

3.351

3.390
3430
3.469
3508
3.548
3.5687
3.626
3.666
3.705
3.745
3.784
3.823
3.863
3.902
3.941

2.016
2.056
2.095
2.134
2.174
2.213
2.252
2.292
2331

23N

2.410
2.449
2489
2528
2567
2.607
2646
2.686
2,725
2.764
2804
2843
2.882
2,922
2,961

3.000
3.040
3.079
3.19
3.158
3.197
3.237

3.276
3.316
3.355
3.394
3.434
3.473

3.512
3.652
3.591

3.630
3.670
3.709
3.748
3.788
3.827
3.867
3.906
3.945

2.020
2.060
2.099
2.138
2178
2.217
2.256
2.296
2.335
2,374
2.414
2.453
2.493
2,532
25N

2.6Mm

2.650
2.689
2.729
2.768
2.808
2.847
2.886
2.926
2.965
3.004
3.044
3.083
3.123
3.162
3.201

3.241

3.280
3.319
3.359
3.398
3.437
3.477
3.516
3.556
3.595
3.634
3.674
3.713
3.752
3.792
3.831

3.87M

3.910
3.949

2.024
1.063
2.103
2142
2182
2.221
2.260
2.300
2.339
2,378
2.418
2.457
2497
2536
2,575
2.615
2.654
2.693
2.733
2,772
2.81

2.851

2.890
2930
2.969
3.008
3.048
3.087
3.126
3.166
3.205
3.245
3.284
3.323
3.363
3.402
3.441

3.481

3.520
3.560
3.699
3.638
3.678
3.717
3.756
3.796
3.835
3.874
3.914
3.953

2028
1.067
2.107
2,146
2.186
2.225
2.264
2.304
2.343
2.382
2.422
2.461
2500
2.540
2.579
2.619
2.658
2.697
2.737
2,776
2.815
2,855
2.894
2934
2.973
3.012
3.052
3.091
3.130
3.170
3.209
3.248
3.288
3.327
3.367
3.406
3.445
3.485
3.624
3.663
3.603
3.642

3.721
3.760
3.800
3.839
3.878
3.918
3.957

2.032
2.0M
2.1
2,150
2.189
2.229
2.268
2.308
2.347
2.386
2426
2.465
2504
2544
2.583
2623
2.662
2.701
2.741
2,780
2.819
2,859
2.898
2937
2.977
3.016
3.056
3.095
3.134
3.174
3.213
3.262
3.292
3.331
3.371
3.410
3.449
3.489
3528
3.567
3.607
3.646
3.686
3.725
3.764
3504
3.843
3.882
3.922
3.961

2.036
2.075
2.115
2.154
2.193
2.233
2.272
2.312
2.351

2390
2.430
2469
2.508
2.548
2.587
2.626
2.666
2.705
2.745
2.784
2.823
2.863
2902
2.941

2.981

3.020
3.060
3.099
3.138
3.178
3.217
3.256
3.296
3.335
3.374
3.414
3.453
3.493
3.632
3.571

3.611

3.650
3.689
3.729
3.768
3.808
3.847
3.886
3.926
3.965

sayoul
£.6€-0v00
wwe 00l - |

2.040
2079
2.119
2.158
2197
2237
2.276
2.315
2.355
2.394
2434
2.473
2.512
2552
2.591

2630
2.670
2.709
2.749
2.788
2.827
2.867
2.906
2,945
2.985
3.024
3.063
3.103
3.142
3.182
3.221

3.260
3.300
3.339
3.378
3.418
3.457
3.497
3.5636
3.5756
3.615
3.654
3.693
3.733
3.772
3.81

3.851

3.930
3.969



orl

101

102
103
104
105
106
107
108
109
110
1

112
113
114
115
116
117
118
119
120
121

122
123
124
125
126
127
128
129
130
131

132
133
134
135
136
137
138
139
140
141
142
143
144
145
146
147
148
149
150

3.977
4.016
4.056
4.095
4.134
4.174
4.213
4.252
4.292
4.331
4.3NM
4.410
4.449
4.489
4.528
4.567
4.607
4.646
4.685
4.725
4.764
4.804
4.843
4.882
4.922
4.961
5.000
5.040
5.079
5.119
5.158
5.197
5.237
5.276
5.3156
5.355
5.394
5434
5.473
5.512
5.662
5.591
5.630
5.670
5.709
5.748
5.788
5.827
5.867
5.906

A

3.981

4.020
4.060
4.099
4.138
4.178
4.217
4.256
4.296
4.335
4.374
4.414
4.453
4.493
4,532
457

4.61

4.650
4.669
4.729
4.768
4.808
4.847
4.886
4.926
4.965
5.004
5.044
5.083
5.122
5.162
5.201

5.241

5.280
5.319
5.359
5.398
5.437
5.477
5.516
5.5656
5.695
5.634
5.674
5.713
5.752
5.792
5.831

5.871

5.910

3.985
4.024
4.063
4.103
4.142
4.182
4.221

4.260
4.300
4.339
4.378
4.418
4.457
4.497
4.536
4.575
4.615
4.654
4.693
4.733
4.772
4.81

4.851

4.890
4.930
4.969
5.008
5.048
5.087
5.126
5.166
5.205
5.245
5.284
5.323
5.363
5.402
5.441

5.481

5.520
5.659
5.5699
5.638
5.678
5.717
5.756
5.796
5.835
5.874
5914

3

3.989
4.028
4.067
4.107
4.146
4.185
4.225
4.264
4.304
4,343
4.382
4.422
4.461

4.500
4.540
4.579
4.619
4.658
4.697
£.737
4.776
4.815
4.855
4894
4.934
4.973
5.012
5.052
5.091

5.130
5.170
5.209
5.248
5.288
6.327
5367
5.406
5.445
5.485
5.524
5563
5.603
5.642
5.682
5.721

5.760
5.800
5.839
5.878
5.918

.4

3.993
4.032
4.07
4.1
4.150
4.189
4.229
4.268
4.308
4.347
4.386
4.426
4.465
4.504
4.544
4.583
4.622
4.662
4.701
4,741
4.780
4.819
4.859
4,898
4.937
4.977
5.016
5.056
5.095
5.134
5.174
5.213
5.252
5.292
5.331
5.37
5.410
5.449
5.489
5.628
5.567
5.607
5.646
5.685
5.725
5.764
5.804
5.843
5.882
5.922

.5

3.997
4.036
4.075
4.115
4.154
4.193
4.233
4.272
4.31
4,351
4.390
4.430
4.469
4.508
4548
4.587
4.626
4.666
4.705
4.745
4.784
4.823
4.863
4.902
4.941
4.981
5.020
5.059

5.138
5.178
5.217
5.256
5.296
5.335
5.374
5.414
5.453
5.493
5.632
5.571
5.611
5.650
5.689
5.729
5.768
5.808
5.847
5.886
5.926

.6

4.000
4.040
4.079
4.119
4.158
4.197
4.237
4.276
4.315
4,355
4.394
4.434
4.473
4.512
4.562
4.591

4.630
4.670
4.709
4.748
4.788
4.827
4.867
4.906
4.945
4.985
5.024
5.063
5.103
5.142
5.182
5.221

5.260
5.300
5.339
5.378
5.418
5.457
5.497
5.536
5.575
5.615
5.654
5.693
5.733
5.772
5.81

5.851

5.890
5.930

7

4.004
4.044
4.083
4.123
4.162
4.201
4.241
4.280
4.319
4.359
4.398
4.437
4.477
4.516
4.556
4595
4.634
4.674
4.713
4.752
4.792
4.831
4.871
4.910
4.949
4.989
5.028
5.067
5.107
5.146
5.185
5.225
5.264
5.304
5.343
5.382
5.422
5.461
5.500
5.540
5.579
5.619
5.658
5.697
5.737
5.776
5.815
5.855
5.894
5.934

8

4.008
4.048
4.087
4.126
4.166
4.205
4.245
4.284
4.323
4.363
4.402
4.441

4.481

4.520
4.560
4.5699
4.638
4.678
4.717
4.756
4.796
4.835
4.874
4.914
4.953
4.993
5.032
5.07M

5111

5.150
5.189
5.229
5.268
5.308
5.347
5.386
5.426
5.465
5.504
5.544
5.683
5.622
5.662
5.701

5.741

5.780
5.819
5.859
5.898
5.937

9

4.012
4.052
4.091
4.130
4.170
4.209
4.248
4.288
4.327
4.367
4.406
4.445
4.485
4.524
4.563
4.603
4.642
4,682
4.721
4.760
4,800
4.839
4.878
4.918
4.957
4.997
5.036
5.075
5.115
5.154
5.193
5.233
5.272
5.311
5.351
5.390
5.430
5.469
5.508
5.5648
5.687
5.626
5.666
5.705
5.745
5.784
5.823
5.863
5,902
5.941

151

162
163
154
155
156
157
158
159
160
161

162
163
164
165
166
167
168
169
170
1”7

172
173
174
175
176
177
178
179
180
181

182
183
184
185
186
187
188
189
190
191

192
193
194
195
196
197
198
199
200

5.945
5.985
6.024
6.063
6.103
6.142
6.182
6.221

6.260
6.300
6.339
6.378
6.418
6.457
6.496
6.536
6.575
6.615
6.654
6.693
6.733
6.772
6.811

6.851

6.890
6.930
6.969
7.008
7.048
7.087
7.126
7.166
7.205
7.245
7.284
7.323
7.363
7.402
7.441

7.481

7.520
7.559
7.5699
7.638
7.678
7.7117
7.756
7.796
7.835
7.874

A

5.949
5.989
6.028
6.067
6.107
6.146
6.185
6.225
6.264
6.304
6.343
6.382
6.422
6.461
6.500
6.540
6.579
6.619
6.658
6.697
6.737
6.776
6.815
6.855
6.894
6.933
6.973
7.012
7.052
7.091
7.130
7.170
7.209
7.248
7.288
7.327
7.367
7.406
7.445

7.524
7.563
7.603
7.642
7.682
7.721
7.760
7.800
7.839
7.878

2

5.953
5.993
6.032
6.071
6.111
6.150
6.189
6.229
6.268
6.308
6.347
6.386
6.426
6.465
6.504
6.544
6.583
6.622
6.662
6.701
6.741

6.780
6.819
6.869
6.898
6.937
6.977
7.016
7.056
7.095
7.134
7.174
7.213
7.252
7.292
7.331

7.370
7.410
7.449
7.489
7.528
7.567
7.607
7.646
7.685
7.725
7.764
7.804
7.843
7.882

3

5,957
5.996
6.036
6.075
6.115
6.154
6.193
6.233
6.272
6.311
6.351

6.390
6.430
6.469
6.508
6.548
6.587
6.626
6.666
6.705
6.745
6.784
6.823
6.863
6.902
6.941

6.981

7.020
7.059
7.099
7.138
7.178
7.217
7.256
7.296
7.335
7.374
7.414
7.453
7.493
7.532
7.57

7.61M

7.650
7.669
7.729
7.768
7.807
7.847
7.886

.4

5.961

6.000
6.040
6.079
6.119
6.158
6.197
6.237
6.276
6.315
6.355
6.394
6.433
6.473
6.512
6.652
6.591
6.630
6.670
6.709
6.748
6.788
6.827
6.867
6.906
6.945
6.985
7.024
7.063
7.103
7.142
7.182
7.221

7.260
7.300
7.339
7.378
7.418
7.457
7.496
7.536
7.575
7.615
7.654
7.693
7.733
7.772
7.811

7.851

7.890

5.965
6.004
6.044
6.083
6.122
6.162
6.201
6.241
6.280
6.319
6.369
6.398
6.437
6.477
6.516
6.556
6.595
6.634
6.674
6.713
6.752
6.792
6.831

6.871

6.910
6.949
6.989
7.028
7.067
7.107
7.146
7.185
7.225
7.264
7.304
7.343
7.382
7.422
7.461

7.500
7.540
7.579
7.619
7.658
7.697
7.737
7.776
7.815
7.865
7.894

6

5.969
6.008
6.048
6.087
6.126
6.166
6.205
6.245
6.284
6.323
6.363
6.402
6.441

6.481

6.520
6.559
6.599
6.638
6.678
6.717
6.756
6.796
6.835
6.874
6.914
6.953
6.993
7.032
7.0M

7.1

7.150
7.189
7.229
7.268
7.308
7.347
7.386
7.426
7.465
7.504
7.544
7.5683
7.622
7.662
7.701

7.741

7.780
7.819
7.859
7.898

5.973
6.012
6.052
6.091
6.130
6.170
6.209
6.248
6.288
6.327
6.367
6.406
6.445
6.485
6.524
6.563
6.603
6.642
6.682
6.721
6.760
6.800
6.839
6.878
6.918
6.957
6.996
7.036
7.075
7.115
7.154
7.193
7.233
7.272
7.31
7.351
7.390
7.430
7.469
7.508
7.548
7.587
7.626
7.666
7.705
7.745
7.784
7.823
7.863
7.902
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5.977 5.981
6.016 6.020
6.056 6.059
6.095 6.099
6.134 6.138
6.174 6.178
6.213 6.217
6.252 6.256
6.292 6.296
6.331 6.335
6.37 6.374
6.410 6.414
6.449 6.453
6.489 6.493
6.528 6.532
6.567 6.571
6.607 6.611
6.646 6.650
6.685 6.689
6.725 6.729
6.764 6.768
6.804 6.808
6.843 6.847
6.882 6.886
6922 6.926
6.961 6.965
7.000 7.004
7.040 7.044
7.079 7.083
7.119 7.122
7.158 7.162
7.197 7.201
7.237 7.241
7.276 7.280
7.315 7.319
7.355 7.359
7.394 7.398
7.433 7.437
7.473 7.477
7.512 7.516
7.552 7.556
7.591 7.595
7.630 7.634
7.670 7.674
7.709 7.713
7.748 7.752
7.788 7.792
7.827 7.831
7.867 7.870
7.906 7.910



249

7.914
7.953
7993
8.032
8.07Mm

8.1

8.150
8.189
8.229
8.268
8.307
8.347
8.386
8.426
8.465
8.504
8544
8.583
8.622
8.662
8.701

8.741

8.780
8.819
8.859
8.898
8.937
8.977
9.016
9.056
9.095
9.134
9.174
9.213
9.252
9.292
9.331

9.370
9.410
9.449
9.489
9.528
9.567
9.607
9.646
9.685
9.725
9.764
9.804
9.843

7.918
7.957
7.996
8.036
8.075
8.115
8.154
8.193
8.233
8.272
8.31

8.351

8.390
8.430
8.469
8.508
8.5648
8.587
8.626
8.666
8.705
8.744
8.784
8.823
8.863
8.902
8.941

8.981

9.020
9.059
9.099
9.138
9.178
9.217
9.256
9.296
9.335
9.374
9.414
9.453
9.493
9,632
9.571

9.611
9.650

9.729
9.768
9.807
9.847

2

7.922
7.961
8.000
8.040
8.079
8.119
8.158
8.197
8.237
8.276
8.315
8.355
8.394
8.433
8.473
8.512
8.5652
8.591
8.630
8.670
8709
8.748
8.788
8.827
8.867
8.906
8.945
8.985
9.024
9.063
9.103
9.142
9.181
9.221
9.260
9.300
9.339
9.378
9.418
9.457
9.496
9.536
9575
9.615
9.654
9.693
9.733
9.772
9.811
9.851

3

7.926
7.965

8.044
8.083
8.122
8.162
8.201
8.241
8.280
8.319
8.359
8.398
8.437
8.477
8.516
8.556
8.595
8.634
8.674
8.713
8.752
8.792
8.831
8.870
8.910
8.949
8.989
9.028
9,067
9.107
9.146
9.185
9.225
9.264
9.304
9.343
9.382
9.422
9.481
9.500
9.540
9.579
9.618
9.658
9.697
9.737
9.778
9.815
9.885

4

7.930
7.969
8.008
8.048
8.087
8.126
8.166
8.205
8.244
8.284
8.323
8.363
8.402
8.441

8.481

8520
8.559
8.599
8.638
8.678
8.717
8.756
8.796
8.835
8.874
8.914
8.953
8.993
9.032
9.07M

9.111

9.150
9.189
9.229
9.268
9.307
9.347
9.386
9.426
9.465
9.504
9.544
9.5683
9.622
9.662
9.701
9.741

9.780
9.819
9.859

.5

7.933
7.973
8.012
8.052
8.091
8.130
8.170
8.209
8.248
8.288
8.327
8.367
8.406
8.445
8.485
8.524
8.563
8.603
8.642
8.682
8. 721
8.760
8.800
8.839
8.878
8.918
8.957
8.996
9.036
9.075
9.115
9.154
9.193
9,233
9.272
9.311
9.351
9.390
9.430
9.469
9.508
9.548
9.587
9.626
9.666
9.705
9.744
9.784
9.823
9.863

.6

7.937
7.977
8.016
8.056
8.095
8.134
8.174
8.213
8.2562
8.292
8.331

8.370
8.410
8.449
8.489
8.528
8.567
8.607
8.646
8.685
8.725
8.764
8.804
8.843
8.882
8.922
8.961

9.000
9.040
9.079
9.119
9.158
9.197
9.237
9.276
9.315
9.355
9.394
9.433
9.473
9.512
9.5652
9.591

9.630
9.870
9.709
0.748
9.788
9.827
9.867

7

7.941
7.981

8.020
8.059
8.099
8.138
8.178
8.217
8.256
8.296
8.335
8.374
8.414
8.453
8.493
8.532
8.57M

8.6M

8.650

8.729
8.768
8.807
8.847
8.886
8.926
8.965
9.004
9.044
9.083
9.122
9.162
9.201

9.241

9.280
9.319
9.359
9.398
9.437
9.477
9.516
9.556
9.595
9.634
9.674
9.713
9.752
9.792
9.831

9.870

.8

7.945
7.985
8.024
8.063
8.103
8.142
8.182
8.221

8.260
8.300
8.339
8.378
8.418
8.457
8.496
8.536
8.575
8.615
8.654
8.693
8.733
8.772
8.81

8.851

8.890
8.930
8.969
9.008
9.048
9.087
9.126
9.166
9.205
9.244
9.284
9.323
9.363
9.402
9.441

9.481
9.520
9.5659
9.599
9.638
9.678
9.717
9.756
9.796
9.835
9.874

9

7.949
7.989
8.028
8.067
8.107
8.146
8.185
8.225
8.264
8.304
8.343
8.382
8.422
8.461

8.500
8.540
8.579
8.619
8.658
8.697
8.737
8.776
8815
8.855
8.894
8.933
8.973
9.012
9.052
9.091
9.130
9.170
9.209
9.248
9.288
9.327
9.367
9.406
9.445
9.485
9.524
9,563
9.603
9,642
9.681
9.721

9.760
9.800
9,839
9.878

251
252
253
254
255
256
257
258
259
260
261
262
263
264
265
266
267
268
269
270
2Nn
272
273
274
275
276
277
278
279

281
282
283
284
285
286
287
288
289
290
291
292

294
295
296

298
299

9.882

9.922

9.961
10.000
10.040
10.079
10.118
10.158
10.197
10.237
10.276
10.315
10.355
10.394
10.433
10.473
10.512
10.652
10.591
10.630
10.670
10.709
10.748
10.788
10.827
10.867
10.906
10.945
10.985
Mn.024
11.063
11.103
11.142
11181
11.221
11.260
11.300
11.339
11.378
11418
11.457
11.496
11536
11.575
11,615
11.654
11.693
11.733
11.772
11811

9.886

9.926

9.965
10.004
10.044
10.083
10.122
10.162
10.201
10.241
10.280
10.319
10.359
10.398
10.437
10.477
10.516
10.555
10.595
10.634
10.674
10.713
10.752
10.792
10.831
10.870
10.910
10.949
10.989
11.028
11.067
11.107
11.146
11.185
11.225
11.264
11.304
11.343
11.382
11.422
11.461
11.500
11.540
11.579
11618
11.658
11.697
11.737
11.776
11.815

2

9.890

9.930

9.969
10.008
10.048
10.087
10.126
10.166
10.205
10.244
10.284
10.323
10.363
10.402
10.441
10.481
10.520
10.559
10.599
10.638
10.678
10.717
10.756
10.796
10.835
10.874
10.914
10.953
10.992
11.032
11.071
11.11
11.150
11.189
11.229
11.268
11.307
11.347
11.386
11.428
11.465
11.504
11.544
11583
11.622
11.662
11.701
11.741
11.780
11.819

3

9.894

9.933

9.973
10.012
10.052
10.091
10.130
10.170
10.209
10.248
10.288
10.327
10.367
10.406
10.445
10.485
10.524
10.563
10.603
10.642
10.681
10.721
10.760
10.800
10.839
10.878
10.918
10.957
10.996
11.036
11.075
11.115
11.154
11,193
11.233
11.272
11.311
11.351
11.390
11.429
11.469
11.508
11.548
11.6587
11.826
11.666
11.705
11.744
11.784
11.823

4

9.898

9.937

9.977
10.016
10.056
10.095
10.134
10.174
10.213
10.252
10.292
10.331
10.370
10.410
10.449
10.489
10.528
10.567
10.607
10.646
10.685
10.725
10.764
10.804
10.843
10.882
10.922
10.961
11.000
11.040
11.079
11.118
11.158
11.197
11.237
11.276
11.315
11.355
11.394
11.433
11.473
11.612
11.552
11.591
11.630
11.670
11.709
11.748
11.788
11.827

5

9.902

9.941

9.981
10.020
10.059
10.099
10.138
10.178
10.217
10.256
10.296
10.335
10.374
10.414
10.453
10.493
10.532
10.571
10.611
10.650
10.689
10.729
10.768
10.807
10.847
10.886
10.926
10.965
11.004
11.044
11.083
11.122
11.162
11.201
11.241
11.280
11.319
11.359
11.398
11.437
11.477
11.516
11.555
11.595
11.634
11.674
11.713
11.752
11.792
11.831

.6

9.906

9.945

9.985
10.024
10.063
10.103
10.142
10.181
10.221
10.260
10.300
10.339
10.378
10.418
10.457
10.496
10.536
10.575
10.615
10.654
10.693
10.733
10.772
10.811
10.851
10.880
10.930
10.969
11.008
11.048
11.087
11.126
11.166
11.205
11.244
11.284
11.323
11.363
11.402
11441
11.481
11.520
11.559
11.599
11.638
11.678
11.717
11.756
11.796
11.835

7

9.910

9.949

9.989
10.028
10.067
10.107
10.146
10.185
10.225
10.264
10.304
10.343
10.382
10.422
10.461
10.500
10.540
10.579
10.618
10.658
10.697
10.737
10.776
10.815
10.855
10.894
10.933
10.973
11.012
11.052
11.091
11.130
11.170
11.209
11.248
11.288
11.327
11.367
11.406
11.445
11.485
11.524
11.563
11.603
11.642
11.681
1.7
11.760
11.800
11.839

Sayou

9.914

9.953

9,993
10.032
10.071
10.111
10.150
10.189
10.229
10.268
10.307
10.347
10.386
10.426
10.465
10.504
10.544
10.583
10.622
10.662
10.701
10.741
10.780
10.819
10.859
10.898
10.937
10.977
11.016
11.055
11.095
11.134
11.174
11.213
11.252
11.292
11.331
11.370
11410
11.449
11.489
11.528
11.567
11.607
11.646
11685
11.725
11.764
11.804
11.843
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301
302
303
304
305

307
308
309
310
3N
312
313
314
315
316
317
318
319
320
321
322
323
324
325
326
327
328
329

331
332
333
334
335
336
337

339

34
342
343

345
346
347
348
349
350

11.851
11.890
11929
11.969
12.008
12.048
12.087
12.126
12.166
12,206
12.244
12.284
12.323
12.363
12.402
12.441
12.481
12,520
12559
12.599
12.638
12.678
12.717
12.756
12.796
12.835
12.874
12.914
12.953
12.992
13.032
13.071
13.111
13.150
13,189
13.229
13.268
13.307
13.347
13.386
13.426
13.465
13.504
13.544
13.583
13.622
13.662
13.701
13.740
13.780

11.855
11.894
11933
11.973
12.012
12.052
12.091

12.130
12.170
12.209
12.248
12.288
12.327
12.366
12.406
12.445
12.485
12.524
12.563
12.603
12.642
12.681

12.721

12.760
12.800
12.839
12.878
12.918
12.957
12.996
13.036
13.075
13.115
13.154
13.193
13.233
13.272
13.31

13.351

13.390
13.429
13.469
13.508
13.548
13.587
13.626
13.666
13.705
13.744
13.784

2

11.859
11.898
11.937
11977
12.016
12.055
12.095
12.134
12.174
12.213
12.252
12.292
12.331
12,370
12.410
12,449
12.489
12.528
12.567
12.607
12.646
12.685
12.725
12.764
12.803
12.843
12.882
12.922
12,961
13.000
13.040
13.079
13.118
13.158
13.197
13.237
13.276
13.315
13.355
13.394
13.433
13.473
13.512
13.552
13.591
13.630
13.670
13.709
13.748
13.788

.3

11.863
11.902
11941

11.981

12.020
12.059
12.099
12,138
12.178
12.217
12.256
12.296
12.335
12.374
12.414
12.453
12.492
12.532
12,671

12.61

12,650
12.689
12.729
12.768
12.807
12.847
12.886
12.926
12.965
13.004
13,044
13.083
13.122
13.162
13.201

13.240
13.280
13.319
13.359
13.398
13.437
13.477
13.516
13.555
13.595
13.634
13.674
13.713
13.752
13.792

4

11.867
11.906
11.945
11.985
12.024
12.063
12.103
12.142
12.181
12,221
12.260
12.300
12.339
12.378
12.418
12,457
12.496
12.536
12,575
12.615
12.654
12.693
12.733
12.772
12.811
12.851
12.890
12.929
12.969
13.008
13.048
13.087
13.126
13.166
13.205
13.244
13.284
13.323
13.363
13.402
13.441
13.481
13.5620
13.559
13.599
13.638
13.678
13.717
13.756
13.796

11.870
11910
11949
11.989
12.028
12.067
12.107
12,146
12.185
12,225
12.264
12.304
12,343
12.382
12.422
12.461
12.500
12.640
12.579
12.618
12.658
12.697
12.737
12.776
12.815
12.855
12.894
12.933
12.973
13.012
13.052
13.091
13.130
13.170
13.209
13.248
13.288
13.327
13.366
13.406
13.445
13.485
13.524
13.563
13.603
13.642
13.681
13.721
13.760
13.800

.6

11.874
11914
11.953
11.992
12.032
12.071
12.111
12.150
12,189
12.229
12.268
12.307
12.347
12.386
12.426
12.465
12.504
12.544
12.583
12.622
12.662
12.701
12.741
12.780
12.819
12.859
12.898
12.937
12.977
13.016
13.055
13.095
13.134
13.174
13.213
13.252
13.292
13.331
13.370
13.410
13.449
13.489
13.528
13.5667
13.607
13.646
13.685
13.725
13.764
13.803

7

11.878
11918
11.957
11.996
12.036
12.075
12.115
12.154
12.193
12.233
12.272
12.311

12.351

12.390
12429
12.469
12.508
12.548
12587
12.626
12.666
12.705
12.744
12.784
12.823
12.863
12.802
12.941
12.981
13.020
13.059
13.099
13.138
13.178
13.217
13.256
13.296
13.335
13.374
13.414
13.453
13.492
13.632
13.571
13.611

13.650
13.689
13.729
13.768
13.807

11.882
11922
11.961
12.000
12,040
12.079
12,118
12.158
12.197
12.237
12.276
12.315
12.355
12.394
12.433
12.473
12.512
12.552
12,591
12.630
12.670
12.709
12.748
12.788
12.827
12.866
12.906
12.945
12.985
13.024
13.063
13.103
13.142
13.181
13.221
13.260
13.300
13.339
13.378
13.418
13.457
13.496
13.536
13.575
13.615
13.654
13.693
13.733
13.772
13.811

9

11.886
11.926
11.965
12.004
12.044
12.083
12,122
12.162
12,201
12.241
12,280
12.319
12.359
12.398
12.437
12.477
12.516
12.555
12.595
12.634
12.674
12.713
12.752
12,792
12.831
12.870
12.910
12,949
12.989
13.028
13.067
13.107
13.146
13.185
13.225
13.264
13.303
13.343
13.382
13.422
13.461
13.500
13.540
13.579
13.618
13.658
13.697
13,737
13.776
13.815

MM
351

352
353

361

374
375

13.819
13.859
13.898
13.937
13.977
14.016
14.055
14,095
14.134
17.174
14.213
14.252
14.292
14.331
14.370
14.410
14.449
14.489
14.528
14.667
14.607
14.646
14.685
14.725
14.764
14.803
14,843
14.882
14.922
14.961
15.000
15.040
15.079
15.118
15.158
15.197
15.237
15.276
16.315
15.356
15.394
15.433
15.473
15.612
15.551
15.591
15.630
15.670
15.709
15.748

2

13.827
13.866
13.906
13.945
13.985
14.024
14.063
14.103
14,142
14.181
14.221

14.260
14,300
14.339
14.378
14.418
14.457
14.496
14.536
14,575
14.614
14.654
14.693
14.733
14.772
14.811

14.851

14.890
14.929
14.969
15.008
15.048
15.087
15.126
15.166
15.205
15.244
15.284
15.323
15.363
15.402
15.441

15.481

15.520
15.559
15.599
15.638
15.677
15.717
15.756

3

13.831

13.870
13.910
13.949
13.989
14.028
14.067
14.107
14,146
14.185
14,225
14.264
14.303
14.343
14.382
14,422
14.461

14,500
14.540
14.679
14.618
14,658
14.697
14.737
14.776
14.815
14.855
14 894
14.933
14.973
15.012
15.052
15.091
15.130
15.170
15.209
15.248
15.288
15.327
15.366
15.406
15.445
15.485
15.624
15.563
15.603
15.642
15.681

15.721

15.760

4

13.835
13.874
13.914
13.953
13.992
14.032
14.071

14.1M

14,150
14.183
14,229
14.268
14.307
14,347
14.386
14,426
14.465
14.504
14.544
14.583
14.622
14.662
14.701

14.740
14.780
14.819
14.859
14.898
14.937
14.977
15.016
15.055
15.095
15.134
15.174
15.213
15.252
15.292
15.331

15.370
15.410
15.449
15.489
15.5628
15.567
15.607
15.646
15.685
15.725
15.764

13.839
13.878
13.918
13.957
13.996
14.036
14.075
14.115
14.154
14.193
14.233
14.272
14.311

14.351

14.390
14.429
14.469
14.508
14.548
14,587
14.626
14.666
14.705
14.744
14.784
14.823
14.863
14.902
14.941

14.981
15.020
15.059
15.099
15.138
15.177
15.217
15.256
15.296
15.335
15.374
15.414
15.453
15.492
15.532
15.571

15.611

15.650
15.689
15.729
15.768

.6

13.843
13.882
13.922
13.961
14.000
14.040
14.079
14.118
14,158
14.197
14.237
14,276
14.315
14,355
14.394
14.433
14.473
14,512
14.552
14.591
14.630
14.670
14,709
14.748
14.788
14.827
14.866
14.906
14.945
14,985
15.024
15.063
15.103
15.142
15.181
15.221
15.260
15.300
15.339
15.378
15.418
15.457
15.496
15.636
15.675
15.614
15.654
15.693
15.733
15.772

7

13.847
13.886
13.926
13.965
14.004
14.044
14.083
14,122
14.162
14.201
14.240
14.280
14.319
14.359
14,398
14.437
14.477
14.516
14,555
14.595
14.634
14.674
14.713
14.752
14,792
14.831
14.870
14.910
14.949
14.989
15.028
15.067
15.107
15.146
15.185
15.225
15.264
15.303
15.343
15.382
15.422
15.461
15.500
15.640
15.579
15.618
15.658
15.697
15.737
15.776

sayoul
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13.851
13.890
13.929
13.969
14.008
14.048
14.087
14.126
14.166
14.205
14.244
14.284
14.323
14.363
14.402
14.441
14.481
14.520
14.5%
14.599
14.638
14.677
14.717
14,756
14,796
14.835
14.874
14,914
14.953
14.992
15,032
15.071

15.111

15.150
15.189
15.229
15.268
15.307
15.347
15.386
15.426
15.465
15.504
15.544
15.583
15.622
15.662
15.701

15.740
16.780
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401
402
403
404
405
406
407
408
409
410
an
412
413
a14
a15
416
417
418
419
420
a21
422
423
424
425
426
427
428
429
430
431
432
433
434
435
436
437
438

an
442
443
444
445
446
447
448
449
450

15.788
15.827
15.866
15.906
15.945
15.985
16.024
16.063
16.103
16.142
16.181
16.221
16.260
16.299
16.339
16.378
16.418
16.457
16.496
16.536
16.575
16.614
16.654
16.693
16.733
16.772
16.811
16.851
16.890
16.929
16.969
17.008
17.047
17.087
17.126
17.166
17.205
17.244
17.284
17.323
17.362
17.4C2
17441
17.481
17.520
17.559
17.599
17.638
17.677
17.717

15.792
15.831
15.870
15.910
15.949
15.988
16.028
16.067
16.107
16.146
16.185
16.225
16.264
16.303
16.343
16.382
16.422
16.461
16.500
16.540
16.579
16.618
16.658
16.697
16.736
16.776
16.815
16.855
16.894
16933
16.973
17.012
17.051
17.091
17.130
17.170
17.209
17.248
17.288
17.327
17.366
17.406
17.445
17.484
17.524
17.563
17.603
17.642
17.681
17721

2

15.796
15.835
15.874
15.914
15.953
15.992
16.032
16.071
16.111
16.150
16.189
16.229
16.268
16.307
16.347
16.386
16.425
16.465
16.504
16.544
16.583
16.622
16.862
16.701
16.740
16.780
16.819
16.859
16.898
16.937
16.977
17.016
17.055
17.095
17.134
17.173
17.213
17.252
17.292
17.331
17.370
17410
17.449
17.488
17.528
17.567
17.606
17.646
17.685
17.725

3

15.800
15.839
15.878
15.918
15.957
165.996
16.036
16.075
16.114
16.154
16.193
16.233
16.272
16.31

16.351

16.390
16.429
16.469
16.508
16.548
16.587
16.626
16.666
16.705
16.744
16.784
16.823
16.862
16.902
16.941

16.981

17.020
17.059
17.099
17.138
17.177
17.217
17.256
17.295
17.335
17.374
17.414
17.453
17.492
17.532
1757

17.610
17.650
17.689
17.729

4

15.803
15.843
15.882
15.922
15.961

16.000
16.040
16.079
16.118
16.158
16.197
16.236
16.276
16.315
16.355
16.394
16.433
16.473
16.512
16.551
16.591
16.630
16.670
16.709
16.748
16.788
16.827
16.866
16.906
16.945
16.984
17.024
17.063
17.103
17.142
17.181

17221

17.260
17.299
17.339
17.378
17418
17.457
17.496
17.536
17.575
17.614
17.654
17.693
17.732

15.807
15.847
15.886
15.926
15.965
16.004
16.044
16.083
16.122
16.182
16.201

16.240
16.280
16.319
16.359
16.398
16.437
16.477
16.516
16.555
16.5695
16.634
16.673
16.713
16.752
16.792
16.831

16.870
16.910
16.949
16.988
17.028
17.067
17.107
17.146
17.185
17.225
17.264
17.303
17.343
17.382
17.421

17.461

17.500
17.540
17579
17.618
17.658
17.697
17.736

15.81
15.851
15.890
15.929
15.969
16.008
16.048
16.087
16.126
16.166
16.205
16.244
16.284
16.323
16.362
16.402
16.441
16.481
16.520
16.550
16.599
16.638
16.677
16.717
16.756
16.796
16.835
16.874
16.914
16953
16.992
17.032
17.07
17.110
17.150
17.189
17.229
17.268
17.307
17.347
17.386
17.425
17.465
17.504
17.544
17.583
17.622
17.662
17.701
17.740

LY/

15.815
15.855
15.894
15.933
15.973
16.012
16.051

16.091

16.130
16.170
16.209
16.248
16.288
16.327
16.366
16.406
16.445
16.485
16.524
16.563
16.603
16.642
16.681

16.721

16.760
16.799
16.839
16.878
16.918
16.957
16.996
17.036
17.075
17.114
17.154
17.193
17.232
17.272
17.31

17.351
17.390
17.429
17.469
17.508
17.547
17.587
17.626
17.666
17.705
17.744

.8

15.819
15.859
15.898
15.937
16.977
16.016
16.055
16.095
16.134
16.174
16.213
16.252
16.292
16.331
16.370
16.410
16.449
16.488
16.528
16.567
16.607
16.646
16.685
16.725
16.764
16.803
16.843
16.882
16.921
16.961
17.000
17.040
17.079
17.118
17.158
17.197
17.236
17.276
17-315
17.355
18.394
17.433
17.473
17.512
17.551
17.591
17.630
17.669
17.709
17.748

15.823
15.863
15.902
15.941
15.981
16.020
16.059
16.099
16.138
16.177
16.217
16.256
16.296
16.335
16.374
16.414
16.453
16.492
16.532
16.571
16.610
16.650
16.689
16.729
16.768
16.807
16.847
16.886
16.925
16.965
17.004
17.044
17.083
17.122
17.162
17.201
17.240
17.280
17.319
17.358
17.398
17437
17.477
17.516
17.655
17.595
17.634
17.673
17.713
17.752

451
452
453

455
456
457
458
459

461
462
463
464
465
466
467
468
469
470
471
472
473
474
475
476
477

17.756
17.795
17.835
17.874
17.914
17.953
17.992
18,032
18.071

18.110
18.150
18.189
18.229
18.268
18.307
18.347
18.386
18.425
18.465
18.504
18.543
18.683
18.622
18.662
18.701

18.740
18,780
18.819
18.868
18.898
18.937
18.976
19.016
19.055
19.095
19.134
19.173
19.213
19.252
19.291
19.331

19.370
19.410
19.449
19.488
19.628
19.667
19.606
19.646
19.685

17.760
17.799
17.839
17.878
17.917
17.957
17.996
18.036
18.075
18.114
18.154
18.193
18.232
18.272
18.311

18.351

18.390
18.429
18.469
18.508
18.547
18.587
18.626
18.665
18.705
18.744
18.784
18.823
18.862
18.902
18.941

18.980
19.020
19,059
19.099
19.138
19.177
19.217
19.256
18.295
19.335
19.374
19.413
19.453
19.492
19.5632
19.57

19.610
19.650
19.889

.2

17,764
17.803
17.843
17.882
17.921

17.961

18.000
18.040
18.079
18.118
18.158
18.197
18.236
18.276
18.315
18.354
18.394
18.433
18.473
18.512
18.5651

18.591

18.630
18.669
18.709
18.748
18.788
18.827
18.866
18.906
18.945
19.984
19.024
19.063
19.102
19.142
19.181

19.221

19.260
19.299
19.339
19.378
19.417
19.457
19.496
19.5636
19.675
19.614
19.654
19.693

.3

17.768
17.807
17.847
17.886
17.925
17.965
18.004
18.043
18.083
18.122
18.162
18.201

18.240
18.280
18.319
18.358
18.398
18.437
18.477
18.516
18.555
18.595
18.634
18.673
18.713
18.762
18.791

18.831

18.870
18.910
18.949
19.988
19,028
19.067
19.106
19.146
19.185
19.225
19.264
19.303
19.343
19.382
19.421
19.461
19.500
19.639
19.679
19.618
19.658
19.697

4

17.772
17.811

17.851

17.890
17.929
17.969
18.008
18.047
18.087
18.126
18.166
18.205
18.244
18.284
18.323
18.362
18.402
18.441

18.480
18.520
18.559
18.599
18.638
18.677
18.717
18.756
18.795
18.835
18.874
18.913
18.953
18.992
19.032
19.071

19.110
19.150
19.189
19.228
19.268
19.307
19.347
19.386
19.425
19.465
19.504
19.643
19.683
19.622
19.661

19.701

17.776
17.815
17.855
17.894
17.933
17.973
18.012
18.051

18.091

18.130
18.169
18.209
18.248
18.288
18.327
18.366
18.406
18.445
18.484
18.524
18.563
18.602
18.642
18.681

18.721

18.760
18.799
18.839

18.878
18.917
18.957
18.996
19.036
19.075
19.114
19.154
19.193
19.232
19.272
19.31

19.350
19.390
19.429
19.469
19.508
19.647
19.587
19.626
19.665
19.705

.6

17.780
17.819
17.858
17.898
17.937
17.977
18.016
18.055
18.095
18.134
18.173
18.213
18.252
18.291

18.331

18.370
18.410
18.449
18.488
18.528
18.567
18.606
18.646
18.685
18.725
18.764
18.803
18.843
18.882
18.921
18.961

19.000
19.039
19.079
19.118
19.168
19.197
19.236
19.276
19.315
19.354
19.394
19.433
19.473
19.512
19.551
19.691
19.630
19.669
19.709

7

17.784
17.823
17.862
17.902
17.941

17.980
18.020
18.059
18.099
18.138
18.177
18.217
18.256
18.295
18.335
18.374
18.414
18.453
18.492
18.532
18.671

18.610
18.650
18.689
18.728
18.768
18.807
18.847
18.886
18.925
18.965
19.004
19.043
19.083
19.122
19.162
19.201

19.240
19.280
19.319
19.358
19.398
19.437
19.476
19.616
19.555
19.595
19.634
19.673
19.713

Sayoul
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17.788
17.827
17.866
17.906
17.945
17.984
18.024
18.063
18.103
18.142
18.181

18.221

18.260
18.299
18.339
18.378
18.417
18.457
18.496
18.536
18.675
18.614
18.654
18.693
18.732
18.772
18.81

18.851

18.890
18.929
18.969
19.008
19.047
19.087
19.126
19.165
19.205
19.244
19.284
19.323
19.362
19.402
19.441

19.480
19.620
19.659
19.598
19.638
19.677
19.717
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MM

501
502
503
504
505
506
507
508
509
510
511
512
513
514
515
516
517
518
519
520
521
522
523
524
525
526
527
528
529
530
531
532
533

535
536
537
538
539

541
542
543
544
545
546
547

549

19.724
19.764
19.803
19.843
19.882
19.921
19.961
20.000
20.039
20.079
20.118
20.158
20.197
20.236
20.276
20.315
20.354
20.394
20433
20472
20.512
20.551

20,591
20.630
20,669
20.709
20.748
20.787
20.827
20.866
20.906
20.945
20.984
21.024
21.063
21.102
21.142
21.181

21.220
21.260
21.299
21.339
21.378
21.417
21.457
21.496
21535
21.575
21.614
21.653

19.728
19.768
19.807
19.847
19.886
19.925
19.965
20.004
20.043
20,083
20.122
20.161
20.201
20.240
20.280
20.319
20,358
20.398
20.437
20.476
20.516
20.555
20594
20.634
20.673
20.713
20.752
20.791

20.831

20.870
20.909
20.949
20.988
21.028
21.067
21.106
21.146
21.185
21.224
21.264
21.303
21.342
21.382
21.421

21.461

21500
21539
21,579
21.618
21,657

19.732
19.772
19.81
19.850
19.890
19.929
19.969
20.008
20.047
20.087
20.126
20.165
20.205
20.244
20.283
20.323
20.362
20.402
20.441
20.480
20.520
20.559
20.598
20.638
20.677
20.717
20.756
20.795
20.835
20.874
20913
20.953
20.992
21.031
21.07m
21.110
21.150
21.189
21.228
21.268
21.307
21.346
21.386
21.425
21.465
21.504
21.543
21.583
21.622
21,661

19.736
19.776
19.815
19.854
19.894
19.933
19.972
20.012
20.051
20.091
20.130
20.169
20.209
20.248
20.287
20.327
20.366
20.406
20.445
20.484
20.524
20.563
20.602
20.642
20.681
20.720
20.760
20.799
20.839
20.878
20.917
20.957
20.996
21.035
21.075
21.114
21.154
21193
21.232
21.272
21.3N1

21.350
21.390
21.429
21.468
21.508
21.547
21,587
21.626
21.665

19.740
19.780
19.819
19.858
19.898
19.937
19.976
20.016
20.055
20.095
20.134
20.173
20.213
20.252
20.291
20.331
20.370
20.409
20.449
20.488
20.528
20,567
20.606
20.646
20.685
20.724
20.764
20.803
20.843
20.882
20.921

20.961

21.000
21.039
21.079
21.118
21.157
21,197
21.236
21.276
21.315
21.354
21.394
21433
21.472
21.512
21.551

21,590
21.630
21.662

19.744
19.784
19.823
19.862
19.902
19.941

19.980
20,020
20.059
20.098
20.138
20.177
20.217
20.258
20.295
20.335
20.374
20413
20.453
20.492
20.5632
20.571
20.610
20.650
20.689
20.728
20,768
20.807
20.846
20.886
20.925
20.965
21.004
21.043
21.083
21.122
21.161

21.201

21,240
21.279
21.319
21.358
21.398
21.437
21.476
21.516
21.655
21.594
21.634
21.673

19.748
19.787
19.827
19.866
19.906
19.945
19.984
20.024
20.063
20,102
20.142
20.181
20.221
20.260
20.299
20.339
20.378
20.417
20.457
20.496
20.535
20.575
20.614
20.654
20.693
20.732
20.772
20.811
20.850
20.890
20.929
20.968
21.008
21.047
21.087
21.126
21.165
21.205
21.244
21.283
21.323
21.362
21.402
21441
21.480
21.520
21.559
21.598
21.638
21,677

19.752
19,791

19.831

19.870
19.910
19.949
19.988
20.028
20.067
20.106
20.146
20.185
20.224
20.264
20.303
20.343
20.382
20421

20.461

20.500
20,539
20579
20.618
20.657
20.697
20.736
20.776
20.815
20.854
20.894
20.933
20,972
21.012
21.051

21.09

21.130
21,169
21.209
21.248
21.287
21.327
21.386
21.405
21.445
21484
21.524
21.563
21.602
21.642
21.681

19.756
19.795
19.835
19.874
19,913
19.953
19,992
20.032
20.07M
20.110
20.150
20.189
20.228
20,268
20.307
20.346
20.386
20.425
20.465
20.504
20.543
20.583
20.622
20.661
20.701
20.740
20.780
20.819
20.858
20.898
20.937
20.976
21.016
21.055
21.094
21.134
21173
21.213
21.252
21.291
21.331
21.370
21.409
21.449
21.488
21528
21.567
21.606
21.646
21.685

19.760
19.799
19.839
19.878
19.917
19.957
19.996
20.035
20.075
20.114
20.154
20.193
20.232
20.272
20.311
20.350
20,390
20.429
20.469
20.508
20.547
20.587
20.626
20.665
20.705
20.744
20.783
20.823
20.862
20,902
20.941

20,980
21.020
21.059
21.098
21.138
21.177
21.217
21.256
21.295
21.335
21.374
21.413
21453
21.492
21.631

21.5M

21.610
21.650
21.689

MM

551
562
563
554
555
556
557
558
559
560
561
562
563
564
565
566
567
568
569
570
571
572
573
574
575
576
577
578
579
580
581
582
583
584
585
586
587
588
589
590
591
592
593
594
595
596
597
598
599
600

21,693
21.732
21.772
21.811

21.850
21.890
21.929
21.968
22.008
22.047
22,087
22.126
22.165
22.205
22.244
22.283
22.323
22.362
22.401
22.441
22.480
22.520
22.559
22598
22638
22.677
22.716
22.756
22.795
22.835
22.874
22.913
22.953
22.992
23.031
23.07

23.110
23.149
23.189
23.228
23.268
23.307
23.346
23.386
23.425
23.464
23.504
235543
23,583
23.622

21.697
21.736
21.776
21.815
21.854
21.894
21.933
21.972
22.012
22.051
22,090
22.130
22.189
22,209
22.248
22.287
22327
22.366
22.405
22.445
22,484
22524
22,563
22.602
22.642
22,681
22.720
22,760
22.799
22.838
22.878
22.917
22,957
22,996
23.035
23.075
23.114
23.153
23.193
23.232
23.27
23.31
23.350
23.390
23.429
23.468
23.508
23.547
23586
23.626

21.701

21.740
21.779
21,819,
21.858
21.898
21.937
21,976
22.016
22.055
22.094
22.134
22,173
22,213
22,252
22.291

22.331

22,370
22.409
22,449
22.488
22,527
22.567
22.606
22.646
22.685
22,724
22.764
22.803
22.842
22,882
22.921

22.960
23.000
23.039
23.079
23.118
23.157
23.197
23.236
23.275
23.315
23.354
23.394
23.433
23.472
23.512
23.551

23.590
23.630

21.705
21.744
21.783
21.823
21.862
21.902
21.941

21.980
22.020
22,059
22,098
22.138
22.177
22.216
22.256
22.295
22.335
22,374
22.413
22,453
22.492
22531

2257

22,610
22,649
22,689
22,728
22.768
22.807
22.846
22.886
22925
22.964
23.004
23.043
23.083
23.122
23.161

23.201

23.240
23.279
23.319
23.358
23.397
23.437
23.476
23.516
23,555
23594
23.634

21.709
21.748
21.787
21.827
21.866
21.905
21.945
21,984
22.024
22.063
22,102
22142
22.181
22,220
22.260
22.299
22.338
22.378
22.417
22,457
22.496
22,535
22.575
22.614
22.653
22.693
22.732
22.772
22.81

22.850
22.890
22.929
22.968
23.008
23.047
23.086
23.126
23.165
23.205
23.244
23.283
23.323
23.362
23.401

23.441

23.480
23.520
23.559
23.598
23.638

21.713
21.752
1.7
21.831
21.870
21.909
21.949
21,988
22.027
22,067
22.106
22.146
22.185
22.224
22.264
22.303
22.342
22,282
22.421
22.461
22.500
22539
22579
22,618
22.657
22,697
22.736
22.775
22.815
22.854
22.894
22,933
22972
23012
23.051
23.090
23.130
23.169
23209
23.248
23.287
23.327
23.366
23.405
23.445
23.484
23523
23.563
23.602
23.642

21.716
21,756
21.795
21.835
21.874
21,913
21.953
21,992
22.031
22.071
22.110
22.150
22.189
22.228
22.268
22.307
22.346
22.386
22.425
22.464
22.504
22543
22,583
22,622
22.661
22.701
22.740
22.779
22.819
22,858
22.898
22.937
22.976
23.016
23.055
23.094
23.134
23.173
23.212
23.252
23.291
23.331
23.370
23.409
23.449
23.488
23.527
23.567
23.606
23.645

21.720
21.760
21.799
21.839
21.878
21.917
21.957
21.996
22.035
22.075
22.114
22.153
22.193
22.232
22.272
22.31
22.350
22,390
22.429
22.468
22,508
22547
22587
22626
22.665
22.705
22744
22.783
22.823
22.862
22,901
22941
22,980
23.020
23.059
23.098
23.138
23.177
23.216
23.256
23.295
23.334
23.374
23413
23.453
23.492
23531
2357
23.610
23.649
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21.724
21.764
21.803
21.842
21.882
21.921
21,961
22.000
22,039
22.079
22,118
22.157
22.197
22.236
22.275
22.315
22.354
22.394
22.433
22.472
22,512
22.551
22.590
22.630
22,669
22,709
22.748
22.787
22.827
22.866
22,905
22,945
22.984
23.023
23.063
23.102
23.142
23.181
23.220
23.260
23.299
23.338
23.378
23.417
23.457
23.496
23.535
23.575
23.614
23.653

21.728
21.768
21.807
21.846
21.886
21.925
21.964
22.004
22.043
22.083
22,122
22.161
22.201
22.240
22,279
22.319
22.358
22.398
22,437
22.476
22,516
22.555
22594
22634
22,673
22.712
22.752
227N
22.831
223870
22.909
22949
22.988
23.027
23.067
23.106
23.146
23.185
23.224
23.264
23.303
23.342
23.382
2342
23.460
23.500
23,539
23579
23.618
23.657



601
603

605
606
607

610
611
612
613,
614
615
616
617
618
619
620
621
622
623
624
625
626
627
628
629

631
632
633
634
635

637
638
639

641
642
643

645

646
647

650

23.661
23.701
23.740
23.779
23.819
23.858
23.897
23.937
23.976
24.016
24.055
24.094
24134
24173
24.212
24,252
24291
24.330
24,370
24.409
24.449
24.488
24,527
24567
24,606
24.645
24.685
24.724
24.764
24.803
24.842
24,882
24,921
24,960
25.000
25.039
25.078
25.118
25.157
25,197
25.236
25.275
25.315
25.354
25.393
25.433
25.472
25,512
25.551
25.590

23.665
23.705
23.744
23.783
23.823
23.862
23.901

23941

23.980
24.019
24,059
24.098
24.138
24177
24.216
24,256
24.295
24334
24.374
24.413
24.453
24.492
24.531

2457

24.610
24.649
24.689
24.728
24.767
24.807
24.846
24986
24925
24.964
25.004
25.043
25.082
25.122
25.161

25.201

25.240
25.279
25.319
25.358
25.397
25.437
25.476
25,515
25.555
25.594

2

23.669
23.708
23.748
23.787
23.827
23.866
23.905
23.945
23984
24.023
24.063
24,102
24.142
24.181

24220
24.260
24.299
24.338
24.378
24417
24.456
24.496
24.535
24.575
24.614
24.653
24.693
24.732
247N
2481
24.850
24.890
24929
24.968
25.008
25.047
25.086
25.126
25.165
25204
25.244
25.283
25.323
25.362
25.401
25.441

25.480
25.519
25,559
25.598

.3

23.673
23.712
23.752
23.791
23.831
23.870
23.909
23.949
23.988
24.027
24.067
24.106
24.145
24.185
24,224
24.264
24.303
24.342
24.382
24.421
24.460
24.500
24,539
24,579
24.618
24.657
24.697
24.736
24.775
24.815
24.854
24.893
24.933
24.972
25.012
25.051
25.090
25.130
25.169
25,208
25.248
25,287
25.326
25.366
25.405
25.445
25.484
25.523
25563
25.602

.4

23.677
23.716
23.756
23,795
23.834
23.874
23913
23.953
23.992
24,031

24.07

24.110
24.149
24.189
24,228
24.268
24.307
24.346
24.386
24.425
24.464
24,504
24.543
24,582
24,622
24,661

24.701

24.740
24,779
24.819
24,858
24.897
24.937
24.976
25.015
25.055
25.094
25.134
25.173
25.212
25.252
25,291

25.330
25.370
25,409
25.449
25.488
25.527
25567
25.606

.5

23.681
23.720
23.760
23.799
23.838
23878
23.917
23.956
23.996
24.035
24.075
24.114
24.153
24193
24,232
24.2N
24.311
24.350
24.390
24.429
24,468
24508
24.547
24586
24626
24.665
24.704
24744
24,783
24.823
24,852
24901
24941
24,980
25.019
25.059
25.098
25.138
25.177
25.216
25.256
25.295
25.334
25.374
25413
25.452
25.492
25.531
25.571
25.610

23.685
23.724
23,764
23.803
23.842
23.882
23.921

23.960
24.000
24.039
24.079
24118
24.157
24197
24236
24.275
24.315
24354
24.393
24.433
24.472
24.512
24.551

24590
24.630
24.669
24.708
24.748
24,787
24,827
24.866
24.905
24945
24984
25.023
25,063
25.102
25.141

25.181

25.220
25.260
25.299
25.338
25.378
25.417
25.456
25,496
25.535
25.575
25.614

7

23.689
23.728
23.768
23.807
23.846
23.886
23.925
23.964
24.004
24.043
24,082
24.122
24.161
24.201
24240
24.279
24.319
24.358
24,397
24.437
24.476
24.516
24,555
24.594
24.634
24,673
24.712
24.752
24,791
24.830
24.870
24.909
24,949
24.988
25.027
25.067
25.106
25.145
25.185
25,224
25.264
25.303
25.342
25.382
25.421
25.460
25500
25.539
25.578
25.618

23.693
23.732
23.77N1

23.811

23.850
23.890
23.929
23.968
24.008
24,047
24.086
24.126
24.165
24.205
24.244
24,283
24.323
24.362
24.401
24441

24.480
24.519
24559
24.598
24.638
24.677
24,716
24.756
24795
24.834
24.874
24913
24952
24,992
25.031

25.071

25.110
25.149
25.189
25228
25.287
25.307
25.346
25.386
25.425
25.464
25.504
25.543
25.582
25.622

23.697
23.736
23.775
23.815
23.854
23.894
23933
23.972
24.012
24.051
24.090
24.130
24.169
24208
24.248
24,287
24.327
24.366
24.405
24.445
24.484
24,523
24563
24.602
24.641
24.681
24.720
24.760
24799
24.838
24.878
24.917
24956
24,996
25.035
25.075
25114
25.153
25.193
25.232
25.27
25.311
25.350
25.389
25.429
25.468
25,508
25.547
25.586
25,626

25.630
25.669
25.708
25,748
25,787
25.826
25.866
25.905
25,945
25984
26.023
26.063
26.102
26.141
26.181

26.220
26.260
26.299
26.338
26.378
26.417
26.456
26.496
26.535
26.574
26.614
26.653
26.693
26.732
26.771
26.811

26.850
26.889
26.929
26.968
27.007
27.047
27.086
27.126
27.165
27.204
27.244
27.283
27.322
27.362
27.401
27.441

27.480
27.519
27.559

25.634
25.673
25.712
25.752
25,791
25.830
25.870
25.909
25.949
25988
26.027
26.067
26.106
26.145
26.185
26.224
26.263
26.303
26.342
26.382
26.421
26.460
26.500
26.539
26.578
26.618
26.657
26.696
26.736
26.775
26.815
26.854
26.893
26.933
26.972
27.011
27.051
27.090
27.130
27.169
27.208
27.248
27.287
27.326
27.366
27.405
27.444
27.484
27.523
27.563

25,637
25.677
25.716
25.756
25.795
25834
25874
25.913
25.952
25.892
26.031
26.07

26.110
26.149
26.189
26.228
26.267
26.307
26.346
26.385
26.425
26.464
26.504
26.543
26.582
26.622
26.661

26.700
26.740
26.779
26.819
26.858
26.897
26.937
26.976
27.015
27.055
27.094
27.133
27.173
27.212
27.252
27.291

27.330
27.370
27.409
27.448
27.488
27.527
27.567

25.641
25.681
25.720
25.760
25.799
25.838
25.878
25.917
25.956
25.996
26.035
26.074
26.114
26.153
26.193
26.232
26.27
26.31
26.350
26.389
26.429
26.468
26.508
26.547
26.586
26.626
26.665
26.704
26.744
26.783
26.822
26.852
26.901
26.941
26.980
27.019
27.059
27.098
27.137
27177
27.216
27.256
27.295
27.334
27.374
27.413
27.452
27.492
27.531
27,570

4

25.645
25.685
25,724
25.763
25.803
25.842
25.882
25.921
25.960
26.000
26.039
26.078
26.118
26.157
26.197
26.236
26.275
26.315
26.354
26.393
26.433
26.472
26.511
26.551
26.590
26.630
26.669
26.708
26.748
26.787
26.826
26.866
26.905
26.945
26.984
27.023
27.063
27.102
27.141
27.181
27.220
27.259
27.299
27.338
27.378
27.417
27.456
27.496
27.535
27.574

25.649
25.689
25.728
25.767
25.807
25.846
25.886
25.925
25.964
26.004
26.043
26.082
26.122
26.161

26.200
26.240
26.279
26.319
26.358
26.397
26.437
26.476
26.515
26.555
26.594
26.633
26.673
26.712
26.752
26.791
26.830
26.870
26.909
26.948
26.988
27.027
27.067
27.106
27.145
27.185
27.224
27.263
27.303
27.342
27.381

27.421

27.460
27.500
27.539
27.578

6

25.653
25.693
25,732
25.77N

25.811

25.850
25.889
25.929
25.968
26.008
26.047
26.086
26.126
26.165
26.204
26.244
26.283
26.322
26.362
26.401
26.441

26.480
26.519
26.559
26.598
26.637
26.677
26.716
26.756
26.795
26.834
26.874
26913
26.952
26.992
27.031

27.070
27.110
27.149
27.189
27.228
27.267
27.307
27.346
27.385
27.425
27.464
27.504
27,543
27.582

7

25.657
25.697
25.736
25.775
25.815
25.854
25.893
25933
25972
28011
26.051
26.090
26.130
26.169
26.208
26.248
26.287
26.326
26.366
26.405
26.445
26.484
26.523
26.563
26.602
26.641

26.681

26.720
26.759
26.799
26.838
26.878
26.917
26.956
26.986
27.035
27.074
27.14
27.1563
27.193
27.232
27.271

27.31

27.350
27.389
27.429
27.468
27507
27.647
27588
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25.661
25.700
25.740
25.779
25.819
25.858
25.897
25.937
25,976
26.015
26.055
26.094
26.134
26.173
26.212
26.252
26.291
26.330
26.370
26.409
26.448
26.488
26.527
26.567
26.606
26.645
26.685
26.724
26.763
26.803
26.842
26.882
26.921
26.960
27.000
27.039
27.078
27.118
27.157
27.196
27.236
27.275
27.315
27.354
27.393
27.433
27.472
27.51
27.551
27.590

wwe 00, - 109

9

25.665
25.704
25.744
25.783
25.823
25.862
25.901
25.941
25.980
26.019
26.059
26.098
26.137
26.177
26.216
26.256
26.295
26.334
26.374
26.413
26.452
26.492
26.531
26.57
26.610
26.649
26.689
26.728
26.767
26.807
26.846
26.885
26.925
26.964
27.004
27.043
27.082
27.122
27.161
27.200
27.240
27.279
27.316
27.358
27.397
27.437
27.476
27.515
27.555
27.594



gl

MM

701

702
703
704
705
706
707
708
709
710
71

712
713
714
715
716
717
718
719
720
21

722
723
724
725
726
727
728
729
730
31

732
733
734
735
736
737
738
739
740
741

742
743
744
745
746
747
748
749
750

0

27.598
27.637
27.677
27.716
27.755
27.795
27.834
27.874
27.913
27.952
27,992
28.031

28.070
28.110
28.149
28.189
28.228
28.267
28.307
28.346
28.385
28.425
28.464
28503
28543
28582
28.622
28.661
28.700
28.740
28.779
28.818
28.858
28.897
28.937
28.976
29.015
29.055
29.094
29.133
29.173
29.212
29.251

29.291

29.330
29.370
29.409
29.448
29.488
29,527

A

27.602
27.641

27.681

27.720
27.759
27,799
27.838
27.878
27.917
27.956
27.996
28.035
28.074
28.114
28.153
28.192
28.232
28.271

28311

28.350
28.389
28.429
28.468
28507
28.547
28586
28.626
28.665
28,704
28.744
28.783
28.822
28.862
28.901

28.940
28.980
29.019
29.059
29.098
29.137
29177

29.216
29.255
29,295
29.334
29.373
29.413
29.452
29.492
29,531

.2

27.606
27.645
27.685
27.724
27.763
27.803
27.842
27.881
27.921

27.960
28.000
28.039
28.078
28.118
28.157
28.196
28.236
28.275
28.314
28,354
28.393
28.433
28.472
28.51
28.551
28.590
28.629
28.669
28.708
28.748
28.787
28.826
28.866
28.905
28944
28.984
29.023
29.062
29.102
29,141

29.181

29.220
29.259
29.299
29.338
29.377
29.417
29.456
29.496
29535

3

27.610
27.649
27.689
27.728
27.767
27.807
27.846
27.885
27.925
27.964
28.003
28.043
28.082
28.122
28.161
28.200
28.240
28.279
28.318
28.358
28.397
28.437
28476
28.515
28.555
28,594
28.633
28,673
28.712
28.751
28.791
28.830
28.870
28.909
28.948
28.988
29.027
29.066
29.106
29.145
29.185
29.224
29.263
29.303
29.342
29.381
29.421
29.460
29.499
29,539

4

27.614
27.653
27.692
27.732
27.1N

27.81

27.850
27.889
27.929
27.968
28,007
28.047
28.086
28.126
28.165
28.204
28.244
28.283
28.322
28.362
28.401

28.440
28.480
28.519
28.559
28.598
28.637
28.677
28.716
28.755
28.795
28.834
28.874
28913
28.952
28.992
29.031

29.070
29.110
29.149
29.188
29.228
29.267
29.307
29.346
29.385
29.425
29.464
29.503
29.543

.5

27.618
27.657
27.696
27.736
27.775
27.815
27.854
27.893
27.933
27.972
28.01

28.051

28.090
28.129
28.169
28.208
28.248
28.287
28.326
28.366
28.405
28.444
28.484
28,523
28.563
28.602
28.641

28.681
28.720
28,759
28.799
28.838
28.877
28.917
28.956
28.996
29.035
29.074
29.114
29.153
29.192
29,232
29.271

29.31

29.350
29.389
29.429
29.468
29,507
29.547

.6

27.622
27.661

27.700
27.740
27.779
27.818
27.858
27.897
27.937
27.976
28.015
28.055
28.094
28,133
28.173
28.212
28.252
28.291

28.330
28,370
28.409
28.448
28.488
28.527
28566
28.606
28.645
28,685
28.724
28,763
28.803
28.842
28.881

28.921

28.960
28.999
29.039
29.078
29.118
29.157
29.196
29.236
29.275
29.314
29.354
29.393
29.433
29.472
2951

29.551

7

27.626
27.665
27.704
27.744
27.783
27.822
27.862
27.901
27.941
27.980
28,019
28.059
28.098
28.137
28.177
28.216
28.255
28.295
28.334
28,374
28413
28.452
28.492
28.531
28.570
28.610
28.649
28.688
28.728
28.767
28.807
28.846
28.885
28925
28.964
29.003
29.043
29.082
29.122
29.161
29.200
29.240
29.279
29.318
29.358
29.397
29.436
29.476
29.515
29.555

8

27.630
27.669
27.708
27.748
27.787
27.826
27.866
27.905
27.944
27.984
28.023
28.063
28.102
28.141
28.181

28.220
28.259
28.299
28.338
28.377
28.417
28.456
28.496
28,535
28.574
28.614
28.653
28.692
28.732
28,771
28.811

28.850
28.889
28.929
28,968
29.007
29.047
29.086
29.125
29.165
29.204
29.244
29.283
29.322
29.362
29.401

29.440
29.480
29.519
29,559

9

27.633
27.673
27.712
27.752
27.791
27.830
27.870
27.909
27.948
27.988
28.027
28.066
28.106
28.145
28.185
28.224
28.263
28.303
28.342
28.381
28.421
28.460
28.500
28.539
28.578
28.618
28.657
28.696
28.736
28.775
28.814
28.854
28.893
28933
28.972
29.01
29.051
29.090
29.129
29.169
29.208
29.248
29.287
29.326
29.366
29.405
29.444
29.484
29.523
29,562

MM

751
752
753
754
755
756
757
758
759
760
761
762
763
764
765
766
767
768
769
770
A
772
773
774
775
776
777
778
779
780
781
782
783
784
785
786
787
788
789
790
791
792
793
794
795
796
797
798
799
800

.0

29.566
29.606
29.645
29.684
29.724
29.763
29.803
29.842
29.881

29.921

29.960
29.999
30.039
30.078
30.118
30.157
30.196
30.236
30.275
30.314
30.354
30.393
30432
30.472
30.51

30.551

30.590
30.629
30.669
30.708
30.747
30.787
30.826
30.866
30.905
30.944
30.984
31.023
31.062
31.102
31.141

31.180
31.220
31.259
31.299
31.338
31.377
31.417
31.456
31.495

o

29.570
29.610
29.649
29.688
29.728
29.767
29.807
29.846
29.885
29.925
29.964
30.003
30.043
30.082
30.121

30.161

30.200
30.240
30.279
30.318
30.358
30.397
30.436
30.476
30515
30.555
30.594
30.633
30.673
30.712
30.751

30.791

30.830
30.869
30.909
30.948
30.988
31.027
31.066
31.106
31.145
31.184
31.224
31.263
31.303
31.342
31.381

31.421

31.460
31499

2

29.574
29.614
29.653
29.692
29,732
29.71

29.810
29.850
29.889
29.929
29.968
30.007
30.047
30.086
30.125
30.165
30.204
30.244
30.283
30.322
30.362
30.401

30.440
30480
30.519
30.5568
30598
30.637
30.677
30.716
30.755
30.795
30.834
30.873
30.913
30.952
30.992
31.031

31.070
31.110
31.149
31.188
31.228
31.267
31.306
31.346
31.385
31.425
31.464
31.503

29578
29.618
29.657
29.696
29.736
29.775
29.814
29.854
29.893
29,933
29.972
30.01
30.051
30.090
30.129
30.169
30.208
30.247
30.287
30.326
30.366
30.405
30.444
30.484
30.523
30.562
30.602
30.641
30.680
30.720
30.759
30.799
30.838
30.877
30917
30.956
30.995
31.035
31.074
31.114
31.163
31.192
31.232
31.271
31.310
31.350
31.389
31.428
31.468
31.507

4

29.582
29.622
29,661

29.700
29.740
29.779
29.818
20.858
29.897
29.936
29.976
30.015
30.055
30.094
30.133
30.173
30.212
30.251

30.291
30.330
30.369
30.409
30.448
30.488
30.527
30.566
30.606
30.645
30.684
30.724
30.763
30.803
30.842
30.881

30.921

30.960
30.999
31.039
31.078
31.117
31.157
31.196
31.236
31.275
31.314
31.354
31.393
31.432
31.472
31.51

.5

29.586
29.625
29.665
29.704
29.744
29,783
29.822
29,862
29.901

29,940
29.980
30.019
30.058
30.098
30.137
30.177
30.216
30.255
30.295
30.334
30.373
30413
30.452
30.492
30.531

30.570
30.610
30.649
30.688
30.728
30.767
30.806
30.846
30.885
30.925
30.964
31.003
31.043
31.082
31121
31.161

31.200
31.240
31.279
31.318
31.358
31.397
31.436
31.476
31.515

6

29.590
29.629
29.669
29.708
29.747
29.878
29.826
29.966
29.905
29.944
29.984
30.023
30.062
30.102
30.141
30.181
30.220
30.259
30.299
30.338
30.377
30417
30.456
30.495
30.535
30.574
30.614
30.653
30.692
30.732
30.771
30.810
30.850
30.889
30.929
30.968
31.007
31.047
31.086
31.125
31.165
31.204
31.243
31.283
31.322
31.362
31.401
31.440
31.480
31.519

7

29.594
29.633
29,673
29.712
29.751

29.791

29.830
29.870
29.909
29,948
29.988
30.027
30.066
30.106
30.145
30.184
30.224
30.263
30.303
30.342
30.381

30.421

30.460
30.499
30.539
30.578
30.618
30.657
30.696
30.736
30.775
30814
30.854
30.893
30.932
30.972
31.01

31.051

31.090
31.129
31.169
31.208
31.247
31.287
31.326
31.365
31.405
31.444
31.484
31.523
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29.598
29.637
29.677
29.716
29.755
29.795
29.834
29,783
29.913
29.952
29.992
30.031

30.070
30.110
30.149
30.188
30.228
30.267
30.307
30.346
30.385
30.425
30.464
30.503
30.543
30.582
30.621

30.661

30.700
30.740
30.779
30818
30.858
30.897
30.936
30.976
31.015
31.054
31.094
31.133
31.173
31.212
31.251

31.291

31.330
31.369
31.409
31.448
31.488
31.527

9

29.602
29.641
29.681
29.720
29.759
29.799
29.838
29.877
29917
29.956
29.995
30.035
30.074
30.114
30.153
30.192
30.232
30.271
30.310
30.350
30.389
30.429
30.468
30507
30.547
30.586
30.625
30.665
30.704
30.743
30.783
30.822
30.862
30.901
30.940
30.980
31.019
31.058
31.098
31.137
31.177
31.216
31.255
31.295
31.334
31.373
31.413
31.452
31.491
31.531



MM

801
802
803
804
805
806
807
808
809
810
811
812
813
814
815
816
817
818
819
820
821
822
823
824
825
826
827
828
829

831
832
833
834
835
836
837

839

841
842
843
844
845
846
847
848
849
850

31.635
31.574
31.614
31.653
31.692
31.732
31.77NM
31.810
31.850
31.889
31.928
31.968
32.007
32.047
32.086
32.125
32.165
32.204
32.243
32.283
32.322
32.361
32.401
32.440
32.480
32.519
32.558
32.598
32.637
32.676
32.716
32.755
32.795
32.834
32.873
32.913
32,952
32.991
33.031
33.070
33.109
33.149
33.188
33.228
33.267
33.306
33.346
33.385
33424
33.464

31.639
31.578
31.617
31.657
31.696
31.736
31.775
31.814
31.854
31.893
31.932
31.972
32.011

32.060
32.090
32.129
32.169
32.208
32.247
32.287
32.326
32.365
32.405
32444
32484
32,523
32.562
32.602
32.641

32.680
32.720
32.759
32.798
32.838
32.877
32,917
32.956
32.995
33.035
33.074
33.113
33.153
33.192
33.232
33.271

33.310
33.350
33.389
33.428
33.468

31.643
31.682
31.621

31.661

31.700
31.739
31.779
31.818
31.858
31.897
31.936
31.976
32.015
32.054
32.094
32.133
32.173
32.212
32.251

32.291
32.330
32.369
32.409
32.448
32.487
32.527
32.566
32.606
32.645
32.684
32.724
32.763
32.802
32,842
32.881

32.921

32.960
32999
33.039
33.078
33.117
33.1567
33.196
33.235
33.275
33.314
33.354
33.393
33.432
33.472

31.547
31.586
31.625
31.665
31.704
31.743
31.783
31.822
31.862
31.901

31.940
31.980
32.019
32.058
32.098
32.137
32.176
32.216
32.255
32,295
32334
32.373
32.413
32.452
32.49

32531

32570
32.610
32.649
32.688
32.728
32.767
32.806
32.846
32.885
32.924
32.964
33.003
33.043
33.082
33.121
33.161

33.200
33.239
33.279
33.318
33.357
33.397
33.436
33.476

4

31.5651

31.590
31.629
31.669
31.708
31.747
31.787
31.826
31.865
31.905
31.944
31.984
32.023
32.062
32.102
32.14

32.180
32.220
32.259
32.299
32.338
32.377
32.417
32.456
32.495
32.535
32.574
32.613
32.653
32.692
32.732
32.771

32.810
32.850
32.889
32.928
32,968
33.007
33.046
33.086
33.125
33.165
33.204
33243
33.283
33.322
33.361

33401

33.440
33.480

31.654
31.594
31.633
31.673
31.712
31.751
31.791
31.830
31.869
31.909
31.948
31.988
32,027
32.066
32.106
32.145
32.184
32.224
32.263
32.302
32.342
32.381
32.421
32.460
32.499
32.539
32578
32617
32.657
32.696
32.735
32.775
32814
32.854
32.893
32.932
32.972
33.011
33.050
33.090
33.129
33.169
33.208
33.247
33.287
33.326
33.365
33.405
33.444
33.483

31.558
31.598
31.637
31.676
31.716
31.755
31.795
31.834
31.873
31.913
31.952
31.991

32.031

32.070
32.110
32.149
32.188
32.228
32.267
32.306
32.346
32.285
32.424
32.464
32.503
32,543
32.582
32,621

32,661

32.700
32,739
32.779
32,818
32.858
32.897

32.936
32.976
33.015
33.054
33.094
33.133
33.172
33.212
33.251

33.291

33.330
33.369
33.409
33.448
33.487.

7

31.562
31.602
31.641
31.680
31.720
31.769
31,799
31.838
31.877
31.917
31.956
31.995
32.035
32.074
32.113
32,153
32.192
32,232
32.27
32.310
32.350
32.389
32428
32.468
32.507
32547
32.586
32,625
32.665
32.704
32.743
32.783
32.822
32.861
32.901
32.840
32.980
33.019
33.058
33.098
33.137
33.176
33.216
33.255
33.295
33.334
33.373
33413
33.452
33.481

8

31.566
31.606
31.645
31.684
31.724
31.763
31.802
31.842
31.881

31.921

31.960
31.999
32.039
32.078
32117
32.157
32.196
32.236
32.275
32.314
32.354
32.393
32432
32.472
32.511

32.550
32.590
32.629
32.669
32.708
32.747
32.787
32.826
32.865
32.905
32.944
32.984
33.023
33.062
33.102
33.14

33.180
33.220
33.259
33.298
33.338
33.377
33.417
33.456
33.495

9

31.570
31.610
31.649
31.688
31.728
31.767
31.806
31.846
31.885
31.925
31.964
32.003
32.043
32.082
321421

32.161

32.200
32.239
32.279
32.318
32.358
32.397
32.436
32.476
32.515
32.554
32.594
32.633
32,673
32.712
32.751

32.791

32.830
32.869
32.909
32948
32.987
33.027
33.066
33.106
33.145
33.184
33.224
33.263
33.302
33.342
33.381

33.420
33.460
33.499

MM
851

852
853

861

33503
33.543
335682
33.621
33.661
33.700
33.739
33.779
33.818
33.857
33.897
33.936
33.976
34.015
34.054
34.094
34,133
34.172
34.212
34.251
34.291
34.330
34.369
34.409
34.448
34.487
34.527
34.566
34.605
34.645
34.684
34.724
34.763
34,802
34.842
34.881
34.920
34.960
34.999
35.038
35.078
35.117
36.157
35.196
35.236
36.275
36.314
35.353
35.393
35.432

33.507
33.546
33.5686
33.625
33.665
33.704
33.743
33.783
33.822
33.861

33.901

33.940
33.980
34.019
34.058
34.098
34.137
34.176
34.216
34.255
34.294
34.334
34.373
34413
34.452
34.491

34.531

34.570
34.609
34.649
34.688
34.727
34.767
34.806
34.846
34.885
34.924
34.964
35.003
35.042
35.082
35.121

35.161

35.200
35.239
35.279
356.318
35.357
35.397
35.436

2

33.511
33.550
33.590
33.629
33.669
33.708
33.747
33.787
33.826
33.865
33.905
33944
33.983
34.023
34.062
34.102
34.141
34.180
34.220
34.259
34.298
34.338
34.377
34.416
34.456
34.495
34.535
34.574
34.613
34.653
34.692
34,731
34.77
34.810
34.850
34.889
34.928
34.968
356.007
35.046
35.086
35.125
35.164
35.204
35.243
36.283
35.322
35.361
35.401
35.440

3

33.515
33.554
33.594
33.633
33.672
33.712
33.751
33.791
33.830
33.869
33.909
33948
33.987
34.027
34.066
34,105
34.145
34.184
34.224
34.263
34.302
34.342
34.381
34420
34.460
34.499
34.539
34578
34.617
34.657
34.696
34.735
34.775
34.814
34.853
34.893
34.932
34.972
356.01M
35.050
35.090
35.129
35.168
36.208
35.247
35.287
35.326
35.365
35.405
35.444

4

33.519
33.658
33.598
33.637
33.676
33.716
33.755
33.794
33.834
33.873
33.913
33.952
33.991
34.031
34.070
34.109
34.149
34.188
34.228
34,267
34.306
34,346
34.385
34.424
34.464
34.503
34.542
34.582
34.621
34.661
34.700
34.739
34,779
34.818
34.857
34.897
34.936
34.976
35.015
35,054
35.094
36.133
36.172
35.212
35.251
35.290
36.330
35.369
35.409
35.448

5

33.523
33.562
33.602
33.641
33.680
33.720
33.759
33.798
33.838
33.877
33.917
33.956
33.995
34.035
34,074
34113
34.153
34.192
34.231
34,271
34.310
34.350
34.389
34.428
34.468
34,507
34.546
34.586
34.625
34.665
34.704
34.743
34.783
34.822
34.861
34.901
34.940
34.979
36.019
35.068
35.098
356.137
35.176
35.216
35.255
35.294
35.334
36.373
35412
35.452

.6

33.527
33.566
33.606
33.645
33.684
33.724
33.763
33.802
33.842
33.881
33.920
33.960
33.999
34.039
34.078
34.117
34.157
34.196
34.236
34.275
34.314
34.354
34.393
34.432
34.472
34.511
34.550
34.590
34.629
34.668
34.708
34.747
34.787
34.826
34.865
34.905
34944
34.983
35.023
35.062
36.101
35.141
36.180
35.220
35.259
36.298
35.338
35.377
35.416
35.456

33.631
33570
33.609
33649
33.688
33.728
33.767
33.806
33.846
33.885
33924
33.964
34.003
34.042
34.082
34421
34.161
34.200
34.239
34.279
34.318
34.357
34.397
34.436
34.476
34515
34,554
34.594
34.633
34.672
34.712
34.751
34,790
34.830

34.909
34.948
34,987
35.027
35.066
36.015
36.145
36.184
36.224
35.263
35.302
36.342
35.381
35.420
35.460
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33.635
33.574
33.613
33.653
33.692
33.731
33.7NM
33.810
33.850
33.889
33.928
33.968
34.007
34.046
34.086
34.125
34.165
34.204
34.243
34.283
34.322
34.361
34.401
34.440
34.479
34.519
34.558
34.598
34.637
34.676
34.716
34.755
34.794
34834
34.873
34.913
34.952
34.991
35.031
35.070
35.109
35.149
35.188
35.227
35.267
35.306
35.346
35.385
35.424
35.464



901
902
903
904
905
906
907
908
909
910
911
912
913
914
915
918
917
918
919
920
921
922
923
924
925
926
927
928
929
930
931
932
933
934
935
936
937
938

940
941
942
943
944
945
9463
947
948
949
950

35.472
36.511
35.560
35.590
35629
35.668
35708
35.747
35.786
35.826
35.865
35.905
35944
35.983
36.023
36.062
36.101
36.141
36.180
36.220
36.259
36.298
36.338
36.377
36.416
36.456
36.495
36.534
36.574
36.613
36.663
36.692
36.731
36.771
36810
36.849
36.889
36.928
36.968
37.007
37.046
37.086
37.125
37.164
37.204
37.243
37.282
37.322
37.361
37.40)

35.475
35.515
35.664
36.694
35.633
35.672
36.712
35.761
35.790
35.830
35.869
35.909
35.948
35.987
36.027
36.066
36.105
36.145
36.184
36.223
36.263
36.302
36.342
36.381
36.420
36.460
36.499
36.538
36.578
36.617
36.657
36.696
36.735
36.775
36.814
36.853
36.893
36.932
36.971
37.011
37.050
37.090
37.129
37.168
37.208
37.247
37.286
37.326
37.365
37.404

35.479
356.519
35.658
35.5698
35.637
35.676
36.716
35.755
35.794
35.834
35.873
35912
35.952
35.991

36.031

36.070
36.109
36.149
36.188
36.227
36.267
36.306
36.346
36.385
36.424
36.464
36.503
36.542
36.582
36.621
36.660
36.700
36.739
36.779
36.818
36.867
36.897
36.936
36.975
37.015
37.054
37.093
37.133
37.172
37.212
37.251

37.290
37.330
37.369
37.408

35.483
35.523
35.562
35.601
35.641
35.680
35.720
35.759
35.798
35.838
35.877
365.916
35.956
35.995
36.0356
36.074
36.113
36.153
36.192
36.231
36.271
36.310
36.349
36.389
36.428
36.468
36.5607
36.646
36.586
36.625
36.664
36.704
36.743
36.782
36.822
36.861
36.901
36.940
36.979
37.019
37.068
37.097
37.137
37.176
37.216
37.255
37.294
37.334
37.373
37.412

35.487
35.627
35.566
35.605
35.645
35.684
35.723
35.763
35.802
35.842
35.881
35.920
35.960
36.999
36.038
36.078
36.117
36.157
36.196
36.2356
36.275
36.314
36.353
36.393
36.432
36.471
36.511
36.550
36.590
36.629
36.668
36.708
36.747
36.786
36.826
36.865
36.905
36.944
36.983
37.023
37.062
37.101
37.141
37.180
37.219
37.259
37.298
37.338
37.377
37.416

35.491
35.631
35.570
35.609
35.649
35.688
35.727
35.767
365.806
35.846
35.885
35.924
35.964
36.003
36.042
36.082
36.121
36.160
36.200
36.239
36.279
36.318
36.367
36.397
36.436
36.475
36.515
36.564
36.5694
36.633
36.672
36.712
36.751
36.790
36.830
36.869
36.908
36.948
36.987
37.027
37.066
37.105
37.145
37.184
37.223
37.263
37.302
37.342
37.381
37.420

35.495
35.635
35674
356.613
35.653
35.692
356.731
35.771
36.810
35.849
36.889
35.928
35.968
36.007
36.046
36.086
36.125
36.164
36.204
36.243
36.283
36.322
36.361
36.401
36.440
36.479
36.519
36.558
36.597
36.637
36.676
36.716
36.755
36.794
36.834
36.873
36.912
36.952
36.991
37.031
37.070
37.109
37.149
37.188
37.227
37.267
37.306
37.345
37.385
37.424

36.499
35.638
35578
36.617
36.657
35.696
35.735
35.775
35.814
365.863
35.893
35.932
35.972
36.011

36.050
36.090
36.129
36.168
36.208
36.247
36.286
36.326
36.365
36.405
36.444
36.483
36.623
36.562
36.601

36.641
36.680
36.719
36.759
36.798
36.838
36.877
36.916
36.956
36.995
37.034
37.074
37.113
37.153
37.192
37.231
37.271
37.310
37.349
37.389
37.428

35.503
365.5642
35.682
35.621
35.661
35.700
35.739
35.779
35.818
35.857
35.897
35.936
35.975
36.015
36.054
36.094
36.133
36.172
36.212
36.251
36.290
36.330
36.369
36.408
36.448
36.487
36.527
36.566
36.605
36.645
36.684
36.723
36.763
36.802
36.842
36.881
36.920
36.960
36.999
37.038
37.078
37117
37.156
37.196
37.235
37.275
37.314
37.353
37.393
37.432

35.507
35.546
35686
35.625
35.664
35.704
35.743
35.783
35.822
35.861
35.901
35.940
35.979
36.019
36.058
36.097
36.137
36.176
36.216
36.255
36.294
36.334
36.373
36.412
36.452
36.491
36.631
36.570
36.609
36.649
36.688
36.727
36.767
36.806
36.845
36.885
36.924
36.964
37.003

37.042

37.082
37.121
37.160
37.200
37.239
37.279
37.318
37.357
37.397
37.436

961
952
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37.440
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37.755
37.794
37.834
37.873
37.912
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37.991
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38.857
38.897
38.936
38.975
39.015
39.054
39.093
39.133
39.172
39.21

39.251

39.290
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39.078
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39.003
39.042
39.082
39.121
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39.239
39.278
39.318
39.357
39.396
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37.511

37.550
37.690
37.629
37.668
37.708
37.747
37.786
37.826
37.865
37.904
37.944
37.983
38.023
38.062
38.101

38.141
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38.377
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38.810
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38.341
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38.617
38.656
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38.735
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38.814
38.853
38.893
38.932
38.971

39.011
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39.129
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39.208
39.247
39.286
39.326
39.365
39.404



Consecutive Listing of Regular Drill Sizes
by William C. Fitt
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Suppliers

To assist those readers who do not live in areas where metal
suppliers are readily available and to avoid the need to pur-
chase far greater quantities than required for the projects in
this book, the following firms and individuals offer kits of
castings and/or bar stock. Because of the fluctuations in
prices of material, current quotations may be obtained by
writing directly to the address given below.

Clarence Myers

Myers Model Engine Works
15929 5 Point Road
Perrysburg, OH 43551-9797

Hot Air Pumping Engine

Coles’ Power Models
839 East Front Street
P.O. Box 788

Ventura, CA 93002
(805) 643-7065

(805) 643-5160 Fax

Mode! Builders’ Supplies

Power Model Supply Co.
13260 Summit Drive
DeSoto, MO 63020

(636) 586-6466

Model Builders' Supplies

-
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