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Helix angle

Full scale blade height
Full scale hub diameter
Full scale displacement

% displacement

Full scale velocity
Initial trimming angle
Running trimming angle
Running full scale sinkage

Full scale RPM

LO deg.
L .68 inches
2L .0 inches

1145.3 1bs.@59°F.S.W.

507 .aof rotor hub

9.5 mph

2.2 deg. bow up

8.2 deg. bow up

0. 71
216

inches down
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Helix angle

Full scale blade height
Full scale hub diameter
Full scale displacement

% displacement

Full scale velocity
Initial trimming angle
Running trimming angle
Running full scale sinkage

Full scale RPM

L0 deg.
L .68 ihches
2L .0 inches

11L5.3 Ibs.@ 59°F.S.W.

50% of retor hub

9.5 mph

L.0 deg. bow up

9.3 deg. bow up

U35
225

inches down
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Helix angle

Full scale blade height
Full scale hub diameter
Full scale displacement

% displacement

Full scale velocity
Initial trimming angle
Running trimming angle
Running full scale sinkage

Full scale RPM

50 deg.
5.63 inches
2L .0 inches

1145.3 1bs.@59°F.S.W.

50% of rotor hub

9.5 mph

2.2 deg. bow up

11.4 deg. bow up

0.59
159

inches up
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Helix angle

Full scale balde height
Full scale hub diameter
Full scale displacement

% displacement

Full scale velocity
Initial trimming angle
Running trimming angle
Running full scale sinkage

Full scale RPM

L0 deg.
L .68 inches
24.0 inches

1718.0 1bs.@59° F.S.W.
75% of rotor hub

6.5 mph

0

0

5.68 inches down
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Helix angle

Full scale balde height
Full scale hub diameter
Full scale displacement

% displacement

Full scale velocity
Initial trimming angle
Running trimming angle
Running full scale sinkage

Full scale RPM

L0 deg.
5.63 inches
24 .0 inches

B99 7 lbs.@ 59° E.S.W.

257 of roter hub

9.5 mph

2.3 deg. bow up

10.8 deg. bow up

0.47
188

inches down
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INTRODUCTION

A. Scope

Under contract with Chrysler Corporation Defense Engineering,

The University of Michigan Ship Hydrodynamics Laboratory undertook

water tests in connection with Marsh Screw means of propulsion. The

N

areas of investigation fell into two main categories:

J:l a) a systematic approach to determine the effects of displace-
ment, blade height and helical angle err a wide range of

T:I, these variables

%il " b) tests and analysis of data of.various other variables which

| | were considered either less basic than those under a) or

E:] where relatively few tésts were needed to investigate them.

B Those items under b) became known as Phase | and under a) as

] Phasé .

LT] In late 1963 and early 1964 a limited investigation of Marsh

Screw water propulsion was undertaken and reported to Chrysler

i

1:‘ Defense Englneerlng *

In the current report previous results are drawn upon with

S

regard to effects of blade cross-section shape variations and num-

ber of blades. Although some of the testing for these items was

*J. L. Moss, '""Marsh Screw Vehicle Rotor Model Test Resul ts,"

The University of Michigan Ship Hydrod namlcs Laboratory Report
06100-1-F, January 1964, Y y b

S

Y S e

R
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accomplished under the previous contract results are reported herein
for the sake of completeness where necessary. A total of results of:
six tests from the earlier testing program are included. For an out-
line of further conditions under Phase I, the reader is referred to
Section | in the Table of Contents of this report.

Under Phase Il rotors which filled out a matrix of blade height
and helix angle variations were tested. Ten rotors were tested, each

at three displacements, within a matrix of four helix angles and four

- blade heights. All models under Phase II were eight inches hub diam-

eter and L8 inches long. Section Il gives the results which are pre-

sented in non-dimensional coefficient form for use in extrapolation

to any size. Methods of using the results of Section Il are given

in a design example in Section [V.

Typical photographs of Phase Il tests are included as frontis-
pieces in order to familiarize the reader with the running attitude,
spraylpatterns, etc. observed. |

InAall cases, Phase 1l results and individual items under Phase
I, the results were analyzed largely by means of crossplotting with
a view towards pointing out possible optimum configurations or
effe;ts.of variations as well as towards providing design information.
lnvfact% Section |V contains a brief design example which is mainly
intended"t§ j]lusfrafe the procedures to be used in employing the
fesu]ts,as'reported°

'Séctioh Il contains analysis. of data with regard to scaling
from model to full scale. Initially the Phase |1 tests were to!be
run on 24 inch long models two of which were run. The résults,
when compared to those on 48 inch rotors of identical configuration,

showed lack of correlation. in summary, it is felt that reasonably
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good full scale estimates of torque and RPM can be made by adhering
to Froude similitude only, and if the model lengths of the configu-
rations tested are about 48 inches or more in length. The results
from 24 inch rotors exhibited appreciable scale effects. The rea-
soning which leads to these statements will be found in Section I11.
It is strongly emphasized that all tests under Phase Il were
of rotors and the rest of any supposed vehicle was not introduced.

The effects of shrouding, chain housings, etc. can only be estimated

from the results under Phase |. That is, accuracy of prediction of
RPM and horsepower from Phase Il will suffer, but optimum configu-
rations of rotors can still be determined. In ship design the

interaction effects are thought of in terms of wake and thrust deduc-
tion fractions. The naval architect has a reasonably good estimate
of these factors from many years' backlog of experience with ships
similar to those which may be of current interest. Therefore, with
the aid of systematic screw propeller data it is possible to effi-
ciently combine hull form and propeller, model tests being utilized
for refinement and confirmation of the design. In the case of Marsh
Screw propulsion, accurate prediction of exact speed and power rela-
tionships for an arbitrary design is somewhat elusive owing to the

reasons cited here.

B. Testing Method and Apparatus
Most models were supplied by Chrysler and were built of
aluminum. Some model construction and changes were accomplished in
the University of Michigan shops. Blades were tack-welded to the
hubs as helical surfaces and the heights were diminished near the

ends to nearly zero. The hubs were tapered at the ends to fair
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into a cone at the leading end and a chain housing at the stern. The
dynamometer and rotor assembly are shown schematically in Fig. 1.

Two degreés of freedom, trim and sinkage, were allowed by the
necessary hardware. That is, in the running condition the rotors
were allowed to seek their equilibrium angle of attack and vertical
position. Measurements of torque, RPM, trim, sinkage and speed of
advance (carriage speed) were made. Test runs were made at the model
propulsion point. With the towing carriage at constant speed the
drive motor speed was varied until the thrust output balanced the
hydrodynamic drag at which time the force transducer had zero output.

The maximum speed at which any given rotor was run was limited
by one of two factors. The first was the maximum load which the
electric motor would absorb. The second was with regard to the degree
of freedom in trim.

As shown in Fig. 1, in order to allow trim the horizontal dis-

tance between the two sliding rods was allowed to vary by means of a

"small sub-carriage. Due to the mechanical arrangement the carriage

travel was limited such that about 14 degrees bow up was the maximum
trim possible. In the design of the test rig allowance for higher
angles of trim was not brocided in that such angles seemed unrealistic
for any proposed vehicle operation. There were cases where, as speed
increased, trim would have exceeded 14 degrees within the normally

run speed range.

Generally, except for these two possibilities, all tests were

run up to about 16 feet per second.
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C. General Observations
There were, during testing and subsequent calculations, a
number of observations regarding the flow and general running behavior
of the models which point out basic characteristics which should be
kept in mind in any design application.

There is reasonable analogy between a Marsh Screw rotor and
either a ship or propeller which is pointed out in Section ||l of
this report. In the scale effect analysis of that section it was
assumed that all the energy is expended in the form of either viscous
flow,'wavés, or spray. |t is pointed out that spray and frictional
drags are considered the largest single contributors. Wave drag is
the least predominant. These considerations are important in that
because the large amount of spray flow was uninhibited in the
testing program, the same may not necessarily be expected in an
actual vehicle. The proximity of the hull and/or shrouds could alter
the spray characteristics. In fact, such a consideration: is the
main cause of the differences Found in the shroud tests reported in
Section I, |I. | |

Another observatiﬁn pertinent to running attitude is the simi-
larity between a rotor and a planing boat, particularly with regard
to trim and sinkage. At slow speeds, before the dynamic forces on
the bdftdmhof a planing surface begin to develop, the boat sinks
slightly and usually trims bdedown or zero, but only a small amount.
Wi th increasing'speedethewboat-begins to trim bow-up to as much as
several degrees and the sinkége becomés more and more positive (up)
until when after planing fs fully developed the trim decreases
slightly with increasing speed and the sinkage becomes nearly con-

stant at a positive value. Curves of trim and sinkage for the
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rotors exhibit similar tendencies although the forces involved would
not be directly analogous to those on a planing surface. Unlike most
planing surfaces the rotors trimmed to maximum angles of up to 14
degrees bow-up.. In some cases, the speeds were not sufficiently
high to determine if the trim would decrease at the highest speeds.
Also, generally sinkage did not reach a nearly constant positive
value but was still increasing with speed.

These observations are stated so that the reader will have a
good feeling for the general running characteristics when reading

the remaining sections of this report.
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Section |: Phase 1

The test results reported in this section are of effects of a

series of limited investigations of configuration changes and features

a designer would expect to be incorporated into a specific vehicle.
Within this group no set of tests was intended to thoroughly explore
any particular aspect of rotor propulsion, but merely to indicate
trends in horsepower absorption. Some tests were designed to study
the interaction between rotors and other parts of a vehicle, e.g.
chain housings, shrouds, and between the rotors themselves. |In each
of these groups of tests, variations in geometry were done one at a
time. For instance, dual rotor tests were run without shrouds since
the shroud tests were run on a single rotor. Therefore, it should
not be expected that had dual rotors with shrouds been run that the
results would be entirely in agreement with either of the indivi-
dually run variations.

I't should be emphasized that each test of the entire investiga-
tion reported in this report was run on a single rotor of constant 8

inches hub diameter, 48 inches in length, constant helix angle, con-

stant blade height, symmetric end for end, with only the chain housing

and rofor, and two blades except the variations{in this section and
the additional 24 inch long rotors used for the scale effect study
of Section I1I1.

Power and revs reported in this section are presented either as
percentage or full scale values depending upon which seemed appro-

priate in the individual group of tests.
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A. Effect of Initial Trimming Angle
Near the beginning of the testing program, a series of tests
was conducted in order to determine the optimum zero speed trimming
attitude in that it was anticipated that torque and RPM would be
influenced by the initial longitudinal center of gravity position.
The sequence of tests was made on the following rotors in the per-
centage of hub displacément indicated and over a range of from about

two degrees bow down to four degrees bow up.

Helix Angle Blade Ht. % Displ.

—

40 deg. 1.56 in. 25
" " 50
X " 75
I 1.875 in. 25
" " 50
75
50 deg. 1.56 in. 25
! " 50
" " 75
" 1.875 in. 25
50
75

O W 00 N O N F w N

— — — ‘
N —

The results are presented as torque and RPM percenfages, based
on values at one degree trim, and as contours of speed for 5
and 10 mph using a linear scale ratio of three. See Figs. I-A-1
and | ~A-2.. The figures show that the optimum angle is somewhat
a function of the percentage displacement and speed as well as the

geometry of the individual rotors, but generally one degree bow up
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initial trim gives the least horsepower absorbed. This value was
adopted for all tests under Phase Il and corresponds to a vehicle
with LCG somewhat aft of the mid-length of the rotors. For vehicles
with center of gravity positions different than that corresponding
to one degree bow up initial trim, estimates of power increases can

be made from the graphs in this section.

B. Effect of Length-Diameter Ratio

Most of the model configurations were of rotors of L/D of
six, i.e. 48 inch long rotors with a hub diameter of 8 inches. How-
ever one set of configurations was designed to investigate the effect
of varying the diameter, holding the length of the models cons tant.
The ''parent" model in this series was the 50 deg. helix angle, 1.875
inch blade height rotor with an 8 inch hub diameter. Based upon a
linear scale ratio of three, the latter figure corresponds to 24
inches full scale. Three other models were tested with full scale
hub diameters of 14.25, 18 and 36 inces. Blade heights and hub
diameters in the tapered ends were in the ratio of hub diameters.
For instance for the 18 inch diameter rotor the blade height was

(3 x }£W5)(%g? = 4.22 inches full scale
A1l the rotors were tested in two displacement conditions, 40% and
60% of tHe total hub volume in each case, except the 18 inch full
scale diameter rotor which was not tested in the 60% condition
owing to, a ;haft failure on the model. Adoption of constant per-
centage displacement meant that actual volume displacement varied
from one rotor to another.
Figs. 1-B-1 and 1-B-2 give full scale horsepower and RPM, respec-

tively, for the rotors in the 40% displacement condition, and simi-

larly in the 60% condition in Figs. |1-B-3 and |-B-L.
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C. Effect of Number of Blades
In all cases rofors had two blades, or leads, except those
exceptions reported in this section.

In the previous program one rotor had three blades, uniformly
spaced, and was run fixed at zero sinkage and trim. The geometric
properties are delineated on Fig. 1-C-3 where the horsepower versus
speed curves are given for two-bladed and three-bladed, but otherwise
identical, rotors based on a linear scale ratio of three. The corre-
sponding full scale hub diameter was 26 inches. Evidently the pre-
sence of three blades is deleterious to the 1ift developed on each
even though total blade area is increased. In the opposite direction
would be a one-bladed rotar which was tested in the current brogram
in two displacements and with other geometric properties as given in
Figs. I-C-1 and 1-C-2. Here the rotors were unrestricted in trim
and sinkage. From the curves, it appears that by reducing the num-
ber of blades to one reduces blade area to an insufficient level so
that the best trade between unimpediment of flow and blade area is

accomplished by the use of two blades.

D. Effect of Rotor Stern Shape

Upon observation of the planing hull analogy, as pointed out
el sewhere in this report, the effect of the shape of the hub was
investigated. One rotor was built up in wax on the stern end only to
complete the cylindrical shape rather than tapering the end as on the
bow. This was done in order to have the stern of the rotor ventilate
much in the same manner as that of the transom on a high speed boat.
The chain housing drag also was reduced somewhat in that the under-
side of the housing was no longer wetted. The horsepower results

are presented in Fig. I-D-1 and RPM in Fig. 1-D-2. The reduction in
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horsepower is rather dramatic and is probably attributable to the
lower trimming angle and better dynamic 1ift, the latter as indicated
by reduced sinkage, as shown in Fig. I|-D-3.

This is a good opportunity to stress that in not thorougly inves-
tigating those configuration changes reported in Section | the danger
of arriving at misleading conclusions is introduced. While the para-
graph above, and accdmpanying figures, conclusively shows the désir-
ability of the cylindrical stern the amount of horsepower reduction
will vary according to the rest of the geometry. On the other hand
in other sections a change in configuration may give adverse results,
but complete abandonment of the original idea may not be warranted.
Perhaps by a slightly different selection of design change beneficial
results may have been obtained. This may be true of the rotor with
varying helix angle. |In any actual design model tests of the com-

plete configuration are recommended.

E. Effect of a Length-Wise Varying Helix Angle
Following the reasoning that the blades probably tend to

accelerate the flow towards the stern of the rotor one rotor was

‘designed to compensate for this effect by incorporating a higher

pitch at the stern than at the bow. The helix angle varied linearly
from 35 degrees at the bow to 50 degrees at the stern. The full
scale blade height was 4.68 inches based on a scale ratio of three.
Three displacements were run.

It is difficult to say what rotor would be most nearly compar-
able. The average helix angle is 42.5 degrees but it cannot be
assumed that the power absorption should correspond to that of a

rotor with constant helix angle of L2.5 degrees. Figs. I1-E-1I
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through 1-E-3 show the horsepower and RPM at éach of the three dis-
placement percentages, respectively. At high speed only adverse
effects of the varying helix angle are shown, but at low speeds the
effects are not easily concluded. Perhaps an angle distribution
other than linear would be best, but in any case owing to the mar-
ginal reduction in power at low speeds other helix angle variations

may be recommendable in any specific design.

F. Effect of a Varying Hub Diameter
Another configuration which incorporated a hub geometry

change was run on a model which had a linearly varying diameter.
That is, but for the shaped ends, the hub was in the shape of a
truncated right cone. The conical shape was continuous over the
middle 36 inches (6 inches on each end for the shaped ends) with a
7 inch diameter near the bow and 9 inches near the stern. The blade
height was 1.56 inches with a constant helix angle at the surface
of 50 degrees. The tests were run at two percentage displacements,
L0% and 60%. A nearly equivalent rotor with a cylindrical hub is
the 50 degree, 1.56 inch, 8 inch diameter rotor.

The following table makes a comparison of horsepower per pound

displacement for a scale ratio of three.

100 HP/A
Vmph AO%Conical Hub60% Cylinggécal Hub
5 .50 L7 .18
6 1.00 .90 .38
7 . 1.89 2. 41 .65
8 3.65 -- .99
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The table clearly indicates that the conical hub rotor of the
configuration used offers no advantage over the cylindrical hub

rotor.

G. Effect of Blade Cross-Section
The results presented in this section are drawn entirely from

previous work already referenced. They are presented here again for
completeness. The earlier tests were carried out on rotors 48 inches
long and 8.67 inches hub diameter. As in all cases in the presently
reported investigation the blade cross-sections were rectangular
except the earlier investigation included a set of tests where a
""cupped! blade was used. For details of the blade cross-section
as well as the remaining rotor geometry refer to Figs. I-G-1 and
I-G-2. The dimensions in the latter figure are full scale, based
on a linear scale ratio of three, as are power and speed in the
former.

The original test apparatus did not allow for freedom in heave
gnd trim. For one test the sinkage and trim were fixed at zero.
A second test was run with sinkage at zero and trim at four degrees
bow up throughout the entire speed range. The results in Fig.
I-G-1 show that with four degrees of trim, which is more realistic
than zero but is generally less than the angles of attitude found
in the present investigation, that the ""cupped" blades were bene-
ficial at speeds corresponding to in excess of 8 mph. However,
both blades absorbed more power in the trimmed attitude than in

the level attitude in which case the ""cupped'" blades were highly

detrimental.
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H. Interaction Effects Between Two Rotors

In order to investigate the interference between two rotors
running side-by-side the testing apparatus shown in Fig. 1 was modi-
fied to allow two rotors to be run on parallel courses at various
distances apart. The 50 deg. helix angle, 1.56 inch blade height
model was chosen for the right-handed helix and a left-handed mate
was constructed to be used for the second rotor. The longitudinal
centerline spacing was selected as numbers of hub diameters. The

actual model spacings are given below:

_¢,Spacing Model spacing
in Diameters in inches

2 16

b 32

6 L8

The left-handed model was run alone to ensure comparable results
with the right-handed rotor. The small differences found have been
averaged for computing RPM and torque for two rotors, or infinite
spacing. All configurations were run inboard turning (i.e. star-
board left-handed and port right-handed) @except at the two diameter
spacing whefe both inboard and outboard turning were run. Also,
all tests were run in the 50% hub displacement condition.

The results are shown in Fig. |-H-1 as percentages of horse-
powef and RPM compared to two rotors at infinite spacing. Generally,
small spacings are to be avoided owing to the advérse effects on
power. lInterestingly, there exists a narrow range of spacings,
near four diameters, where the horsepower for two rotors is less
than that for twice a single rotor. This may be due to cancelling
effects on energies lost in spray, waves, etc. Such a phenomenon

is possible to design into catamaran hulls in that the wave
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resistance of the twin hulls can be made to be less than twice that
for one hull when the spacing is correct. Also analogous to the
catamaran case is the fact that the cancelling effect is a function
of rotor speed and might be expected to be a function of rotor
geometry, hence spray patterns, as well. [In the figure the per-
centages are plotted as a family of curves of speed in mph based

on a linear scale ratio of three. For use with vehicles of a
different scale ratio the percentages will remain the same when

the speeds are converted by Froude's Law.

It should be kept in mind that the tests were run with no shrouds
or hull simulated. [In an actual vehicle, according to its geometry,
the results shown in Fig. I-H-1 will vary.

The differences found between inboard and outboard turning were
never more than one or two percent, outboard turning being slightly

favorable.



—

1

-

16

; I. Effects of Shrouds

As pointed out elsewhere in this report interaction phenomena
are to be seriously considered. One attempt at determination of
changes in horsepower required owing to the proximity of the rest of
the vehicle to the rotor was designed as a limited investigation of
the effects of shrouds. The rotor configuration chosen is given in
the table on Fig. I-I-1.

Two shrouds were tested in various positions relative to the
rotor, which always rotated clockwise looking from the stern. The
shroud configurations were as follows

a. 180 deg. (i.e. from water surface, over the rotor, to water

surface in the static condition), 1 inch space between the
blade tips and the inside of the shroud

b. 180 deg., 2 inch space

c. 90 deg. port (i.e. from the water surface on the port side

to top-center to simulate an outboard turning rotor), 2
inch space

d. 90 deg. starboard (i.e. from top-center to the water sur-

face on the starboard side to simulate an inboard turning
rotor), 2 inch space.
All shrouds were longitudinally taken segments of cylinders and were
of the same length as the rotor. The spacings given above, as well
as the horsepower versus speed results of Fig. |-|-1, are for a
linear scale r?tio of three. |

The plotted results show that generally the lesser spacing is

desirable, as well as shrouds of smaller included angle. The in-

board turning rotation is desirable compared to outboard turning.
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J. Effect of Chain Housing Drag
During testing it became apparent that the impingement of
spray on the leading surface of the drive chain housing represented
a significant amount of drag which the rotor had to overcome. A
series of tests was designed which lead to an estimate of the power
required to balance the drag of the housing.

The frontal area was about 4.5 inches wide and the height upon
which the spray impinged was up to about 10.5 inches above the inter-
face of the rotors and housing, dependent upon speed. Flat plates
which extended the width, but held the height constant, were attached
to increase the frontal area. One plate was 16.5 inches wide, or
3.67 times the area of the housing itself, and the other was 27.5
inches wide, or 6.11 times the area. This range of widths was chosen
as it was estimated that about the same proportion of area of each
would be affected by the spray over the speed range of interest. The
resulting full scale horsepower curves using a linear scale ratio of
three are shown in Fig. |-J=1. Fig. 1-J-2 shows the resulting full
scale RPM required.

From Fig. 1-J-1 differences in horsepower between tests with
plate extensions and the curve labelled "1 x Area'" were plotted as
a function of change in frontal area on Fig. I1-J-3 and then extrapo-
lated to zero area. The resulting ordinate intersects, although neg-
ative, represent an estimate of the induced horsepower for the chain
housing as normally run. Subtraction of the zero area horsepower
values in Fig. I-J-3 from the "I x Area'" curve in Fig. I-J-1 gives
a curve of horsepower required to overcome the rotor drag only.

This method ignores the interaction between the plates and rotor,

but does point out the desirability of maintaining the chain housing

frontal area as small as practicable.
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Interaction effects should be exhibited in changes in sinkage
and trim between the various tests. Although these differences would
affect the comparative horsepowers, it seems unlikely that the dif-

ferences in Fig. I-J-3 were seriously affected.

K. Draw Bar Pull Tests

" In one case a simple draw bar pull test was run on the model
of the 50 deg. helix angle, 4.68 inch blade height rotor with dis-
placement of 50% of the hub volume and initial trim of one degree bow
up. The results are presented in Fig. |-K-1 as curves of tow bar
force and RPM versus horsepower absorbed. Entering the graph with
horsepower available, one can read out the revs and force for one
rotor as indicated by the broken line. The results can be converted

to any size rotor by adhering to Froude similitude.
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Section Il: Phase Il, Systematically Related Rotors

A rather thorough investigation of torque and rotary speed vari-
ations as a function of geometry was undertaken on a group of models
all systematically related through blade height and helix angle.
Viewed as a matrix of heights and angles the rotors indicated in the

following table were tested.

Blade Helix Angle, degrees

Height, .

inches , 30 Lo . 50 60
0.920 X X

1.250 X - X

1.560 X X X X
1.875 . X X

Blade heights are given as model dimensions. Other model character-

istics were:

Length L8.0 inches
Hub Diameter 8.0 inches
Total Hub Volume 1.3247 cu. ft.

Each rotor was tested in the 25,50 and 75 percent of total hub
volume displacement conditions. ~Buoyancy of the blades was neglected.
Generally, all rotors were tested with one degree bow up initial trim
but, exceptions were those rotors where the‘initial trim was varied, as
reported in Section I-A. In these cases model torque and rpm at one
degree initial trim were determined through the use of cross plots
against trim. The highest speeds possible were run according to that
which the test apparatus would allow. '

| With all data in hand, a convenient non-dimensional form for pre-
sentation of data was sought. The IBM 7090 computer was used to com-

pute several different speed of advance, rotary advance, and torque
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coefficients, all of which conformed to Froude similitude as well as
being non-dimensional. From the hundreds of sets of numbers trial
plots of torque coefficient versus speed-length ratio, etc., under
various definitions of these parameters, were prepared in an effort
to seek a set of coefficients which would be most amenable to cross-
plotting in order to determine their values throughout the entire
matrix for configurations where no models were tested. Upon inspec-
tion of the computer output many sets of numbers were readily dis-
carded and the following definitions were finally selected as ful-
filling the requirements most satisfactorily, but without making
powering calculations too unwieldy:

Speed-length ratio = V/y"%

Advance coefficient = J = —Mﬂ

AL
Torque coefficient = Kq = §%Z§
where
V = advance speed, ft/sec.
V = initial immersed hub volume, cu. ft.
n = revolutions per second

i

torque, ft.-lbs.

density of watér, 1b.-sec.2/ft. kb
(1.936 for fresh water at 70°F and
1.991 for sea water at 59°F)

When all cross-plotting had been accomplished final figures were
prepared, Figs. |l-1 through 11-12 for Kq versus Speed-length ratio
and I1-13 through 11-2k for J versus speed-length ratio.

Some observations from the cross-fairing can be made. While none
of the original data had to be violated to evolve the curves presented,

except in the most minor way, it would have been useful to have had
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test data for one or two configurations not tested, particularly at
the highest helix angle. Secondly, the use of coefficient curves
enabled the data analysis and extrapolation to be done more accurately
owing to the systematic and gradual transition from one curve to
another, more so than with raw data curves. For this reason there
are J values plotted at higher speed-length ratios than at which
torque coefficients are presented for some configurations. This
resulted from the relative ease in cross-fairing the rpm parameter.
However, where torque coefficients are unavailable the rpm's which
might be computed should be considered as widely extrapolated. It
may be possible, for instance, to find a rotor configuration which
would be incapable of supporting the weight of the power plant needed
to drive it at the given speed in these extreme cases.

Finally, Figs. 11-25 and 11-26 show some typical running sinkage

and trim curves.
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Section L1l: Scaling and Scale Effects
Explanation of Symbols:
D rotor hub diameter, ft.
F force in direction of helix, lbs.
L rotor length, either 2 ft. or 4 ft.
n rotary speed, revolutions/sec.
N force normal to blade, l1bs.
Q torque absorbed, ft.-1bs.
v vector summation of rotary and advanced speeds
vZ = (mnD)2 + (Vy)2, ft./sec.
Vim advance (towing carriage) speed, ft./sec.
ol angle of attack, degrees
-~ kinematic viscosity, 1.0552 x 105 ft.2/sec. @
700 F.F.W.
0 density, 1.9362 ‘bﬁ-ﬁ-‘fﬁ—z @ 70° F.F.W.
q surface tension, .00497 1b./ft. @ 700 F.F.W.
¢ helix angle, degrees
Kq total torque coefficient, Q /%Q2D5~
Kqf frictional torque coefficient Q;/ %ﬂzDS
Re Reynolds number, vD/~
g "'spray numberf“ 5%%£9
Vm/nD advance coefficient
‘Vm/Wf . speed-length ratio
Please notice that the nomenclature in this section differs Slightly

from that of Sections Il and |V, specifically for v, torque

advance coefficient and speed-length ratio.

Note:

The speed-length ratio is Froude number times g% and

from speed-length ratio used in ship resistance work

the latter has speed expressed in knots.

differs

in that

coefficient,
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As pointed out in the University of Michigan report 06100-1-F
dated January 1964 to Chrysler Corporation, Defense Engineering:

"The Marsh Screw rotor can be likened to neither a ship nor propeller
in that while it contributes to the buoyany of the vehicle it has

drag force associated with it as in the case of the ship hull. Con-
currently, however, the rotor provides propulsive thrust as does a
propeller." That is, in the case of the ship and propeller combina-
tion means have been developed to treat each as a separate system
utilizing concepts related to the interaction between the two systems.
Unfortunately, the Marsh Screw does not lend itself to the same treat-
ment, but certéin analogies may apply.

The purpoée of the present Section ié to exploit as far as pos-
sibie data obtained which may shed some light on the basic phenomena
occdrring; Particular emphasis is directed toward problems of scaling
from model to}prototype size the basic quantities involved.

A series of eight tests were run. Four rotors 4 ft. long of two
different configurations were run as well as four rotors 2 ft. long
of the same conFigurations. The test conditions are set forth in the

following table.
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TEST CONDITIONS FOR INVESTIGATION OF SCALING

Initial

Trimming
Test No. Helix Angle Blade Ht. % Displ. Angle

3 LO deg. 1.56 in. 25 2.14 deg.
3 A LO deg. 0.78 in. 25 2.14 deg.
8 L0 deg. 1.56 in. 50 L.0l deg.
8 A LO deg. 0.78 in. 50 L.01 deg.
29 50 deg. 1.56 in. 50 0 deg.
29 A 50 deg. 0.78 in. 50 0 deg.
32 50 deg. 1.56 in. 25 0 deg.
32 A 50 deg. 0.78 in. 25 0 deg.

Tests designated with the suffix "A" were of 2 ft.

and the remainder of 4 f¢t.

rotors.

long rotors,

The sinkage and trim of the

smaller rotors were pre-set to represent the same attitude with

respect to the water as the 4 ft.

length ratios.

A. Dimensional Analysis

rotors at corresponding speed-

Using a dimensional analysis approach for torque on a rotor

Q =f(DorlL, n, VmJQ,Q y O, 9 ) where for the rotors of interest

either diameter or length may be used since the ratio of the two

dimensions is constant.

Torque would also vary according to blade

height, helix angle and displacement but since only tests of two

sizes of rotors with these items fixed are being investigated they

may be left out.

That is, comparison between pairs of tests (Test

Nos. 3 and 3 A, etc.) is being made, not between tests o( varying

configurations.

Surface tension, S, is included because of visible
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~dissimilarities in the spray patterns between small and large models.

~In non-dimensional parameter form K; = g(Re, Vm/\L,G), where the

q
velocity term in the Reynolds number is the vector summation of the

rotary and advance velocities the use of which is completely analo-

- gous to the treatment normally given marine propellers. The surface

tension parameter,@:, is called "spray number' here because of the
descriptiveness of the term.

A similar procedure may be taken for the rotary speed parameter,
Vm/nD, which is called advance coefficient.

| Both torque coefficient and advance coefficient are plotted
against each of the dimensionless numbers, Reynolds number, speed-
length ratio and spray number in Fig. IlI-1, 111-2, and |I1-3 respec-
tively. Speed—léngth ratio differs from being dimensionless by the
constant Q%.

Fig. I11-1 lends itself to analogy with the ship model case
where total resistance coefficients are plotted against Reynolds num-
ber as has been done for Kq here. Several observations and conclu-
sions with regérd to the Kq plot follow.

a) with increasing Rg corresponding pairs of tests give con-

verging results such that one might expect identical Kq
at the sam_e'Re for large and small rotors with sufficiently
high Re- |

b) again for high enough Rg, Kq is fairly constant under any

given test configuration.

c) at low Rg and for the small rotors there is a noticeable

drop-off in the value of Kqg- This might be taken as anal-
ogous to the ship model case when there is lack of fully

developed turbulent flow. Coincidentally, perhaps, above
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a Rg of roughly 2x10° this problem does not exist and that
Re is generally accepted in model propeller open water tests
as being the minimum desirable in order to avoid Reynolds
scale effect. In each case the definitions for R, are com-
pletely analogous.

for ship models of varying size one can connect points of
equal speed-length ratio on the resistance coefficient
curves as has been done in Fig. Il1l-1 for Tests 29 and 29A.

For the ship model one expects decreasing negative slopes of

“the resulting lines with increasing speed-length ratio. This

occurs because of the decreasing negative slope of the flat
plate friction coefficient line with increasing R,. A simi-
lar effect can be observed in Fig. Ill-1 except for the

lowest speed-length ratio. However, had K, for Test 29A not

q
decreased below.Re = 2x10° all these lines would exhibit
decreasing slopé with increasing Rg.

for the ship model case total resistance coefficients are
plotted and the difference between the resulting line and
the flat plate line is expanded by Froude's Law. The skin
friction coefficient is added back in at the appropriate Rg.
For the marsh screw an analogous procedure can be adopted

if the appropriate friction-torque coefficient line can be

found. However, one can easily imagine large acceleration

and deceleration of the flow on the immersed portion of the

rotor as well as other flow phenomena dissimilar between
shearing flow on a flat plate and that on a rotor. No doubt
these would detract from the accuracy of extrapolation in

a manner analogous to the ship case. Further discussion
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on equivalent flat plate frictional torque lines will be
found in subsequent paragraphs.

In summary, Fig. Ill-1 does not provide an extrapolation method

although it does suggest that a procedure analogous to ship model
resistance expansion to full scale could be sought with the addition
of considerably more data than that presently in hand. In any event
data below a Re of 3x10° should be regarded with suspicion because of
the possibility of at least partially laminar flow.

Fig. I11-3, that is Kq plotted against@, exhibits similar ten-
dencies to those observed in Fig. Ill-1. Here the analogy with the
ship case previously explained becomes somewhat confused in that the
anomalies fn'correlating large and small rotor results at both low
and Rg méy be due to either surface tension effects or shearing flow
effects, or probably a combination of both. At high%l however, Kq
is essentially constant (even more so than when plotted against Re)
showing a lack of torque dependency upon surface tension at suffi-
ciently high® . However, below.a T .of about 0.5 correlation is poor.

‘In both Figs. IlI-1 and I11-3 the RPM parameter, advance coef-
ficient, is not discussed. The plots are shown only to display lack
of correlation. |

Also little can be said of the results in Fig. Il11-2 alone except
that these ine-a more vivid picture of the differences found between
corresponding pairs of tests. |If in Figs. Il1l-1 and I111-3 it had
been possible to find a method of subtracting from the total torque

those amounts due to frictional flow and surface tension, the

remainder, when plotted as in Fig. Il11-2, might show good correlation.
That is, the differences shown in Fig. 111-2 are due to varying Rg
and & . However, in Figs. Ill-1 and I11-3 it has been shown that
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these effects which are large at low values of Re and g are dimin= -
ished at sufficiently high values of these non-dimensional parameters.
Tﬁerefore, expansion of data on the basis of Froude's Law alone

becomes increasingly more accurate with increasing model size. Further,
the results of expansion of data from 2 ft. rotors by Froude's Law

are inaccurate even to the extent that relative merits of one rotor
compared to another may not necessarily be in the correct order. The

latter should not be expected of results from 4 ft. rotors.

B. Frictional Torque Extrapolation Line

As stated in Section [IIl-A, if it were possible to define a
frictional torque line analogous to a flat plate friction line as
used for extrapolation in the ship model case, as well as properly
determining the spray scale effect, expansion of rotor torque\;ight
be handled in the same manner as ship model resistance expansion.
Ffat plate friction lines are characteristically of high negative
slope at low Ry with decreasing slope as Ry increases. At high
enough Rg, the change in friction coefficient becomes a ‘small per-
centage of the total resistance coefficient. The slope of the fric-
tion line, rather than the magnitude, is the predominant™factor. With
this in mihd simplifying assumptions were made in order to estimate
an equivalent frictional torque line. The éssumptions were:

a) The flow follows a helical path, guided by the .blades.

b) In the case chosen, 50 percent displacement, the effective
length for computing Rg is half the helical distance from
one end of the rotor to the other..

c) The velocity f6r computing Re is the:vector summation of the

rotary and advance velocities.
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d) At the Rg computed by assumptions b) and c) the flat plate
friction coefficient, using the 1947 A.T.T.C. line, may be
multiplied by the hub radius and the cosine of the helix-
angle to obtain the equivalent frictional torque coefficient.

The computation was made for Test No. 32 and the resulting line

is shown in Fig. Il1l-1, designated qu. The slope of the line is
extremely flat at the higher R.'s so that, under the above assump-
tions, one can assume very little frictional scale effect in going

from 48 inch long rotors to full scale.

C. Proportion of the Total Drag of the Various Forces--Viscous,
Spray, and Wave-Making
Sections I11-A and B pointed out lack of correlation between
corresponding pairs of 24 inch and 48 inch long rotors and insigni-
ficant frictional scale effect in extrapolating from 48 inch rotors
to full scale. Since the possibility of scale effect on the spray
component still exists an analysis of the scaling of the spray drag
is desirable. Unfortunately, there is no direct method analogous to
the ship case for such an analysis as there was for the frictional
component. However, an estimate of the proportions of the various
forces can be made.
Figure Ill-4 shows a vector diagram of the velocities and
forces on an element of a rotor blade. The forces parallel to the
blades are represented by F which is the frictional component. Nor-
mal forces are represented by N. For the model propulsion point con-
dition
Fsing =Ncosd

where c# is the helix angle and the left hand side is the overall



— L

_J

[

e ) e

30

hydrodynamic drag which is overcome by the term on the right hand side.
For the torque on the rotor

Q=—ZD—(F coscb + N sin4>)
where F cos ¢ represents frictional torque force and N siru¢ is the
induced torque force which is represented in the wave and spray ener-
gies. Under any given configuration, where ¢ is known, the two equa-
tions may be solved for F cos$¢ and N sin$ which may then be

expressed as fractions of the total. For a 50 degree helix angle

rotor
i - 20
Nsind = -59(p )
2
and F cosp = .’+1(—DQ‘)
and so forth for other helix angles. Fig. I11-5 shows the percent-

age split between frictional and induced torque versus helix angle,

It should be kept in mind that this method is only an estimate since
the effects of trim are not accounted for in Fig. Il11-4 and it seems
unlikely that the percentages shown in Fig. III-5 are independent of
speed, blade height, etc. However, the trends of the curves in Fig.
[11-5 should be valid in which case less frictional scale effect and
more spray scale effect at high helix angles and the reverse at low

angles may be expected.
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Section IV: Design Example

As agreed between laboratory and Chrysler personnel this section
contains a step-by-step design procedure which is intended to illustrate
the use of the material presented in previous sections. The systema-
tically related set of test results of Section Il will be utilized to
select the optimum rotor configuration of L/D = 6.0. Remarks will be

made concerning interaction and other effects from the results of Sec-

tion | insofar as they pertain to the design example.

Statement of the Problem:

It is desired to determine optimum rotor length, diameter,
blade height, helix angle, longitudinal center of gravity loca-
tion, and RPM and horsepower relationships for a hypothetical
vehicle with an overall length of 25 ft., an overall width of

12 ft., a payload of 3,000 lbs. and a light weight of 8,000
1bs.

It is assumed that there are to be two rotors running parallel
to each other but that they need not be as lonj as the vehicle. In
fact, it may be desirable to have the vehicle of smaller size than
the stated limiting dimensions. Three rotor lengths are assumed, 24
ft., 21 ft. and 18 ft., each slightly shorter than the intended vehi-
cles, respectively, to allow for chain housings, etc. Length-diam-
eter ratio is set at six. Three speeds are assumed, 12, 16 and 20
mph. The weight displacement of each rotor is half the vehicle
weight plus payload, or 5500 Ibs., assuming that all the buoyancy is
contributed by the rotors.

The accompanying tables show calculations of revolutions per
second and torque in ft.-lbs. as well as the product of the two which
is directly proportional to horsepower. The values of J and Kq @re
obtained from the figures in Section Il and by means of crossplots

against displacement where the needed percent hub displacements
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are as shown in the table.

Initially for the 21 ft. rotor all blade heights are used in the
calculation. The product of Q and n shows the highest blades to be
the best and for the remaining two rotor lengths only values for H/D
= .234L4 are calculated. That is, it is assumed that there is no
limitation on blade height, but for land and marginal terrain use
blade height may have fo be limited in an actual design.

By inspection of the tabulated Qn values for H/D = .23LL4 for all
three rotor lengths the 24 ft. rotor will yield the lowest power, but
only slightly lower than that for the 21 ft. rotor. In an actual
design the weight displacement would probably be less for smaller
vehicles since light ship components would not be as heavy. In such
a case the optimum configuration would be a vehicle of length less
than 25 ft., but for illustrative purposes here it is assumed that a
rotor length of 24 ft. is considered best.

Finally, the best helix angle is to be determined. Fig. |V-1I
shows cross-plots against helix angle at three speeds for the 24 ft.
rotor. The optimum angle is a function of speed as the broken line
on Fig. V-1 indicates, but 4D= 52 deg. is selected since it is
assumed that sufficient power is available to propel the vehicle at
20 mph. As the last step, the developed horsepower and RPM values
are computed and plotted as in Fig. 1V-2. The designer would prob-
ably use more than three speeds in this last computation.

THe curves shown in Fig. IV-2 are an estimate only and adjust-
ments have to be made for chain housings, shrouds, spacing between
rotors, etc., all dependent on the actual geometry of the rest of
the vehicle. For instance, for the rotors selected the centerline
spécing is 1.53 diameters to keep the overall width, from port blade-

tip to starboard tip, within 12 ft. According to Fig. I-H-1, an
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approximate 30 percent increase in power will result from the narrow
spacing if the flow between the rotors is totally unimpeded. The
shrouds and hull may limit the adverse condition but it may also be
necessary to reconsider the shorter rotors since the vehicle width
need not be reduced.simultaneously with the length. A greater spacing
would result with less adverse interference. |f shrouds are resorted
to in order to limit the interference flow, Fig. |-1-1 indicates that
shrouds with small enclosed angles are best, but if the angle is too
small'%he interference flow will be largely uninhibited. Cérefully
designed shroud size and placement will be required. |In short, as

wi th ships; further model tests may be recommended to refine the design.
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