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of the series solution are taken, finer interval along the bound-
ary perimeter is divided into, and more floating point digits
are carried on the computer. One of the biggest advantages
in using this method is that very little work is involved in
switching from one shape of plate to the next or in changing
from one type of boundary conditions to the other, however
mixed. The former involves changing the portion of the
program that computes the locations of boundary points,
whereas the latter involves only the changing of an input
data card.
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Lift Reduction in Additive Solutions

Jin Wu*
Hydronautics Inc., Laurel, Md.

Introduction

T has been some time since the ‘“rediscovery’”’ (Hoyt and

Fabula') of Toms’ phenomenon?: a large reduction of
turbulent friction is obtained by adding extremely small
quantities of high-molecular-weight additive to water. The
potential practical application and the theoretical challenge
have made this phenomenon one of the most important
subjects for hydrodynamic research in recent years. Al-
though an understanding of the physics governing this
phenomenon is pursued actively at present,® the fact of
large obtainable drag reduction is motivating engineers to
look beyond the pipe-flow study and to undertake ship-model
tests as well as prototype trials.

The motivation for using additives to reduce ship resistance
is saving power or fuel from the economic point of view, and
increasing speed from the performance point of view. How-
ever, the additive ejected around the ship will inevitably be
introduced into the propeller section. The drag-reduction
advantage can be greatly hampered if the additive produces
adverse effects on the function of the propeller. This Note
presents some observations, by-products of a drag reduction
study,* on the possible thrust reduction of an impeller in
additive solutions.
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Experimental Technique

The experiment was conducted in a circulating water
channel with a closed test section 44 in. long, 15 in. wide, and
3 in. deep; see Fig. 1a. At the upstream end of the con-
traction is a honeycomb. Energy dissipators consisting of
screens and grids are placed at the discharge end of the test
section. The water is circulated in the channel by a 3-
bladed, 14-in.-diam impeller, placed in a circular duct and
driven by a 3-hp motor-generator set.

A part of the cover plate at the test section, 10 in. wide
and 20 in. long, is cut from the rest with a clearance of 134
in. along four sides. The drag of this part of the cover plate
is measured with a strain gage. The velocity in the channel
is determined by photographing a small, neutrally buoyant
particle, released at the upstream end of the test section.
The time exposure picture of the path of the particle, illumi-
nated by a strobe light, is shown as a series of bright dots on
film. By comparing the distance between dots and the time
interval between flashes, the channel speed is determined.

The test fluid consists of aqueous solutions of polyethylene
oxide (Polyox WSR-301) of various concentrations. Shear
degradation of the testing fluid is inevitable and will be
discussed in a later section.

Results

For the pure water case, the channel velocity at the test
section, proportional to the velocity in the slipstream, is
shown in Fig. 1b to vary linearly with the rotational speed
of the impeller. The constant of proportionality can readily
be determined. Part of the results of the drag-reduction
study,* conducted simultaneously with the present experi-
ment, are presented in Fig. le. These results provide some
information about the present experimental conditions.

Tor tests with additive solutions, the ratio between the
channel velocity and the rpm of the impeller was determined
at various impeller speeds and compared with that of the pure
water case (the proportionality constant determined previ-
ously). Several series of tests were conducted for each addi-
tive concentration. During each series, the channel speed

HONEYCOMB
TEST
SECTION

'MPELLER

DRAG REDUCTION (percent)
8

CHANNEL VELOCITY (ft/sec)

0

o

=
N
u

5 300 600 5 1o

ROTATIONAL SPEED OF PROPELLER (rpm) ADDITIVE CONCENTRATION (ppm )

Fig.1 General view and calibration of equipment.



OCTOBER 1969

20500

ENGINEERING NOTES

199

50 ppm 250 ppm

| S
o
&
o
<
=
——
>
jasd Fa
Sie
ol 0.7
Q5
=
>
e
iz
&
z 10p
212 e
L&
(ol
Fig. 2 Possible 0.4 1
thrust reduction

=)
of
[«

of impeller in addi-
tive solutionsof vari-

) /|

ous concentrations. = e
r o
flo
[
Qles 0.7
o
>1&
e ]
& o
z S N . ) o
<& 25 ppm 00 ppm 500 ppm
Tl e}
5]
S—
— )
0.4
0 30 60 0 30 & 0 30 60

was varied monotonically with an alternate increase and
decrease of speed from series to series.

The results, plotted vs the time after the initiation of
pumping in Fig. 2, show that the ratio between the channel
velocity and the rotational speed of the impeller is generally
reduced in the presence of additives in water. Shear degrada-
tion of the additive solution is responsible for the temporal
variation of this ratio shown in Fig. 2. The data display
an s-shaped curve: the additive degrades rather slowly
during the initial stage, a rapid degradation follows, and
then the ratio approaches gradually and asymptotically that
of the pure water case (a ratio of unity) as time passes. Ex-
tending these curves to time equal to zero, one obtains the
initial ratios between the channel velocity and the impeller
rotational speed at various additive concentrations before
any shear degradation has taken place; see Fig. 3.

The reduction of the ratio between the channel velocity
and the rotational speed of the impeller in additive solu-
tions may be caused by the increase of channel resistance
(includes the frictional resistance on the solid boundary and
the form drag of obstructions), or by the flow separation from
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Fig. 3 Possible reduction of impeller thrust in additive
solutions.
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the impeller blades. However the reduction of the frictional
resistance was observed directly in this experiment, whereas
the reduction of the form drag, such as the drag of spheres
in additive solutions, was reported by Lang and Patrick.
The latter study also indicates that the tendency of flow
separation is reduced in additive solutions. Furthermore,
as presented in Fig. 2, the trend of the data is to vary sys-
tematically with additive concentration and, moreover, the
data also vary rather smoothly with time, approaching the
pure water case asymptotically. If flow separation occurs
one would expect an abrupt change of the experimental re-
sults from separating to nonseparating conditions. The
foregoing considerations suggest that flow separation from
the impeller blades most probably does not occur.

The viscosity of a dilute polyox-additive solution increases
almost linearly with the additive concentration and is double
the pure water value at 900 ppm.* However, the lift pro-
duced by the propeller blade should not be influenced by this
change, which represents only a small change of Reynolds
numbers. Moreover, any reduction of the Reynolds number
usually increases, if any, the ratio between the slip-stream
velocity and the rotational speed of the propeller.

Concluding Remarks

The present results, a by-product obtained during a drag-
reduction study, indicate the possibility of a reduction of
impeller thrust in additive solutions. This observation may
be important in view of the application of additive to reduce
ship resistance, since the additive ejected around the ship
may produce adverse effects on the propeller thrust. Studies
to understand the present observations also may provide
complementary insights to macromolecular theory of dis-
persive systems. An experiment aimed at studying this
phenomena specifically, such as measuring the lift of a hydro-
foil in additive solutions, is certainly worthwhile.
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Experimental Data from Underwater
Conical Nozzles Exhausting N, Gas

Joan D. FErguson*
U. S. Naval Ordnance Laboratory,
W hite Oak, Silver Spring, Md.

HERE is particular interest in nozzle performance at
great depths where the external water pressure could
adversely affect nozzle performance. It has been generally
assumed that the conventional ballistic equations, applicable
to an air environment, can be used for nozzles exhausting
under water. This assumption was first tested by Lawrence
and Beauregard in 1965.1 These authors obtained quantita-
tive data from underwater conical nozzle experiments at 1
atm of ambient pressure. They showed that submergence
altered the behavior of the exhausting gas jet. When
the nozzle is operating under a flow separation condi-
tion, the separation plane oscillates back and forth along
the nozzle’s axis of rotation (see Fig. 1). The external jet
tends to pulsate and vary in size. Jet asymmetry and initial
peaks in the nozzle pressure are produced as a result of sub-
mergence.
This article presents datat obtained at simulated depths
down to 700 ft. The data are presented in the form of two
linear equations in order to make its use easier.
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Fig.1 Flow separation and external jet of gas exhausting
from a conical nozzle submerged under water.

Received January 8, 1969; revision received April 11, 1969.
* Aerospace Engineer. Member ATAA.
t Data collected by E. K. Lawrence and author.

VOL. 3, NO. 4

1,000
UPPER SEPARATION AREA RATIO (MEASURED }
LOWER SEPARATION AREA RATIO (MEASURED)
CHAMBER PRESSURE, PSIA (MEASURED)
AMBIENT PRESSURE, PSIA (MEASURED)

- o m oM
R R =

=1
3
T

-

b -
MPER SEPARATION AREA RATIO
4 LOWER SEPARATION AREA RATIO

= LEAST SQUARES LINES
] 1 L
1 10 100 1,000 10,000 100, 060
Fle, PC, Pai

=]
T

SEPARATION AREA [ u & EL)

Fig. 2 Measured separation area ratio as a function of
pressure for a conical nozzle exhausting nitrogen under
water.

Depth simulation was carried out in the Naval Ordnance
Laboratory (NOL) horizontal pressure vessel (HPV). A
compressed gas facility was designed to permit operation of
a compressed nitrogen gas rocket inside the 15,000 gal hydro-
static HPV.1 Compressed nitrogen stored at 6000 psi per-
mitted a maximum flow rate of 2.8 lb/sec using a 0.5-in.
throat diameter nozzle. This corresponds to a steady-state
rocket chamber pressure of 2500 psia and a chamber tem-
perature of 50°F. A pebble bed storage heater was designed
to maintain the required temperatures. The nozzle was
made of Lucite so that the separation plane could be photo-
graphed. The throat diameters of the nozzles were 0.077 and
0.25 in. with a 15° half-angle. All nozzles were assembled
to the same rocket chamber for firing.

Measurements were taken of the rocket chamber pressure
and of the pressure in the HPV for each test. The HPV
pressure remained essentially constant for the duration of
each test. High-speed movies were taken of the separation
plane. In almost every test, the separation plane oscillated
back and forth along the nozzle axis. The lower and upper
positions of the separation plane were obtained from the
high-speed movie films. Thus, the data are presented in
terms of the lower- and upper-separation area ratios, the
chamber pressure and ambient pressure.

The data are represented by

P00,588 PCI‘UO
6(]2'054 = 0.977 [4402 <W> €y — 362.4 (W)]
)
and
P00A425 PCO.724
E1,42.788 = (.588 [9203 <Pac~833> €1 — 211.0 <W>]
2
where e = upper-separation area ratio; ez = lower-separa-
tion area ratio; P, = ambient pressure, psia; P. =

chamber pressure of rocket, psia. Equations (1) and (2)
are equations that uniquely represent the experimental
data (see Fig. 2). In Fig. 2, F(e, P, P,) represents Eq.
(1) divided by 0.977 and Eq. (2) divided by 0.588. These
equations do not necessarily state explicit relationships be-
tween the variables but provide an excellent means of inter-
polation and comparison of data. The following pressure
(psia) limits should be observed when using these equations,
150 < P, < 2400 and 15 < P, < 302.
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