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NOTATION

A,B Constants in the Goldstein velocity profiles; A = 2.5;
B = 5.5

b Thickness of disk
1

C Moment Coefficient, C = 2M/ 2 p w 2R5
m m

C' Moment coefficient due to disk and its edgem

C Shear coefficientT

F a Average shear force acting on one side of disk

Fr,•,z Body forces in radial, tangential, and axial directions

F,G,H Nondimensional velocity profiles in r,c, and z directions

k Characteristic roughness height
s 0

M Moment due to one side of disk

p Pressure

R Radius of disk

Rn Reynolds number, Rn = wR2/V

r Radial direction or radius

t Time

Uj Free-stream velocity

uvw Velocity in radial, tangential, and axial directions

v* Friction velocity of v* = o/p

z Axial direction

6 Boundary layer thickness

Nondimensional axial distance from disk surface

ýo Nondimensional boundary layer thickness

T1 Axial distance from disk surface

Coefficient of dynamic viscosity of fluid
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v Coefficient of kinematic viscosity, v = p/p

p Density of fluid

Tav Average shear acting on one side of disk

Tr,4 Shear in radial and tangential directions

TSHIP Shear stress acting on ship hull

cc Ratio of Tr/T

Tangential direction

w Angular velocity
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ABSTRACT

A rotating disk apparatus, designed to attain high shear
stresses comparable to those about hulls of full-scale ships
is evaluated. It was thought that this apparatus could provide
a convenient and inexpensive method to study frictional resis-
tance of a full-scale ship. For a full-scale ship Reynolds
number of 109, the average shear coefficient is approximately
0.0015. To attain the shear stress associated with such a
shear coefficient, the angular velocity for a 2-ft diam disk
is required to be about 350 rpm in water or about 10,000 rpm
in air. These angular velocities were not obtainable with
the disk apparatus described. However, the investigation did
provide worthwhile results for lower shear stress values.
Shear stresses were not measured but were inferred from mea-
surements of disk moments. Two disk surfaces are evaluated,
hydraulically smooth and sandpaper rough. For the smooth and
rough surface disks in air, the experimental moment coeffi-
cients are generally greater than the theoretical predictions.
Only the smooth surface disk was evaluated in water with
results lower than predictions. The maximum Reynolds numbers
attained in air and in water were 1.34 x 106 and 1.55 x 106,
respectively.

ADMINISTRATIVE INFORMATION

This work was authorized under the General Hydromechanics Research

Program of the Naval Ship Research and Development Center. Funding was

provided by Naval Ship Systems Command, Subproject S-R009 01 01, Task 0104,

Work Unit 1-1589-086.

INTRODUCTION

High shear stresses, comparable to those for hulls of full-scale

ships are difficult to achieve in the laboratory. One possible way to over-

come this difficulty is through the use of a disk rotating at high speed.

Thus, if successful, a rotating-disk apparatus could provide a convenient

and inexpensive way to analyze ship-size, added frictional resistance due

to roughness. A more accurate evaluation of added frictional resistance

would help to determine how to improve the speed and power characteristics

of ships. A rotating-disk apparatus has been developed and evaluated using

a 2-ft diam disk.
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COMPARISON OF DISK AND FULL-SCALE SHEAR STRESSES

The angular velocity of a disk, required to yield the same average

shear stress on the disk as that of the full-scale ship hull, is now

determined. For the rotating disk, to obtain the order of magnitude of the

circumferential or disk shear, it is assumed that the shear acting on the

disk from 50- to 100-percent radius contributes all of the moment. There-

fore, for an average moment arm rav of 0.75 R, where R is disk radius and

an area over which the shear acts of 0.75rrR2 , the moment due to one side of

the disk is

av x av

2
where Fav = average shear times the area = (T av)c 0.75rR2, and (r av)c
average circumferential shear.

Therefore

M = (0.75) 2rR 3(Tav)c

or M

(Tav) =
Sav c (0.75) 27R 3

For shear stress of the full-scale ship, the average skin-friction coeffi-

cient as obtained from flat plate theoryI is

Tship

(CT)ship = 1 2 = 0.0015

at a Reynolds number (R n) of 109 or

1 2

ship 2•SU (C) ship

where Tship is the shear acting on the ship hull

Ps is density of fluid in which the ship is immersed

U is the velocity of the ship

1Schlichting, H., "Three-Dimensional Boundary Layer Flow," Deutsche
Forschungsanstalt Fur Luftfahrt E.V., Institut Fur Aerodynamik Report
61/3a, pp 9-10 (Sep 1961).
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For (Tav)c = Tship

M 1 P 2 (C

(0.75)2 R3 T (CT) ship

Defining Cm so that M = 1 Cm (1/2 PD 2 R5 ) where PD is the density of fluid

in which the disk is rotating, and w is the disk angular velocity. Then

I C w 2 R5

4 PD 1
(0.75) 2 TrR 3  = s U p (CT) ship

Solving for w yields
P 1/2[ C 1/2 u.

W. = 1.88 [ rad/sec
LI [C] FM-

or s 1/2 T 1/ , rp
W= 17.9.5 [ P I [ l/URp

For the disk rotating in water, Ps = PD and for UC = 20 knots, R = 1 ft,
9 -39

R = 10 with C = 0.0015, C * 4.5 x 10-, for R = 10 , the angularn T m n
velocity required to attain ship-size frictional resistance is approxi-

mately 350 rpm. For the disk in air, the angular velocity required is

10,000 rpm.

The low angular velocity of 350 rpm was not attainable with the

present apparatus because of increased water surface movement. The high

angular velocity of 10,000 rpm was not attainable because of undesirable

disk-apparatus vibration.

If the disk radius were increased to 2 ft and rotated in water, the

ship-size shear stresses could be attained.

DESCRIPTION OF BOUNDARY LAYER

The flow of a viscous fluid over a surface is characterized by a

friction layer or boundary layer of finite thickness in the vicinity of

the surface. For viscous flow over a semi-infinite flat plate, the boundary

*Extrapolated from data of Figure 1.
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layer is two dimensional as shown in Figure 2, while for the flow due to

a disk rotating in a fluid initially at rest, the boundary layer is three

dimensional as shown in Figure 3. The velocity of the fluid satisfies

the no-slip condition at the surface and then either increases in the case

of the flat plate or decreases in the case of the rotating disk to the

free-stream velocity, which is zero for the rotating disk. For the flat

plate and disk, the normal distance from the surface where the velocity

is 99 percent of the free-stream velocity and 1 percent of the disk veloc-

ity, respectively, is termed "boundary layer thickness 6." For small or

negligible velocity fluctuations within the boundary layer, the boundary

layer is termed "laminar"; as the velocity fluctuations increase, the

boundary layer is termed "transitional"; and for large velocity fluctua-

tions, the boundary layer is termed "turbulent." The intensity of these

velocity fluctuations is primarily a function of the free-stream velocity,

the surface roughness, and the distance from the initial formation of the

boundary layer.

FLOW DUE TO A ROTATING DISK

The fluid surrounding the rotating disk is initially at rest. As

the disk begins to rotate, the fluid near the surface of the disk is

strongly affected by the friction between the fluid layer, which adheres

to the disk surface, and the layers of fluid which make up the boundary

layer. If it is assumed that the only pressure change is in the direction

normal to the disk surface, there is an imbalance between the friction

and the centrifugal forces in the radial direction, the centrifugal force

being dominant. This causes the fluid to be forced outward. An axial

flow toward the disk compensates for the outward flow of fluid.

DISK-FORCE BALANCE

To understand what forces contribute to the moment on a disk

rotating in a viscous fluid, a disk force balance is undertaken.

5
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Figure 2 - Boundary Layer on a Flat Plate

iz VELOCITY COMPONENTS: 1

u = RADIAL

v = TANGENTIAL

w = AXIAL

v =Rw/

Figure 3 - Boundary Layer Flow on a Disk Rotating in a Fluid
Initially at Rest
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Equations (la) and (lb), Reference 2, are the steady-state momentum

equations in the radial and circumferential directions for a differential

fluid element of thickness 6 as derived in Appendix A. Higher order dif-

ferentials have been neglected, and p = p(z) has been assumed.

v + du

6U

Fluid Element of Thickness 6

where r is radius

u,v are velocities in radial and tangential direction

z is axial direction

6 is boundary layer thickness

¢ is tangential direction

Radial Direction

d - (2Trrp J u2dd dr- 21Trp - 2 d dr:- 27r Tr dr (la)

Momentum Change Centrifugal Radial Shear
Force Force

where p is density of fluid, and Tr is shear in radial direction.

2 von Karman, T., "On Laminar and Turbulent Friction," National Advisory
Committee for Aeronautics TM 1092, Vol I, No. 4, pp 20-30 (Aug 1921).
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Circumferential Direction

7 (fr2 f uvdz dr -2rr r 2  dr dM (lb)

0

Angular Momentum Moment Due to
Circumferential

Shear Force

where M is moment due to one side of disk, and T is shear in circumferential

direction. Integration of Equation (lb) yields the moment due to a finite

disk, if the disk edge effects are neglected.

It is seen from Equation (lb) that the resisting torque of a disk

rotating in a fluid which is initially at rest is a measure of the cir-

cumferential shear forces acting on the disk surface and can be calculated

if the radial and tangential velocities are known throughout the whole

boundary layer.

NAVIER-STOKES EQUATIONS, CONTINUITY EQUATION

By applying the boundary conditions for a flow about a rotating disk

to the Navier-Stokes equations, and the continuity equation the tangential

and radial velocity profiles can be found for a laminar boundary layer.

The boundary conditions for a disk rotating at w in a fluid initially at

rest are

at z = 0: u = 0, v = rw, w = 0

at z = 6: u 0, v 0

z 
(2)

r

Coordinate system
fixed in space with
its origin at center
of disk.

8



The Navier-Stokes equations in cylindrical coordinates are

ar2 rva /r2
p +u-+----- +w- =Fa + u+Iau u

a r a4 r O r F - 2 r ar 2

I D 2v 2 a r a2v\~2 (2\ _2 ýVU.
r aa

P v + Uv +VL.L +uýv + W v\ F I ap+ l+ v (3)

at( ar r a r az r a< M  @r 2  r ar

v I a 2v + 2 a u + a 2 V
r2 + r2 _W _r2 2 "-2/

(aw +Uaw yaL.w + 3w ~ ap + a 2 w Ia l a 2w ~a 2 w
a ar r + az =zr a/ T + ar r + 42 az 2

where t is time

w is velocity in axial direction

Fr is body force in radial direction

F is body force in q-direction

Fz is body force in z-direction

p is pressure

V is coefficient of dynamic viscosity

The continuity equation in cylindrical coordinates is:

a__u u I av aw
Tr + + + To - (4)

Applying the boundary conditions of Equation (2) to Equations (3) and (4);

assuming steady-state, rotational symmetry (a/aD = 0); and neglecting the

body forces yields

au v2+Wa _p + 2 u() + aI
Dr r - w-T= _Pa r ar+2  a az2

2. +/ 
2v\

ar r az ar2 r Dr, az2)

9



D Dw 1 3P / 2 1 w 2w

p5 - z r2 r (5)z

u + u + ..w = 0
3r r 3z

where % is the coefficient of kinematic viscosity. From Reference 1, Equa-

tion (5) yields velocity profiles of the form

u = rw F(ý)

v rw G(C)
w = H ((6)

p = p(z) = pvw p(C) where C = z Y_7V

where F, G, and H are the nondimensional velocities in the r, ¢, z direc-

tions, functions only of C to be determined.

Inserting Equation (6) into Equation (5) yields

2F + H' 0

F2 + F'H - G2 - F" = 0
(7)

2FG + HG' - G" = 0

p' + HH' - H" = 0

where ' denotes derivative with respect to C.

The appropriate boundary conditions are

at = O: F = 0, G = 1, H = O, p = 0 (8)

at ý -: F = 0, G = 0

The solution of Equations (7) by von Karman2 and Cochran3 will be discussed

in the next section.

The moment coefficient, Cm, is defined as
2M

C=m 1/2 pw2 R5

where M is the moment due to one side of the disk, and R is the disk radius.

3 Cochran, W.G., "The Flow Due to a Rotating Disc," Proceedings of the

Cambridge Philosophical Society, Vol. 30, pp. 365-375 (1934).
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The Reynolds number Rn is defined as

R =
n V

PREVIOUS INVESTIGATIONS

THEORETICAL

Von Karman2 analyzed the laminar and turbulent flow about a disk

rotating in a fluid initially at rest. For the laminar case he solved

Equation (7), using the boundary conditions of Equation (8) and approxi-

mating F and G by

F = a A ( - )j ( , - )2 - 2

G 1• 2 + 1-C 2

where a is a constant and C° is the nondimensional boundary layer thickness.

Velocity profiles F and G are nondimensional power series in t/Co, which

satisfy boundary conditions of Equation (8).

Von Karman also assumed that F = dF/dý = 0 and G = dG/dý = 0 at

So. Upon integrating Equation (7), von Karman found

a = 1.026

ý° = 2.58

With F, and G and Equation (lb), the moment for both sides of the disk,
neglecting edge effects, is: 2M = 1.84 R4 PV1/2 3/2, which yields a moment

coefficient Cm = 3.68/[Rn]I/ 2 . For the turbulent case, von Karman used

Equation (lb) and assumed velocity profiles for boundary layers found in

pipes of the form

u = arw(z/6)i/7 [1 - z/6]

v = rw [I - (z/6)I1/7]

where a is equal to Tr/T

z is the axial distance from disk surface

6 is the boundary layer thickness

11



r is the radius

* is the angular velocity

Equations (la) and (lb) are satisfied when

a = Tr/T = 0.162

6 = r3/5- where ý = 0.522 (v/w)i/S

The moment for both sides of the disk for the turbulent case is:

2M = 0.0728 R5w 2 p(v/R 2W)1 /5, which yields a moment coefficient Cm = 0.146/Rn 1/5

Figure 3 shows a comparison between the theoretical results of von Karman

for the turbulent boundary layer and experimental data of Kempf,4 Schmidt, 5

and Theodorsen and Regier.6

Cochran 3 analyzed the laminar flow about a disk rotating in a fluid

initially at rest. The Cochran solution was obtained by using a power series

near C = 0 and an asymptotic series for large values of ý and then matching

their solutions at some intermediate values of 1. Cochran found the moment

for both sides of the disk, neglecting edge effects, to be

2M = (0.616)rrpR
4 V1/ 2 W3/2

giving a moment coefficient Cm = 3.87/R n/2. Cochran found an error in the

von Karman integration. The Cochran correction of the von Karman solution

yielded 2M = 1.69 pR4 I/V2 W3/2 , resulting in a moment coefficient C =

3.38/(Rn)/ 2* The Cochran theoretical result is presented in Figure 3.

4 Kempf, G., "Uber Reibungswiderstand Rotierender Scheiben," Vortrage auf
dem Gebiet der Hydro- und Aerodynamik, Innsbruck Congress (1922); Berlin,
168 (1924).
5Schmidt, W., "Ein einfaches Me~verfahren fur Drehmoments," Z. VDI. 65,
pp. 441-444 (1921).
6Theodorsen, T. and R. Regier, "Experiments on Drag of Revolving Disks,
Cylinders, and Streamline Rods at High Speeds," National Advisory Council
for Aeronautics Report 793, pp. 4-6 (1945).
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Goldstein 7 discussed the turbulent boundary layer on a rotating

disk. He assumed a logarithmic velocity profile since the one-seventh-

power law would be valid for values of v*fl/v < 600. This profile led to
5a better curve fit of the moment data of Kempf and Schmidt . The logaritl

mic profile obtained by Goldstein is

0 = Av* log (v*n/v) + B for v*n/v > 30

where A and B are constants,

v* is the friction velocity,

n is the axial distance from disk surface,

v is the kinematic viscosity, and

ii= lu 2 - (vrw) 2

Goldstein obtained a moment coefficient of the form

Cm-1/2 = 1.97 log (Rn Cm1 /2) + 0.03

Figure 3 shows a comparison of the Goldstein formula with the experimental

data of Schmidt, 5 Kempf, 4 and Regier and Theodorsen. 6

SchlichtingI discussed the flow on rotating bodies. According to

Schlichting, the boundary layer thickness for the laminar case was propor-

tional to (v/w)i/2; for the turbulent boundary layer, to (v/w)i/5 . The

axial inflow velocity is proportional to (vw)l/2

Dorfman8 presented a collection of investigations of rotating-disk

flow by von Karman, Cochran, and Goldstein. Dorfman analyzed the turbulent

flow due to a rotating disk for disks with both smooth and rough surfaces.

For the disk with a smooth surface, Dorfman used a logarithmic velocity

distribution and found the moment coefficient to be Cm = 0.982(log R n) 2.58

For the disk with a rough surface and a fully turbulent boundary layer,

Dorfman found the moment coefficient to be

C = 0.108 (k /R) 0.272

7Goldstein, S., "On the Resistance to the Rotation of a Disc Immersed in a
Fluid," Proceedings of the Cambridge Philosophical Society 31, pp. 232-241
(1935).
8Dorfman, L.A., "Hydrodynamic Resistance and the Heat Loss of Rotating
Solids," Oliver and Boyd, First Edition, pp. 1-71 (1963).
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where ks is the characteristic roughness height. The characteristic rough-
ness height is defined as the height at which uniformly graded sand grains

will project above the smooth surface.

EXPERIMENTAL

Kempf 4 measured the torque of rotating disks in air. The surfaces

considered were polished brass, wood with finely polished lacquers, and

finely smooth paraffin surface. The Reynolds numbers considered were

1 x 104 to 2 x 106. The disk was driven by a weight and pulley arrangement,

torque being measured by torsion springs. For Rn < 8 x 104  Cm approaches

the theoretical curve of von Karman for the turbulent boundary layer. The

Kempf data are also presented in Figure 3.

Theodorsen and Regier6 obtained experimentally the moment coefficient

as a function of the Reynolds number from R = 3.96 x 103 to R = 1.58 x 106
n n

for a rotating disk; see Figure 3. The moment was found by relating the

torque to the horsepower required to drive the disk at a specified angular

velocity.

EXPERIMENTAL TECHNIQUE

APPARATUS

The rotating-disk apparatus (Figure 4a) was mounted in a cylindrical

steel tank 5 ft in height and 5.5 ft in diameter for experiments in air

and in water; see Figures 4b and 4c. The power to rotate the steel disk,

1-ft R and 3/16 in. thick, was supplied by a Variac controlled electric

motor. A variable reluctance-transmission dynamometer connected the disk

by an arrangement of shaft, bearing, and coupling; Figure 5. Figure 6

shows the flexible coupling connecting the disk shaft to the dynamometer.

A magnetic pickup-toothed gear configuration (Figure 4a) determined the

angular velocity of the disk.

The changes in magnetic intensity caused by the gaps in a rotating-

toothed gear were counted with a Hewlett-Packard counter. This toothed-

gear pickup was checked with a Strobotac.

The output signal of the dynamometer was demodulated through a

Carrier dual channel demodulator and was displayed on a digital voltmeter.

The steadiness of the torque was determined by a single channel Sanborn

14



Figure 4 - Rotating-Disk Apparatus

-FT RADIUS DISK ARBOR
3/16 IN. THICK

BEARINGS

FLEXIBLE COUPLING

VARIABLE RELUCTANCE-
TRANSMISSION DYNAMOMETER

TORQUE CHANNEL------O

UNIVERSAL

"ELECTRIC MOTOR

ELECTRO PRODUCTS
MAGNETIC PICKUP

60-TOOTH GEAR

Figure 4a - Side View
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ROTATING-DISK
APPARATUS

CYLINDER WALL

FLOOR
777777777

Figure 4b -'Mounted in Cylindrical Tank'for Air Tests

ROTATING-DISK
APPARATUS

CYLINDER WALL

FLOOR
// "/ / / / // /

Figure 4c - Mounted in Cylindrical Tank for Air
and Water Tests

16



Figure 5 - Variable Reluctance-Transmission Dynamometer-

Torque and Thrust Cables Shown
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Figure 6 - Flexible Coupling Connecting Disk
Shaft to Dynamometer Shaft

TORQUE POE1SPL MAGNETIC RPM]
CHANNEL POWER SUPPLY PICKUP

SDUAL CHANNEL
CARRIERL ELGARD HEWLETT-PACKARD

DEMODULATOR POWER REGULATOR COUNTER

DIGITAL SANBORN 1
VOLTMETER RECORDER

Figure 7 - Rotating-Disk Instrumentation
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recorder. The power to the Carrier dual channel demodulator, the digital

voltmeter, and the Hewlett-Packard counter was regulated by an Elgard

power regulator. Figure 7 shows the rotating-disk instrumentation.

CALIBRATION

The dynamometer was calibrated statically on the stand shown in

Figure 8. It consisted of brackets, and electric motor, and lever arrange-

ments that could apply both torque and thrust on the dynamometer. The

dynamometer was allowed to "warm up" by rotating the dynamometer shaft for

one or more hours before the calibration was performed. The resolution of

the dynamometer was set by placing a known torque on the dynamometer and

setting the span channel on the Carrier dual channel demodulator for a

chosen millivolt output displayed on the digital voltmeter. For example,

if a torque of 10 in.-lb was applied to the dynamometer shaft, the span

was set at 500mV, the resolution would be 50 mV/in.-lb. The torque gage

was calibrated in both clockwise and counterclockwise directions.

DISK SURFACES

Two disk surfaces were evaluated in air, and one disk surface was

evaluated in water. The smooth-surfaced disk for the air and water experi-

ments was machined to a 63 finish. This represents a root-mean-square

roughness height of 63 pin. For a 1-ft R, a 63 finish represents a

k s/R = 0.0000525. The rough-surfaced disk used for air experiments only

was composed of 36 jewell garnet sandpaper. The number 36 represents sand-

grain size and is characterized in Table 1. Using Table 1, a characteristic

roughness height of 0.0232 in. was calculated for the rough surface of the

disk because 80 to 100 percent had to pass through Sieve 30 but 45 to 100

percent had to be retained on Sieve 35.

PROCEDURE

The torque, as a function of the angular velocity of the disk, was

found for a 1-ft R rotating in air and in water. The disk surfaces evaluat-

ed were smooth and sandpaper rough for the disk rotating in air. For the

disk rotating in water, only the smooth surface was investigated. The

output of the dynamometer was displayed on a digital voltmeter so that the

average torque could be determined. A Sanborn recorder was used to deter-

mine the unsteady dynamometer torque output.
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Figure 8 - Dynamometer-Calibration Apparatus
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Figure 9 - No-Disk Torque as a Function of Revolutions per Minute
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TABLE 1 - GRAIN SIZES AND U.S. STANDARD SIEVE SERIES*

Abrasive Grain Sizes and United States Standard Sieve Series
Approved by Abrasive Grain Association and Grinding Wheel Manufacturers Association

Allowable Size Limits for Aluminum Oxide and Silicon Carbide Abrasives for Polishing Uses and United States Standard
Grinding-wheels. Sieve Series

1 %Min. Through Cumulative Min.
Must Control Sieve Max. % Control Sieve and Through Control Sieve Max U.S. SieveGrit Pass of Ovr Retained and Retained of,% Standard Opening SNo. Sieve size on to Pass Sieve WireNo S Control Sieve Series Diam.,No. O inNo Sieve % On . On No. N.n InchBelow Sieve No. % Sieve No. NT Inch

1o 7 8 0.0937 i5 45 0o so ioand 12 4 4 4.76 0.187 0.050
12 8 10 0.0787 is 45 12 so 12 and 14 19 5 4.00 0.157 0.0441.4 0 12 o.o66i 15 45 14 so 14 and 16 x8 6 3.36 0.132 0.040s6 I2 14 0.0555 15 45 x6 So 6 and 18 20 7 2.83 o.I1 0.03620 54 16 0.0469 15 45 18 8o x8 and 20 25 8 2.38 0.0937 0.033E24 16 20 o0o033 2o 45 25 75 25 and 30 35 10 2.00 0.0787 0.029930 18 25 013280 20 45 30 75 30 and 3s 40 12 1.68 o.o("66 0.027236 20 30 0.0232 20 45 35 75 35and 40 45 14 1.41 0.0555 0 024046 30 40 o.o565 20 45 45 75 45 and 5o 6o 16 1.19 0.0469 0.021354 35 45 0.0o38 20 45 5o Z5 Soand 6o 70 18 2.00 0.0394 o.0o896o 40 50 0,0117 30 45 6o 5 6oand 70 8o 2o 0.84 o0o33i o0o.6570 50 6o 0.0098 25 45 70 70 7oand 8o 100 25 0.71 0.0280 0.o0468o 60 70 0.0083 15 40 8o 70 go and too 120 30 0 59 0.0232 0.013090 70 80 0.0070 i5 40 100 70 i0o and i2o 140 35 0.50 0.0197 0.011410c 8o 100 0.0059 i5 40 I2o 65 I2o and 14o 200 40 0.42 o.o,65 0.0098I2O 100 120 0.0049 15 30 140 6o 14o and 170 230 45 0.35 0.0138 0.008715O 100 140 0. o041 i5 40 170 and 2oo 75 27D, 2O0 and 230 270 50 0.297 0.0117 0.007418o 120 170 0.0035 15 40 2oo and 230 65 200, 230 and 270 ........ 60 0.2,J0 0.0098 0.0064220 140 200 0.0029 15 40 230 and 270 60 230, 270 and 325 ........ 70 0.210 0.0083 o.OO55So 0 .177 0.0070 0.0047To illustrate, take grit No. io. All material must pass through the coarsest sieve - in this case the 100 0.149 0.0059 0.0040No. 7. Through the next to the coarsest sieve, termed the " control sieve " - in this case the No. 8-- 120 0.125 0.0049 0.0034all material may pass, but not more than 25 per cent may be retained on it. At least 45 per cent must 140 0. 105 0,0041 0.0029pass through No. 8, and be retained on No. io sieve, but it is permissible to have i00 per cent pass through 170 0.0," 0 o0035 0.0025No.8, and remain on No. so sieve, the requirement being that the grain passing through No. 8, and re 200 0.074 0.0029 0.0021tained on No. 1o and No. 12 must add to at least 8o per cent; consequently, if 45 per cent passed through 210 0.062 0.0024 0.0018No. 8sieveand was retained on No. lo sieve, then at least 35 percent must be retained on the No. I2 sieve. 270 0.053 0.0021 o.oo16Not more than 3 per cent is permitted to pass through the No. 14 sieve. 325 0.o44 0.0017 0.0014

*Oberg, E., and Jones, F.D., "Machinery Handbook - 12 Edition," 1945
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The system was run at various angular velocities without the disk

to determine the effect of bearing friction on the dynamometer output. At

high angular velocities this no-disk torque was significant and had to be

subtracted from later dynamometer output readings when the disk was attach-

ed. Figure 9 shows no-disk or bearing-friction torque. The data with the

disk in the system were taken in the following manner.

1. The dynamometer reading was taken on the digital voltmeter for

the disk at zero angular velocity.

2. The disk was accelerated and allowed to achieve a steady angular

velocity.

3. When the angular velocity was constant, a reading from the digi-

tal voltmeter was taken.

4. The disk was then accelerated to a higher angular velocity and

was allowed to reach a steady value. After a few minutes, a reading from

the digital voltmeter was again taken.

5. Steps 2 through 4 were repeated until the torque limit of the

dynamometer was reached.

6. After all the data had been taken, the motor was turned off.

When the disk had stopped rotating, readings were again taken to ascertain

any zero shift during the run.

When measuring the torque for a given angular velocity, it was

necessary to have a true zero reading. Initially a rigid steel coupling

connected the disk and the dynamometer shafts; however, this system would

not return to a zero reading after a torque measurement had been taken.

To insure proper zero readings after a measurement had been taken, the

flexible coupling (Figure 6) was installed. For the experiments in air,

the smooth-surfaced disk was rotated at two positions, 18 in. from the

open end of the cylindrical tank and 18 in. from the closed end. In air,

the rough-surfaced disk was rotated 18 in. from the open end only. For

the water experiments, the smooth-surfaced disk only was rotated 18 in.

from the closed end of the tank with the water levels above the disk at

heights of 1, 3, 5, and 7 in.
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RESULTS AND DISCUSSION

The results of the torque measurements in air and in water are

presented in Figures 10 through 15 and Table 2.

An error analysis of the moment coefficient and Reynolds number is

presented in Appendix B. The moment coefficient error ranged from 2 to

12 percent; the Reynolds number error ranged from 2 to 2.5 percent.

Possible errors could be due to inaccuracy in measuring the fluid density,

disk radius, angular velocity, and disk torque. The measured torque in-

cludes both bearing-friction and disk torques. Thus, the average torque

due to the disk only is Tdisk = Tmeasured - Tbearing friction* Any error

in torque would probably be due to a change in Tbearing friction since

this torque depends on bearing lubrication which may vary with time and

rpm.

BEARING-FRICTION TORQUE

Figure 10 shows the unsteady bearing-friction torque (no-disk) at

2000 rpm. Figure 11 shows the unsteady torque for the disk rotating at

1976 rpm. Comparison of Figures 10 and 11 seems to indicate that the

unsteady torque is mainly due to the unsteadiness of the bearing friction.

EFFECT OF HOUSING

Since the disk was not rotated in an infinite viscous fluid, the

effect of the fluid boundaries had to be determined. Figure 12 shows a

comparison between torques for the disk rotating in air at the open and

the closed ends of the steel housing. Torque appeared to be greater at

the higher angular velocities when the disk was rotated in a relatively

unbounded viscous fluid. For the water experiments, no similar test

could be made with the disk apparatus used in this experiment.

EFFECT OF WATER DEPTH

For the disk rotating in water, two effects were determined by

measuring the torque due to the disk at various water depths. The water-

depth measurements took into account the surface-movement effect and the

effect of the fluid boundaries. For the water experiments, these two

effects could not be determined separately.
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Figure 13 - Effect of Water Depth on Torque Due to a Disk
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Figure 14a - Disk Rotating at 100 Revolutions per Minute

Figure 14b - Disk Rotating at 170 Revolutions per Minute

Figure 14 - Surface Effects of a Disk Rotating at 100 and 170
Revolutions per Minute at a Disk Depth of 5 Inches
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For the disk in water, the effect of the water depth on the moment

coefficient was found; see Figure 13. The trend was a decreasing torque for

a decreasing water depth. This was probably due to the increased surface

movement which would tend to give the fluid a lower velocity relative to the

disk and thus a lower torque.

Photographs of the water surface for the disk rotating at 100 and

170 rpm are shown in Figure 14. The disk is at a depth of 5 in. from the

water surface and 18 in. from the bottom of the tank.

EFFECT OF THE DISK EDGE

The data presented in Figure 15 include the effect of the disk edge.

From Dorfman,8 the moment coefficient excluding the effect of the edge is

as follows

Cm = C '/(i + 2.5 b/R)mm

where Cm' is moment coefficient due to disk and its edge

C is moment coefficient due to disk onlym

b is thickness of disk or 3/16 in.

R is radius of disk or 12 in.

For the disk used in this investigation, the value of b/R is 0.0156. Thus

C' C'm m
C- . 0.96 Cm 1 + 2.5(1/64) 1 + 0.0391 m

The torque due to the disk only is 96 percent of the torque due to the

disk and its edge.

MOMENT COEFFICIENT AS A FUNCTION OF REYNOLDS NUMBER

The theoretical analyses of Goldstein, von Karman, and Dorfman

assumed that the turbulent boundary layer existed at all disk radii. This

is not the case for there exist three boundary-layer flows on the disk--

laminar, transitional, and turbulent. Thus, the experimental and theoreti-

cal results may differ. The type of disk, surface roughness, tested and

the method of measuring the torque are two more variables that would effect

the experimental moment-coefficient results.

Table 2 is a comparison of experimental and theoretical results.

The errors associated with experimental results by the author are also
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shown in Table 2. Agreement of experimental results with the theory of
Goldstein is good for Reynolds number greater than 6.08 x 105.

The theoretical results of Goldstein were based on the experimental

results of Schmidt and Kempf. No error analysis of their experimental data

was presented in References 4 and 5. The theoretical results of von Karman

were based strictly on fluid-boundary conditions and the one-seventh power

velocity distribution.

The smooth-surface torque data in air from a disk rotated near the

top of a cylindrical tank are shown in Figure 15 to be slightly higher than

the theoretical curve of Goldstein for a turbulent boundary layer. The

higher moment coefficient of Figure 15 is probably due to the influence of

the disk edge. The smooth-surface data in water are slightly lower than

the theoretical, turbulent boundary-layer result of von Karman. For the

disk in water, both the disk-edge and the water-depth effects must be con-

sidered. For a given Reynolds number, the moment coefficient due to the

disk and its edge is greater than the moment coefficient due to the disk

only. For the disk in water (Figure 13), for a given Reynolds number as

the depth increased, the moment coefficient increased. Since the maximum

depth at which the disk was tested was 7 in., the disk was not rotated in

an infinite fluid. Thus a lower moment coefficient would result. If this

finite water-depth effect were to dominate the disk-edge effect, a moment

coefficient lower than the theoretical value might result.

The theoretical moment coefficient for the rough disk was calcu-

lated from the Dorfman equation for a rough surface8 with a ratio of sand-

paper radius to roughness height of 520 or 36 grit sandpaper. This calcu-

lation yields

Cm = 0.108(k/R) 0 27 2  ks = 0.00193 feet ork- = 520
s

R = 1 foot

therefore C = 0.02m

whereas the results of Figure 15 for the disk near top of cylindrical tank

indicates a Cm = 0.025. Theodorsen and Regier data yield a Cm = 0.02 for

R/ks = 1215; however, using this value of (R/k s) with the Dorfman equation

yields Cm = 0.015. The rough surface Cm of Figure 3 and Figure 15 are
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higher than those calculated by using the Dorfman equation, which could

partially be due to the fact that the Dorfman equation does not allow for

the effect of the disk edge. Thus, if the effects of the disk edge and the

water depth were taken into account, the data presented in Figure 15 would

better agree with the various theoretical results.

As can be seen in Table 2, with disk-edge effects neglected, the

Goldstein theoretical results for a smooth-surfaced disk agree most favor-

ably with the experimental results by the author for Rn > 6.08 x 10

CONCLUSIONS

The following conclusions have been drawn from the present investi-

gation.

1. The present rotating-disk apparatus cannot simulate full-scale-

ship Reynolds number.

2. Bearing-friction torque must be reduced or eliminated to reduce

the error in the torque measurements.

3. Fluid boundary and disk-edge effects are significant and must

be accounted for when comparing experimental results with theory.

RECOMMENDATIONS

The rotating-disk apparatus could be improved by making the follow-

ing modifications.

1. Devise a system that would reduce or eliminate the bearing-

friction torque. This would decrease the error in the torque measurement.

2. Characterize the disk roughness height in a standard manner;

i.e., root mean square or average values. This would allow for consistent

comparison of results.

3. Construct a waterproof tank. The cylindrical tank was not water-

proof and had to be lined with plastic liner for the water tests. This

arrangement was very awkward.

4. Modify the present apparatus so that water tests can be done

for greater water depths above and/or below the disk. This modification

will help to reduce the free-surface effect.

5. Increase both disk diameter and angular velocity so that full-

scale-ship Reynolds number can be attained.
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APPENDIX A

FORCE BALANCE

dr
v + dv

r x

S''

/

Disk with Ring of Fluid Element Fluid Element

Application of the steady-state momentum equation in the radial direction

to an element of fluid thickness 6 yields

dFc + dFs =o p(u + du) 2 [27r(r + dr)dz] - pu 2 (2nr dz)

where dF = 27rr p - dz dr is the centrifugal force since dv = 0
c I o

dF = - 27rr T dr is the shear force
s r

where p is density of fluid, and Tr is shear in radial direction. For this

force-balance analysis,8 p = p(z) is assumed. If higher order terms are

neglected, the steady-state momentum equation in the radial direction

simplifies to

dFc + dFs =Jf 2Tp (2ur du + u 2dr) dz = fo 27 dr dr dz

or

dFs =-d 27rrp u2dz dr - dFc
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Application of the steady-state angular momentum equation in the circum-

ferential direction to an element of fluid thickness 6 yields

- dM p(u + du) (v + dv) 2Tr(r + dr) 2 dz - puvr 2 27r dz
fo fo

where - dM -- (27r2) dr is the moment on an element around the center

of the disk, and T is shear in the circumferential direction. If higher

order terms are neglected, the steady-state momentum equation in the

circumferential direction simplifies to

- T (27rr 2 )dr 2Trpr 2 d (uV) dr dz

f o p dry)d

or

d 2 
r6  _ _2

dr r f1 uvdz =
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APPENDIX B

ERROR ANALYSIS

An error analysis of the moment coefficient and Reynolds number is

presented

Moment Coefficient: C= T (9)m 1/2 pw2R5

where T is the torque due to both sides of the disk. The logarithmic form

of Equation (9) is

log Cm = log T - log (1/2) - log p - 2 log w - S log R (10)

The derivative of Equation (10) yields

dCm dT dp 2dw 5dr

C T p w Rm
dCm

The quantity --- represents the error in the moment coefficient. For
m

maximum error, either all signs are positive or all signs are negative.

If all positive signs are assumed

dC m dT +d_ 5dr (1a)

C - T p + Rm

or

AC m AT Ap 2Aw SAR
S= R(lib)

m

where AT = 0.02 in.-lb

Ap = 0.00002 lbf-sec
2 /ft 4

AW = 1 rpm

AR = 0.0002 ft

p = 0.00225 ibf-sec2/ft4

R = 1 ft

For T = 0.2 in.-lb and w = 200 rpm
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ACm 0.02 0.00002 2 0.001
C 0.20 0.00225 2-0 1

m

AC

Sm z 0.12

ACC

m
For T =4 in.-ib, and w 1600 rpm

ACC

AC m 0.02 0.00002 2 0.001
C 4 '0.00225 '1600 1

m

AC

C mz 0.02
m

Therefore, for low torque measurements, the maximum moment coefficient

error is approximately 12 percent. For high torque measurements, the

maximum moment coefficient error is approximately 2 percent.

wR2

Reynolds Number: Rn - w/2 (12)

The logarithmic form of Equation 12 is

log Rn = log w + 2 log R + log p - log p (13)

The derivative of Equation (13) yields

dR n dw 2dR do l
Rn= - + -- + -p d
R n W R p P

dR
The quantity RTnrepresents the error in the Reynolds number. For maximumn
error all signs are positive

dRn dw + 2 R
R R R p Pn

AR Z4+AAjRn w + 2AR Ap +A

n

S= 3.83 x 10- 7  Al = 0.04 x 10-7
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For w = 200 rpm

ARn 1 0.0004 0.00002 0.04
R 200 1 +0.00225 3.83

n

ARn0. 025R
n

For w = 1600 rpm

AR nz 0.02

Rn

Therefore, the maximum error in the Reynolds number is approximately 2.5

percent.
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moments. Two disk surfaces are evaluated, hydraulically smooth and sandpaper
rough. For the smooth and rough surface disks in air, the experimental moment
coefficients are generally greater than the theoretical predictions. Only the
smooth surface disk was evaluated in water with results lower than predigtions.
The maximum Reynolds numbers attained in air and in water were 1.34 x 10 and
1.55 x 106, respectively.
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