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NOTATION

C(n) Wieghardt coefficient, Equation [10].
D(=) Total drag per unit width
AR Manometer reading
k Pitot-tube calibration coefficient, v = k\/gg_A_];
n Denominator of exponent of power law for velocity profiles, Equation [1]
K, Reynolds number, zU,/v
U Potential velocity at outer edge of boundary layer
Uy Ship velocity
u Local velocity in boundary layer
v, Friction velocity, V7,/p
z Distance along centerline of ship from station 0
Y Distance normal to hull surface
) Thickness of boundary layer
Opp. Thickness of flat-plate boundary layer
5" Two-dimensional displacement thickness
] Yoe/v
Two-dimensional momentum thickness
v Kinematic viscosity of fluid
p Density of fluid
T Shearing stress at the wall
é u/v,

v



ABSTRACT

Results of velocity measurements in the boundary layer of
USS TIMMERMAN (EAG 152) are presented in this report. Measurements of
velocities in the throat of the condenser scoop and the pressure drops across
the condenser are also given. A generalized form of Prandtl’s equation for
the growth of the turbulent boundary layer on a flat plate is derived for use in

estimating the boundary-layer thickness at large Reynolds numbers.

INTRODUCTION

The design of USS TIMMERMAN (EAG 152) (formerly DD 828) included many innovations
in naval and marine engineering. The ship was conceived as a mobile marine experimental
facility where new design features could be evaluated. Provision was also made for installing
instrumentation and scheduling tests that would provide information applicable to naval archi-
tecture and marine engineering, in general. The Bureau of Ships requested! that the
David Taylor Model Basin design instrumentation for and conduct a flow survey in the vicinity
of the condenser scoop and the overboard discharge of the forward main circulating system for
a range of ship speeds. Measurements of fluid velocity in the throat of the condenser scoop,

pressures, and pressure drops in the condenser and main circulating system were also requested.
These tests had the following objectives:

1. Boundary-layer measurements in the undisturbed flow ahead of the condenser scoop and
overboard discharge would provide valuable hydrodynamic data on the nature (i.e., thickness

and velocity distribution) of a ship’s  .ndary layer.

2. Measurements of flow direction and velocity in the immediate vicinity of the condenser
scoop and overboard discharge would demonstrate the effect (or lack of effect) of these hull
openings on the flow around the vessel.

3. The measurements in the throat of the condenser scoop and of pressures and pressure
drops in the condenser and main circulating system, could be used along with objectives 1
and 2, to simulate conditions for model tests of condenser circulating system. Such data

would also be useful in correlating the results of model tests with full-scale performance.

The tests were conducted during November 1955 in the operating area off Key West,
Florida.

1Ret’ereflces are listed on page 18,
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Figure 3 — Pitot-Tube Locations in Forward Fireroom

and 4. The pitot tubes at Stations I, V, and VI could be extended from 0 to 24 inches in a
direction approximately normal to the hull surface. The pitot tubes at Stations II and III
could be extended from O to 18 inches. (Station IV was a conventional Prandtl tube located in
the throat of the condenser scoop.) The tangent planes to the hull surface at the measuring
stations were approximately parallel to the axis of the vessel. Thus, the pitot tubes were
extended in a direction normal to this axis, The direction of flow (in planes perpendicular to
the pitot tube) was measured at each extension of the pitot tube by rotating the tube until
equal static pressures were obtained at the two static holes. The static pressures were
indicated on a manometer located near each of the pitot-tube stations to facilitate making the
directional measurements. The flow direction was measured from a line parallel to the center-
line of the vessel, After the pitot tube had been aligned with the flow, valves were adjusted
to transmit the static pressure and total pressure to a centrally located manometer board. A
velocity and direction calibration was made at the Model Basin by mounting the pitot tubes

on Towing Carriage 5.

Special back-lighted multiple U-tube manometer boards were used to measure the
velocity pressure. One manometer board was located in the forward fireroom and one in the
forward engineroom. Tetrabromethane (specific gravity ~8.0) was used as a manometer
fluid for the 5- and 10-knot measurements. Each manometer board was photographed with a

modified Eastman 35mm Recordak camera. The cameras were triggered simultaneously.
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Figure 4 — Pitot-Tube Locations in Forward Engineroom

At Station IV, where the Prandtl tube was located in the throat of the condenser scoop,
velocity measurements were obtained along a single vertical line approximating the centetline
of the throat, as shown in Figure 3. Additional instrumentation for the condenser, shown in
Figure 5, consisted of manometers measuring static pressures and pressure differences in the
main circulating system. The manometers for the circulating system were read visually by
observers in the engineroom.

BOUNDARY-LAYER SURVEY
OBSERVED RESULTS

The observed data are given in Table 1. Each data point represents the average results
of four to eight pictures taken at intervals during a run. The manometer deflections used in
computing u were the average values from the photographs corrected for parallax. This
correction did not exceed + 0,03 inch. The average results compare favorably with the results
of observers as recorded in the trial log books.

For the 5- and 10-knot speeds, readings were obtained from both the mercury and
tetrabromethane manometers. These results usually agree within 0.1 knot. An estimate of the

reproducibility of the results can be obtained by comparing the data for the two series of runs
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Figure 5 — Schematic Diagram of Condenser Instrumentation

NOTES:
1. All manometer piping 3/8 in. 1.P.S.
2. Reference: BuShips Plan Number DD828-8700-243411.

made at 10 knots. For some runs (particularly at Station VI in the separated flow zone aft of
the lip of the overboard discharge) a negative manometer deflection occurred. Such readings
are entered in Table 1 as **,

The average temperatures prevailing during the tests were:

a. sea water temperature, 78°F; and
b. manometer board temperature, 103°F,
Using these conditions:

u =k x 1.871 y/AA for the totrabromethane manometers
and

v =k x 4.792 /Ah for the mercury manometers,
where A/ is the manometer reading in inches and u is the velocity in knots.

The ship speed calibration was obtained by measuring revolutions over the trial course
just prior to the boundary-layer survey runs. Speeds given for individual runs are probably
accurate within + 0,10 knot.






Observed Boundary-Layer Data

TABLE 1

Y Uy | Angle uw/Uq /Uy Uy | Angle u/U, /U, Uy | Angle u/Uy u/Uy Uy | Angle w/U, Uy | Angle w/'U,
Station mercury | tetrabromethane mercury | tetrabromethane mercury  |tetrabromethane mercury mercury
inches | knots |degrees | manometer manometer knots | degrees | manonreter manometer knots {degrees | manometer manometer knots | degrees | manometer|| knots [ degrees | manometer
| 0.125 4.8 0 0.434 0.488 10.3 0 0.538 0.534 10.6 0 0.528 0.530 15.3 0 0.585 19.7 0 0.567
| 0.25 | 4.6 0 0.562 0.574 10.4 0 0.583 0.579 10.6 0 0.563 0.567 15.3 0 0.630 19.4 0 0.639
1 0.50 | 4.8 0 0.632 0.619 10.3 0 0.637 0.635 10.6 0 0.595 0.601 15.3 0 0.675 19.6 0 0.660
| 0.75 | 5.0 0 0.585 0.583 10.4 0 0.640 0.632 10.4 0 0.65% 0.659 15.2 0 0.702 19.9 0 0.711
| 1.00 | 4.8 0 0.639 0.633 10.2 0 0.660 0.656 10.4 0 0.691 0.684 15.2 0 0.721 19.8 0 0.718
1 2.00 | 4.7 0 0.668 0.684 10.6 0 0.707 0.706 10.5 0 0.731 0.736 15211 P 0.765 19.7 1 0.71%
| 4.00 | 4.7 0 0.688 0.709 10.8 0 0.791 0.791 10.6 0 0.778 0.779 153 |2 P 0.796 19.8 0 0.808
1 7.00 | 47 0 0.786 0.803 10.6 0 0.725 0.729 10.4 0 0.831 0.830 15.3 %P 0.857 19.8 0 0.848
! 10.0 4.7 0 0.839 0.855 10.8 0 0.881 0.881 10.7 0 0.881 0.882 153 | 142P 0.940 19.6 0 0.893
| 13.0 48 2 P 0.870 0.870 10.7 0 0.903 0.905 10.4 0 0.943 0.948 15.3 | 2P 0.958 19.8 0 0.935
! 16.0 49 |2 P 0.903 0.906 10.7 0 0.922 0.924 10.5 0 0.960 0.964 153 | 12P 0.969 20.0 0 0.945
| 19.0 48 |2 P 0.902 0.897 10.7 0 0.977 0.983 10.4 0 0.962 0.981 152 (1P 0.988 19.9 0 1.004
| 24.0 4.6 - 0.919 0.914 10.3 0 0.999 1.004 10.4 0 0.993 0.999 15311FP 0.984 19.8 0 1.005
I 0.125] 4.8 1 0.471 0.544 10318 0.557 0.570 10.6 | 1% P 0.605 0.645 1531158 0.637 9711 FP 0.570
1] 0.25 | 4.6 1 0.559% 0.626 104 [ 1S 0.578 0.596 106 | 1%P 0.609 0.653 15318 0.668 194 1S 0.658
il 0.50 | 4.8 1 0.661 0.694 10318 0.653 0.662 10642 P 0.657 0.690 15318 0.679 96|18 0.664
i 0.75 | 5.0 1 0.648 0.683 10418 0.648 0.657 10411 P 0.732 0.717 152118 0.745 199 1158 0.706
I 1.00 | 4.8 1 0.682 0.716 1021153 0.688 0.698 104 1P 0.758 0.749 152 | 1§ 0.751 1984711 8§ 0.756
1 2.00 | 4.7 1 0.744 0.770 1064158 0.791 0.803 1051 P 0.759 0.767 152 ] 1S 0.831 197118 0.759
1 4,00 | 4.7 - 0.795 0.823 108 (1S 0.831 0.842 106 |1 P 0.814 0.797 153 | 1 P 0.846 198 ] 1S 0.848
1 7.00 | 4.7 - 0.892 0.938 106 (1S 0.700 0.705 104]1FP 0.809 0.840 153 ]1°P 0.869 1981 1 8 0.857
I 10.0 4.7 - 0.938 0.978 1081158 0.912 0.922 0.7 |1 P 0.874 0.867 153]1F°P 0.932 196 | 18§ 0.882
1 13.0 4.8 - 0.924 0.956 1071158 0.922 0.935 1041 FP 0.931 0.935 153 1P 0.971 1981 1§ 0.967
1 16.0 4.9 - 0.959 0.981 10718 0.958 0.967 105 {1 P 0.928 0.942 15311 P 0.974 200118 0.956
1 18.0 4.8 - 0.969 1.003 07{1S 1.008 1.007 1041 P 0.972 0.964 152 (1P 0.976 199 | 18§ 1.032
m 0.125]| 4.8 | 14 P hd i 10.3 | 14 0.538 0.543 10.6 [ 14 P 0.472 0.471 153 | 14P 0.605 19.7 | thP 0.625
t 0.25 | 46 | 4P 0.141 0.156 10.4 | 1% 0.545 0.548 106 | 1P 0.494 0.492 153 | 14P 0.659 194 | 1P 0.656
il 0.50 | 48 | 14P 0.345 0.367 10.3 | 1h 0.594 0.596 106 | 1%4P 0.484 0.492 153 | 4P 0.682 19.6 | 14 P 0.685
Hi 0.75 | 5.0 %P 0.356 0.375 10.4 | 1% 0.612 0.612 104 | 1aP 0.548 0.550 15.2 | 14 P 0.722 199 | 1P 0.700
i 1.00 | 48 | 14P 0.383 0.422 10.2 ) 1% 0.643 0.643 10.4 | 1%4P 0.565 0.567 152 | 4P 0.756 198 | %P 0.745
H 2.00 | 47 %P 0.469 0.492 10.6 { 1% 0.697 0.699 10.5 | 4P 0.596 0.591 153 | 4P 0.796 19.7 § 14P 0.751
1] 4.00 | 4.7 1% P 0.509 0.541 10.8 | 14 0.755 0.757 10.6 | 4P 0.652 0.651 153 | 14P 0.834 19.8 | 14 P 0.834
1 7.00 | 47 | 4P 0.619 0.649 10.6 | 14 0.687 0.689 10.4 | 14P 0.705 0.709 153 | 14P 0.915 19.8 | UsP 0.852
] 10.0 4.7 %P 0.679 0.696 10.8 | 1% 0.853 0.854 107 | 4P 0.757 0.756 153 | 4P 0.980 19.6 | 4P 0.862
n 13.0 48 | 4P 0.665 0.682 10.7 | 1% 0.876 0.878 104 | 14P 0.819 0.822 153 | 14P 0.991 19.8 | 4P 0.943
i 16.0 49 14 P 0.684 0.704 10.7 | 14 0.893 0.894 10.5 | 14P 0.823 0.826 153 | 1aP 0.990 200 | WP 0.891
1] 18.0 4.8 %P 0.692 0.714 10.7 | 1% 0.923 0.926 10.4 | 4P 0.847 0.851 152 | 1aP 0.999 19.9 § I4P 0.972
1l 18.0 46 | 4P 0.730 0.741 10,3 | 14 0.944 0.949 198 1 4P 0.978
v 0.125] 4.8 0 0.529 0.436 10.3 0.524 0.521 106 (1D 0.593 0.520 15.3 0 0.598 19.7 0 0.637
v 0.25 | 4.6 0 0.560 0.476 10.4 0.589 0.583 had . 15.3 0 0.674 19.4 0 0.705
v 0.50 | 4.8 0 0.731 0.680 10.3 0.590 0.588 106 1D 0.658 0.589 15.3 0 0.685 19.6 0 0.734
\% 0.75 5.0 0 0.713 0.663 10.4 0.598 0.602 10.4 1D 0.704 0.634 15.2 0 0.717 19.9 0 0.741
v 1.00 | 4.8 0 0.708 0.656 10.2 0.667 0.660 104 (1 D 0.708 0.635 1521 20D 0.783 19.8 0 0.750
v 2.00 | 47 0 0.735 0.690 10.6 0.717 0.714 10513 D 0.768 0.714 15.2 120D 0.821 19.7 %D 0.825
\% 4.00 | 4.7 0 0.729 0.665 10.8 0.833 0.827 106 | 1 D 0.815 0.762 153 2D 0.889 19.8 | 140D 0.878
v 7.00 | 47 0 0.842 0.800 10.6 0.868 0.864 104 110D 0.894 0.852 15312 D 0.984 198 1 D 0.920
v 10.0 4.7 0 0.904 0.860 10.8 0.937 0.882 10.7 |2 D 0.933 0.901 153 | 2 D 0.966 196 1D 1.017
v 13.0 4.8 0 0.885 0.845 10.7 0.967 0.938 10410 0.981 0.946 1531 2 D 1.010 198 (1D 1.022
v 16.0 4.9 0 0.876 0.830 10.7 0.981 0.938 105 10D 0.938 0.952 15.3 | 2.5D 0.979 200] 10 1.022
v [18.0 4.8 0 0.918 0.879 10.7 0.958 0.938 10410 0.957 0.961 15.2 | 2.50 0.991 1939 10D 1.017
v | 240 4.6 0 0.810 0.791 10.3 0.989 0.974 10.4 2 0.932 0.961 15.3 | 2.5D 0.941 19841 10D 1.009
Vi 0.125 i b > i 10.6 0 0.279 0.376 i b
V| 0.25 *x =
\ 0.50 10.6 0 0.192 0.355
vl 0.75 10.4 0 0.225 0.369
Vi 1.00 10.4 0 0.144 0.317
Vi 2.00 10.5 0 0.230 0.382 15.2 0 0.250
Vi 4.00 10.6 0 0.153 0.354 > 19.8 0 0.151
v | .00 0.4 | 0 | 0225 0.393 l -
Vi 10.0 4.7 0 0.276 0.131 10.8 0 0.694 0.613 10.7 | 6 S 0.417 0.502 **
Vi 13.0 4.8 0 0.636 0.609 10.7 0 0.507 0.508 104 | 4% 0.509 0.580 15.3 0 0.333 19.8 0 0.270
Vi 16.0 4.9 0 0.703 0.703 10.7 0 0.770 0.770 10.5 | 1% 0.720 0.762 15.3 0 0.707 20.0 0 0.643
Vi 19.0 4.8 0 0.787 0.805 10.7 0 0.960 0.966 10.4 %S 0.918 0.912 15.2 0 0.948 19.9 0 0.983
Vi | 24.0 4.6 0 0.724 0.722 10.3 0 1.024 1.026 10.4 0 0.946 0.946 15.3 0 0.985 19.8 0 1.084

**Negative manometer deflection







DISCUSSION OF RESULTS

The ship speed U, was used in plotting the velocity profiles in Figure 6 because the
data did not show a potential velocity U perceptibly different from U,. The velocity profiles
are of the generalized parabolic shape. The only profiles showing unusual characteristics
are those at Station VI, which was located downstream of the overboard discharge. These
plots indicate a region of separation (probably caused by the lip on the overboard discharge),
and show the jet of fluid injected into this region by the overboard discharge. The velocity
profiles for Station VI are shown in Figure 6 and the data are given in Table 1, but no
boundary-layer parameters were calculated for this location because of the irregular nature of
the flow.

A curve-fitting technique? was used to find the values of & and n given in Table 2,

with the assumption that the velocity profile was of the form
u
— = (y/8) V" (1]
Ug

Except for the 5-knot condition, the values of § obtained are in quantitative agreement with
the small amount of existing data for corresponding Reynolds numbers, 34

The expression for displacement thickness

y
u
* - I
5 j (1 U) Y, (2]

0
can be used to obtain §* by graphical integration of the velocity profiles. Substituting
Equation [1] into Equation [2] and integrating from y = 0 to y = § gives

1
n+1

o* = d. (3]

Alternative estimates of § which are tabulated as & (6*) were obtained using values of n from

the numerical analysis and values of &* from the graphical integration in Equation [3].

Y
u u

was also determined graphically from the experimental points and is given in Table 2.

The momentum thickness

The values of n obtained show the effect of increasing Reynolds number, and are in
substantial agreement with the values given in Reference 3 for full-scale measurements on
the merchant ship SNAEFELL. These values also show agreement with extrapolated values
of n for the tests on friction planes reported in Reference 5. Schlichting® also corroborates
the increase of n with increasing Reynolds number for pipes.

(Text continued on page 11.)
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Figure 6 — Boundary-Layer Velocity Profiles at Stations I, II, III, V, and VI



TABLE 2

Computed Boundary-Layer Data

station | % | Yo | B n |, 2 .3* .8(3*) . o (.l) OFP
feet | knots | x 1078 inches | inches |inches ] inches | inches

1 [146.7 5 | 1.24 | 859 | 48 - - - 20

10 | 249 | 8.47| 28 2.73 26 2.14 19

10 {249 | 805 24 2.73 25 2.14 19

15 | 374 | 9.74| 24 2.18 23 L.79 19

20 | 498 | 9.78] 28 2.57 28 2.04 18

il |156.7 5 | .33 | 8.39| 16 161 15 1.34 22

10 | 2.66 | 8.87| 22 2.46 24 1.99 20

10 | 2.66 |12.29| 43 2.46 33 1.99 20

15 | 3.99 (11.08| 23 1.98 24 1.72 20

20 | 5.32 ] 9.79) 22 2.20 24 1.84 20

i {157.6 5 | 134 | 5.05| 80 - - - 22
10 | 2.68 | 8.76| 43 - - - 21

l 10 | 2.68 - - - - - 21
15 | 4.62 | 9.60 16 1.54 16 1.26 20

20 | 5.36 | 1188} 41 2.27 29 1.88 20

vV [ 167.5 5 1 1.42 | B8.21| 48 - - - 23

10 | 2.84 | 8.03| 27 3.07 28 2.55 22

10 | 2.84 | B8.07| 28 3.07 28 2.55 22

15 | 4.26 | 9.86] 16 1.28 14 110 21

20 | 5.68 |[10.53] 15 1.37 16 114 21

18pp from Equation [6].

10




The measurements of flow angles show that the flow was essentially parallel to the

direction of motion of the ship in the regions investigated.

ESTIMATING THE THICKNESS OF THE BOUNDARY LAYER

The Prandtl or Von Karman formula is often used to estimate the growth of the
turbulent boundary layer along a smooth flat plate:

Spp =0.37T xR, ~2 (51

However, Equation [5] was derived on the basis of n = 7 in Equation [1] and hence is
valid for only a limited range of Reynolds numbers. To determine whether 8;p would provide
a useful engineering estimate for the magnitude of § on a ship a general expression was
derived for 8;p as a function of n. (See Appendix.)

n+1 2n 2

34+n 3+n _3+n
Brp (1) = [‘—2———’(—3—)] [5(1—)] v R, 6]

C(n) is a dimensionless empirical coefficient related to the friction velocity. The

values of C(n), shown in Table 8, are given in Reference 6, as obtained from an analysis of

experimental data by Wieghardt.

TABLE 3

Values of C(n)

n 7 8 9 10
C(n) 8.74 9.71 10.6 11.5

Equation [5] then becomes a special case of Equation [6] for n = 7. Values of n were
obtained as a function of Reynolds number for Figure 7 from Landweber’s data.’ Values of
8pp computed from Equation [6], using values of n from Figure 7 and C(n) from Figure 8, are
also given in Table 2.

The variation of C(n) and n with Reynolds number, together with Equation (6], explains
the difficulty of detecting a variation in § with ship speed, as experienced by Baker3 and
Allan.® At high Reynolds numbers the simultaneous changes in C(n) and n occur in different

directions, giving an apparent relationship
=Kz {71

where K is a constant.
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Figure 8 — Variation of C(n) with Reynolds Number

The use of Equation [6] (or similar relationship) for approximating the growth of the
boundary layer on a ship is often necessary because of the paucity of full-scale measurements.
Strictly speaking, Equation [6] is applicable to only the two-dimensional turbulent flow over a
smooth flat plate in the absence of a pressure gradient. However, much of the hull surface is
flat, or relatively so; and in many of these regions the longitudinal pressure gradient is small.
In such cases the use of Equation [6] will give a more realistic estimate of & than will
Equation [5]. Values of n and C(n) to be used in Equation [6] are given in Figures 7 and 8,
respectively.
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MAIN-CIRCULATING-SYSTEM MEASUREMENTS

The velocity profiles measured in the throat of the condenser scoop are plotted in
Figure 9 and given in Table 4. The flow rates in Figure 10a were computed by assuming that
the flow in the throat was two-dimensional. The flow rate versus ship speed is plotted in
Figure 10a, The dotted line represents an extrapolation to the design condition at 38 knots.
Figure 10a shows that the flow through the condenser varies as the 1.3 power of the ship
velocity. This variation is possible since the scoop receives water from the boundary layer
where the kinetic energy is less than in the free stream.

The pressure differences across portions of the main circulating system are plotted in
Figure 10b. The wide scatter of points is due in part to the large changes in the manometer
readings which occurred during runs, Part of the error may also be due to recording errors by
observers and to the difficulty of visually averaging the fluctuations. The condenser measure-
ments were requested subsequent to the initial planning, too late to provide a unified installa-
tion which could be photographed in the manner of the boundary-layer survey manometers. The
fairing used in Figure 10b was chosen to use the maximum number of data points consistent
with making the head loss curves approximately parallel. This choice of fairing shows the
pressure losses in the system to be directly proportional w the rate of flow through the
condenser. Dimensional analysis and data on friction losses in piping systems show that the
head loss should be proportional to the square of the flow rate (i.e., the square of the velocity
through the system). Friction losses in the tubes and water boxes were calculated from data
in Reference 8 and plotted on Figure 10b for comparison. A recent paper by Dudley?® gives a

comprehensive series of measurements on a destroyer-type vessel.

CONCLUSIONS

The shape of the velocity profiles measured in the boundary layer of the destroyer is
similar to the shape of velocity profiles measured in the boundary layer of a flat plate at the
same Reynolds number, The thicknesses of the ship boundary layer and flat-plate boundary
layer are approximately the samne at the same Reynolds number. Equation [6] provides a better
estimate of the boundary-layer thickness than does the Prandtl formula, The data on the
internal performance of the main circulating system are not accurate enough nor consistent

enough to provide a basis for significant conclusions about the performance of the condenser,
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TABLE 4 — Condenser Scoop Throat Data

A A N L B wly | Up | wly |Up | w/l
0 4.8 0.1963 i 10.6 | 0.6278 =* .
0.25 | 4.6 0.2048 10.6 | 0.6278 l
0.75 | 4.8 0.1963 10.6 | 0.6278
1.75 (5.0 | 0.1884 i 15.2 | 0.0536 | 19.9 | 0.1006
4 4.810.2404 | 10.2 | 0.1532 | 10.4 0.2129 | 15.2 | 0.3468 | 19.8 | 0.3574
6 4.7]0.2241) 10.6 | 0.2789 | 10.5 ) 0.2994 | 15.2 | 0.454]1 | 19.7 | 0.4202
8 4.7|0.4137 | 10.8 | 0.3438 | 10.6 | 0.3227 | 15.3 | 0.5056 | 19.8 | 0.5791
10 4.710.2835( 10.6 | 0.4342 | 10.4{ 0.3801 { 15.3 § 0.6348 | 19,8 | 0.6467
11 4.7|0.2241| 10.8 | 0.5103 | 10.7 | 0.4671 | 15.3 | 0.7150 | 19.6 | 0.6552
115 4.8 1 0.3542 | 10.7 | 0.5027 | 10.4 0.5631 | 15.3 | 0.6989 | 19.8 | 0.6943
11.875| 4.9 0.4518 | 10.7 | 0.5233 | 10.5 | 0.6240 | 15.3 | 0.6703 | 20.0 | 0.6384
12 4.8 0.2596 | 10.7 | 0.4926 hid 15.2 { 0.6878 | 19.9 | 0.6707
13.5 4.6 0.3551110.310.5118 hid 15.3{ 0.7048 | 19.8 | 0.6896
**Negative manometer deflections
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APPENDIX

DERIVATION OF EQUATION (6]

Using the definitions

u
b=— (8]
Vx
and =t (9]
v
1
Wieghardt® assumed ¢ = C(n)n". [10]
From an analysis of experimental results, he obtained the data given in Table 3,
Substituting Equations [8] and (9] in [10], we can obtain
- - 2n 2
) " n+1 vj n+1
v2= |22 d [11]
| C(n) | | ¥ |
which gives on 9
_“07 n+1[ ] n+1
v2 = - [11a]
C(n) )
for u = u, at y = 6.
Now, the drag per unit width is 5
X
D(z) =j To (2) dz = PJ u(Uo‘u) ay, [12]
0 0
and the momentum thickness is
)
0U ¢ =j u(Uqy~w) dy. (4]
0
Substituting Equation [4] in [12] and differentiating the resulting equation with respect to
x gives
d aé
— D(2) =Ty(2) = pUF — . (13]
— D(@) =7y(a) = p UG —
But
To = P’vs?. [14]
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Integrating Equation [4], we get

n

0
e (1+n) (2+n)
Combining Equation [15] with

1
n+1

5% =

)

and substituting in Equation [13] gives

2n 2

To(2) n ds I R VI
pUZ ) (1+n)(2+n) dez ) C(n) Uy 8

Assuming § = 0 at z = 0 and integrating, we get:

n+1 2n 2
~ (2+n)(3+n) 3+n 1 3+n v 3+n
8(9:)—[ n :l lz(’%] l:ljo;l
n+1 2n 2
~ (2+n)(3+,n) 3+n 1 3+n 1 3+nw
) n C(n) R,

A result similar to Equation [6a] was obtained by Schoenherr. 1°

1]
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