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ABSTRACT 

Experimental results obtained at high Froude number for a series of 

NACA k  digit airfoil section surface-piercing struts show that the spray 

drag is essentially Independent of operating Froude number and strut lead- 

ing edge radius. The spray drag Increases with strut thickness ratio and 

can be as much as A0% of the strut profile drag for typical operating 

conditions. 
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NOMENCLATURE 

total drag, lb. 

D    profi1e drag, lb. 

residual drag 

tip drag, lb. 

extrapolated drag for zero depth, (spray drag plus 
submerged tip drag), lb. 

Ds    spray drag, (Do - Dt), lb. 

total drag coefficient. 
p/2 V2 c2 

profile drag coefficient. 

residual drag coefficient. 

p/2 V*  cd 

D 
o 

p/2 V2 c2 

tip drag coefficient. 
p/2 V2 c2 

CD    spray drag coefficient ■ CD - C- 
so 0    t 

0 
CD    spray drag coefficient,  

s p/2 V2 ct 

c    strut chord, ft. 

d    depth of submergence from the undisturbed water surface to the 
lower end of the prismatic section of the foil (excluding the 
faired tip), ft. 

t    maximum thickness of strut, ft. 

speed, fps 

vii 
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q    dynamic pressure - § V , Ib/sq.ft. 

u 
FN   Froude number -—— 

gc 

Vc 
RN Reynolds number,    — 

p 
g gravitational acceleration,  ft/sec. 

p mass density of water, siugs/cu.ft. 

p 
Y kinematic viscosity of water,  ft /sec. 

AR aspect ratio,    d/c 

LER        leading edge radius 

viii 
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INTRODUCTION 

This report Is concerned with a study of the free surface effect on 

the drag of some vertical surface-piercing struts having symmetrical sec- 

tions and moving at zero angle of attack and at constant speed. This drag 

component Is usually referred to as the "spray drag" although it Is more 

properly descriptive of the free-surface drag. Data of this type are of 

interest in the design of hydrofoil craft and, at times, In the design and 

operation of hydrodynamic model test facilities where surface-piercing 

strut!, are employed as part of the experimental rig. 

The emphasis of the present study was to explore the effect of strut 

thickness and leading edge radius on the spray drag component. Five NACA 

k digit symmetrical airfoil sections were used In this study — all were 

tested at zero angle of attack. 

The work was sponsored by the Office of Naval Research and Adminis- 

tered by the David Taylor Model Basin under Contract Nonr 263(3^); EN 2^/31^- 

15-60. 
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MODELS AND  INSTRUMENTATION 

Models; 

Five strut models with NACA k  digit cross sections were constructed 

of mild steel, polished to a close tolerance. The models have sizes and 

properties shown in the sketch and Table I below. The lower tip of each 

model was half of a body of revolution formed by rotating a half section 

about the axis of symmetry. As the NACA designations listed In Table I 

Indicate, all models have the position of maximum thickness at the 3/10 

point from the leading edge. 

A 

2 CHORD 

Model 

NACA designation 

Thickness/Chord 

(Leading edge radlus)/Chord 

Table I 

ll^ll                      llgll M£ll MQll urn 

0010-63 0020-33 0020-63 0020-93 0030-63 

.10     .20 .20 .20 .30 

.0110   .0109 .0439 .1322 .0990 

Note: "B" and "0" are sections having leading edge radii smaller 
and larger respectively than the standard section "C" of 
the same thickness. 

Test Set-Up and Instrumentation; 

All tests were conducted In Tank No. 3 of the Davidson Laboratory. 

This test facility is 313 ft. long, 12 ft. wide, and nominally 6 ft. deep. 

The test models were rigidly attached at their upper end to the standard 

DL-10 lb. drag balance which was located above the water surface and attached 
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to the towing carriage. The test set-up was designed to provide for rapid 

adjustment of the wetted length of the surface-piercing strut. All tests 

were made with the strut at zero angle of attack which was achieved by 

aligning the strut with the towing rail system by means of an optical sight- 

ing device. The drag measurements were corrected for air tare obtained by 

running the carriage at different speeds with the lower tip of the model set 

Just above the level water surface. 

The test models listed in Table i were towed vertically at zero angle 

I      of attack and at the following test conditions. 

i 

i 

I 

Test speed; fps: 

Chord Reynolds No.   1 

Chord Froude No. 

10 

.36 x 105 

M3 

20 

2.72 x 105 

8.66 

30 

4.06 x 105 

13.00 

Submergence Depths: 

Submerged Aspect Ratio: 

1 to 5 

1 to 5 

Chords t 

In all cases the total drag force and the strut tip submergence below 

the static water line were measured. No attempt was made to artificially 

induce a turbulent flow over the foil section since successive test runs were 

made at a three-minute cycle in order to maintain a high level of residual 

turbulence in the towing tank. 

• 
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METHOD FOR ANALYZING THE DRAG DATA 

The drag force acting on any body moving recti1Inearly at constant 

speed through a fluid Is basically considered as the Integrated effect of 

those components of the shear and pressure forces which act parallel to 

the direction of motion. The sum of the shear force and the so-called vis- 

cous pressure drag Is termed the profile or section drag in two-dimensional 

flows. For surface-piercing struts, about which there are three-dimensional 

flows, the section drag is not the same for each section because of the 

presence of the free surface and because of the flows about the submerged 

tip of the strut. The presence of the free surface is evidenced In the 

following three ways: 

1. The pressure along the free surface intersection with the 

strut must be constant atmospheric. This implies that the 

pressure drag for sections near the free surface must be 

less than the section drag for deeply submerged sections. 

2. Formation of surface waves and attendant wave drag. The 

wave drag component is of Importance at low Froude number 

and Is negligible at very high values of Froude number. 

3. Foi-nation of spray and attendant spray drag. This drag 

component is of importance only at the higher Froude 

numbers. 

The drag attributed to the three-dimensional nature of the flows 

about the submerged end of the strut is entirely dependent upon the geo- 

metric conditions of the lower end; i.e., whether the lower end of the 

strut is connected to a hydrofoil, a nacelle, or if It is a free end, etc. 

It Is not the intent of the present study to investigate, in any detail, 

the drag influence of the lower tip. Consideration will, however, be given 

to estimating the lower tip drag of the particular test models studied in 

this investigation. 

:: 

i 

i 
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Residual Drag: 

The Intent of the present study is to isolate the effect of the free 

surface on the total drag of several surface-piercing struts at very high 

Froude numbers (FN > ^.3) wherein it can be assumed that the wave drag com- 

ponent is negligible. This can be accomplished if the tests and subsequent 

data analysis are conducted in the following manner. 

The total measured resistance (less air tares) will be plotted In the 

form DT/q(c)  as a function of submergence, d , for a strut (chord ■ c) 

towed at constant speed (FN > ^.3), and at zero angle of attack for several 

submergences greater than at least one chord. If these conaitions are ful- 

filled, the variation of total drag with submergence will be linear and the 

slope of the line through these data will be the two-dimensional profile 

drag. Furthermore, the intercept at d ■ 0 will be the sum of the free 

surface contribution to profile drag and the lower tip drag. 

In terms of the given nomenclature, the total drag is: 

DT - D + D (I) 
T   p   o x ' 

where: 

2 
dividing each term by qc 

2  qcd c    2 w 

qc   M      qc 

from the definitions given in the notation page: 

CD-V!+CD <3> 
P      o 

For a given value of €_ , this is a linear equation expressing the rela- 

tion between CD and 67c  . Rewriting equations (2) and (3): 

DT - [CD qcd] + D0 (4) 

D- ■ total drag 

D - profile drag (two-dimensional) 

D « residual drag (free surface effect plus submerged 
tip drag) 
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where Cp , the two-dimensional profile drag coefficient, is assumed con- 

stant. Then at d - 0 , the drag D_ = D , (free surface effect plus 

submerged tip drag). 

Added Drag of Lower Tip: 

The lower tip of each of the tested NACA four-digit series struts 

was a rounded half-body of revolution found by rotating a half section about 

the longitudinal axis of symmetry. Using an empirical formulation derived 

by S.F. Hoerner  it is seen that the drag of a wing tip with rounded edges 

is "negative". This means that the total parasitic drag of the wing with a 

rounded tip Is lower than the two-dimensional section drag — evidently 

because of the three-dimensional flow conditions about the tips. For a 

single wing tip with a "rounded" edge, Hoerner estimates the tip drag to be: 

t 2        t CD - -.02(f)      for (J) < 0.30 (5) 

No attempt has been made in this study to verify equation (5). 

•' 
1 



R-n92 

RESULTS AND DISCUSSION 

All the test data, corrected for aerodynamic tares, are given in 

Table II in the form of total hydrodynamic drag,  D- , and total hydrody- 

namic drag coefficient,  CD . The drag coefficients for the 20% thick 

struts, (Models B, C, and D), are plotted in Figure 1 as a function of sub- 

mergence aspect ratio.  Separate plots are given for each leading edge radius 

and on each plot the hydrodynamic data are presented for each of the three 

test speeds. Figure 2 presents similar data plots for the standard NACA 

four-digit airfoils having thickness ratios of 10%, 20% and 30% (Models A, 

C, and E). 

It is seen, in Figures 2 and 3,  that the data for each test speed are 

very well fitted by a straight line relation such as suggested by Equation 

(3)' Hence the method of data analysis proposed in the previous section of 

this report has been utilized to separate and define the various drag com- 

ponents of the surface-piercing struts. The slope of the straight lines 

for each test speed has been evaluated to determine the profile drag coeffi- 

cient, CQ . The zero draft intersect has been obtained by extrapolating 

the straight tines for d/c values less than 1.0 to obtain the residual 

drag coefficient CD . These drag components are presented in Table III 

for each test model and each test speed. The estimate of the lower tip drag 

given Equation (5) is also tabulated and subtracted from the residual drag 

coefficients to obtain the so-called "spray drag" coefficient CQ 
s0 

An analysis of these tabulated data is given below for the profile 

drag coefficient and spray coefficient. 

Profile Drag Coefficient  (Cn ): 

The profile drag coefficients given in Table III are plotted in 

Figure 3 as a function of thickness ratio for each test Reynolds number. 

For comparitive purposes, profile drag coefficients obtained by NACA for a 

4-digit airfoil series (Ref. 2) are also presented on Figure 3. These NACA 

data were obtained at a test Reynolds number of 6 x 10 -- nearly an order 

■■mfn*^*?'^'' 



R-1192 

of magnitude higher than the maximum test Reynolds number in the Davidson 

Laboratory tests. 

The leading edge radius was found to have only a small effect on the 

profile drag coefficient so that, for Models B, C, E — all having a 

t/c - 0.20 , an average value of CQ  is taken for each test speed. Hence 

Figure 3 shows separate curves demonstrating the variation of CQ  versus 

t/c for each test Reynolds number.  It is seen that, at each test Reynolds 

number, the profile drag coefficient increases approximately linearly with 

increasing thickness ratio — an effect which is consistent with the aero- 

dynamic results of Ref. 2. 

As expected, it is seen that the drag coefficient decreases with 

increasing Reynolds number. The high drag at low Reynolds numbers is caused 

principally by a relatively extensive region of laminar separation downstream 

from the point of minimum pressure. This region decreases in size with 

increasing Reynolds number and with increasing ambient turbulence level which 

influences the extent of the laminar boundary layer. 

No further analysis of these limited profile drag data will be made in 

this report except to state that the general trends in variation of drag with 

t/c and RN shown in Figure 3 are in agreement with aerodynamic test data 

(Ref. 2).  For practical design applications it is recommended that the pro- 

file drag coef 

used (Ref. 2). 

file drag coefficients obtained at high Reynolds numbers (RN > 6 x 10 ) be 

Spray Drag Coefficient  (CQ ): 

The residual drag coefficients, CQ , obtained from the extrapolated 

zero draft Intercepts in Figures I and 2 are given in Table III. It will be 

recalled that the residual drag represents the sum of the free surface spray 

drag and lower tip drag, it is seen that, for each test model, the residual 

drag is essentially independent of Reynolds number for the range of speeds 

considered in this study. The small variations in CQ that do appear for 

each model are well within the accuracy of the linear extrapolation of data 

shown in Figures I and 2. 

The estimated lower tip drag,  CQ , given by Equation (5) Is also J 

given In Table ill. This drag component is, In accordance with Ref. 1, 

8 I • - 
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independent of Reynolds number and hence is a constant for each test model. 

Because the lower tip of the test strut is rounded the drag correction is 

negative, i.e., causes a reduction in ':he profile drag. On the average, 

the tip drag is approximately 10% of the residual drag for all test models. 

This lower tip drag is subtracted from the residual drag to obtain the free- 

surface spray drag coefficient, CQ  , which is also presented in Table III. 
so 

In analyzing the spray drag it was considered to be more meaningful 

if the coefficient of spray drag was defined as CQ - Ds/qct rather than 
2 S 

as CQ  - Ds/qc  given in Table III. This is because the spray drag is 

expected to be dependent upon both the chord,  c , which is representative 

of the extent of the strut surface wetted by the spray and the thickness, 

t , which governs the pressure distribution on the strut. Accordingly, 

this CQ  definition of spray drag has been evaluated and is given in us 

Table IV. 

Effect of Froude Number on Cn :  An examination of the tabulated values 
üs 

of CD  for each strut model shows that, for the present high Froude 

number test conditions, wherein the gravity or wave making effects are 

small, there is little variation in CQ  with-Froude or Reynolds number. 

As in the case of the residual drag, the small variation in CQ  that do 

appear for each test strut are well within the accuracy of the extrapola- 

tion of data shown in Figures i and 2. Hence It is concluded that, for the 

NACA 4-dlgit airfoil sections, the spray drag coefficient is independent of 

Froude number for FN > 4.3. 

Effect of Strut Leading Edge Radius on CQ : Models B, D, and C were struts 

having a thickness ratio of 20% and LER/c values of 0.0109; 0.0132; and 

0.0^39 respectively. An examination of the tabulated values of CQ  for 
s 

these strut models does not show any consistent variation in spray drag 

coefficient with leading edge radius. The strut having the largest value 

of LER/c (Model C) has values of CQ  intermediate to those of Models B and 

D -- both struts having smaller values of leading edge radius than strut C. 

The difference between the average CQ  values for these three strut models 

Is, however, very small so that, for practical engineering design applica- 

tion, it will be assumed that the spray drag is independent of leading edge 

^.-^ ►• ■• 
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radius. This conclusion must, of course, be limited to the range of LER/c 

values considered in the present study. 

Effect of Strut Thickness Ratio on CQ :  Figure k  presents a plot of spray 

drag coefficient versus t/c for all test models. No attempt has been made 

to prepare separate curves for each RN or LER/c since, in accordance with 

the previous discussions the effect of RN and LER/c are found to be very 

smal1. 

It is seen in Figure k  that the experimental data can be represented 

by a linear relation between CR  and t/c . The empirical equation expres- us 
sing  this  relation  Is  found to be: 

C0    -  .03 +  .08 ^ (6) 
s 

This  relationship  is,  of course,   limited to ranges of    t/c    between   .  C and 

.30 for the NACA 4-diglt airfoil  series. 

The thickness  ratio  is thus found to have a significant effect on the 

spray drag of surface-piercing struts.    Using Equation  (6),  the spray drag 

Is: 

Ds - [.03tc +   .08t2]q (7) 

Hence,   for a given chord dimension,     c  ,   the spray drag   increases   in a com- 

bined   linear and quadratic function of strut  thickness    t   . 

This brief series of experiments have shown that the spray drag  Is 

indeed an  important contribution to the total  drag of surface-piercing 

struts.    For  Instance,   if a submergence aspect  ratio of 2.0  Is taken as a 

typical  strut operating condition; a strut   thickness  ratio of   10%  is  assumed, 

then  for  the  largest   test Reynolds number considered   in these tests, 

{k.06 x  10 )  the spray drag will  be approximately k0% of the strut profile 

drag.    This percentage will   Increase for   Increasing Reynolds numbers since 

the strut  profile drag coefficient decreases with Reynolds  number while  the 

spray drag coefficient  has  been shown to be essentially  independent  of 

Reynolds number.    With   increasing strut  thickness   ratio the spray drag con- 

tribution  to total  strut  drag  is even more  substantial.    For   instance. 

10 

■» 

/ 
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for a t/c - 30% , all other conditions being the same as for the t/c - 10% 

case, the spray drag will be Increased to nearly 60% of the strut profile 

drag. 

It would be of great Interest If additional data could be obtained 

for other strut sections and higher values of Reynolds number In order to 

ascertain the adequecy of applicability of Equation (6) over wider practi- 

cal operating conditions. 

II 

- 
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CONCLUSIONS 

Experiments have been conducted to evaluate the spray drag associated 

with NACA '»-digit airfoil section surface-piercing struts operating at Froude 

numbers greater than k.Q;  Reynolds numbers less than k.oS  x 10 ; submergence 

aspect ratios between 1 and 3; and strut thickness ratios between 10% and 

20%. The following effects were found: 

1. The spray drag coefficient was essentially independent of 

Reynolds number or Froude number. 

2. The leading edge radius had a small effect on the magnitude 

of the spray drag. 

3. Thickness ratio had a most pronounced effect on spray drag 

coefficient and is defined by the following empirical rela- 

tion. 

D. t 
Cn - ~r - .03 + .08 - D   qct c 

k.    For typical operating conditions of surface-piercing struts, 

the spray drag can be as high as ^0% of the strut profile drag. 
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I 

; 

TABLE : II 

TEST DATA 

HYDRODYNAMIC DRAG • • SYMMETRICAL SURFACE- -PIERCING STRUTS 

Cd- V i PV2C2 c ■ 2.0 In. 

Model _A Mode U* 
t/c - 0.10 LER/c ■ 0110 t/c - 0.20 LER/c - .0109 

V d Dj Co V d DT Co 
10.20 fps 2.0 In. .045 lb. .0155 10.20 fps 2.0  in. .069 lb .    .024 

3.0 .05^ .019 3.0 .089 .031 

k.O .067 .023 4.0 .112 .039 

6.0 .100 .034 6.0 .157 .054 

8.0 .131 .045 8.0 .196 .068 

10.0 .156 .054 10.0 .241 .083 

20.16 2.0 .122 .011 20.16 2.0 .207 .018 

3.0 .157 .014 3.0 .280 .025 

U.O .201 .018 4.0 .324 .029 

6.0 .291 .026 6.0 .451 .040 

8.0 .362 .032 8.0 .574 .051 

10.0 M6 .040 10.0 .705 .063 

30.30 2.0 .233 .009 30.30 2.0 .431 .017 

3.0 .315 .012 3.0 .563 .022 

k.O .413 .016 4.0 .661 .026 

6.0 .560 .022 6.0 .906 .035 

8.0 .721 .028 8.0 1.155 .045 

10.0 .903 .035 10.0 1.417 .055 

13 

I 
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TABLE   II   (continued) 

TEST    DATA 

HYDRODYNAMIC DRAG - SYMMETRICAL SURFACE-PIERCING STRUTS 

c - 2.0  In. Cd- Vl pV2c2 

Model C 

t/c - 0.20 LER/c - 0. 0439 

V d I>T CD 
10.20 fps 2.0  In. .073 lb. .025 

3.0 .09^ .032 

k.O .117 .040 

6.0 .160 .055 

8.0 .205 .071 

10.0 .2kk .084 

20.20 2.0 .227 .020 

3.0 .305 .027 

4.0 .369 .033 

6.0 .500 .044 

8.0 .627 .056 

10.0 .753 .067 

30.30 2.0 .505 .0197 

k.O .801 .0313 

6.0 1.056 .0413 

8.0 1.355 .0530 

10.0 1.591 .0623 

Model  D 

t/c 

10.20 fps 

20.16 

30.30 

0.20 LER/c • 0.01322 

d DT Cd 
2.0  In. .079 lb.    .028 

3.0 .102 .035 

4.0 .126 .044 

6.0 .163 .056 

8.0 .212 .073 

10.0 .255 .088 

2.0 .257 0227 

3.0 .325 ,0287 

4.0 .379 .0334 

6.0 .526 .0465 

8.0 .653 .0576 

10.0 .813 .0716 

2.0 .517 .020 

4.0 .784 .031 

6.0 1.049 .041 

8.0 1.338 .052 

10.0 1.613 .063 

14 
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I 
TABLE  II   (continued) 

1 

■. 

" 

TEST    DATA 

HYDRODYNAHIC DRAG - SYMMETRICAL SURFACE-PIERCING STRUTS 

Cd - Vg pv2c2 c - 2.0 In. 

Model E 

t/c - 0.30 LER/c - 0.0990 

V                  d DT CD 

10.20 fps    2.0 in.     .109  lb.     .038 

3.0 .13^ .0^6 

k.O .172 .059 
6.0 .233 .081 

8.0 .296 .103 

10.0 .361 .126 

20.16           2.0 .337 .030 

3.0 MS .039 

U.O .509 .045 

6.0 .666 .059 

8.0 .848 .075 

10.0 1.113 .100 

30.30           2.0 .689 .027 
4.0 1.030 .040 

6.0 1.333 .052 

8.0 1.688 .066 

10.0 2.247 .084 

15 
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0 o (L  - Residual Drag Coefficient ■  jr-r 
Do | V2c2 

Cft      »    Profile  Drag Coefficient      ■     ?— 
% | V2cd 

Dt 

D 
s 

I V c o t 

16 

: 

TABLE III 

DRAG COMPONENTS - SYMMETRICAL SURFACE-PIERCING STRUTS 

Model  t/c    LER/c      RN Cn CD CD CD 
P      * 

A   0.10   0.0110  ^.06 x 105 .0030 .0063 -.0002 .0032 
2.72 .0035 .0073 -.0002 .0037 
1.36 .0040 .0100 -.0002 .00^2 

B   0.20   0.0109  ^.06 x 105 .0080 .009^ -.0008 .0088 
2.72 .0080 .0109 -.0008 .0088 
1.36 .0080 .0150 -.0008 .0088 

C   0.20   0.0^39  ^.06 x 105 .0085 .0109 -.0008 .0093 
2.72 .0090 .0116 -.0008 .0098          | 
1.36 .0095 .01^9 -.0008 .0103          I 

D   0.20   0.0132 k.06 x 105 .0090 .0108 -.0008 .0098 
2.72 .0100 .0123 -.0008 .0108          | 
1.36 .0120 .0:52 -.0008 .0128          I 

E   0.30   0.0990  4.06 x I05 .0150 .0127 -.0018 .0168 
2.72 .0150 .0142 -.0018 .0168          \ 
1.36 .0150 .0219 -.0018 .0168          ■ 

1 
J 
I 

C,.  ■ Estimated Tip Drag Coefficient ■  r-r « 

CD  ■ Free Surface Drag Coefficient  ■  T-T = C. - C- 

1 
1 
r 
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TABLE  IV 

SPRAY DRAG - SYMMETRICAL SURFACE-PIERCING STRUTS 

\ ," qV
2c2 

\ 

D5 

" t ' q V2ct 

Model t/c LER/c RN CD$ \ 

.10 0.0110 4.06 x 105 

2.72 
1.36 

.0032 

.0037 

.0042 

.032 

.037 

.042 

.20 0.0109 4.06 x 105 

2.72 
1.36 

.0088 

.0088 

.0088 

.044 

.044 

.044 

.20 0.0439 4.06 x 105. 
2.72 
1.36 

.0093 

.0098 

.0103 

.046 

.049 

.051 

.20 0.0132 4.06 x 105 

2.72 
1.36 

.00^9 
,01CÖ 
.0128 

.049 

.054 

.064 

.30 0.0990 4.06 x 105 

2.72 
1.36 

.0168 

.0168 

.0168 
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