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ABSTRACT 

f 4 M 6  
A sensitive balance for making direct measurements of skin friction drag 

forces in the LTV Research Center boundary layer channel has been built and 
calibrated. 
and magnetic field to obtain a restoring force that balances the drag force. 
For a constant magnetic field the current required to null the balance is a 
linear function of the applied force resulting in a calibration factor of 
0.220 milliamps per mill igram of force. 
wall shearing stress over a range of values up to 7.0 dyneslcm 
with expected average accuracy of f le for turbulent boundary layer flow. 

The balance i s  a null-type instrument employing a crossed current 

The balance will be used to measure 
2 -4 
(10 lb/in2) 

The text of this report covers in detail the developnent and testing of 
a protytype model balance and the final design, calibration, and performance 
of the operational skin friction balance. Experimental data are presented to 
illustrate the quality of measurements that can be made with this instrument. - 
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INTRODUCTION - 
Since the early years of the 20th century when the boundary layer concept 

was first introduced into the field of fluid mechanics there has been an ever 
increasing interest in the phenomenon of viscous or frictional drag. As the 
performance of modern day aircraft and naval vessels is constantly being ex- 
tended, more and more attention is being focused on the problem of understanding 
the nature of viscous drag with the hope of being able to find methods by which 
its detrimental effects can be reduced. The speeds of vehicles operating in 

viscous media are now great enough that skin friction drag can account for a 
considerable portion of the total drag force, as much as 50 percent in some 

cases. 
tion drag forces are necessary in order to achieve optimization of future vehicle 
designs. 
boundary layer problem. 

It is therefore evident that effective methods for reducing skin fric- 

These methods must come from a new and extended understanding of the 

In 1 9 0 ,  the first steps were taken to establish a facility within the 
LTV Research Center for use in a program of experimental boundary layer re- 
search. 
layer flows required an intensive experimental investigation in order to ob- 
tain a detailed description of the various phenomena that occur. These ex- 
perimental results would then serve as a foundation upon which new theories 
might be built. The facility that grew from these plans is the LTV Research 
Center boundary layer channel. 
and a complete description can be found in reference 1. 
layer channel is a straight plexiglass tube having a test section 25-feet long 
with an 8-inch internal diameter. 
is from zero to approximately 55 feet per second. 

It was felt that the h i g h l y  non-linear nature of certain boundary @ 

A sketch of the facility is shown in Mgure 1 
Basically, the boundary 

The Operating range of free stream velocities 

The boundary layer channel was designed specifically for use in studies 
of the transition process from laminar to turbulent flow in the boundary layer, 
and experience has proved Its ability to simulate the two-dimensional flat 
plate problem for laminar flow. 
bulent boundary layer flow by artificially tripping the boundary layer. 
this case the flow does not exactly duplicate that of the flat plate due to 
pressure gradient and three dimensional effects and analyses must be re- 
stricted to evalutions based on local flow conditions. 

The channel can also be used to produce tur- 
For 

o 
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A t  t he  present  t i m e  the  boundary layer  channel i s  being used i n  a study 

of turbulent  boundary l a y e r  flow. 

the  e f f e c t s  on a turbulent  boundary layer  caused by placing d i sc re t e  d i s tu r -  

bance producing elements on the  bounding w a l l .  

e f f e c t  of the  disturbance elements on sk in  f r i c t i o n  drag and heat  t r ans fe r  with 

a more fundamental i n t e r e s t  i n  gaining a de ta i l ed  descr ipt ion of the  bas ic  flow 

phenomena under such conditions. 

The object ive of the  study i s  t o  determine 

Specif ic  i n t e r e s t  l i e s  i n  the  

The purpose of t h i s  repor t  i s  t o  describe an instrument t h a t  has been 

developed f o r  use i n  the  boundary layer channel i n  conjunction with t h e  afore- 

mentioned experimental study of turbulent boundary layers.  
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INITIAL STUDIES 
,.--I_ 

A t  the outse t  of the program t o  study the e f f e c t s  of d i sc re t e  disturbance 

producing elements on f u l l y  developed turbulent  boundary layers  it was ap- 

parent t h a t  one requirement would be an accurate method of determining w a l l  

shearing stress. 

effectiveness of the  various disturbance producing elements. 

This i s  necessary t o  provide a bas is  f o r  comparison of the  

Wall shearing stress can be determined by several  methods f o r  turbulent  

boundary layers.  

l ayer  as determined from ve loc i ty  prof i le  measurements provided t h a t  t h e  pres- 

sure gradient i s  zero or t h a t  i t s  ef fec ts  can be accurately taken i n t o  account, 

it can be obtained with the  a i d  of Newton's v i scos i ty  l a w  and ve loc i ty  measure- 

ments i n  the  viscous sublayer, o r  i t  can be determined d i r e c t l y  by measuring 

the  f r i c t i o n  drag force  on a known segment of surface area. The last  method 

employs an instrument commonly known as a sk in  f r i c t i o n  balance for measuring 

the  drag forces,  and has been used with good success by several  invest igators .  

The first s ign i f i can t  measurements of t h i s  type were made by Kempf (reference 

2) and Schultz-Grunow (reference 3),  and i n  more recent  years many advancements 

i n  t h e  technique have been made, notably by Coles (reference 4), Dhawan (ref- 

erence 5), and Fenter (reference 6). 

It can be r e l a t ed  t o  the  momentum d e f i c i t  i n  t he  boundary 

a 
The f irst  two methods mentioned above require  t h a t  t he  ve loc i ty  throughout 

the  boundary layer  be measured accurately. 

bulent boundary layer,  espec ia l ly  if the  ve loc i ty  p r o f i l e  i s  d i s to r t ed  and 

i r r egu la r  as might be expected i n  the v i c i n i t y  of any s t rong disturbance. 

t h i r d  method i s  not l imited i n  this manner and was chosen as being the  most 

promising due t o  i t s  inherent independence of the  nature of t he  boundary l a y e r  

flow . 

This i s  not e a s i l y  done f o r  a tur-  

The 

After t he  decision was made t o  use a skin f r i c t i o n  balance as the  primary 

instrument for obtaining w a l l  shearing stress the f i r s t  t a sk  was t o  determine 

i t s  required specif icat ions.  

ing  s t r e s s  t h a t  would be encountered i n  the  experiments had t o  be established. 

This w a s  done by measuring a s e t  of t i m e  averaged ve loc i ty  p ro f i l e s  i n  a tur- 
bulent boundary layer  flow on the  smooth w a l l  of the boundary layer  channel 

f o r  several  flow rates and a t  several s t a t ions  along the  length of the  channel. 

To begin, the  approximate range of w a l l  shear- 

a 
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a The measurements were made with a constant-current ho t  wire anemometer and 

covered a range of Reynolds numbers frcrn 3.3 x 10 

momentum thickness of the  boundary layer. 7'0 a 1 l . o ~  for the  e r k c t s  of' the  

moderate pressure gradient the  wall shearing s t r e s s  was calculated from the 

von K&ma$ momentum theorem (reference 7 )  i n  the rorm 

3 4 t o  1.2 x 10 based on the  

7 = wall shearing s t ress  

p = f l u i d  densi ty  

0 
where 

U 

0 = boundary layer  momentum thickness defined as 

= l o c a l  mean velocity a t  outer edge of the  boundary layer  
03 

(1- k )  dy 
0 -  m 

u 3: l o c a l  mean veloci ty  i n  the boundary l aye r  

x = distance parallel t o  the  flow di rec t ion  measured from an 

a r b i t r a r y  or igin 

y = distance from the wall 
H = boundary l aye r  velocity p ro f i l e  shape parameter defined as 

6* U - where 8 i s  as defined above and 6* = e 
W 

A l l  of the  parameters i n  the  momentum equation were obtained from the  ve loc i ty  

p r o f i l e s  and the  calculat ions placed the maximum wall shearing s t r e s s  f o r  the 

undisturbed turbulent  boundary layer i n  a range from 3.5 dynes/cm 

1b/in2) t o  7.0 dynes/cm2 lb/ in2) .  

2 ( 5  x 

A skin f r i c t i o n  balance measures forces  and the  magnitude of t he  forces  

depends not only on the  shear s t ress  but  a l so  on the s i ze  of the  surface e l e -  

ment used with the balance. It i s  norinally desirable  to keep the surface e le -  

ment small so  t h a t  a t rue  l o c a l  measurement can be made, but  i n  t h i s  case a 
very small element would produce extremely small forces because of the low 

shear s t resses .  A disk 1.25 inches i n  diameter was chosen f o r  the surface 

element which, f o r  the  calculated rarx;e of :;hear stress, w i l l  give a drag 
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-4 
force  range from 6.0 x lb. to 1 . 2  x 10 lb .  It was believed t h a t  forces  

i n  t h i s  range can be measured wi th  a n  wcuracy on the  order of 1 percent but the  

accuracy i n  measurements of smaller forces w i l l  probably decrease. 

\ / i t11 t he  s i z e  of the  surface element established, a survey was made of t he  

balance methods used by previous invest igators  f o r  drag force measurements. 

me most popular method seems t o  be one i n  which the  surface element i s  sup- 

ported by a f lexure system t h a t  allows 8 sinal1 t r ans l a t ion  of' the  f l o a t i n g  sur- 

face element when acted uponby the surface shearing s t r e s s .  The displacement 

of the f loa t ing  element i s  then cal ibrated as a function of the  drag force and 

read by some ty-pe of accurate posit ion indicator .  

t h i s  type of instrument with good success noting t h a t  the main sources of 

t rouble  were i n  keeping the surface of the  f loa t ing  element p a r a l l e l  with and 

recessed from the surrounding surface throughout i t s  t rans la t ion ,  and determin- 

ing  and correcting t o r  the e f f ec t  of pressure gradients i n  the flow d i rec t ion  

as the gap between the f loa t ing  element and surrounding surface changed geometry 

during t r ans l a t ion  of the  element. 

bas ic  balance with the  addi t ion of  a n u l l  feature whereby the  element was 

mechanically returned t o  the  same posit ion f o r  each measurement. The dis tance 

the element had t o  be moved from i t s  i n i t i a l  displacement t o  the  n u l l  pos i t ion  

w a s  measured with a micrometer and related t o  the  drag force. A s l i g h t l y  d i f -  

f e r en t  approach was t r i e d  by Smith and Walker (reference 8) a t  Ames Research 

Center. Their balance, which a l so  operated on a n u l l  pr inciple ,  had an  ele-  

ment t h a t  w a s  reposit ioned i n  the center of i t s  cavi ty  as each measurement was 

made by a var iable  s t rength electromagnet t ha t  provided the  force  necessary t o  

counteract t he  drag force  and n u l l  t h e  balance. 

Dhawan (reference 5 )  used 

Coles (reference 4) a l s o  used the  same 

Considering the  nature of the  boundary layer  channel the  n u l l  ty-pe balance 

was chosen as being the  bes t  suited.  The curved w a l l  could fu r the r  complicate 

the  problem of maintaining alignment and parallelism for  a t r ans l a t ing  f l o a t i n g  

element, and the  s ign i f icant  pressure gradient  ex is t ing  i n  the  channel with 

turbulent  boundary layer  flow could be troublesome. The n u l l  ty-pe balance 

would minimize these problems by assuring the same geometry for the  system 

during a l l  measurements regardless of t he  magnitude of the drag force.  The 

flexure system could a l s o  be simplified t o  be a simple pivot  ins tead  of the 
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four-bar type linkage necessary when Lhe l ' loatinc element i s  rnaintained para- 

l l e l  t o  i t s  surroundings during nioveincnt. 
a 

A t  t h i s  point  a de ta i led  analysis was made t o  check the  f e a s i b i l i t y  of 
using n null-type balance and t o  es tab l i sh  the necessary components. 

A. Posit ion Indicator  
II_ 

The hear t  of any null-type device i s  the  component t h a t  ind ica tes  a 

nul led condition. I n  t h i s  case t h a t  component must monitor t he  pos i t ion  of 

t he  f loa t ing  surface element of t h e  balance. 

and a l s o  from numerous references a d i f f e r e n t i a l  transformer was known t o  be 

an excel lent  device f o r  t h i s  purpose. 

d i f f e r e n t i a l  transformcrs manufactured by the  Schaevitz Engineering Co., Camden, 

New Jersey, was chosen. Some comments on the  use of t h i s  transformer w i l l  be 

made l a t e r ,  but suf'fice it t o  say here t h a t  t h i s  model transformer, when ex- 

c i t e d  wi th  'j vol t s  a t  a frequency of 20 kilocycles  per second, has an output 

s i g n a l  change of 21.7 mil l ivo l t s  per 0.001 inch displacement of the  core. 

se rva t ive ly  assuming a resolut ion of 0.5 mil l ivo l t s  i n  the  output signal,  

changes i n  the  pos i t ion  of the  transformer core as s m a l l  as O.OOOO23 inches 

can be measured. 

From previous personal experience 

One of the model OOSMS-L l i n e a r  var iab le  

Con- 

a 
B. Flexure System - - 

A s  mentioned previously a null-type balance can have a simple pivot 

arrangement as the  support f lexure.  

end of a beam which pivots  within a f ixed  framework. 

i s  t h a t  the  pivot  must be free of f r ic t ion .  

bearing type pivots. 

it w i l l  always have some amount of f r i c t i o n  which cannot be accurately de- 

termined, and it was f e l t  t h a t  f o r  the measurement of the  very sman drag 

forces  no f r i c t i o n  a t  a l l  could be to le ra ted  because of the uncertainty it 

would put i n t o  the measurements. 

The f l o a t i n g  element can be f ixed t o  one 

'fie only r e s t r i c t i o n  

This rules out t he  use of simple 

No matter how good a conventional bearing assembly is  

The problem of f r i c t ion le s s  bearings has been dea l t  with thoroughly 

by Eastman (reference 9 ) .  H i s  paper describes a flexure system t h a t  a c t s  as 

a true f r i c t i o n l e s s  pivot  through a r e s t r i c t e d  angle of rotat ion,  having very 

small spring constants but  capable of supporting appreckb le  loads. The only 
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f r i c t i o n  involved i s  the  molecular f r i c t i o n  generated by the  f l ex ing  of the  

members and t h i s  i s  qui te  negligible.  A brief search revealed t h a t  t he  same 

type of pivot, i s  now ava i lab le  commercially from the  Bendix Corporation, Utica, 

New York, under the t rade  name of Bendix Free-flex Flexural  Pivot. 

I n  order t o  choose a pa r t i cu la r  pivot t he  required spr ing constant had t o  

Taking the  minimum useful values determined f o r  t he  drag force  be determined. 

and the  core displacement of t he  d i f f e r e n t i a l  transformer a maximum allowable 

e f f ec t ive  spr ing constant for the  balance f lexure  system was calculated.  

a r a t i o  between the  moment arms about the  pivot  point of the  drag force  and 

the  transformer core w a s  set. Since the  f l o a t i n g  w a l l  surface element was t o  
be r e s t r i c t e d  t o  small displacements it was f e l t  t h a t  t h e  transformer moment 

arm should be the  longer of the  two i n  order t o  ge t  as large a movement as 
possible  for the  transformer core. The r a t i o  w a s  se t  a t  3:2 for convenience, 

The e f f ec t ive  spr ing constant of the f lexure  system i s  defined as 

F i r s t  

M m 
5 " F -  

where M = moment about center  of ro t a t ion  

0 = angular displacement , 

F = drag force 

R = moment arm of drag force . 
Set t ing  the  transformer core moment arm a t  three  inches, t he  drag force  moment 

arm a t  two inches, the drag force  a t  6 x low7 lb. ,  (1 percent of the minimum 

expected drag force)  and the  transformer core displacement a t  O.OOOO23 inches, 

the  spr ing constant was calculated t o  be 0.157 inch-pounds per radian. 

i s  the  maximum value for the  spring constant t h a t  w i l l  provide the  desired 

s e n s i t i v i t y  and resolution. 

This 

A Bendix pivot  having a spring constant of 0.102 inch-pounds per radian 

and capable o f  supporting 8.5 lb. i n  compression and 19.0 lb .  i n  tension w a s  
chosen. This pivot i s  only 0.25 inches i n  diameter and 0.40 inches long and 

w i l l  allow angular ro ta t ions  of k 30". 

C. N u l l  Force Svstem 

"he l as t  major component of t he  balance t o  be exam;ined was the  system 
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f o r  providing a res tor ing  momcnt t o  counteract the moment of the drag force 

and n u l l  the balancc. 
did Smith and Walker a permanent magnet with a moveable conductor suspended 

i n  i t s  f i e l d  w a s  chosen. It was f e l t  tha t  the permanent magnet would provide 

a more uniform and constant magnetic f ie ld .  

moment i s  obtained by varying the d i rec t  current through the moveable con- 

ductor which i s  one s ide  of a wire co i l  t h a t  i s  fastened t o  the balance beam 

and extends i n t o  the gap between the magnet pole pieces. This can be done 

eas i ly  and qui te  accurately. The force created i n  t h i s  manner conforms t o  

Ampere's IRW i n  the  form 

Instead of using a vari8ble s t rength electromagnet as 

"he var ia t ion  i n  the res tor ing  

F = RNIL x , (3)  

where F = force i n  newtons 

B 

NI 

magnetic flux density i n  gauss 

= product of number of conductors and current per conductor 

L E length of conductors i n  meters . 
A permanent magnet of Alnico V was taken from a discarded ammeter. New 

pole pieces of s o f t  i ron  were machined and soldered t o  the  Alnico V slug, 

The magnet was energized and then a r t i f i c i a l l y  aged by being subjected t o  

moderate heat and vibra t ion  u n t i l  it s t ab i l i zed  a t  a s t rength of 3100 gauss. 

The dimension across the face of the pole pieces was 0.67 inches (0.017 
and was taken t o  be the same as the e f fec t ive  conductor length L i n  the above 

equation. 

mum expected drag force,  which was previously calculated as 1.2 x lf4 lb. 

(5.4 x 10 A 

c o i l  wound with 10 turns  then requires only 10,2 mil l imps  of current t o  

counteract a drag force of 1.2 x lom4 lb. 

small so as t o  f i t  i n t o  a narrow gap between the magnet pole pieces and b a t t e r i e s  

can be used t o  provide the current. 

meters) 

For t h i s  magnet t o  produce a force on a conductor equal t o  the  maxi- 

-4 newtons), the c o i l  must have a t o t a l  of 0.102 ampere turns. 

Consequently the  c o i l  can be made 

-9 - 



A. Design 

After making the i n i t i a l  studies i n t o  the  f e a s i b i l i t y  of a null-type 

s k i n  f r i c t i o n  balance i t  was f e l t  t h a t  a p r o t o t y p  instrument would be advan- 

tageous for checking out a l l  of the  involved pr inc ip les  and components. 

prototype balance was made as simple as possible while employing a l l  of the 

operating fea tures  and important dimensions tha t  would be used i n  the  opera- 

t i o n a l  balance. The r e su l t i ng  instrument i s  shown i n  the sketch of J3gure 2. 

The 

FLEXURE PIVOT 
COIL SPRING 

T A N S F O R M E R  P O ' '  BEAM-/ 

I I PLAT E 

MAGNETS 

BASE 1 'COIL ELECTRICAL 
CONNECT1 ONS 

FIGURE 2. THE PROTOmPE BALANCE 
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A simple beam w a s  at tached t o  a f lexure  pivot which was mounted i n  
a f ixed frame. A pan fo r  holding ca l ibra t ion  weights was hung on a kni fe  edge 

a t  a point on one end of the beam 2.0 inches from the  pivot  axis .  The core 

of a Schaevitz transformer was f ixed t o  the  other  end of the  beam a t  a d is -  

tance 3.0 inches from the  pivot axis.  

magnet wire was f ixed t o  the  beam centered about a point  2.0 inches from t he  

pivot  axis and on the  opposite s ide of t he  ax is  from the  weight pan. 

transformer case was f ixed t o  the balance frame and centered so t h a t  t he  core 

could move within the cavi ty  of the case but  not touch it. The permanent 

magnet was a l s o  attached t o  the frame i n  a pos i t ion  so t h a t  t he  moving c o i l  

would be centered i n  the gap between t h e  pole pieces. 

f ixed t o  the  frame and a copper plate  t h a t  extended i n t o  the gap between the  

magnet poles. was attached t o  the beam. 

beam osc i l l a t ions .  

A c o i l  wound w i t h  10 turns  of 1/28 

The 

A second magnet was 

'This provided a system f o r  damping 

The beam was s t a t i c a l l y  balanced t o  give a zero moment a t  the  f lex-  

One end of the moving c o i l  was ure  pivot  fo r  zero weight i n  the  weight pan. 

grounded t o  the  beam which had e l e c t r i c a l  cont inui ty  through the  f lexure pivot  

t o  the  balance frame. The other end of t he  c o i l  was connected t o  a beryllium 

copper c o i l  spr ing t h a t  w a s  centered on the pivot ax i s  and at tached by means 

of an insu la ted  mount t o  the frame. M r e c t  current w a s  supplied t o  the  moving 

c o i l  through the beryllium copper spring. 

used i n  sens i t ive  ammeters. 

moment of the  f lexure system but it allowed the  e l e c t r i c a l  l ead  t o  be brought 

out  from the  beam without any flexing wires t h a t  would i n t e r f e r e  with free 

movement of the beam. 

The spring was one of t he  type 

It added a negl igible  mount t o  the  res tor ing  

B. E lec t r i ca l  System -- 
The e l e c t r i c a l  instrumentation system developed For t he  prototype 

Several problems balance i s  a l s o  being used wi th  t h e  operat ional  balance. 

were involved with the e l e c t r i c a l  sys t em which w i l l  be explained i n  the  

following description. 

tem i s  shown i n  Figure 3 .  
A schematic diagram of the  corn;plete e l e c t r i c a l  sys- 
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PREAMPLIFIER 

H 0 R 1 20 N TAL 

COIL 

........... ........... ........... 

l - - . - - - d  

TRANSFORMER CORE ATTACHED 
TO BALANCE BEAM 

&--I+ - 

OSCILLAT 0 
5 VOLTS 
C? 20 KC 

R 

FIGURE 3 .  SCKEMATIC DIAGRAM OB T€E 
BALANCE ELECTRICAL S Y S T m  
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Direct current was supplied to the moving beam coil by mercury 
batteries having a voltage of 2.8 volts. 
parallel branches. 
slight static unbalance and initially null the system, and the current in the 

second branch was used to cancel the applied forces. The currents in both 
branches were controlled by variable resistances in series with the batteries. 

The current in the second branch wa3 variable from 62 micromps to 19 milli- 
amps and could be read with an accuracy of 1% over the entire range. 

The circuit was divided into two 

The current in one branch could be adjusted to overcome 

The Schaevitz transformer vas powered by an audio oscillator pro- 
viding a 5 volt input with a frequency of X) kilocycles per second. This 
type of transformer operates on the principle that a movement of the core 
relative to the windings causes a change in transformer reactance. 
change in reactance causes a change in output voltage of the transformer which 
can easily and accurately be related to the core displacement. 
former configuration and external circuitry are shown schematically in Figure 

3. 
voltage is a linear function of the position of the iron core. 
potentiometer is connected across the  output to allow reduction of the voltage 
signal at the null position of the transformer core. 
curve is shown in Figure 4. 

The 

The trans- 

The two secondary coils are connected in opposition such that the output 
A 5,000 ohm 

A typical output signal 

Output, Volts 

Signal Phase Changes 180" 
Across N u l l  Point 

Magnitude of Null 
Point Voltage 
Varies Slightly Null Point 

- 
Core Displacement, Inches 

Figure )+. Transformer Output as n 
Function o f  Care Displacement 
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I n  order t o  sense :;mall di:;placeinerit:I; 01' the transformer core, and 

hence small changes i n  output voitagi., it wn:;  necessary t o  s e t  the  t rans-  

f o i q e r  core so that it:; n u l l  position corr.e:-~ponded wit.h the  n u l l  posi.Lion of 

the  bal.arlce. The n u l l  output si.@lal. 1,rar; Lhen ndju:;ted to  a rninirnum by means 

of the potentioineter across Lhe tr.ai1sPormc.r. outixrt. The exact value of n u l l  

point  voltaGe mrty va1.y ai; Lhe s ignal  from the o s c i l l a t o r  var ies  i n  s-Lrength 

o r  frequency, bu t  i r l  any case the m i n i m u a  value a l w a y s  occui's with the  core 

i n  the same posi t ion.  'hus, t o  nul l  the  balance, it i s  only necessary t o  

ad jus t  the  current through the moving beam c o i l  u n t i l  a minimum output s igna l  

i s  obtained a t  the  transformer, 

@ 

There a r e  several  ways by which t o  nionitor the transformer output 

Since only the  czmnplitude of the  a-c s igna l  i s  of i n t e r e s t  i n  sensing s ignal .  
a displacement of the  core, an .WE voltmeter can be used with fa i r  success 

provided it has adequate sensi t ivi ty .  

and read on a d-c vo l t  meter, bu t  i n  both of these cases the  inherent ly  slow 

response t i m e  of t he  meter causes problems i n  f inding the  nu l l  se t t ing .  

The a-c s igna l  can a l so  be r e c t i f i e d  

The method chosen f o r  monitoi*ing the  transformer s igna l  i n  t h i s  

balance system proved t o  be faster and more r e l i a b l e  than e i the r  of those 

mentioned above. 

pre-amplifier and then i n t o  the  ve r t i ca l  input of an oscilloscope. 

same s igna l  from the o s c i l l a t o r  ( 5  volts ,  20 kc)  that  exc i tes  the transformer 

i s  Ped in to  the  horizontal  input of the  oscilloscope. The r e su l t i ng  osc i l lo -  

scope t race  i s  a closed loop. When the transformer, and hence the balance, 

i s  nul led the  loop i s  collapsed f l a t ,  closed, rind horizontal .  When the t rans-  
former core moves away from the null posi t ion the loop ro t a t e s  through an 
angle t h a t  i s  proportional t o  the core displacement. 

balanced t o  the n u l l  condition by adJusting the current i n  the  moving beam 

c o i l  u n t i l  the  oscilloscopc trace i s  again horizontal .  

the  same as tha t  of the balance system since the  oscil loscope adds no addi- 

t i o n a l  damping. Also the direct ion of rotaLion o f  the  scope t race  ind ica tes  

the  s ide  of the n u l l  posi t ion t o  which the  traan;l'oriner core has moved due t o  

a lwo  phase s h i f t  i n  the :;itgal as the  core passes throueh the n u l l  point. 

@ 
The a-c s igna l  from the  transformer output i s  f ed  i n t o  a 

The 

The system i s  re-  

The response t i m e  i s  



t o  harmonic content i n  the  transformer output. Without f i l t e r i n g ,  the  har- 

monics, espec ia l ly  the  th i rd ,  i n  the 20 kc s igna l  caused the  oscil loscope 

t r a c e  t o  have a r ippled appearance. A f i l t e r  designed t o  reduce the  t h i r d  

harmonic produced a s a t i s f a c t o r i l y  smooth t race.  A phase s h i f t i n g  c i r c u i t  

was added t o  the  horizontal  input t o  allow phase matching of the  v e r t i c a l  

and horizontal  signals.  This was necessary t o  keep the  scope t r ace  from 

opening i n t o  a loop as it ro ta t e s  from the  n u l l  posit ion.  

The prototype balance was cal ibrated over a force range of 0.18 
milligrams (4 x lbs. ) t o  53.7 milligrams (1.2 x lbs .  ). The current  

through the  secondary c i r c u i t  l e g  of the  moving beam c o i l  was adjusted t o  

achieve a nul led condition for  the balance while the  current i n  the primary 

c i r c u i t  l e g  was i n i t i a l l y  maintained a t  a small value which was t r ea t ed  as 

a tare reading. Calibration weights cut  from aluminum f o i l  were used t o  load 

the  balance. The ca l ibra t ion  curve was exact ly  l i n e a r  as expected. There 

was es sen t i a l ly  no s c a t t e r  i n  the  data points except for the  smallest forces,  

and t h i s  s c a t t e r  w a s  only of the same order as the  uncertainty i n  the weigh- 

ing  of t he  smallest ca l ibra t ion  weights. 

repeatable with a ca l ibra t ion  constant of 0.19 milliamps of current per 

milligram of force.  

The ca l ib ra t ion  proved t o  be very 

After ca l ibra t ion , the  prototype balance was mounted on the  frame- 
work of the boundary layer  channel t o  check the response of the  system t o  

vibrat ion.  

channel was run through i t s  operating range. This can be a t t r i bu ted  t o  the  

f a c t  t h a t  the  na tura l  frequency of the balance system was approximately one 

cycle per second while the  vibrations i n  the  boundary layer  channel were on 

the  order of 30 

No s ign i f i can t  e f f e c t s  of v ibra t ion  were encountered as the  

cycles per second and with very small amplitude. 

-15- 



A. Construe Lion ._. -_I c 

M t e r  thc fe, t : ; ibil i ty of i:ir bctlancc c>ybterii w a s  vei-ifieil by the 

favorable re.;ults from the  prototype inodel an operciLiuncll skin L'riction 

balance vas designed and fabricated.  19 phutop,r"ipli of the balance i s  shown 

i n  Figure 5. Noticeable coi~iponentu arc the tw iriagiieLa, ihe  beaii c o i l ,  the  

Schaevitz transformer, and some of the adjustrnerlt scrc.ws. 

shown mounted i n  a s u b s e c t i o n  of' t h e  boundary l ayer  channel. 

balance i s  essent ia l ly  the same as the prototype with respect  t o  the major 

components and general arraiigemcnt, but  some or Lhe de ta i ls  require  fu r the r  

descr ipt ion.  Unless noted otherwise, all. pa r t s  a r e  made of aluninum. 

The bnlance i s  

The operat ional  

1. Beam Assembly 

The beam assembly consists of a r i g i d  b e a n  5.40 inches i n  length 

with the  core of' a Schaevitz transfor!rier attached near one end a t  a point  3.0 

inches from the  pivot  axis and the f loa t ing  w a l l  surface element (hereaf te r  

r e fe r r ed  t o  as a d i s k )  attached t o  the  other end so t h a t  the  skin f r i c t i o n  

drag force a c t s  a t  a dis tance of 2.0 inches from the  pivot  axis. The diameter 

of t he  disk i s  1.250 inches and the surface area i s  1.233 square inches. A 

10-turn c o i l  of if28 magnet wire i s  located with i t s  center 2.0 inches from 

the  pivot  axis on the  opposite s ide  of the  pivot from the  disk. 

leads from the  c o i l  are iden t i ca l  t o  those on the  prototype balance with 

one being grounded t o  the  beam and the other  brought out t h rowh  a beryllium 

copper c o i l  spring. 

disk t o  a c t  i n  conjunction with a magnet on the frcune as a damping system. 

The beam assembly i s  fastened t o  a f lexure pivot with :;et screws. 

E lec t r i ca l  

A t h i n  copper p l a t e  i s  attached t o  the  beam near the 

2. Frame 

The balance frame i s  a r i g i d  assembly t o  which i s  attached the 

transformer case, the  two magnets, and the beam assembly v i a  the  flexure 

pivot.  

push and p u l l  between the  frame and base allowing adjustments i n  height and 

tilt of the frame with respect  t o  the base. The frame members tha t  hold the  

The frame at taches to a base with adjustable  screws t h a t  a l t e rna te ly  

f lexure pivot  and the transformer case a rc  adjustable  i n  all di rec t ions  i n  e 
- 16- 



Figure 5, The Skin Frict ion Balance Shown Mounted i n  a 
Sub-section of the Boundary Layer Channel. -17- 

t 



a horizontal  plane, and the inemher hol.ding the transformer case can a l s o  be 

adjusted i n  height and tilt with respect t o  t h e  f'rmie i n  t h e  sane manner as 

t h a t  i n  which the  frame i s  adjusted with respect  t o  the base. 

adjustments allow the disk t o  be aligned accurately i n  the base of the balance 

assembly and the  transforiner case t o  be posit ioned accurately with respect  

t o  the transformer core. 

These various 

3 .  Base 

The base of the balance system i s  a rectangular block t o  which 

the  balance frme i s  attached. 

inches i n  diameter t h a t  passes through the w a l l  of a sect ion of t he  boundary 

l aye r  channel. 

curvature of t he  ins ide  surface of the channel section. A 1.260-inch diameter 

hole through the  cy l indr ica l  extension serves as the  cavi ty  f o r  the  balance 

disk providing a gap of 0.005 inches between the  two. 

i s  1.7% of the  disk area. 

should not cause s igni f icant  e f f ec t s  i n  the  balance measurements when used i n  

a flow with moderate pressure gradient. 

The base has a cy l indr ica l  extension 1.625 

The end of t h i s  extension i s  machined t o  exact ly  match the  

The r e su l t i ng  gap area 

According t o  Coles ( reference 4 )  t h i s  s i z e  gap 

4. Cover 

A plexiglass  cover protects  the balance from dirt and dust, and 

it prevents convection a i r  flows outside the  boundary l aye r  channel from 

ac t ing  on the  beam and causing it t o  move. The cover a l s o  sea l s  off  t he  

boundary layer  channel Prom air  leakage through the balance assembly. 

The assembled balance was adjusted u n t i l  the  disk was centered 

i n  the base cavity and aligned with it. 

and a sens i t i ve  d i a l  indicator  were used t o  check the  disk posit ion.  

was set  with i t s  surface recessed approximately O.OOOO3 inches ins ide  the  

surrounding surface of the  base. 

have found t h a t  s l i g h t l y  recessed f loa t ing  elements cause no s ign i f i can t  

errors i n  f r i c t i o n  drag force measurements, while even the smallest extension 

of the  element beyond the w a l l  surface w i l l  introduce acprcciable discrepancies 

due t o  the  drag caused by the  dynamic pressure of the flow ac t ing  on the  

exposed edge of the element. The idca l  arrangenient would be t o  have the  

element exact ly  Slush w i t h  the  w a l l ,  but  due t o  p rac t i ca l  l imi ta t ions  i n  lo- 

ca t ing  the element it i s  safer t o  s e t  it s l i g h t l y  recessed. 

An 80 power stereoscopic microscope 

The disk 

Previous inves t iga tors  (references 4 ,  5, 6)  
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B. Calibration I - 1 -... - -- 
R horizontal  bar f o r  holding ca l ibra t ion  weights vas at tached t o  the  

balance beam. The ax is  of t he  bar  passes through the  pivot  ax i s  of the balance. 

Weights can be hung a t  e i t h e r  end of the bar on pins  placed 1.230 inches from 
t he  pivot  ax is ,  Weights can be hung on one pin t o  simulate a spec i f i c  drag 

force and on the other p in  t o  cancel ri speci.i'ic drag force.  This second f'ea- 

ture al1017s forces too la rge  f o r  d i rec t  measurement with the balance t o  s t i l l  

be measured by canceling a known and su f f i c i en t  port ion of the  force  with a 

known weight. The remainder of the  unknown force can then be measured con- 

vent ional ly  with the balance. Access t o  the ca l ibra t ion  bar i s  through open- 

ings on e i t h e r  s ide of the cover. The openings are sealed with plugs while 

readings are taken. Neither the cal ibrat ion bar nor the  cover openings are 

known i n  Figure 5 as they were added a f t e r  t he  photograph was made. 

The balance was cal ibrated while it was mounted i n  the  boundary layer  

channel. 

fabr ica ted  fo r  the  channel for use w i t h  the  skin f r i c t i o n  balance. 

sec t ion  i s  ac tua l ly  a set of 9 sub-sections ranging from 0.50 t o  23.38 inches 

i n  length which allow the balance posit ion t o  be var ied along the  length of the  

sec t ion  i n  increments of 0.50 inches, 

sub- s e c t i on. 

It should be mentioned here that a spec ia l  sect ion of tubing was 

The spec ia l  

The balance i s  mounted i n  a 2.88-inch 

To prepare the  balance for cal ibrat ion,  adjustable  weights were set 

t o  s-Latically balance the  beam assembly so that it would be near the  n u l l  

posit ion.  The e l e c t r i c a l  system from the  prototype model was connected t o  the  

balance and the f i n a l  n u l l  adjustments were made with the  d i r e c t  current  i n  
the  beam coi l .  

Because of the  difference i n  t he  moment arm lengths of t he  cal ibra-  

t i o n  bar  and the balance beam a r a t i o  of 0.6 e x i s t s  between ca l ibra t ion  forces  

and a c t u a l  drag forces.  

vere  used covering a drag range from 10.6 t o  43.7 milligrams (2.3 x t o  

9.6 x lo-' lbs . ) .  The ca l ibra t ion  curve i s  shown i n  Fiaure 6 with the  da ta  

points  plot ted as ef fec t ive  drag forces. 

Calibration weights from 17.7 t o  72.8 milligrams 
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C. Skin Fr ic t ion  Measurements 
*- --.- 

The f i r s t  t e s t s  of the skin f r i c t i o n  balance were made i n  a lan inar  

boundary layer. 

p l a t e  can be accurately calculated. from theory t h i s  was believed t o  be a 
good method f o r  checking the  performance of the balance. The magnitude of 
the  skin f r i c t i o n  drag fo r  the laminar boundary layer  i s  much smaller than 

f o r  a turbulent  boundary layer  and thus creates  an even more rigorous t e s t  

f o r  the  balance than would the turbulent boundary layer.  

Since the skin f r i c t i o n  drag f o r  laminar flows on a f l a t  

The skin f r i c t i o n  balance was placed a t  several  locat ions i n  the 

boundary layer  channel, and measurements were made over a range of Reynolds 

numbers based on distance from t h e  e f fec t ive  beginning of boundary l aye r  

growth. l b  t o  8.5 x loa6 lb. 
The sk in  f r i c t i o n  drag measurements were reduced t o  skin f r i c t i o n  coeff i -  

c ien ts  and p lo t ted  versus Reynolds number. 

A s  can be seen the agreement with theory (reference 10) i s  very good with the 

l a r g e s t  discrepancies being about 1 percent except at the highest  Reynolds 

numbers which a re  approaching the region of t r a n s i t i o n  from laminar t o  tur-  
bulent flow. 

i n  measuring a known f r i c t i o n  drag force. 

The measured forces ranged from 1.3 x 

The data a r e  shown i n  Figure 7a. 

These tests s a t i s f a c t o r i l y  ve r i f i ed  the accuracy of the  balance 

The next s t ep  i n  t e s t i n g  the balance was the measurement of l o c a l  

skin f r i c t i o n  i n  a turbulent boundary layer.  

determined from drag measurements made a t  f i v e  values of the Reynolds number 

based on the momentun thickness of the boundary layer  as  determined from 
veloc i ty  p ro f i l e s  measured with a t o t a l  head probe. 

f igure  7b. 

view of the development of the correlat ion used i s  i n  order. 

Skin f r i c t i o n  coef f ic ien ts  were 

The data a r e  shown i n  
To explain the manner i n  which the data  a r e  presented a b r i e f  re- 

The data  were i n i t i a l l y  compared Lo the  two-dimensional re la t ion ,  

(reference 6),  

A l l  of the skin f r i c t i o n  coeff ic ients  were smaller than those predicted by 
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the two-dimensional relation at the sane Reynolds number. 

compzred to friction factor measurements in fully developed pipe flow and were 
again found to be snallcr. 
that ttLrb.Jlent boun6ary layer flow in the channel actually corresponds to tur- 
bulent entrance flow in a pipe due to the thickness of the boundary layer con- 
pared to the radius of the channel, it was concluded that the boundary layer 
was three-dimensional in nature and any attempt to correlate the skin friction 
data would have to t&e three-dimnsional effects into account. Realizing the 

significance of this situation with respect to the future turbulent boundary 
layer exyeriments it was decided at this point to re-derive the Cf, Re 9 re- 
lation for an oxisyrnmetric three-dincnsional boundary layer. 

The data were also a 
Taking this into consideration, along with the fact 

To begin, the velocity profiles were compared with the universal law 
The law of of the i ra l l  to assure that the boundary layer was in equilibrium. 

the wall is expressed as 

where 

and A and B are constants. 

a turbulent boundary loyer near the wall the velocity distribution is dependent 
only upon the density and viscosity of the fluid and the shear stress at the 
wall. 
tions at a greater distance, in particular by the free-stream velocity and 

pressure gradient. 
as vel1 as two-dimensional flow. 

The law of the wall states that in the portion of 

This implies that the flow near the wall is uninfluenced by flow condi- 

Thus the law of the wall is applicsble in three-dimensional 

The measured velocity profiles for the largest and smallest Reynolds 
numbers of the data are shown in Figure 8 compared to both the theoretical ex- 
pression for the lew of the wall and Coles' (reference 4) expression obtained 
from measurements in the boundary layer on a flat plate. 
data satisfactorily conform to the law of the wall. 

A s  can be seen the 
The agreement of the data 

with the well proven relation in these plots 
accuracy of the skin friction balance due to a 

is another indication of the 
the fact that neasured values of 
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shear stress appear i n  both the  9 and q coordinates. 

!The momentum thickness f o r  axisymmetric flow ins ide  a tube of radius  

can be expressed as the quadratic 
rO 

With measured veloci ty  p ro f i l e  data, equation ( 6 )  can be graphical ly  in tegra ted  

and solved f o r  8. 

Equation (6) i s  re-writ ten with the veloci ty  p r o f i l e  now expressed i n  
the form of the l a w  of t he  wall. 

dividing both sides of the  equation fo r  0 by ro2 one obtains the  non-dimensional 

expression 

Making the subs t i tu t ion  Q//"m = u/U, and 

m 

Noting that r is  defined as posi t ive outward from the  tube center l ine  and y 
is  defined as pos i t ive  inward from the tube wall, the  subs t i tu t ion  

can be made. Also the  der ivat ive 

can be wr i t ten  as 

0 Solving f o r  7 from equation (5), di f fe ren t ia t ing  with respect  t o  - 
subs t i t u t ing  i n  equation (8) gives 

and 
Qm 
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Making this substitution in equation (7), reversing the limits of integration, 
and changlng the sign leaves the integral equation 

This equation can be integrated in closed form. 
analysis and dropping the smallest terms from both sides of the equation In a 

Performing an order of magnitude 

manner consistent with the derivation of the two-dimensional relation of Cf 
the resulting expression is 

As ro 
approaches zero and the expression reduces to the two-dimensional relation. 
Thus the equation is equivalent to the two-dimensional expression plus a cor- 
rection term which disappears as three-dimensional effects become insignificant. 

in equation (11) approaches infinity the second term on the right side 

To reduce the equation to the final form in terms of C and Re an f e 
approximation is made. The two-dimensional form of equation (11) is 

00 
4 

Ree = A e x p [  A - i ]  , 
Substituting equation (12) in the second term of equation (11) gives 
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This approximation i n  the  correction term i s  considered j u s t i f i e d  i n  l i g h t  of 

the previous s implif icat ions of the equation. Rearranging equation (l3), taking 
the logarithm of both sides,  and making the  subs t i tu t ion  Gives 

Converting from na tura l  t o  common logarithms and taking the constants. i n  the  two- 

dimensional port ion of equation (14)  as those determined i n  reference 6 the  f i n a l  

r e l a t ion  becomes 

@ e  
= 4.13 log Hee + 2.90 - 4.13 log [ 1 - e (c ) ] . 

It w i l l  be noticed t h a t  @ appears i n  the  correction term of equation 
Consequently, t h i s  equation does not  give an e q l i c i t  expression fo r  Cf 

i s  equal t o  12/Cf. It i s  known t h a t  the  var ia t ion  i n  @= i s  small over 

00 

( 1 5 ) .  
since 

the  range of Re 

with the  approximations made i n  deriving the  f inal  equation, it was believed 

reasonable t o  simplify the correction term by approximating the coef f ic ien t  of 

0/r as a constant. Treating all of the  data points  as equally va l id  the  con- 

s t a n t  coef f ic ien t  of O / r o  was then adjusted t o  give the bes t  f i t  t o  the data. 

"he value of the  constant was determined t o  be 8.25, giving agreement between 

the  measured da ta  and the  derived theory within k 2.5%. 

t o  achieve b e t t e r  average agreement by readjust ing the constant after more data 
i s  obtained. 

of i n t e r e s t  here, therefore taking t h i s  i n t o  consideration along e 

0 

It may be possible  

An attempt was made t o  compare the data  of Nikursdse (reference 11) f o r  

f u l l y  developed turbulent pipe Plow with the three-dimensional axisyrmnetric 

expression f o r  Cf and R e  given i n  equation (IS). 
would lend fu r the r  credence t o  the  analysis ; i .c . ,  would show f u l l y  developed 

pipe flow t o  be a l imi t ing  case for the  general  analysis.  

It was hoped t h a t  these da ta  e 

However, it was found 
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0 t h a t  the  constant i n  the correct ion term i n  equation (15) had t o  be much smaller 

t o  cor re la te  Nikuradse's data. Inspection of the analysis  proved t h i s  t o  be 

reasonable due t o  the  r a c t  tha t  f u l l y  developed turbulent  pipe flow and turbu- 

l e n t  pipe entrance flow d i f f e r  s ign i f icant ly  i n  t h e i r  agreement with the uni- 
ve r sa l  l a w  of the  w a l l  ve loc i ty  prof i le  a t  i t s  outer  edgc. 

o r e t i c a l  p r o f i l e  i s  integrated over limits of 4 from zero t o  measured values 

of 4m it means t h a t  the value of 7 ,  which i s  a measurc of the  shear layer  thick- 

ness, i s  considerably d i f f e ren t  for  the  two types of flair when the in tegra t ion  

i s  car r ied  t o  the  same measured value of Qo0. 

handled by ad-justing the  constants t o  f i t  experimental data. 

the concept of a momentum thickness loses it:; significance f o r  f u l l y  developed 

turbulent  pipe flow since, from the momentum equation, the skin f r i c t i o n  f o r  

t h i s  case i s  shown to be exact ly  balanced by the  longi tudinal  pressure gradient.  

For these reasons it was concluded t h a t  the  analysis  derived herein, i n  i t s  

present state, i s  not applicable t o  f u l l y  developed pipe flow. 

Since t h i s  the- 

I n  pract ice ,  t h i s  s i t ua t ion  i s  

Furthermore, 

Additional experimental evaluation of the analysis  presented w i l l  be 

This analysis  w i l l  be of sig- accomplished during the planned investigations.  

nif icance i n  evaluating the  e f f ec t s  of the  disturbance producing elements on 

the  turbulent  boundary layer  character is t ics .  

A t  t h i s  point it was f e l t  t ha t  concrete proof of the accuracy of the  

skin f r i c t i o n  balance i n  turbulent flow had s t i l l  not been establ ished al-  

though it was implied by the data  of Figures 7 and 8. 
achieve f u l l y  developed flow i n  the boundary layer  channel by operating a t  

the lowest p r a c t i c a l  veloci ty  and surveying the flow at the l a rges t  p r a c t i c a l  

x distance. 

l a t i t u d e  i n  the  Reynolds number based on pipe diameter. 

Reynolds number is defined as 

An attempt was made t o  

Due t o  operating l imitat ions of the  f a c i l i t y  there  was very l i t t l e  

This form of t he  

i i D  ReD = - 
Y 

where, i s  average or bulk ve loc i ty  based on the  mass flow r a t e  

D i s  pipe diameter 

v i s  kinematic viscosi ty  of the  f l u i d  
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The measured veloci ty  prof i le  showed thn t  the  flow was not qu i te  

f u l l y  developed but w a s  very close. 

s u e  i n  the v i c i n i t y  of the measuring s t a t i o n  showed the pressure gradient  

t o  be constant, 
ve loc i ty  p r o f i l e  near the  w a l l ,  and hence the skin f r i c t ion ,  s t a b i l i z e s  more 

rapidly than the outer  portion of the p ro f i l e  i n  developing pipe flow. 

the  r e l a t i o n  of Cf t o  R e D  for  f u l l y  developed flow should be applicable when 

the  flow i s  almost f u l l y  developed. 

Also, measurements of the  s t a t i c  pres- 

An analysis  by Deissler (reference 12)  pred ic t s  t h a t  the  

Hence, 

me average ve loc i ty  of t he  flow i n  the  boundary layer  channel was 

obtained by in tegra t ing  the measured prof i le ,  and R e  and C were calculated 

based on t h i s  ve loc i ty  and the measured skin f r i c t ion .  The values were 

ReD = 35,250 and Cf = 0.00568. 
f o r  f u l l y  developed turbulent  flow i n  smooth pipes a value of Cf = 0.00566 

was calculated f o r  the  same Reynolds number. The percent disagreement be- 

tween the  measured Cf and t h a t  predicted by Nikuradse i s  0.35%. 
t h a t  t h i s  r e s u l t  along with those mentioned previously 

D f 

Using Nikuradse's (reference 11) corre la t ion  

It i s  f e l t  

s a t i s f a c t o r i l y  ver i -  

f ies  the  accuracy of the  skin f r i c t i o n  balance. a 
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In summarizing, the skin friction balance has been shown to be a very 
sensitive instrument and has provided consistent and repeatable data. The 
sensitivity is almost unlimited depending: only on the extent to which the 
user wishes to go in amplifying and measuring the output signal. The re- 
peatability has been shown to be better than one percent both in the calibra- 
tion and in shear stress measurements. The skin friction balance is now in 
use as a permanent component in the boundary layer channel instrumentation 
complex. 
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by various members of t h i s  group. 

h i s  appreciation t o  M r .  W. A. Meyer f o r  i n i t i a l l y  suggesting t h i s  type of 
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M r .  C. H. Parker for his valuable s k i l l  i n  fabr ica t ing  and assembling the 
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program i n  which it i s  being used, i s  supported by independent research and 
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