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Results  are  shown of an experimental  study concerning the effects of v iscosi ty ,  of the velocity 
gradient,  and of the wall proximity on the readings of a total-head Pitot tube during the m e a -  
surement  of the velocity distribution in the viscous sublayer  region of a turbulent boundary 
l aye r .  

The use of total-head Pitot  tubes for measur ing  the velocity in a boundary l ayer  directly at the wall 
involves ser ious  difficulties s temming f rom the lack of neces sa ry  data on the pe r fo rmance  of such tubes 
under  these conditions. As is well known, e r r o r s  may occur  in the measu remen t s  due to: 

a) the effect of velocity gradients  in the boundary layer  and the effect of the wall proximity on the 
tube readings,  

b) the effect of viscosi ty,  i . e . ,  the inapplicability of the ideal-fluid theory in the interpretat ion of 
total-head measu remen t s  made direct ly  at the wall, where the Reynolds number  is low. 

The devia t ion of the measured  velocity distribution in a boundary l ayer  f rom the t rue distribution 
may be related ei ther  to the e r r o r  in determining the magnitude of the velocity o r  to the e r r o r  in de te rmin-  
ing the distance f rom the tube to the wall .  The second alternative of defining the e r r o r  is usually p r e -  
fe r red ,  a cor rec t ion  being made he re  for  the displacement  of the effective center  f rom the geometr ical  
axis of the tube. 

The e r r o r  in velocity measuremen t s  due to velocity gradients  in the s t r eam has been evaluated in 
severa l  studies theoret ical ly  ( e .g . ,  [1, 2]) and experimental ly ([3, 4, 5]), but there  is no consensus on this 
subject.  Still not enough is known about the effect of the wall proximity on the readings of a total-head 
Pitot tube; such an effect being dependent on the tube geometry  as well as on the flow mode in the boundary 
l ayer  [5]. 

Using the total-head Pitot  tubes with a small  d iameter  for measur ing  the velocity in a thin viscous 
sublayer  of turbulent boundary l aye rs  makes it n e c e s s a r y  to take into account the effect of viscosi ty on the 
tube readings.  In this case the Reynolds number ,  when calculated on the bas is  of local velocity and 
charac te r i s t i c  tube dimension, is very  low and the Bernoulli equation, when derived by integrating the 
equations of motion simplified by neglecting the viscous forces ,  does not apply when the velocity is to be 
found f rom a p r e s s u r e  measuremen t  with a total-head Pitot tube. The effect of viscous forces ,  which 
become comparable  to the iner t ia  fo rces ,  is to increase  the total head relat ive to the head calculated ac -  
cording to the Bernoulli  equation, because now the p re s su re  coefficient Cp = ( P o - P ) / ( p U 2 / 2 ) ]  becomes  
l a r g e r  than unity. The data in [6] and [7] pertaining to the effect of viscosi ty  on the readings of a to ta l -  
head Pitot  tube are  very  much at var iance .  Fur the rmore ,  no tes ts  were made in those studies with the 
Reynolds numberRe  R < 10, which would be of in teres t  for measurements  in a viscous sublayer .  

For  prac t ica l  purposes  it would be worthwhile to know the total cor rec t ion  6o accounting not only for 
the effect of viscosi ty but also for the effects of the velocity gradient  and the wall proximity on the readings 
of a total-head Pitot  tube. 
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Fig.  1. Graphs represent ing the total displacement  of the ef fec-  
tive center  in a total-head Pitot tube: (a) with a c i r cu la r  inlet 
or if ice,  U .D/p  = 7.12 (1), 8.85 (2), 13.85 (3), 15.72 (4)1 (b) with 
an elliptical inlet or if ice,  U .H/u  = 5.11 (1), 6.65 (2), 8A3 (3), 
9.72 (4), 10.31 (5), 11.92 (6), 12.9 (7). 

We will present  he re  the resul ts  of an experimental  determination of the total correc t ion  and i ts  
components,  to be used when the velocity distribution in a turbulent boundary l ayer  of an incompress ib le  
fluid is measured  by means of a total-head Pitot tube with a c i r cu la r  or  elliptical inlet or i f ice .  

The procedure  in this experiment is based on the fact that the effects of viscosi ty,  velocity gradient,  
and wall proximity are  felt directly at the wall, namely in the region of the viscous sublayer  where during 
a nongradient flow of liquid o r  gas the velocity distribution would be prec i se ly  l inear  (as many m e a s u r e -  
ments  by various optical methods have shown). The total cor rec t ion  50 to be applied to tube readings to 
account for all these effects will be determined by the difference between the t rue  l inear  velocity dis t r ibu-  
tion and the one measured  with a total-head Pitot tube at a wall.  

The slope of the line represent ing the t rue velocity distribution at a wall may be determined f rom 
a measurement  of the shear ing s t r ess  T w, the accuracy  of such a measurement  affecting the reliabili ty 
of the measured  velocity distribution at that wail.  

In our  tes ts  ~w was determined direct ly  by a measurement  of the frict ion force by the weighing method 
with the aid of a "floating" element .  For  this, we used a high-sensi t ivi ty e lectromagnet ic  scale [8] in the 
0%-100 mg range.  The relat ive mean-square  e r r o r  in this determination did not exceed 1.5%. 

The magnitude of the correc t ion  5o as a function of the distance f rom a wall is shown in Fig.  1. for 
different values of the Reynolds number  with a c i r cu la r  and with an elliptical total-head Pitot  tube. The 
observed dependence of 60 on the Reynolds number,  as will be proved subsequently, is due p r imar i ly  to 
the effect of viscosi ty .  

The "pure" effect of viscosi ty  on the tube readings was studied in a low-veloci ty vert ical  aerodynamic 
tunnel, especial ly designed for  this purpose,  where a i r  was impelled direct ly  f rom the a tmosphere  by 
means of a fan mounted at the outlet of the active tunnel segment (Fig. 2). The total-head Pitot tube for 
this test  was placed along the tunnel axis nea r  the profiled a i r  impel ler  and beyond the boundary l ayer  
building up at i ts walls.  It could be assumed,  thus, that P + (pU2/2) = Pa tm and the p r e s s u r e  coefficient 
Cp = 1 + [(P0-Patm)/(pU2/2)].  For  an accurate  measurement  of the p re s su re  drop AP '= P 0 - P a t m ,  we 
had developed a differential- type precis ion U-tube manometer  with alcohol as the operating medium [9], 
with the alcohol level and the inst rument  readings t racked automatically by means of photodiodes, optical 
lenses ,  a re lay sys tem,  and an electromagnet ic  plot ter .  The mean-squared  e r r o r  of the manomete r  did 
no t exceed  ~ = 0.01 mmH2Owithin the AP = 0-2 mmH2Orange .  A reduction of the random e r r o r  was 
achieved by per forming  a large  number  of measurements  (up to twenty) under  the same conditions. 

The values of Cp are  shown in Fig. 2 for total-head Pitot tubes with c i r cu la r  and with elliptical in-  
let o r i f i ces .  WhenRe R < 30, evidently, C p i n c r e a s e s  sharply and for a c i r cu la r  tube Cp ~ 2.5 already 
a tRe  R = 5. F o r a  c i rcu la r tube ,  the values of Cp obtained in our tes ts  are  more  than twice as high as 
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Fig. 2 Fig.  3 
Fig.  2. Coefficient Cp as a function of the Reynolds number  Re R or  ReH: 
(a) Schematic diagram of the aerodynamic  test  apparatus:  data of this 
study with a c i r cu la r  Pitot  tube d/D = 0.58 (1), data of this study with an 
elliptical Pitot  tube h/H = 0 A6 (2), data of [7] for  a c i rcu la r  Pitot  tube 
d/D = 0.74 (3), data of [6] for  a c i r cu la r  Pitot tube d/D = 0.6 (4), ca lcula-  
tions according to F.  Homann [1] (5). 

Fig.  3. Typical velocity distribution at a wall, measured  with a c i rcu la r  
(I) and with an elliptical (II) total-head Pitot tube: 6o (1), 52 (2), 5t (3), 
with a correc t ion  for  the effect of viscosi ty (4), without a cor rec t ion  for 
the effect of viscosi ty  (5). Velocity U (m/sec) ,  distance Y (mm). 

those obtained in [7], but they agree with those in [6] within the Re R = 17--40 range .  The discrepancy with 
[7] could possibly a r i se  f rom the fact that the d/D ratio of the tubes there was much higher  than in our 
tes ts  (Fig. 2). 

For  tubes with c i r cu la r  inlet or i f ices  and d/D ~ 0.6 we recommend the following empir ical  formula:  

C p ~  Rea at 5 ~ R e R ~ 3 5 .  (1) 
1,1 Rea--4,26 

For  elliptical tubes, the highest  Reynolds number  Re H at which the effect of v iscosi ty  remains  still 
significant is somewhat lower than Re R for  c i rcu la r  tubes.  The height of an elliptical inlet orif ice,  on the 
basis  of which the Reynolds number  is calculated for given tes ts ,  does not appear  to be the charac te r i s t ic  
dimension here  and, consequently, the Cp = f(ReH) curve in Fig. 2 will be valid only for a specific tube 
whose shape and dimensions may be recommended for  pract ical  measurements  in a boundary layer .  

The correc t ion  for the velocity gradient and for  the wall proximity will be based on the following con-  
s iderat ions .  According to the velocity distribution in a viscous sublayer  shown in Fig.  3, after  ~he c o r r e c -  
tion for viscosi ty has been added, the test  values for points already sufficiently remote  f rom the wall fit 
on a s traight  line a paral le l  to line b, the la t ter  passing through the origin of coordinates  after  having 
been plotted on the basis  of shear ing s t r e s s  ~w measuremen t s  at the wall by the weighing method. The 
distance between these two lines may be said to determine the displacement of the effective tube center  
(51) owing to the effect of the velocity gradient on the total-head readings .  The deviation of test  points 
f rom line a direct ly at the wall, where a constant velocity gradient prevai ls ,  will be attributed to the effect 
of wall proximi ty .  

For  a l inear  velocity distribution at the wall, according to this determination,  the value of 6 1 / D  

was almost  independent of the velocity gradient  and approximately equal to 0.03 for  the c i rcu la r  inlet 
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orif ice (D = 0.354 mm and d/D = 0.58). Thus, the value of 5i/D obtained in our tes ts  was much smal le r  
than 5~/D = 0.15 suggested in [4]. There is reason to believe that the value of 5~/D will depend on the tube 
d iameter .  

For  the tube with an elliptical inlet orif ice (H = 0.26 mm, L = 1.1ram, and h/H = 0A6) the value of 
51/H was 0.06 and almost  independent of U . H / v .  

As to the effect of wall proximity,  in the case of an elliptical tube (with a near ly  flat shape) it is 
somewhat s t ronger  than in the case of tubes with c i r cu la r  inlet or i f ices  and it extends up to Y/H = 0.8. 

NOTATION 

Cp is the dimensionless  p r e s su re  coefficient; 
Re R = UR/v is the Reynolds number  based on the outside radius of a c i rcu la r  total-head Pitot tube; 
Re H = U H / 2 ~ i s t h e  Reynolds number  based on half the outside height of the elliptical inlet orif ice of a 

total-head Pitot tube; 
P0 is the p res su re ,  measured  with a total-head Pitot tube; 
P is the static p r e s su re  at the section where a total-head Pitot tube is placed; 
Pa tm is the atmospheric  p ressure ;  
U is the velocity of unperturbed s t ream;  
U. = f-~w/P is  the rate of friction; 
�9 w is the shearing s t r ess  at the wall; 
p is the air  density; 
v 
D , d  
H , h  

L 
Y 

51 
62 
50 

is the kinematic viscosi ty  of air; 
are  the outside and inside d iameters  of total-head Pitot  tube respectively;  
are  the maximum outside and inside heights of the elliptical inlet orif ice of a total-head Pitot 

tube respect ively;  
is the width of the elliptical inlet orif ice of a total-head Pitot  tube; 
is the distance f rom the wall to the geometr ica l  center  of a total-head Pitot  tube; 
is the displacement of the effective tube center  due to the effect of the velocity gradient; 
is the displacement of the effective tube center  due to the effect of the wall proximity;  
is the displacement of the effective tube center  due to the combined effect  of the velocity 

gradient,  the wail proximity,  and the fluid v iscos i ty .  

2. 
3. 
4. 
5. 
6. 
7. 
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