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1.0 INTRODUCTION 

When the pitot tube is used to make measurements in very rarefied gas streams, there 
may be a large deviation of the pressure from the ideal inviscid stagnation pressure. This is a 
low Reynolds number effect common to incompressible, subsonic, and supersonic velocities 
which requires correction to obtain stream properties from pitot pressure. The low density 
wind tunnel (Re/d < 100/cm) is usually calibrated by use of a pitot tube to determine the 
Mach number of the stream through isentropic expansion relations which provide density, 
velocity, and temperature. Because of its simplicity, the pitot tube is attractive for 
measurements in other flow fields which are not so well defined as the nozzle. The plume 
formed by a jet exhausting into a vacuum is an important example. The lower limit of nozzle 
flow corresponds to merging of the wall boundary layers; however, a free jet will continue to 
expand toward zero density in the absence of wall effects. Therefore, the limit of 
applicability of the pitot tube requires definition. 

In the process of conducting tests with low density nozzles in Aerospace Chamber (10V), 
a cryogenically pumped altitude chamber, low Reynolds number pitot pressure data have 
been accumulated. The regime Red < 100 is of primary interest because it appears that the 
correlations of Potter and Bailey (Ref. 1) are satisfactory at higher Reynolds number. 

2.0 EXPERIMENTAL DATA 

2.1 APPARATUS 

The approximately 1-m exit diameter LN2-cooled nozzles designed for Mach numbers of 
3 and 6 provided the test stream conditions for supersonic flows of nitrogen. The nozzles 
exhausted into the chamber, a cryogenically pumped 3-m space simulation chamber. Six 
pitot tubes were arranged radially about a vertical axis so they could be rotated successively 
into alignment with the nozzle axis. Each tube could be connected to a 0-1 torr variable 
capacitance pressure transducer through a sliding valve. The pitot tubes had a lO-deg 
internal chamfer and a length-to-diameter ratio of 32. The standardized geometry has the 
advantages of (1) a simple, reproducible form; (2) a large sampling orifice to minimize 
thermal transpiration effects; and (3) relatively small flow inclination effects compared to 
other nose shapes. 
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The following summarizes the pitot tube dimensions. 

Pitot Tube No. Outside Diameter~ cm Inside Diameter) cm Length) cm 

1 0.173 0.132 6.35 
2 0.328 0,173 10.7 
3 0,645 0,470 20 
4 0.965 0.790 30 
5 1.286 1.117 40 
6 2.550 2.290 81 

The pitot tubes were mounted at the end of a 2.5-cm tube to position them the same 
distance from the nozzle exit (2 cm). The two smallest tubes failed to produce reliable 

pressure data because of  leakage, outgassing, or excessive fill time for the larger support 
tube. Thermocouples were spot-welded externally to the pitot tubes 4 to 8 cm from the open 
ends. 

2.2 TEST CONDITIONS 

The nozzles can be operated at supply temperatures from 300 to 1,000°K; pressures 
range from 0.05 to 0.50 torr for the M = 3 nozzle and from 0.5 to 3.0 torr for the M = 6 
nozzle. Figures 1 and 2 show Mach number, Reynolds number, and mean free path 

operating conditions for nitrogen. 

2.3 ADDITIONAL DATA 

During several other test programs in the facility, some limited pitot pressure data from 
small tubes were obtained during nozzle calibrations. A small (0.15- or 0.17-cm-diam) pitot 
tube was mounted parallel to the 2.5=cm pitot tube used for calibration and moved with it so 
that the same flow could be sampled in sequence. 

As part of a test conducted in the 4-by 6-ft Research Vacuum Chamber, a 0.4-cm sonic 

orifice was surveyed with a 2.5-cm pitot tube located 50 to 75 cm downstream. The jet that 
was formed had much lower density than the nozzles and produced the lowest Reynolds 
numbers observed. 

2.4 ANALYSIS OF DATA 

The data analysis is based on the general fluid dynamic concept that the ratio of two 
pressures is the same in a geometrically similar flow field, where similarity depends upon the 
dimensionless quantities of Mach number, Reynolds number, and a heat-transfer 
parameter. 

6 
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Pp/PT2 = f (M, Red, TT/Tw) (1) 

The Raleigh stagnation pressure, PT2, is the pressure at the stagnation point in an inviscid 
ideal supersonic gas flow. It can be written in terms of the supply pressure, PTp for a stream 
generated by the isentropic expansion through a nozzle as 

PT2 [C1 ]YJYl I +  +1 llJYl 
PT1 (Y - 1)MR+ 2 27M 2 - (y - 1) (2) 

The pitot pressure, Pp, is conceived as the mean pressure in a small volume just at the 
entrance of the pitot tube where the temperature, Tp, is practically equal to the stagnation 
temperature, "IT. The pitot tube wall temperature, Tw, will remain near room temperature 
for low density (small heat transfer) or short duration flows. 

The pitot pressure, Pp, is different from the pitot gage pressure, P ~ ,  because of  the 

thermal transpiration effect (see Ref. 2) which relates the pressure ratio, temperature ratio, 
and Knudsen number, k/alp. The Knudsen number can be defined for the open end of the 
tube where the pressure is Pp and temperature Tp as 

X ~ MW Pp Knp = --.P--- = (const.) n (3) 
dp 8" a ° p p ~  

where the viscosity is g = const. ~uk. For the Reynolds number Red = ~1 uldp//~l and an 
exponential viscosity relation g oc Tlo~, 

Knp _ eonst. M1 1 (4) 
Re d "T-- P 

or since stream (sub 1), supply reservoir (sub Tl), and ideal stagnation conditions (sub Tz), 
are Mach number relations, the Knudsen number becomes 

_ const, f(M) PT2~ / T_.~_.T/c°+~ 
Knp Red PP 

(5) 

where 

f (M) = M PTI PI TI.__~I ) t° +~ 1 
PT 2 PT 1 

(6) 
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The ratio Tp/TT must be a function of the stream similarity parameters Ml, Red, and TT/T w. 
Therefore, it is evident that the pitot gage pressure Ppa, can also be expressed as 

PPc 
PT 2 -f CM1, Red, TT/Tw) (7) 

This relationship was the basis of the test program in which the M = 3 and M = 6 nozzles at 
supply temperatures of 300, 500, and 900°K provided stream conditions over the operating 
range of supply pressures. The six pitot tubes were rotated in succession into the stream. In 
general, the Mach number and Reynolds number varied with pressure and temperature. An 
iterative process was required to separate the effects of Mt and Red from the pitot pressure 
data at each total temperature. The high Reynolds number starting point for the highest 
supply pressure was within the range of correlation obtained by Potter and Bailey (Ref. 1) in 
terms of Re2~f~2/~l. The effect of Re d at constant Mach number and total temperature is 
observed when the pitot tube diameter is changed. For each nozzle and total temperature, 
curves similar to Fig. 3 were constructed. This is the functional relationship assumed 
initially; however, attempts to find a more general correlating parameter showed that the 
Mach number dependence would be nearly absent when Re2 was used. 

R°2- 72 72 (8) 

Hgure 4 shows the pitot pressure ratio, Ppo/PT2 as a function of Re2 and total temperature 
from the faired data discussed in the appendix. Included in these data are results from a 
sonic orifice exhausting into a vacuum chamber. The O. 15- and 0.17-cm-diam pitot tube data 
from M - 3 and 6 nozzle calibrations are also included, although the accuracy is degraded 
by the problems of long fill time or outgassing inside the pitot tube system. 

The functional relationship between pitot gage pressure, Reynolds number based on 
conditions behind the bow shock, and the stream stagnation temperature of Fig. 4 provides 
some insight into the physical phenomena at the stagnation point of a blunt body: (1) there 
appears to be no tendency for the pressure to approach a free-molecule limit; (2) the 
stagnation flow field seems to be dominated by viscous effects at low Reynolds number 
described by the Stokes regime and exhibited in incompressible, continuum flows (see Ref. 
4); (3) the effect of total temperature can be interpreted as a reduction of viscosity with 
temperature as heat is removed from the stagnation region by wall cooling. The effect of 
decreasing temperature corresponds to increasing Re2. 

10 
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The perturbation in pitot pressure as the Reynolds number decreases with density is 
sometimes interpreted as a rarefaction effect (Ref. 4). However, the free-molecule pressure 
(Ref. 5) shown in Fig. A-3 is evidently not an asymptotic limit for the data. Reference 4 
presents pitot data as functions of Knudsen number with free-molecule limits that appear to 
be approached as the density (or Re) is reduced; however, the data do not extend far enough 
to establish a leveling off to limiting values. The data of Fig. A-3 distinctly continue beyond 
the free-molecule limits, and it is evident that such limits are not approached in the 
experimental regime considered here. The K_nudsen number (I/dp) is as high as 40 at the 
lowest Reynolds numbers obtained, and there is no evidence that the pitot pressure is 
tending toward an asymptotic value. One must conclude that the effects observed are 
viscous in origin; i.e., low Reynolds number effects. These pitot tube results still leave in 
question the level of rarefaction necessary for a body to be in the free-molecule condition. 
Certainly the Knudsen number for blunt bodies must be greater than some point in the 10 to 
100 range. The experimental difficulties probably preclude measurements in the free- 
molecule regime. 

3.0 APPLICATION OF PITOT DATA TO FLOW PROPERTIES DETERMINATION 

3.1 DIMENSIONAL ANALYSIS 

The principles of dimensional analysis (see Ref. 6) that permit the rearrangement of 
functions of dimensionless variables are particularly useful fluid dynamic applications. In 
the use of pitot tube pressures for the calibration of nozzle flow, the functions can be 
arranged to avoid the successive approximation method of determination of nozzle Mach 
number. Figure 4 shows the dimensionless variables. 

and 

PPG _f (Re2 ,TT ) 
PT 2 

(9) 

P~u2dp (10) 
Re 2 - /z 2 

The known quantities are pitot gage pressure, PPG' pitot tube diameter, dp, and total 
temperature. The Mach number can be assumed and the variables 0, u,/t2, and Re2 can be 
computed. The process will converge in a few iterations to yield Mach number. However, 
the variables can be recombined to provide a more convenient form of the data for use; the 
known quantities appear explicitly so that successive approximations are not necessary. The 
known variables are supply pressure and temperature, PT~ and TT, and the pitot gage 

13 
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pressure, PPG" The unknown is Mach number. The ratio PpG/PTI Can be written as a 
function of Mach number: 

P ( ) 
PG _ PPG PT2 = ~PPG fl (M, 3/) 

PT 1 PT 2 PT 1 PT 2 
I(M, y, Re 2, TT/Tw) (11) 

and Re2 is given by 

PT ( 3 0 0  ~ + ~  P2u2 PlUl PoUo 1 
Re 2 - dp - dp - f 2 ( M, y ) d "-6"--- | " ~  / (12) 

where the subscript (0) refers to 300°K and 1 tort, and w is the viscosity-temperature 
exponent. 

In Eqs. (11) and (12), the Mach number functions are 

fl (M, y) = PT2/PT1 ( See Section 2.4) (13) 

( /  P1 T T o + ~ T 1 
1 2 ( M , y ) - -  M _ _  (14) 

PT 7-1 
1 

3.2 APPLICATION TO SUPERSONIC NOZZLE FLOW 

By selecting a value for 3' and w, one can construct a plot like Fig. 5, which has lines of 

constant Mach number and total temperature. This plot can be entered with the known 
quantities of supply pressure, PTI; total temperature, TT; and pitot gage pressure, Pp6" The 
interpolation for Mach number is nearly linear, and it can be readily estimated to about 0. I. 
If a higher level of accuracy is desired, the Reynolds number can be calculated from Eq. 
(12), 

]:{e2=[ p0.0 ~ f 2 ( M ) [ P T l d p ( 3 0 0 / T T ~  °+~/2 ] (15) 
\ opo / 

where 

( .~CD 
f2 (M) = M I P._~_.l al \ TT (16) 

PT I aT T 2 

14 
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and Fig. 4 with 

M = f  ~PT2/PT 1 (17) 

In Fig. 5 the reference values are Po = 1 torr, To = 300°K, 7 = 1.4, and ~o = 0.76. 
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The presentation in Fig. 5 is useful for: 

1. Selecting pitot tube size, 

2. Selecting pitot pressure gage range, 

3. Calibrating supersonic nozzles, and 

4. Estimating the conditions for onset of viscous pitot effects. 

3.3 APPLICATION TO JETS EXPANDING INTO VACUUM 

The flow field of a jet expanding into a vacuum differs from the flow within a nozzle 
primarily by the much greater rarefaction in the region of interest. In an actual vacuum 
environment the flow continues to expand indefinitely. The comparison of isentropic 
(method-of-characteristics) calculations of the flow with experiment (for example, Ref. 7) 
for molecular beam sources shows that beyond 100 or 200 orifice diameters, the density has 
an inverse distance-squared variation and the velocity is practically constant. The stream 
velocity approaches the limit speed determined by the reservoir (total) enthalpy, and the 
stream temperature tends to approach a constant corresponding to a nonequilibrium state 
(freezing of one or more modes of molecular energy). The Mach number is no longer a 
useful flow parameter since it has nearly a constant value depending upon the source 
temperature, pressure, and size. The local density and velocity are the only physical 
properties of significance, and they can be combined into the dimensionless quantity 

p u  _ m 

a T PT I PT 1 aT 
(18) 

where the mass flux, m, is normalized by the product of reservoir density and acoustic 
velocity. Isentropic method-of-characteristics (Ref. 8) calculations of the flow from a nozzle 

can be reduced to 

druid0 -f(y,¢,Ao/A*) 
MT 

(19) 

where 7 is the ratio of specific heats, Ae/A* is the nozzle area ratio, ~ is the angle from the 
axis of the flow field, I~T is the total exhaust gas mass flow, and dlVl/d0 is the mass flow per 
steradian measured from the nozzle exit. The flow speed is 

- = f - T -  "oTT (20) 
u Ul,im 7 -  1 aT = y - I  (MW) 

16 
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and 

- L ~I T R 2 
m mass flux (21) 

By using these equations and the Rankine-Hugoniot relations in the limit of large Math 
number, one can relate the required flow properties to position in the flow: 

1. Reynolds number, Re2, 

Be 2 - P2u2d - PlUl d (22) 
/z 2 /z 2 

i T 
--- (d/ft2) - -  IdOl/d0 1 

it2 l~ T 

2. Rayleigh Stagnation Pressure 

PT2 = f (7) P u2 = f (Y) (pu) ULi m 

f ( y )  = ( l.~y/y--1 (~+I~Y+1/7-I 
--y") - 9 

iT [ d~l/d0 1 
PT2 = { (7) ULim R--'2- ~ " - ~ T  " 

3. Stagnation Pressure Ratio, PT2/PT1 , 

/ 
PT 2 PT 1 

2) y + a / 2 ( y - 1 )  

4. Dynamic Pressure Ratio, q/PT2 

y + l  

q _ 1 Pu2 _ (y) Y/Y-1 ( . ~ I ~ ' : ' T  
PT2 2 2 PT 2 

r 

1.2 0.96 
1.67 0.88 

Y 

1.2 

1.67 

Y 
1.2 

1.67 

1.62 
2.08 

f(y) 

0.528 

0.567 

(23) 

(24) 

(25) 

(203 

(27) 

17 
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5. Mass Flux Parameter, m/QT 1 aT, 

m _ m MT J ( ~ ) y - 1  1 ~.dM/d0 1 1.2 0.3' (28) 

PTIaTR2 = R--2- L'-~--T J 1.67 0.32 PTlaT 

Forms (1.) and (2.) have been used in reducing pitot pressure data (Appendix) from sonic 
orifice flows as the relationship between stream mass flux and the calculated values has been 
well established for orifices operating at high enough pressures and temperatures to avoid 
condensation and early nonequilibrium freezing. In these functions, the effect of varying 7 
(the only characteristic of the gas) is not very important. 

It is possible to form parameters by combinations of these dimensionless variables that 
will simplify the experimental determination of free-jet properties. These are 

P ( ) ) '-  PPc _ Pc PT2 = f ( Re2' TT " fl (Y) m 

PT PT PT PT1 aT 
1 2 1 

(29) 

y + l  

~ fl (Y) = ( Y +1) y - I  
y+s 

(2) 2 ( y - l )  ( y )  7 - 1  ~ f ~ - I  

(30) 

f (Re2, T T ) - Fig. 4 

and 

 .Td ( ) 
Re~ -- f2 (r) 1 P fi__ (31) 

/'t T PTla T 

f2 (y )  - #T _ TT ~= ( y + l )  (32) 
g2 4y 

Eqdations (29) and (31), containing known properties of the gas source and pitot pressure, 
from the coordinates in Fig. 6. The curve parameter, m/OTl aT, is the physically significant 
property of the free jet, the Mach number being trivial in this case. 

1 8  
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Two boundaries delineated in Fig. 6 are important in the application of the pitot tube to 

the jet plume measurement. The right-hand boundary indicates an upper bound of Re, 
where the viscous effects are negligible. The left boundary is the low limit of pitot data from 
experiment. Somewhere below the boundary, transition to free-molecular flow occurs, 

although there is no evidence of it in the available data. 

3.4 EXAMPLES OF APPLICATIONS 

3.4.1 Supersonic Nozzle Flows 

Figure 5 can be used to determine the stream Mach number in supersonic nozzle flow and 
to select the pitot tube size and pressure transducer range needed to make a measurement in 
an assumed flow. 

To Find the Nozzle Flow Mach Number 

The flow in a supersonic nozzle is probed with a 0.5-cm-diam pitot tube. The test 

conditions are as follows: 

PPG = 0 . I 0  t o r r  

PTI = 2 .0  t o r r  

T T = 9 0 0 ° K  

dp = 0.5 cm 

Gas N2:7 = 1.4 

pitot gage pressure 

nozzle supply pressure 

total temperature 

pitot tube diameter 

= 0.76 tt = 1.76 x 10 -4 poise 

In Fig. 5, PTIdp(300/TT) 1.26 = 0.25, Ppo/PTI = 0.050 

M = 5.4, Linear Interpolation - First Approximation 

A final determination of Mach number can be made if more accuracy is required, by use of 
Fig. 4. The Reynolds number is 

a 

Re 2 __ ( P o o l , ) f ( M , y ) I  PT dp (300/T1,) 1"26 ~ (33) 
o 1 

f (M, y) MPl-- ( "I'TpT ~ ~+I/2 I--~2 I 
1 

(34) 
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P°a° = 301/cm Po = 1 tort 

Vo To = 300 ° K 

Re 2 -- 27.8 

Figure 4 gives PpG/PT2 = 1.06 

and PT2/PT 1 = 0.047 

M = 5.36 

as a final value; further approximations will not yield improvement in certainty o f  the flow 

Mach number. Since the nozzle flow is isentropic, the density, temperature, and velocity can 

be calculated immediately. 

To Find Pitot Tube Size and Transducer Range 

Assume a nozzle flow at a Mach number of  6.0 from a reservoir at 1.0 ton" and 500°K: 

1. No Viscous Correction 

M =6 PTI =1 T T=500 ° K  

P 
dp(300 ~ 1"26 PG 

PT 1 XT / = 20 
T PT 1 

dp = 33 cm pitot tube diameter 

P = 0.030 tort pitot gage pressure 
PG 

- 0 . 0 2 9 5  

2. Minimum Diameter Pitot Tube 

dp ( 3 0 0  ~ 1.26 
PT I \ - '~-T / 

dp = 0.024 em 

= 1 . 3 x i 0 - 2 ,  PPG - 0.095 

PT 1 

P = 0.095 torr 
PG 

21 
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which is over three times the inviscid pressure. 

3 . 4 . 2  F r e e - J e t  P l u m e s  i n t o  V a c u u m  

The selection of a pitot tube size and its transducer range for surveying a jet plume is less 

certain than for nozzle flow because the flow density can be several orders of magnitude 

lower. As an example of the use of Fig. 6 to facilitate this process, assume a bipropellant 

MMH-N204 motor with the following characteristics: 

PT 1 = PCh = 8.5 arm 

Molecular Weight = 21 

y = 1.28 

Ae/A* = 20 

MTo t = 150 gin/see 

0 = 40deg from axis 

T T = 8,000 ° K 

a T = 1 .23  x 105 cm/sec 

PT = 6.5 x 10 --4 poise 

oJ = 0.65 

(y) = o . 3 1 1  

Dist. ffi 3 m 

PT1 ffi 7.25 x 10 -4 gm/cm 8 

From method-of-characteristics (see Ref. 8) calculations, the plume flow field mass flux is 

given by 

td/0. - f (y ,  AJA*,  0)-- 0.15/ steradi an 

MTot 

At a distance of  3 m the mass flux is estimated to be 

= p u  [M/O" 1 MT m = ~ = 2.5 x I0 "4 ~n/cm2 -sec 

This is nondimensionalized by the chamber values, QTIaT: 

m 

PTIaT 
- 2 . 8 x 1 0 - 6  

22 
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Upon examination of Fig. 6, one finds the upper extreme in Reynolds number gives the pitot 
tube diameter for no viscous effect 

I ]" Re2 = 2.5 x 107 = (• + 1) 2 PTlaT dp 

fn/PT1 aT 4y PT 

1.39 x I0 s dp 

f(y) PpG/PT1 -- 2 . 6 x 1 0 - 6  

Therefore, dp = 180 cm for no correction 

P = 0.055 tort transducer pressure 
PG 

The smallest pitot tube for which correction data are available corresponds to the left 
boundary which shows 

Re2 - 1.7 x 104 = 1.39 x 105 dp 

r~/PTla T 

f (y) PpG/PTI -- 4 x 10-6 

Therefore, dp = 0.12 cm smal lest  diameter 

PPG = 0.084 tort pressure 

Between these large limits of pitot tube diameter, compromise must be made among these 
factors: 

1. Spatial resolution improves as dp decreases. 

2. Response time decreases as dp increases. 

3. Uncertainty decreases as dp increases because PPG "" PT2" 
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4.0 CONCLUSIONS 

Pitot pressures have been measured in very low density gas streams of supersonic nozzles 
and free jets. The low density viscous effects produced pitot pressures over four times the 
inviscid Rayleigh stagnation pressure. It was found that the ratio of measured pitot pressure 
to ideal inviscid stagnation pressure correlated with the Reynolds number behind a normal 
shock wave and a heat-transfer parameter represented by the total temperature when the 
pitot tube remained near room temperature. 

By an appropriate combination of the physical variables, a form of presentation was 
derived that permits determination of stream properties from pitot pressure without 
successive approximations. A standard geometry is recommended to minimize the low 
Reynolds number and angle of flow effects. The simple geometry is a 10-deg internally 
chamfered tube about 30 diameters long. 

The boundaries shown in Figs. 5 and 6 permit the determination of pitot tube size and 
pressure transducer range required to make successful measurements in wind tunnel nozzles 
or free-jet plume flow fields. The limit of applicability of the pitot tube as a measuring 
instrument for very low density flows is also indicated by the boundaries. In the case of 
nozzle flow, the convergence of the wall boundary layer will cause merged flow before the 
limit of pitot tube applicability. However, the free jet may expand to a density where pitot 
data are unavailable and the measurements are uncertain. 
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APPENDIX A 

SUMMARY OF EXPERIMENTAL DATA 

The systematic data from the 0.6- to 2.6-cm-diam pitot tubes axe shown in Fig. A-1 
reduced to pitot gage pressure as a function of Reynolds number behind a normal shock and 
total temperature. The temperature should be considered a heat-transfer parameter, which 
would more properly be written T,r/Tw (Total Temperature/Pitot Tube Temperature). The 
gage temperature in these tests was maintained near room temperature by a thermostatically 
controlled heater. The Math numbers for the two nozzles cover a range from 2.7 to about 
7.0, and the independence of the pressure ratio is evident in the figure. 

Figure A-2 summarizes some pitot pressure data in a free-jet expansion from a 3.8-ram 
sonic orifice into a cryogenically pumped chamber. Reference 7 gives results of method-of- 
characteristics calculations of  the sonic jet flow field in the form of flow density variation 

p _ coltet, along the axis (A-l) 

P T  1 r 2 

where the constant depends upon the ratio of  specific heats, 7, and orifice area. 

Since the flow is nearly fully expanded, the velocity is given by the total enthalpy to a good 
approximation: aLl m = x / 2 D , - 1  aT. The Rayleigh stagnation pressure for an inviscid 

isentropic gas flow, PT2, approaches the limiting value 

9. 

PT2 = [ (y) p u  Lira ( A - 2 )  

where 

f(y) = ( l /y)y/y- t  ( f ~ _ ~ )  y + t /y-1 (A-3) 

In Hg. A-2 the ratio of the measured pitot pressure to the Rayleigh stagnation pressure is 
shown as a function of Reynolds number based on conditions behind the normal shock 

where temperature is practically the stagnation temperature, i.e., 

R e  2 = " dp 

lZ T /z T 
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These data were obtained for a room temperature source and include similar data from Ref. 
9 for an externally chamfered pitot tube. The Reynolds numbers were based on the pitot 

tube nose diameter and the curve compares well with the AEDC sonic orifice results. 

Figure A-3 summarizes the AEDC data obtained in the supersonic nozzles and the sonic 

orifice. The experimental scatter is larger for the lower Reynolds numbers, but the trends for 

Re2 -< 1 appear consistent with the more reliable data of Fig. A-1. Incompressible pitot 
pressures (measured by cylindrical tubes in water and off--see Ref. 3) are included to 
demonstrate that the low Reynolds number rise in pitot pressure is not logically a rarefaction 
effect, but is associated with the domination of viscous over dynamic stresses. The Stokes or 

Oseen regimes are characteristic of this form of behavior. There is no evidence in the present 
experimental data (Re2 = 0. I) for an approach to a free molecule limit in pitot pressure. 

The temperature of the pitot tube was measured 4 to 8 cm from the nose by copper- 

constantan thermocouples, and the following table lists typical temperatures during the 
experiments. 

°K tort T OK TT, PT, ,__P_L__ Nozzle 

300 0.05 - 0.50 270 - 290 M = 3 

900 0.05 - 0.50 280 - 340 M = 3 

500 0.50 - 3.0 270 - 300 H = 6 

900 0.50 - 3.0 280 - 326 M = 6 

The cold chamber walls, low heat transfer in a vacuum, and the small convective heat 

transfer in low density flow combine to limit the pitot tube temperatures about room 
temperature. 
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Figure A-2. Pitot pressure in sonic orifice jet 
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A. 

A* 

a 

d 

Kn 

MW 

xh 

Pp 

PPo 

PTI 

PT2 

R 

Ro 

Re2 

Red 

Tp = Tw 

TT 

NOMENCLATURE 

Cross section area of nozzle exit 

Nozzle throat area 

Acoustic speed 

Diameter of pitot tube 

Knudsen number, (k/d) 

Mach number, (u/a) 

Mass flow rate 

Molecular weight 

Mass flux, (Qu) 

Pitot pressure 

Pitot gage pressure 

Stagnation pressure ahead of normal shock 

Stagnation pressure behind normal shock (inviscid) 

Radial distance 

Universal gas constant 

Reynolds number behind normal shock, (Qzuzdp/~Z) 

Reynolds number, (Qlu]dp/~l) 

Pitot tube wall temperature 

Stagnation temperature 
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U 

7 

0 

Q 

(o 

Flow velocity 

Random mean velocity 

Ratio of specific heats, (Cp/Cv) 

Plume streamtube solid angle 

Mean free path 

Coefficient of viscosity 

Density 

Angle from nozzle axis 

Viscosity-temperature exponent 

SUBSCRIPTS 

Reference condition, (1 torr and 300°K) 

Ahead of normal shock 

Behind normal shock 

P 

T 

Pitot tube 

Stagnation point 
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