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past a Flat Plate and Around a Cylinder
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Summary: Detailed flow survey around a flat plate with a sharp leading edge and a
circular cylinder in the hypersonic rarefied gas flow was carried out over a wide range
of the flow density. The experimental condition of the flat plate covers the range of the
rarefaction parameter up to 20, and the measured results bridge the regions predictable
by the strong interaction theory and by the free molecule theory. The rarefied flow
around the cylinder was obtained up to the Knudsen number of 400. The so-called
“shoulder wave” was found to exist in the region between the free molecule flow and
the continuum flow. The structure of the wake measured is surprisingly similar to the
one predicted by the viscous theory.

SYMBOLS

A:  cryo-panel area or nozzle sectional area
a: accommodation coefficient
A,: effective nozzle exit area
C: capture coefficient
C..: Chapman-Rubesin coefficient
D: diameter of cylinder model or probe
d: orifice diameter of pressure probe
Z:  ratio of the diameter to length of the pressure probe (d/I)
e: charge of electron
fo: function of hot-wire resistance with no flow
f:  function of hot-wire resistance with flow
h,.: heat transfer coeflicient
I:  heat current of hot wire
J:  current density to Langmuir probe
K: thermal conductivity
K, Knudsen number
K, : non-dimensional heat transfer parameter
k: Boltzmann constant
I: length of the pressure probe or the hot wire
M:  molecular mass of gas or Mach number
M. . free stream Mach number
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particle mass

particle number density

impact pressure

measured pressure in the orifice cavity
pressure on the surface outside the orifice
prandtl number

free stream static pressure

heat flux

heat transfer from flow into wall

gas constant

Reynolds number

hot wire resistance

Langmuir probe radius

specific pumping speed

molecular speed ratio

temperature

macroscopic mean velocity of gas
rarefaction parameter

plasma floating potential

actual pumping speed

maximum volumetric pumping speed
most probable molecular speed
distance from leading edge to orifice of a flat plate
ratio of the specific heats

density

mean free path

Debye shealding length

angle which the free stream mean velocity vector makes with surface

element
viscosity

suffix

electron

ion

limit as 4,,/d— oo

gas condition

wall condition

free stream or infinity
stagnation or total condition
nozzle throat portion
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1. INTRODUCTION

Recently study of rarefield gasdynamics has made remarkable progress owing
to the developments of the related techniques. The main object of this study
concerns with the molecular flow or the noncontinuum character of the flow, which
may be observed in a considerably low density atmosphere. The flow behavior
of slightly rarefied gas is well known both experimentally and analytically. while
in the case of the free molecule flow in which the flow character is predictable
by the suitable analysis, the experimental investigation does not seem to be enough.
The intermediate region of these two extreme cases, “transition flow region”, has
been left open to question due to both analytical and experimental difficulties in
dealing with this region in spite of the various attempts by many researchers. In
the present paper, the experimental study of the transition flow region is reported,
with the emphasis of the phenomenological erasp which is the most important step
to the thorough understanding of this region, and it is intended to bridee the
regions predictable by the continuum flow and the free molecule theories.

The general status of the progress of rarefied gas flow study up to 1960 was
summarized in [71. in which the transition flow was treated bv the <imnle inter-
polation theorv between the continuum flow theory which uses the Navier-Stakeg
equations with slight modification in the boundary condition including the slin flow
effects, and the free molecule flow theory based on the gas kinetics. The recent
status was surveyed more systematically in [21. Comparing [71 and [21. one can
see how remarkable progress has been made in the field of rarefied gasdynamics.
Heat transfer in rarefied eas flows was also reviewed in [317.

A Tleading edee problem of a flat plate is the most interestine and important
one in hypersonic rarefied gasdynamics, since it includes all the basic phenomena
inherent to the rarefied gas flow, and many related works have been published.
As a remarkable contribution to this problem, a simple flow model in the merged
layer region was proposed by Oguch i[4] in 1961. Tn his theory, it was assumed
in this region that, although the inviscid layer disappears, the shock wave still keeps
the classical Rankine-Hugoniot relation, and therefore the Navier-Stokes equations
are applicable to the whole flow field. This analysis results in the solution quite
similar to that around a wedge. Later, taking into account the experimental fact
that slip effects should not be ienored near the leading edge region. he improved
the boundary condition at the body surface so as to include the slip effects, and
estimated the first order effects. The results predicted the existence of a plateau
of the pressure distribution curve over the region close to the leading edge [5].
Probstein et al. [6] analized the flow field near the leading edge in the merged layer
region using almost the same method as Oguchi’s except applying the boundary
condition in which were taken into account the effects of shock curvature, longi-
tudinal transport and thickness, and wall slip at the surface. The density ratio
and the tangential velocity across the shock wave, however, were assumed to be
given by the Rankine-Hugoniot relation. There are many additional literatures
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which deal with the rarefied flow in weak interaction region [7], using the linealized
Oseen equations [8], [9]. or with dissociating diatomic gas [/0].

Recent experimental work in the merged layer region revealed definitely the
invalidity of the thin shock assumption, which is the basis of the previous analysis,
and has been followed the new methods of the theoretical analysis [14]-[/8]. In
1967, Oguchi [74] treated the hypersonic flow past a flat plate in the merged layer
on the basis of the Navier-Stokes equations without the thin shock assumption,
in which the assumptions were made that the shock is locally straight and the local
similarity concept is applicable, so that the analysis of shock structure is reduced
to one-dimensional problem. The overall shock shape is constructed by patching
together the locally straight shocks thus determined. The slip on the wall and the
curvatures of the shock and the streamline are not taken account of, though the
magnitudes of the slip velocity and the normal pressure gradient were estimated
from the solution. Although this paper only provides the zeroth-order solution
of the problem. it must be noted that this is the first introduction of a new concent
of rnalysis. Later Shorenstein es al.[15] improved this analysis, in which the
chock is assumed to be locally circular, therefore the corrections of curvature due
to the lateral transport within the shock and/or due to the velocity slip at the
surface are included. The prediction of these analyses is well consistent with the
recent experimental results. Another new method to analyze the hypersonic vis-
cous flow over slender bodies was reported [76], in which the basic equations valid
over the entire range of continuum flow are formulated based on the Navier-Stokes
equations without a priori assuming the existence of a discontinuous shock wave
or an ordinary boundary layer. By this method numerical calculation can be
carried out over the whole downstream region if the flow characters are given as
the initial conditions at the leading edge. The reference [77] presents another
new method which eliminates the thin discontinuity approximation of the conven-
tional viscous interaction theory [79].

While. in 1961, Charwat [77] treated the leading edge problem using the
Kinetic near-free-molecule technique. The essence of this technique is that the
“group” of undisturbed molecules with high energy collides almost tangentially
with the leading edge, and causes to emit the another “group” of molecules with
low mean velocity. This is called first collision. These two groups collide and
formulate a new “group”. This new group collides with the previous eroups.
called second collision, and creates another new group, and so on the collision
between the groups takes place successively. He mainly discussed about the first
collision, which corresponds to the near-free-molecule flow. Later, Patterson [72]
pointed out the possibility of applying the free molecule gas kinetic theory to the
rarefied gas flow analysis. And recently Bird [73] conducted the numerical ex-
periment using the Monte Carlo method. However, the Kinetic treatments of this
problem are rather few comparing to the contiuum treatments.

Many experimental works [201-[36] of this problem have been reported.
Schaaf et al. [21] measured the induced pressure of a sharp leading edge flat plate
with the insulated wall in a rarefied flow using a low density wind tunncl. They

L
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discovercd the fact that, when the hypersonic interaction parameter cxcceds a
certain value, the measured pressure distribution begins to deviate from the value
predicted by the strong interaction theory, and suggested the existence of the slip
flow. Nagamatsu ez al. [22] measured local heat transfer rates under the cold wall
condition using thin film platinum hcat transfer gauge. The results revealed a
plateau of the distribution of the heat transfer rate, which was also recognized later
in another experiment by Vidal et al. [23]. Chuan et al. [24] measured the surface
pressure near the leading edge and the pitot pressurc distribution in the flow field,
but did not find a platcau cven very close to the leading edge within the order of
onc mean free path length. He also reported that the velocity slip up to 60%
of the frec stream velocity was observed near the Icading edge. In [26], the data
of the surface skin friction, the heat transfer, the static pressure, the shape of
the shock layer and the pitot pressure were reported, from which a rather gentle
slope of the heat transfer distribution curve is observed instead of a plateau.
Recently the mcasurcments of the surface pressure under the condition with the
higher hypersonic interaction parameter have become possible using morc rarefied
wind tunnels and the flow ficld survey using the various methods have begun [29]-
[3/]. McCroskey et al.[29], [30] measured the shock shapc of a sharp leading
edge flat plate with the cold wall in the rarefied hypersonic flow by means of
schlieren photograph, nitrogen glow discharge, pitot probe and hot wire. The main
results are as follows; the shock wave is everywhere convex, the shock shape is
close to the one of a 3/4 power law, and the shock profile near the leading edge
actually smears. Afterwards they extended the object of investigation to the
slender bodies [3/] such as wedges and cones, and discussed the body shape effect
of the rarefaction to the flow field in the rarefied flow. They invented a new
measuring technique [32] and obtained the refined data of the flow around a sharp
leading edge flat plate. Becker et al. [33] and Vas et al. [34] carried out the flow
field survey and the surface pressurc measurement mainly for the purpose of deter-
mining the applicable range of the strong interaction theory. Maulic es al. [35]
reported the detailed measurement of the induced pressure, and Harbour et al. [36],
the flow field survey with electron beam probe.

Study of the rarefied gas flow around blunt bodies [2] has been mainly con-
cerning to the relations of the static pressure, the stagnation pressure, the heat
transfer, the shock shape and the dfag coefficient to Mach number or Reynolds
number. The flow field in the stagnation region of blunt bodies in hypersonic
non-rarefied flow is analyzed in detail in [/9], but a few analytical works concern-
ing with the rarefied gas flows appeared in the literature [37], [38]. The main
difficulty of this problem is due to the fact that the rarefaction cffects upon a shock
layer and/or a viscous layer of the blunt bodies arc so complicated that the analyt-
ical approach is almost impossible.

Kao [39] discussed analytically the shock layer growth duc to the decrease of
Reynolds number in the rarefied flows around the sphere. Bird [/3] presented the
drag coefficients of a sphere and a circular cylinder (and also a flat plate) in the
near-free-molecule condition, solving the Boltzmann equation by means of Monte
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Carlo method.

The analytical works of the flow around the circular cylinder appeared In
[40], [41] based on free molecule flow theory; [40] treated a wake of a cylinder,
and [41] is using the B-G-K model.

Some experimental contributions are found in [42]-145]. Potter et al. [42]
measured the impact pressure in the stagnation region of the models of the hemi-
spherical or flat nose with axisymmetric afterbody. The result indicated that the
impact pressure firstly decreases with decreasing Reynolds number and then in-
creases afterwards, and that this trend is independent of the surface temperature.
Tirumalesa [44] conducted local measurements of the rotational temperaturc and
the density around a cooled hemisphere-cylinder model set parallel to the flow
using electron beam technique. Coudeville et al. [46] obtained the drag cocfficients
of cylinder models over the low speed to the supersonic flow conditions. Zapata
et al. [47] showed the strong effect of Reynolds number to the measured surface
pressure of the cylinder. Broadwell et al. [48] measured the shock structure,
especially the shock thickening and the shock formation processes in the relation
with the change of the Knudsen number.

It seems that the study of the hypersonic rarefied flow around blunt bodies
has been left behind both experimentally and analytically that of a sharp edged
flat plate.

In the present paper, measurements of the surface pressure and flow field
survey by the several probes were conducted in the hypersonic rarefied flows past
a sharp leading edge flat plate and around a circular cylinder. It should be noted
that, using the low density wind tunnel with cryopumping capability, the measurc-
ments were carried out in the more rarefied flow condition with the rarefaction
parameter up to 20 than those above mentioned. The detailed survey of flow field
was achieved by means of several types of the probes. Carbon dioxide gas was
mainly used in the experiment becausc it has the large capture coefficient at the
temperature of the nitrogen cooled cryo-pancl and, therefore, the cryopump is
effectively operated. Argon and nitrogen gases are also uscd.

This is the author’s doctor thesis submitted to the Graduate School of
Engineering, University of Tokyo in 1969. The auther wishes to express his
sincere thanks to Dr. K. Oshima, Associate Professor of University of Tokyo, for
his continuous guidance during the course of the study. Thanks are also due to
Mr. K. Sugaya for his helpful assistance in conducting the experimental work.
The auther also received the attentive help from Miss H. Sakurai at the stage of
arranging the paper.

2. EXPERIMENTAL APPARATUS

2.1 Wind Tunnel

In this experiment the low density wind tunnel of the Institute of Space and
Aeronautical Science, University of Tokyo was used. The principal feature of
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this tunnel is the cryopumping capability for carbon dioxide and water vapour.
The main part of the cryopump consists of nitrogen cooled panels of 2 m? in total,
and it operates at a large pumping speed of 2 X 105 [/sec per 1 m? cryo-surface,
which is quite close to the theoretically predicted value, and covers the wide range
of the chamber pressure. The diffusion pump serves as an adjunct role. The
principle and the operation of the cryopumping are described in [49].

When a chamber condition is of free molecule, the maximum volumetric
pumping speed, V,,,. of cryopump is independent of the chamber pressure and is
determined by a specific pumping speed, S,,. calculated based on the kinetic
theory and by cryo-panel area, 4, and expressed as

Vmax - Smax >< A 2

??70

where S .
2aM

max ~

The actual pumping speed, V, is a capture coefficient, C, multiplied by the max-
imum speed

V=CxXV

max °*

The value of C is given experimentally; for example, 0.63 for carbon dioxide and
0.92 for water vapour at the cryo-panel temperature of 77°K. In Fig. 1 the pump-
ing characters of this tunnel are illustrated. The specified pumping speeds of the
oil diffusion pump and the mechanical booster pump are 3000 I/sec and 300 l/sec,
respectively. Two rotary pumps are provided in series with the mechanical booster
pump for obtaining the suitable forepressure. The cryopumping speed shows a
linear character because it is almost independent of the chamber pressure as noted
before. Several experimental conditions are plotted in the figure, all of which are
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Fi6. 1. Pumping perfcrmance of the wind tunnel.
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beyond the capability of the diffusion pump with a reasonable size. Thus, one
can see the usefulness of the cryopump.

The experimental setup is shown schematically in Fig. 2(a). The main por-
tion is a vacuum chamber of 1.2 m in diameter and 2.4 m in length, made of
wrought iron, and has glass windows of 100 mm in diameter on the both sides of
the chamber at the test section. The plenum chamber is also an iron cylindrical
vessel of 50 mm in internal diameter and 200 mm in length, and is fixed by the
flange at one end of the vacuum chamber. The gas is fed from the bottle to the
plenum chamber and the flow rate is controlled by the leak valve inserted to the
feed line. The other end of the chamber is closed by the lid, which is removable
in the preparation or the improvement of the test section. Nine flanges of 100
mm in diameter are provided at the top of the chamber for the terminals of the
instruments, liquid nitrogen inlets or other purposes. The nozzle exit diameter is
80 mm. The nozzle throat diameter can be changed from 2 to 8 mm by exchang-
ing the throat portion which is the small stainless steel nozzle with a given throat
diameter, 16 mm exit diameter and 50 mm length. The traversing mechanism
for probe survey consists of a pair of the gear systems and the survo motors, and
can move the probe within the range of 200 mm both in the parallel and per-
pendicular directions to the flow. It can also rotate the probe. The accuracy of
this mechanism is within 0.2 mm. The chamber is evacuated up to 2 X 10-° torr

recording traversing
instrument control ionization
auge
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nozzle
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FiG. 2(a). Schematic view of the general setup
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General view of the wind tunnel (left side)
The probe traversing mechanism (right side)

Fi1c. 2(b).
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under no flow condition about an hour. Liquid nitrogen for cooling the cryo-panel
is fed by applying the suitable pressure of the nitrogen gas to the liquid. The cryo-
panel has I m? in area and is cooled about 80°K. The photographs of the general
view of the wind tunnel and the probe traversing mechanism arc shown in Fig.
2(b).

The tunnel operation diagram is shown in Fig. 3. By changing the nozzle
throat diameters, the tunnel can produce the flow in the range of Mach number 5
to 14, Reynolds number 102 to 1 and Knudsen number 0.1 to 400. The broken
curves indicate the stagnation pressurc of the plenum chamber. Definitions of the
Mach number and the Reynolds number in the diagram are described in the sec-
tion 2.2 Pressure Probe. The flow in the tunnel is stable and reproducible as far
as the cryo-panel is kept cold below a certain temperature. The plenum and the
chamber pressures are measured by the Pirani and the ionization vacuum gauges,
respectively.  The chamber pressure varies from 2 X 10-% torr without flow to
5 X 10~ torr at the maximum flow rate.

A\,
15 *\-\w e e
ot ,:»-m"‘\. s
s .
nozzle ™
throat llln’l.\\
o N . -
N ™ “
10— 4" TR,
. N\ S
6‘0‘/( B R
= = ~~—
I~
\\‘:«,
H'/ N \.“\ :\'\\'\.
5 i B e SN~
- (),57\1 2 “3torr
‘stagnation pressure
«, | N
107 10 - 10 1

Re (perlcm)
FiG. 3. Tunnel operation diagram

2.2 Pressure Probe

Fig. 4 shows the surveying probes used in the experiment. All the dimensions
are in millimeter. The impact and the static pressure probes are made of brass
and connected directly to an ionization vacuum gauge tube or to a Pirani gauge
tube according to the pressure condition. The Pirani gauges for measuring of the
impact or stagnation pressures were calibrated with McLeod gauge.

A square flat plate with the sharp leading edge and a long cylindrical tube
were used as the bodies for investigating the flow in this experiment. These are
shown in Fig. 5. The plate is provided with a reservoir of liquid nitrogen and
can be uniformly cooled down to about 80°K. At 18.5 mm downward from the
leading edge is located an orifice for surface pressure measurement, and the vacuum
gauge is fixed directly to it as is the case with the other pressure probes. The flat
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Impact Pressure Probe
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Fig. 4. Probes

plate model was suspended from the top flange of the chamber in the direction
parallel to the flow at the position of 5 mm aside from the flow axis, the leading
edge of it is 10 mm apart from the nozzle exit. The surface pressures were
measured under both the adiabatic and the cold wall conditions. The data were
taken for eight cases of the flow rates. The magnitude of the time constant of
the surfacc pressure measuring system is in the same order as that of the pressurc
probes and no apparent difference due to the surface conditions is observed.

The cylinders are glass or brass tubes with different diameters, and long
enough so as to regard the flow field as two-dimensional. The cylinder was placed
perpendicular to the flow at the distance of 10 mm downstream of the nozzle exit.
The surface pressures of it were measured through a slit of 0.8 mm width and
10 mm length continuously by rotating the model around its axis at a low rate
of 19 minutes per one revolution under the adiabatic surface condition, the time
constant of this system being about a half as small as that of the pressure probes.

The measured pressures are not necessarily the true impact or the surface
pressure unless the molecular mean free path is much smaller than the orifice
diameter and/or the gas and the surface are in thermal equilibrium. The orifice
cffect on the pressure data measured in the rarefied flow has been treated in [27],
[421,[50],[51]. Usually the mecasurcd pressure data in the rarefied flow are cor-
rected of the viscous and the thermal transpiration effects.
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The viscous correction of the measured pressure was performed in this cxperi-
ment as follows. The surface pressure distribution of the cylinder, P,, is calculated
using the equation of the total pressure in a free molecule flow proposed in [/9] as

1) "_‘OMU%‘ { (2'_»///)

’l‘]“
[7 ) n .
25 v

U f)
S sin @) 4- 22,
(ssing)+; J "

}e‘—(b' sin @)=

) Coeins l .fn TW e ’
-+ {(zﬁ. f,)(b sin” ¢ - T’l“) -+ 5 Vo \/ 7 (S sin 4)
KAl 4-erf (8 sin 0)} l,

where 6, S, f, are the angle which the free stream mean velocity vector makes with
surface element, the molecule speed ratio and the accommodation coefficient normal
to the model surface, respectively.  From the ratio of the surface pressure at
0=0°(Py.) to the one at =90°(P,.) which is given as

P, _(<Vn +, )c— + [ 574 » (I +4-erts) _7:(¢[ +1),

s

the theoretical relation between (P,./P,.) and S is obtained, which is expressed
graphically in Fig. 6, where I'=1+ KTIWSB, and T, ,is assumed to be the same

r
as T',. Using this theoretical curve, the value of § is determined from the meas-

ured pressure ratio (P,./P,.), and the free stream static pressure, P, is obtained
using the result of Chambré’s. The Mach number in the free stream is caleulated
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FiG. 6. Theoretical curve relating the surface ratio
to the speed ratio

This document is provided by JAXA.



92 Y. Kobayashi

from the value of S determined above using the relation

M.,

4

In this experiment the orifice correction of the surface pressure for thermal
transpiration was carried out according to the reference [5/]. Potter et al. [51]
derived the relation between the measured surface pressure, P, the truc pressure
on the surface outside the orifice, P; ,,, and the heat transfer rate, ¢, using the the
two-stream Maxwellian velocity distribution as proposed by Liu and Lees [58].
In the limiting case wherc the mean free path, 2,, corresponding to the orifice
pressurc and the wall tempcrature, 7', is much larger than the orifice diameter,
d, that is 2,,/d— oo, a non-dimensional heat transfer paramecter, K,,, is related to
the pressurce correction factor (/P ,,),, as [ollows,

K, = 16/19Q/m) UL /P 0)— 1
(Pj/l)j,or)b

b

where the suffix L means the limiting case of 1, >d, and this parameter, K, is
defined as

— q Prw”’glf_ l)
! TPJ'(R,TIU)U2

M

where Pr, T,,, are the Prandtl number and the wall temperature, respectively. The
mean free path, A, is calculated by the following relation which is proposed by
Patterson [55] as

16 0 [RT
Azt A (1)
5 PY ¢
where p is the viscosity and is calculated from the Sutherland’s cquation for CO,
gas
s AR
p= 1354 V1 X107 gr/cm-sec .
14 246 . _l_
ovr T

Then Potter defined the normalized pressure correction factor, P, as

P= ,,,(EJ,/,{).-M%r):q)j/P‘;,q,-)/, ’
1“(P.7'/Pj,r)r)L

and derived experimentally the relation between this factor and the rlative orifice
size and the wall condition for nitrogen and argon gases.

In this experiment, because A is much larger than the orifice diameter, d, over
the whole experimental conditions, onc can assumc
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P‘/' s 7 ‘“,

PN,
where P, corresponds to P, ,, in the prior expressions, and then, (P;/P,) is esti”
mated to be 0.58 for the case of 7,=300°K and 7,,=77°K from the empirical
working chart presented in [5/].

A working chart of thc same type based on the experimental results of pres-
sure dependence on the temperatures at the cold and hot ends of a fine tube is
presented also in [50].  The thermal effects along the wall of the orifice tube were
neglected since the orifice length is short in this cxperiment.

The rarefaction parameter is defined as

N RCL,,X
This parameter mainly has relation with the slip effect which appears near the
sharp leading edge of slender bodies when the gas flow becomes rarefied and/or
hypersonic [52].  The Reynolds number used in the above expression was calcu-
lated as
Uu.X
[
where X is the distance along the flow direction from the leading edge to the

measuring point, and p,,- U, is determined as follows under the assumption that a
gas is isentropic

Rem,X: £

p U = p*U*
‘Ac
where A* is the throat arca and A, the effective exit arca of the nozzle. Assuming
that 7,=300°K and the gas is CO., then we have

A*
5

p. U, =3.84<107°. P,.
where the units of P, and 4 are xHg and cm?, respectively. The value of C, is
assumed to be unity.

The Kundsen Number in this experiment is defined as

Kn= 4., 5
D
where D is the model diameter, and 2, is the mean free path in the free stream
which is calculated by eq.(1).

When the flow becomes rarefied with regard to the orifice diameter, the
measured pressures by the impact probe, P, or by the orifice probe, P,,, are in-
fluenced by its geometry such as the internal diameter, d, and the length, I, of the
probe. The theoretical treatments of the impact and/or the orifice probe in the
free molecule flow regime were proposed [59],[63], and the numerical solution was
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prescnted in [64], which is briefly summarized as follows. With the assumption
that the equilibrium Maxwellian velocity distribution superposed on the local mean
velocity is realized in the viscinity of the orifice, the balance of the molecules enter-
ing to and leaving from the gauge through the orifice per unit time is written for
the orifice probe with infinitely large diameter to length ratio as

N(‘i:NUl' b

where N, is the number of the entering molecule and N,, is the one leaving.
After some manipulation, one has

P, / T,

P N =le 48V (I 4erf$)] . (2)

or

For the impact probe, the relation of the same form as eq. (2) is obtained.

2 \/l _ WS, o)
WU “)

I "

where W(S, &) is the probability function presented in [64], and @ is the ratio of
the diameter to length of the probe. The numerical calculation of (P, /P,,) was
carried out for speed ratios of zero to 20 and for the ratio of ¥ from zero to
infinity which corresponds to the orificc probe. From this result, it is found that
this ratio, P,, /P, increascs with increasing the value of 1/%, and/or 5. The
same trend as this was confirmed experimentally by Sreekanth [60]. He showed
that the measured valuc of this ratio approaches to the theoretical prediction when
the Knudsen number based on the ratio of free stream mean frec path to the internal
diameter of the probe is more than 10.

The theory of the free molecule impact probe is also presented in [59] in
which, after several assumptions, Chambr¢ et al. presented a formula which con-
tains, as the parameters, the probe geometry, the [rec strecam Mach number and
the ratio of the products of the pressurc and the density in the probe and of those
in the free stream.

2.3 Hot Wire

The hot wire anemometer is a fine platinum wire of 3 mm length and 0.01 mm
diameter welded on the top of a pair of stainless steel supports. Conventional hot
wire anemometer senses the mass flow rate and the temperature of the flow in
a complicated way, but when uscd in the rarefied hypersonic flow as a frec molecule
probe, it shows a different performance as described later. This free molecule
probe criterion that the mean free path of a flow is sufficiently large compared
with the hot wire diameter is realized in this experiment.

The problem of the heat transfer from wires in the rarefied flow is a classical
one, and many studies have been reported [20],[32],[43],16/],[62]. When the
wire is used as the free molecule probe [20],[43], the heat transfer coefficient, 4,
may be expressed as
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h, = Pv,ag(8)/(2°"°T) , (3)

where v,,, a, are the most probable molecule speed and the accommodation co-
efficient of the wire surface, respectively, and ¢(S) is the function of the molecular
speed ratio S and is tabulated in the reference [20]. In the limiting case of S— oo,
eq. (3) is

h,=3aRpU/x ,

where U is the mean velocity of the undisturbed flow. The Nusselt number, Nu,
in this case is expressed as

Nu=(3aR/xC )Re.Pr, (4)

where C,, Pr are the specific heat at constant pressure and the Prandtl number,
respectively. Eq. (4) indicates that Nusselt number is proportional to Reynolds
number and is independent of Mach number when it is sufficiently large.

Hot wire calibration curves which relate the quantity of the heat input to the
wire with the wire temperature are shown in Fig. 7. The curves of the three
cases which are in vacuum, with the flow and with the model in the flow practically
coincide with each other. This indicates that the magnitude of the heat dissipation
due to the flow is so small that the conventional analysis as the ordinary hot wire
anemometer is useless in order to reduce the property of the flow. Therefore, a
new method for estimating the heat transfer due to the flow is proposed here.

miv
Ti

oin vacuum

10, xwith flow N
avwith model
20 ya
jo
20 /,/
10 5/
~
( it

'] P 3 A ohm
Fic. 7. Hot wire calibration curve

In this experiment the hot wire is operated under a constant current condition.
As the heat balance of the hot wire is expressed as follows:
(Joule heating) = (Radiation loss)+ (End loss)+ (Convection loss by flow),
the heat loss due to the flow can be determined from the difference between the no-
flow and the with-flow conditions. The relation between the heat flux and the
wire resistance is shown schematically in enlarged form in Fig. 8, in which Q,,
Qp, are the characteristic curves for the no-flow and the with-flow conditions,
respectively, and]Q, is the supplied heat flux. The difference, AQ, between Q, and
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Fic. 8. Explonatory curves for the calculation of the heat transfer rate

Q, at a wire resistance, R, corresponds to the dissipating heat flux due to the flow.
In this experiment, the quantity of AQ is small and the supplied current, 7, is con-
stant, therefore

40— [AIR) (R,—R)—T(R,—R)
(/R n-PRy

- {1 (,"fﬂj 1} av .
I \dR/ r-n,

Since the voltage difference of the hot wire, 4V, is measurable with a sufficient
accuracy using electronic voltmeter, and the gradient, (df,/dR),_p, is estimated
from the hot wire calibration curve, the value of 4 is available with enough
sensitivity.

The experimental value of Nu is calculated by the following relation

2k(T,—T,,)

where L, K, T,, T,,, are the wire length, the thermal conductivity of CO. gas, the
wire temperature and the cquilibrium or no heat transfer temperature of the wire,
respectively. If the Nusselt number is assumed to be constant against the wire
temperature, the heat loss is linear to the wirc temperature, and therefore it is
determined from the gradient of the curves relating the heat loss of the wire to
the wire temperaturc (or the wire resistance). The typical rclations of the heat
loss to the wire resistance are shown in Fig. 9. The experimental values of Nu
are shown in Fig. 10, in which the free molecule theory and the experimental values
of Dewey et al’s [20],[43] are also indicated. The result of this experiment qualita-
tively agrees with the frec molecule probe theory. In the range of this experi-
mental condition, the heat loss by the rarefied flow is so small compared with that
of the radiation or the conduction that the measurement of the heat dissipation is
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Fig. 10. The Nusselt number with the relation to the Reynolds number

difficult and the measured values are rather scattered, but the correlation of Nu
with Re is clearly presented in this result.

Fig. 11 shows the change of the heat transfer due to the flow angles and the
mass flow rates, in which the symbols, | , / mean the cross and the parallel direc-
tions of the wire to the flow, respectively. The heat transfer change of the wire
is low when a mass flow rate is small, but as the mass flow ratc increases, it be-
comes higher. The angle dependence of the heat transfer rate is clearly seen in
the figure. Quantity of dissipating heat flux due to the mean flow to the wire is
approximately constant against the change of the wire temperature. It means that
correction of the radiation loss or the end loss is not important when the wire
temperature is within this range.

The hot wire anemometer serves as a free molecule probe in the flow field.
The wire calibration was carried out whenever a wire was replaced by the new one,
for each wire has a different characteristics of the heat dissipation. Since a new
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FiG. 11. Hot wire sensitivity to the flow direction

wire sometimes shows unstable nature, a careful ageing by exposing it in the
vacuum with a modelate heat supply is necessary. A wirc may endure the heating
current as high as 150 to 200 mA, but in the actual measurement it is maintained
about 120 mA in order to avoid burn-out and to kcep the effects of the radiation
and the end loss of the wire within a tolerable range. The hot wire probe can be
traversed in the flow field and can approach to the model surface as close as 1T mm.
The time constant of a hot wire is small enough comparing to the traversing speed,
therefore the continuous data recording is available at the traversing speed of 1 mm
per second.

2.4  Langmuir Probe

Langmuir probe was used for density measurement of the flow field using the
ion current characteristics collected to the probe. Usefulness of the Langmuir
probe in the molecule flow region was reported by Sonin [53], who performed
experiments to determine the behavior of small cylindrical Langmuir probe in high
speed rarefied flows, and obtained the clectron and the ion number densities and the
clectron temperature using the Laframboise’s theoretical results [54]. When the
probe is applied a negative potential, ¥, the absolute magnitude of the ion and the
clectron current densities at the probe surface arc expressed as

. kT, \'”?
1,.:0N,~,( ( ) LGz, Ty T Ry [ 22) (5)
2rm;
g 1/9
]l’t(,N("( AT" ) CXP (X'h) (6)
2rm,
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where

1=eV/kT,,

and I; is the non-dimensionalized ion current density, the magnitude of which is
found from the Laframboise’s theory as the function of Xp» T;/T. and R, /2.
Differentiating the equation (6), one has

1 _ »dji,__ e

jo dV KT,

b

and after some manipulation, the following relation is given

KTe g

e dj |dj
71 dVv

V=Vf
where j is the total current to the probe and is expressed as
i=Je—1i
Based on this relation, the electron temperature is determined graphically on the
characteristic of the probe, as shown in Fig. 12 (a). Now, a parameter g=

(R./25)*1; is introduced, and using the value of T, determined by the above
process and the experimental value of j;, this parameter is calculated from

g B (Y

& \ e | (KT, ey’

where j; is the probe current at a sufficiently negative potential that j, is negligibly
small. Using the value of 8 thus determined and the theoretical relation shown in
Fig. 2-12 (b), the value of I, is obtained, and finally the values of N, and N, are
calculated from the equations (5) and (6).
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Fic. 12. Langmuir probe performance (from reference [53])
(a) The ion current region of the probe characteristics
(b) Ion current at a dimensionless probe potential of —15
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In this experiment the distribution of the ion current was surveyed by the
Langmuir probe at a fixed negative potential of —50 V. The Langmuir probe is
made of tungsten wire of 0.1 mm diameter enclosed in a fine glass tube of 1 mm
in external diameter. In a weakly ionized gas flow as this, the density of charged
particles is considered to be proportional to the one of neutral particles. The rough
estimation of the Debye shealding length results in a length of an order of the
millimeter in the smallest flow rate, so that very close to the cylinder surface, Lang-
muir probe survey may fail.

The micro-wave discharge in the plenum chamber is used in the Langmuir
probe measurement, which is maintained only in a limited range of the plenum
chamber pressure [56]. This method is applied to the flow with the smaller flow
rate, while hot wire method is useful in the larger condition.

2.5 Freeze up Method

To visualize the flow field. “freeze up method” for carbon dioxide is devised
which in principle is analogeous to cryopumping, and is useful in a rarefied flow
region where schlieren technique or other conventional method is useless. Flow
particles colliding with a cold plate located in the flow losc their energy and most
of them are captured and condensed on the surface. The amount of the condensed
particles is proportional to the product of the local number density of the flow and
the particle mean velocity. Furthermore, as the particle mean velocity is almost
uniform in a fully rarefied flow, the general view of the density distribution is
known from the distribution of the accumulation of the condensed particles on the
platc. The thickness can be read by the methods of polarimetry or interferometry
or others, but the simplest method is direct observation under tangential skew
illumination. The visualization of a flow field around a cylinder model is possible
when the model is attached normal to the plate. From these photographs, the
flow expansion into the vacuum, the shock formation and the wake pattern of a
cylinder were visualized [57].

2.6 Flow Field Survey

As the preliminary step of the experiment using the flat plate or the cylinder,
the flow field condition of this tunncl was surveyed by several probes and by freeze
up method.

The static or the impact pressures in the flow field were measured by the
pressure probe, which were observed on the chart record of the pressure reading.
The time constant of the pressure measuring system varies from a few scconds to
2 minutes at most and becomes larger as the flow rate decreases. These flow field
maps are shown in Fig. 13(a)(b) which were derived from the impact pressurc
probe survey, and in Fig. 14(a) (b) those derived from the static pressure probe
survey. With these maps of pressure distribution the test section of the tunnel is
found to have a wide uniform flow region.

Fig. 15 shows a result of the hot wire survey. The figures in the map indicate
the difference of heat transfer rate from the onc at the nozzle exit center.
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Fig. 16 shows a flow direction map of a nozzle flow reduced from the hot wire

survey.
The typical photograph of the flow field by freeze up method is shown in
Fig. 17.

() | (b)

M=6.5, Kn=16 M=3.5, Kn=0.15 M=3.0, Kn=0.02
(©)
Fic. 17. Photographs by means of freeze up method

(a) View of the free stream in the flow field
M=7, Py/P..=6.7x10

(b) Flow pattern around the cylinder
M=4.0, Kn=54

(¢) Flow pattern around the cylinder

3. RESULTS AND DISCUSSION

3.1 Sharp Leading Edge Flat Plate

The sharp leading edge problem is to understand gasdynamical phenomena
observable between a free stream and a disturbance flow which necessarily appears
near the leading edge region. Recently this problem has been a most favorable
object to see the transition from microscopic kinetic to macroscopic continuum
behaviors. In the analytical treatments of the sharp leading edge problem, the flow
fields are categorized usually into the several regions [71,[35], for convenience.
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Roughly,

103

far downstream from the leading edge is a weak interaction region and in

upstream direction the flow field is successively divided into a strong interaction
region, a merged layer region and a free molecule flow region toward the leading
edge. Here the merged layer region corresponds to a so-called transition region,
though the latter term is often used in a wider sense. In the merged layer region
the shock layer merges so completely into the boundary layer that no discrete and
thin shock which is seen in the strong interaction region or the weak interaction

region is observable any more

In this region the density ratio across the shock

layer decreases toward the leading edge even though the shock angle increases.
Therefore the transport phenomena through the shock layer become important.
On the other hand, the slip effects on the surface can no longer be neglected and

10{-

Strong Interaction Theory

~.

.26

. x —
A e ° % B
(a) > —d o
P by Princeton exp. x
M-—23--25 o XP XX
: T/ Ty 0.15 ] e
e o/®0 © WML
S — SN (--M 8
ST /T T/ Ty 0
e g/ Ly
OITe/ Ty 0.26
10 b
107 10! 1 10
Vo
| L
| / wx % "
. x © X
Strong Interaction Theory °
: o o X x
10! S— ; ° -
| x
b o0 ©° °
Q ‘/.A*‘ | °
e
(b) £ y (3 FALT.
10 — ~>M:_g;ci120%1 eww T NI/ T 0.26
T/ o015 :
] | KTw/ Tl
f | 0|: Ty/ Ty =0.26
| | |
| [ |
0 [ H [ i
0
TS TR T T
Voox

Fi6. 18. Normalized surface pressure distribution with the relation to the
rarefaction parameter

This document is provided by JAXA.



104 Y. Kobayashi

cause to depart the values of the surface pressure, the heat transfer or the skin
friction from the prediction by the strong interaction theory. This departure
begins at a certain constant value of the rarefaction parameter, and according to
the recent experimental results [32],[331,[35]. this is about 0.25, though this figure
shows rather wide scattering by the investigators. However, there are many ques-
tions left unknown concerned with the merged layer region, the experimental results
and the analytical predictions appeared in the publications, therefore, are not
consistent with each other.

The measured surface pressures on the plate are shown in Fig. 18(a), (b),
with the relation to the rarefaction parameter. The data on the right side are the
present ones, and thosc on the left side are by Harbour et al. [36]. The measured
pressures cover the wide range of the rarefaction parameter,V., ., from unity to 20,
which well extends beyond the past experimental conditions. The measured values
are between the prediction by the strong interaction theory and the free molecule
limit, which shows that the present experimental conditions lie in the merged layer
region. Though the data are rather scattered. it is noted that the surface pressure
with the cold wall is lower and nearer to the free molecule limit than that of the
adiabatic condition. This can be explained as follows; as the temperature difference
between the surface and the incident particles colliding with it is large in the
case of the cold wall condition, the particles lose large part of their thermal energy
to the surface. The wall surface emits some part of the particles except those
captured on the wall as low energy particles, so that the layer of the low energy
particles is formed in the viscinity of the surface to result in the reduction of the
surface pressure. The value of P, /P, has a trend to approach monotonically to
the free molecule limit with the increase of V., ,. Especially, in the range of V.. »
larger than 5 with cold wall condition, this value almost equals to the free molecule
limit, which may indicate the existence of a free molecule flow in the leading edge
region. Here the values of the free molecule limit in Fig. 3-1(a), (b) were calcu-
lated by the relations proposed in references [15] and [19] as

ri e yo-n(7)]

p, 1 T,
= 0E)

1008 M,

and

where the value of 7 was assumed to be 1.4 in the calculation. The constant plateau
of the surface pressure which was predicted in the merged layer region by the
analysis [5], however, was not seen in this experiment. As to the existence of the
free molecule flow near the leading edge, much discussion has been made: Naga-
matsu et al. [22] showed the existence of a plateau and Burke [26] showed a gentle
slope rather than a plateau, and Chuan [24] did not observe its existence. Also
it must be taken into account that near the leading edge a measured surface pres-
sure is considerably influenced by the experimental conditions such as configula-
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tion, magnitude, location, surface temperature of orifice, or time constant of the
measuring system and so on [35]. Furthermore, it is worthwhile to consider again
whether the correlation of a surface pressure to the rarefaction parameter has a
sound physical basis, or whether there actually exists a free molecule flow region
near the leading edge.

In Fig. 19 is shown the ratio of the thickness to the shock height reduced
from the hot wire survey. This indicates the rate of the shock thickening in the
merged layer and serves as the extension of the data by Becker et al.[33].
The process of the shock thickening can be seen over the whole range of the rare-
faction parameter and is almost independent of the surface temperature.

The characterisitc height Y, which may represent the shock location is shown
in Fig. 20, which is obtained from the hot wire survey profiles. The shock loca-
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tion is also nearly independent of the surface temperature. The same trend is
observed in the Langmuir probe survey. This result may seem to be surprising
on the point of view of the common thought that the shock layer comes close to
the surface when its temperature becomes lower than that of the flow. However,
according to the experimental results in Fig. 21(a), (b), which give the shock
structurc in the merged region, the surface temperature effect on the flow field is
restricted in the viscinity of the surface.

e o .,_-‘.,V_._WA_,; (1", = 4.5tory)
I’y=1.13tory
(a) (b)
Fic. 21. Profiles by the probe surveies (The solid curve shows the adiabatic wall condi-
tion T,,/To=1 and the dotted one the cold wall condition T,/T;=0.26.)
(a) Profiles by Langmuir probe survey
(b) Profiles by hot wire survey

Fig. 22 shows the maximum density in the shock layer reduced from the
Langmuir probe survey profiles. The data on the left side show those of [36] and
the Rankine-Hugoniot relation. The measured values arc almost independent of
rarefaction parameter, and smaller than that of the Rankine-Hugoniot relation.
The maximum density is not influenced by the surface temperature in the large
rarefaction parameter range as this. From these results of Figs. 19, 20, 21, 22,
it is clear that the flow fields are almost independent of the surface temperature
in the hypersonic rarefied flow, cxcept the region very closc to the surface.
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Fi1G. 22. Maximum density in the shock layer (reduced from
the Langmuir probe survey)

Fig. 23 (a), (b), (c¢) show typical maps of the flow field reduced from the
hot wire dissipating into the flow in micro watt (). From this scries of maps,
the process of the shock formation can be scen; the flow disturbances firstly gen-
erated at the leading edge grow and develop to downward with the increasing Rey-
nolds number, and finally make up thick and weak shock layer.

3.2 Circular Cylinder

Fig. 24 (a), (b), (c) show representative flow field maps around a circular
cylinder reduced from the Langmuir probe survey profiles using the weakly ionized
argon gas, the figures indicate the density ratio in the flow field, p/p.., in per
centage (% ).

Fig. 25 (a), (b) are also typical flow field maps reduced by the hot wire
survey profiles, the figures indicate the dissipating heat rates of a wire in micro
watt. With these maps of several flow field conditions, the birth and growth of a
bow wave around a cylinder can be thoroughly scen. In the casc of large Knudsen
number, no distinct density condensation is observed in front of the cylinder, but
with the decrease of Kn there appears an obvious density rise at the shoulder of
the cylinder as seen in Fig 24 (¢) which is called “shoulder wave”. This “shoulder
wave” grows with the successive decrease of Kn, and when Kn reduces to unity
or below, two shoulder waves from both sides move forward to form a weak but
distinct bow wave, the stand-off distance of which is larger than that predicted
by the continuum theory. The location of this wave moves toward the cylinder as
Kn goes to zero. On the other hand, the behavior of the wake is quite similar to
that of the free molecule flow when Kn is large, and agree well with that of the
viscous layer thcory when Kn is small. These qualitative phenomena are found
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on the photographs of the freeze up method. The typical photographs of the flow
pattern around the cylinder are shown in Fig. 17 (a), (b). The density distribu-
tions along the flow axis of the cylinder are illustrated in Fig. 26 (a), (b), (c).
It is confirmed from these data that in the case of larger Kn no density rise is found
in the front portion and the wake pattern is similar to that of a frec molecule flow.
The fact that the density distribution drops lower than the free strcam value in the
viscinity of the cylinder may be influenced by the sheath cffect of the cylinder.
Because the Debye shealding length is small, this sheath cffect is restricted only
the close region to the cylinder.

The normalized surface pressure distributions around the cylinder arc shown
in Fig. 27. The normalization of the surface pressurc is carried out by the impact
pressure and the base pressure, i.e.

2
I w PISO"
D
P,.

b
where P,., P, are the impact and the base pressure, respectively. In the numera-

tor of the normalized pressurc above, the base pressurc is subtracted from the
surface pressure so that the differences between the real pressure and the measured
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Fi6. 27. Normalized surface pressure distribution around the
cylinder

one may cancel each other. No clear separation point is distinguishable, and in the
rear portion of the cylinder the surface pressures become zero over more than 150°.
The pressure recovery is not found in the wake just as in the casc of a free molecule
flow. The distributions in the front portion agrec well with that of the Newtonian
theory. When the Reynolds number decrcases, the distributions become gentle,
that is, the spatial differences of the surface pressures decrease. This trend is in
contrast to the result of [47]. Zapata et al. [47] found a very significant drop in
the base pressure at the low free stream Reynolds numbers of 1200 to 3000, which
are considerably higher than this experiment.

4., CONCLUSION

The rarefield gas flows with large rarefaction parameters up to 20 for the
flat plate and with Knudsen numbers up to 400 for the cylinder are obtained
using the wind tunnel with cryo-pumping capability. The detailed measurements
of rarefied flow field were carried out using the several methods. The complete
survey of the flow field was made.

The experimental study of the flow field around the flat plate with the sharp
leading edge shows that measured values of the surface pressure are between those
predicted by the strong interaction theory and by the free molecule theory, and
that this values strongly depend on the wall temperature. The shock laycr thick-
ness and the location of it are independent of the wall temperature. The density
rise at the shock layer is lower than the one predicted by the Rankine-Hugoniot
relation and is almost independent of the rarefaction parameter.
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The flow character around the cylinder with large Knudsen number is close
to the one predicted by the free molecule theory. As the Knudsen number de-
creases, the density concentration region called “shoulder wave” appears in the
neighbourhood of the shoulder at the Knudsen number of about unity. With the
decreasing Knudsen number, this soulder wave grows and moves to the forward
portion of the cylinder. And finally the bow wave is formed. The wake of the
cylinder shows the character predicted by the viscous flow theory for low Reynolds
number flow.
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