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ABSTRACT 

A small, low density, hypervelocity, continuous wind tunnel 
operating at total temperatures from 2000 to 4-000 Κ is described 
briefly, and initial experiments designed to determine the char-
acteristics of the flow are discussed. Effects of low Reynolds 
numbers on moderately cooled impact pressure probes and static 
pressure probes are shown. Preliminary work with a probe for 
measuring local mass-flow rate is outlined, and results are 
shown to be in agreement with impact and static pressure mea-
surements. Axial and transverse surveys of flow in the nozzle 
are presented to illustrate the extent of boundary layer growth 
and the usable core of flow. A diffuser is proved to be ad-
vantageous, even though very low Reynolds numbers are typical 
of the tunnel. A comparison is presented of data on drag of 
spheres, including measurements from the new wind tunnel. 

UWR0DUCTI0N 

Flight at altitudes greater than 4-0 miles above Earth, or at 
equal densities in atmospheres of other planets, generally is 
characterized by very low Reynolds numbers and high Mach num-
bers. In this regime, the flow around bodies is strongly af-
fected by the viscous and compressible nature of the fluid 
medium, including mutual interaction of these and other real-
gas attributes. Under the same conditions, pronounced thermal 
nonequilibrium is likely to further complicate matters. 

Presented at ARS International Hypersonics Conference, Cam-
bridge, Massachusetts, August l 6 - l8 , I 9 6 I ; work reported here-
in was sponsored by the United States Air Force and conducted 
at the Arnold Center of the Air Force Systems Command. 
•̂ Manager, Research Branch, von Karman Gas Dynamics Facility. 
^Engineer, Research Branch, von Karman Gas Dynamics Facility. 
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Aerodynamic forces, although possibly small, may be very im-
portant in the outer regions of planetary atmospheres because 
of critical flight maneuvers or effects on the subsequent path 
of the vehicle. Figure 1 illustrates this point by showing that 
significant aerodynamic forces may exist under conditions where 
there are major departures from the state of affairs character-
ized by -chin boundary layers. The boundaries separating the 
various areas of low density phenomena have been defined by 
Probstein (Ref. l). There is need for research on problems of 
low density hypervelocity flow, and experimental facilities 
should be welcome at this time if they provide trustworthy data 
applicable to any significant part of the problem. 

The object of this paper is to report briefly on a small facil-
ity constructed at the Arnold Center of the Air Force Systems 
Command to explore the feasibility of continuous, arc heated 
wind tunnels for low density gasdynamics experiments. Because 
of the unusual flow conditions, calibration of the tunnel is 
particularly important, yet at the same time it is also more 
difficult. For these reasons, the main theme of this discus-
sion is calibration, although brief descriptions of the wind 
tunnel and some diffuser research also are included. In this 
case, calibration includes work on flow probes as well as re-
sults of their use to survey the flow. Also, it includes com-
parative measurements of drag on simple shapes which may be 
compared with data from other sources. 

DESCRIPTION OF WIND TUNNEL 

A photograph of the wind tunnel is shown in Fig. 2. Restrict-
ed space around the tunnel prevented a more inclusive view, so 
the highly simplified sketch in Fig. 3 is included to supple-
ment the photograph. The facility may be described as a con-
tinuous, arc heated, low density, hypervelocity or hypersonic, 
prototype wind tunnel. For convenience, it is referred to as 
the LDH Tunnel. It is continuous in the original sense, often 
operating for four or more hours without halting. Augmented 
cooling is by means of water forced through internal passages, 
and no unusual problems have been encountered in this respect. 
There is a significant loss of heating efficiency inherent with 
the need to cool fairly large areas in the plasma torch, set.-
tling chamber and nozzle. Overall heating efficiency varies 
between 10 and 15$, whereas the plasma torch alone has an ef-
ficiency approaching 6ofo. The arc heater is a ̂ 0-kw unit, but 
it normally operates at less than 20 kw with the present tunnel 
system. The LDH pumping system combines two stages of air in-
jection with an existing vacuum pumping system built for some 
older, intermittent tunnels. It represents an effort to take 
advantage of available resources for the sake of economy. Al-
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though largely made from cannibalized parts, it has proved very 
reliable and yields good performance. 

The diameter at the exit of the hypersonic nozzle is 5·84- in. 
but boundary layer thickness reduces the useful core of uniform 
flow to approximately 1 in. under usual conditions. The latter 
feature arises, of course, from the very conditions intended to 
be created in the tunnel. The situation would be much worse if 
the benefits of a favorable wall heat transfer situation cor-
responding to T w / T Q « l/lO did not exist. Reservoir conditions 
and test section conditions are easily controlled and repeatable. 
The additional effort necessary to create high velocities and 
high stagnation temperatures is believed justified because it 
results in substantially closer simulation of free flight flow 
fields. This is important in regard to such aerodynamic 
phenomena as viscous interaction and the changes in fluid trans-
port and thermal properties as the fluid is compressed and ex-
panded in passing around a body. 

Usual operating conditions with the original nozzle fall 
within the indicated ranges when computed for flow in thermal 
equilibrium. 

Gas N2 (other gases may be used) 
Total temperature 2000-4-000 Κ 
Total pressure 12-18 psia 
Mach number 9-11 
Velocity 7000-10,000 fps 
Dynamic pressure 2-4- psf 
Unit Reynolds 

number 220-4-20 per in. 
Equivalent density 

altitude 50 miles (approx.) 

In view of the low densities, high speeds and small size com-
bined in this wind tunnel nozzle, there is a strong possibility 
of thermal nonequilibrium. On the basis of published reaction 
rates for nitrogen, both in regard to molecular vibration (Ref. 
2) and dissociation (Ref. 3 ) , it appears justifiable in the 
present case to assume equilibrium in the settling chamber just 
upstream of the nozzle. Then, since little or no dissociation 
should exist in the nozzle under ordinary operating conditions, 
one may assume thermal equilibrium throughout the nozzle and 
compute corresponding test section conditions. Comparison of 
these latter calculations with results based on a frozen pro-
cess should furnish some feeling for the possible uncertainity 
in flow parameters. The following is an example of these cal-
culations for typical (equilibrium) stagnation conditions of 
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3020 Κ and 17-79 psi in nitrogen. Basis of the comparison is 
po/p° = constant in both flows. 

Equilibrium flow Vibration frozen throughout 

M 
U 
Ρ 
Τ 

Re 

8690 fps 
19.8 Hg 
190 °K 
3.9 χ 10"5 atm 
3.5Ο psf 
2^0 per in. 

10.5 
8270 fps 
15 . k Hg 
lk3 °K 
3.86 χ 10"5 atm 
3-31 psf 
29^ per in. 

When the differences in the quantities expected to exert the 
greater influence on measured data are considered, it is ap-
parent that evidence of vibrational nonequilibrium will be dif-
ficult to find. In this example, it is interesting to note 
that the Reynolds number of consequence in tests of blunt bod-
ies, Re2> is ^7 per in. for equilibrium flow and 37 per in. for 
frozen flow. Where necessary in the remainder of this discus-
sion, a distinction between equilibrium and frozen flows will 
be made. Unless stated otherwise, any flow parameters used later 
will be based on thermal equilibrium. 

A photograph of a blunt model, similar to a Mercury capsule, 
installed in the LDH Tunnel is shown in Fig. k. Flow visualiza-
tion has been achieved by creating an electric field around the 
model through the mechanism of a difference in potential main-
tained by a Tesla coil. A more complete description of this 
wind tunnel is given in an Arnold Center report (Ref. k). 

RESULTS FROM INITIAL EXPERIMENTS 

The high temperatures encountered in this tunnel make it 
necessary to determine total enthalpy partially by indirect 
means. There is the possibility of energy losses between set-
tling chamber and test section caused by viscous shear and heat 
transfer. This, as well as the question of thermodynamic 
equilibrium mentioned earlier, makes it particularly desirable 
to collect as many independent calibration data as possible. 
The most valuable data are those giving test section conditions 
directly. In fact, if techniques for doing this were developed 
to a reliable state, the calibration of all types of high 
enthalpy tunnels would be far less dependent on assumptions and 
theoretical estimates. 

It should be recognized that most of the flow probing pro-
cedures commonly used in higher density, lower speed flows are 
not directly or easily applicable in low density, hypervelocity 
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streams. In this class fall static pressure probes, total tem-
perature probes, and shock angle or Mach line photography. 
Therefore, the authors have spent much time conducting and eval-
uating results from various calibration experiments designed to 
circumvent or at least account for viscous and thermal effects. 
Results of this work, in some cases preliminary in nature, are 
described in the following sections. 

IMPACT PRESSURE PROBES 

The impact pressure or pitot probe deserves its place at the 
top of this list because of its simplicity, the usually straight-
forward interpretation of its readings, and most certainly be-
cause of its widespread use. Indeed, calculated flow parameters 
based on an impact pressure and assumed equilibrium or frozen 
isentropic expansion from partly measured and partly computed 
reservoir conditions often are considered sufficient tunnel 
calibration. First surveys of the LDH Tunnel nozzle were made 
by impact pressure probes, but the verification of those results 
by independent measurements has been a goal. 

After the time-consuming preparatory work directed toward 
simultaneous improvement of the tunnel and instrumentation as 
well as preliminary definition of flow conditions, a series of 
experiments was begun to establish the accuracy of the impact 
pressure data. Two fundamental problems requiring attention 
were: possible error caused by large thermal gradient along 
the probe; and possible error arising from a viscous effect at 
the probe mouth. The first of these is discussed by Dushman 
(Ref. 5 ) , Kennard (Ref. 6 ) , and others. Howard (Ref. 7) has 
published useful experimental data. The second has been the 
subject of several investigations, particularly at the Univer-
sities of California and Toronto, for example, Sherman (Ref. 8) , 
Chambre and Schaaf (Ref. 9) and Enkenhus (Ref. 10) . 

The error due to temperature gradient also is a function of 
pressure level or Knudsen number. Inasmuch as typical impact 
pressures in the LDH Tunnel are in the range from 1500 to 3000 
μ Hg, the effect of temperature gradient on impact pressure 
measurements is slight when using a water cooled probe having a 
bore diam of approximately 0.1 in. or greater. This has been 
established by experiments and is in agreement with the data of 
Ref. 7 · Therefore, calibration surveys of the LDH Tunnel nozzle 
customarily are made with such a probe. The thermal gradient 
correction is appreciable for very small impact probes or static 
pressure probes. 

Shape of the head of the probe is a factor in determining the 
viscous effect; and because it was considered more convenient to 
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use flat faced probes in the LDH Tunnel, an investigation was 
conducted to establish the Reynolds number at which such in-
fluence is manifest. A summary of the earlier results is in-
cluded in Fig. 5> where some data from other sources also are 
compared. It will be noted that all measurements involving 
the flat faced, or nearly flat faced, chamfered probes show 
highly satisfactory agreement, although the LDH Tunnel results 
correspond to a markedly higher Mach number and a moderately 
cooled wall condition of T w / T 0 « l/^, compared with the other 
data for which T

w /
T

0

 Ä
 1· Tbe ratio T W / T Q « l/k could have 

been reduced by more elaborate cooling, but that was not thought 
to be necessary in this case. The approximate correction of the 
LDH experimental data to account for the temperature gradient 
along the probe does not produce a significant change in the 
results, except at the lower Reynolds numbers. 

STATIC PRESSURE PROBES 

Measurement of free stream static pressure in the LDH Tunnel 
is difficult because the very thick boundary layer on a con-
ventional probe creates a spuriously high pressure at orifices 
located any practical distance from the stagnation point. Static 
pressure may be found by means of nozzle wall orifices, but 
there would be much doubt regarding radial pressure gradients 
associated with nozzles having large rates of increase of cross-
sectional area and very thick boundary layers. Therefore, some 
exploratory measurements have be.en made using a family of probes 
having conical noses and cylindrical afterbodies with orifice 
locations at varying distances downstream of the stagnation 
points. In doing this it was hoped that the pressure in the 
free stream could be found by extrapolating the pressure dis-
tribution along the probe to the limit of infinite length. 
Realizing the perils of extrapolation processes, as well as 
other sources of possible error, the result was not regarded as 
infallible. On the other hand, free stream static pressure is 
a useful supplement to other measurements which, taken all to-
gether, lead to sure definition of the flow conditions. 

Keeping in mind the thick boundary layer on the probes, it is 
assumed that the pressure distribution is determined largely by 
the displacement thickness. Where the growth of the displace-
ment thickness is rapid, as it is at the orifice locations, 
pressure will be approximately proportional to the reciprocal 
of distance from the stagnation point x. As χ -* oo , the rate of 
change of ρ with l/x will decrease. Therefore, the authors have 
chosen to plot static pressure against a parameter which con-
tains χ in the denominator, since the resulting curve should be 
linear throughout the region where most of the data points ap-
pear. 

60k 



HYPERSONIC FLOW RESEARCH 

There is an axial Mach number gradient of 0.l4 per in. for a 
typical case in the original conical nozzle which has remained 
in use to the present time. Because their small size made it 
practical to measure pressure at only one distance from the tip 
on each probe, the probe tips were located at different axial 
stations in the nozzle while data were taken at a fixed nozzle 
station. In other words, a number of probes were used to get 
the pressure distribution, rather than a single probe with many 
orifices. Therefore, the Mach number and the pressure distri-
butions on the forward portions of the probes varied slightly 
from probe to probe. Assuming pressures all along a probe were 
determined entirely by Mach number and pressure at the probe 
stagnation point, it is estimated that the axial gradient in 
the nozzle would cause static pressures measured with the mini-
mum value of l/x to be approximately 1.3-/* Hg high in relation 
to the pressure measured with the largest value of l/x. How-
ever, since this estimate did not include consideration of the 
nozzle free stream gradient on boundary layer growth, it prob-
ably is safe to conclude that the net effect amounted to less 
than 1 Hg. Since differences of that magnitude could be con-
cealed in the experimental error, no correction is applied to 
the measured data. It is intended that additional study of 
static pressure measurements will be taken up when the new con-
toured nozzle is installed. Then, it is hoped, the axial grad-
ient will not exist. 

Another and even more important factor affecting the results 
is the correction to each probe reading necessitated by the high 
Knudsen numbers in the probes and the temperature gradients 
along the probes. Although this was not significant in the im-
pact pressure measurements, it is responsible for 20 to kofo 
corrective increases added to the measured static pressures. In 
this case, the data of Howard (Ref. 7) bave been used. Addi-
tional research on the effect of temperature gradient on mea-
surement of very low pressures is being conducted. 

Figure 6 shows three pressure distributions determined by the 
described method. Pending elimination of the axial pressure 
gradient in the nozzle and more exact determination of the ef-
fect of thermal gradient along the probe, a detailed discussion 
of these data is not justified. However, the results appear 
reasonably promising. The two upper curves presumably should 
coincide. Since they do not, it may be assumed that inexact 
compensation for thermal gradient, nozzle pressure gradient or 
differences in orifice geometry may be the underlying cause. 
When the data are extrapolated as shown, the endpoints fall 
between the equilibrium and wholly frozen flow pressures based 
on impact pressure readings and assumed isentropic expansion 
from the settling chamber, that is, po/po . These are denoted 
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by the thicker black bars on the ordinate, the tops of the bars 
representing thermal equilibrium and the bottom representing 
frozen vibrational modes throughout the system. Inasmuch as it 
is expected that the extrapolations should tend to level off as 
l/x 0, the true static pressures in both cases appear to be 
close to the equilibrium values. Unfortunately, the corrections 
for thermal gradient are so large that the data cannot be relied 
on to the degree necessary to prove or disprove thermal equilib-
rium. Even so, these results are valuable since they point to 
the existence of isentropic flow in the nozzle. Another point 
possibly deserving notice is decrease in pressures on the smal-
ler probe at the smaller values of χ (0.25 in.). Conceivably 
this could represent slip flow since (M/ /Re x ) r* 1.2 at this 
station. 

Lateral traversing of a probe has shown constant static pres-
sure across the core of uniform flow at the exit of the LDH 
Tunnel. When a tubular extension of 5-84 in. inside diam is 
connected to the nozzle exit so that the conical nozzle is fol-
lowed by about 12 in. of constant area duct, the higher tank 
pressure cannot make its influence felt upstream through the 
subsonic portion of the boundary layer. Then, an investigation 
with T 0 = 3020 Κ shows that static pressure computed from center-
line impact pressure ratio ρό/ρο and based on thermal equilib-
rium closely agrees with static pressure taken from an orifice 
in the wall of the nozzle at the corresponding axial station. 

MASS FLOW PROBE 

As part of the extended calibration program demanded by the 
low density, hypervelocity character of the nozzle flow, a 
mass flow probe was tested. The idea certainly is not new, but 
successful application seems to be rare. There are several 
points at which failure may occur in attempting to measure local 
mass-rate-of-flow, but the possibility of deriving valuable 
data from the experiment encouraged the present effort. Ob-
viously, if the product ( pTj )<» can be measured by a mass 
flow probe, this can be compared to the value computed on the 
basis of impact pressure measurements, and agreement would con-
stitute strong proof of the accuracy of all other calibration 
data based on isentropic nozzle flow. Also, since in hyper-
sonic flow impact pressure ρό « (pu2) > o n e m y obtain poo 
and directly from impact-pressure and mass-flow probe 
measurements. 

A schematic diagram of the equipment used is shown in Fig. 7> 
and the sequence of operation follows: 
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1) The probe tip is positioned at the point where the local 
quantity (pU)^ is to be measured. 

2) Ideally, with valves 1, 3 and 6 open, the flow in a 
stream tube equal in area to the probe opening is swallowed 
into the probe. (Valves 2, k and 5 initially are closed.) 

3) Valves k and 5 are manipulated in order to position the 
oil levels at A — A f

, and are then left closed. 

k) Needle valve 6 is adjusted so that the pressure above the 
oil level at A is increased to a conveniently measurable value, 
but is still low enough to ensure that the flow ahead of the 
probe tip is swallowed. 

5) The pressure at the micromanometer and the oil height in 
the sight glass are noted. 

6) Valve 3 is closed simultaneously with the opening of 
valve 4, and the time is noted. The oil level then begins to 
drop, providing space for the mass flow from the probe. 

7) Valve k is closed so that the oil level will stabilize 
at levels Β—B y. The pressure above the oil is now less than 
the initial pressure due to the increased volume. The pres-
sure is increasing because of the incoming flow. 

8) When the pressure indicated on the micromanometer is the 
same as that noted in step 5> valve 1 is closed, valve 2 is 
opened, and the time is noted again. 

9) The mass flow through the probe is given by 

» p v A V / A t (1) 

If *1 - (pU)oo
A
p 

then (pU)^ = p v A V / ( A p A t ) (2) 

Also feasible is a second approach wherein the oil is omitted 
and the tank merely allowed to rise from a very low initial 
pressure to some limiting higher pressure as mass is passed 
into it. Of course, it must be determined that mass-flow-rate 
is not variable with pressure during this process. 

The most crucial factor in this experimental procedure is 
the swallowing of the shock wave at the probe inlet. If the 
shock is not swallowed, effective inlet area is not equal to 
geometric area, and the measurement is useless unless some 
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form of calibration can be devised. Using the type of equip-
ment described herein, one could plot local mass-flow-rate as 
a function of py and find a value of py. below which m^ becomes 
constant. In practice, however, the combination of limited 
tank size and narrow usable range of p^'s prevented full appli-
cation of this checking technique. The system is being im-
proved so that more thorough investigations can be made. 
Investigation indicates that the shock was nearly, but not 
completely, swallowed when the probe inlet was near the nozzle 
exit. Complete swallowing is believed to have been accom-
plished upstream of X = -3 for T 0 = 3020K and upstream of 
X = -5 for T 0 = 2220K. Results of the first measurements are 
presented in Fig. 8. 

Calculated (pu),», based on isentropic expansion and measured 
Po //p 0, also are shown in Fig. 8 for comparison with the direct 
measurements of (pU)°o. Considering the experimental difficul-
ties and accuracy of both types of data, the agreement is very 
encouraging. 

NOZZLE FLOW SURVEYS 

Design of the first nozzle for this wind tunnel was based on 
less secure grounds than present-day design of nozzles for 
more conventional tunnels. In the first place, the very con-
ditions intended to be produced made the boundary layer growth 
and viscous losses dominant in determining both nozzle contour 
and required pressure ratio. Second, performance of the pump-
ing system was based entirely on calculated jet-ejector per-
formance, so the relation between flow rate and tunnel end 
pressure was not known with certainty. Last, it was planned 
to operate continuously with very high stagnation temperatures, 
which made design of the nozzle cooling system important. The 
fact that the original nozzle proved almost ideal attests to 
the good fortune attending these estimates. 

The nozzle is conical, expanding from a throat diam of 0.102 
in. to an exit of 5*8̂ · in. with a 30-deg included angle. The 
conical expansion was adopted on the basis of estimated per-
formance of other tunnel components and estimates of boundary 
layer growth for expected nozzle Mach and Reynolds numbers. 
Since these estimates indicated an approximately conical shape, 
the obvious machining ease decided the issue. Results of typi-
cal transverse impact pressure and relative total temperature 
surveys in the original nozzle are shown in Fig. 9· The so-
called relative total temperature was obtained using a conven-
tional, singlyshielded, total temperature probe of the type 
often used in unheated supersonic flows. Thus, a greater part 
of the heat transmitted to the probe was lost through conduction 
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and radiation, making the thermocouple output suitable only to 
indicate lateral distribution of heat flux at a given axial 
station in the nozzle. However, this information is valuable 
as a supplement to impact pressure profiles. Aside from the 
effect of low Reynolds number on impact pressure probes, there 
is the well-known difficulty with impact pressure probes in 
regions where large lateral gradients in Mach number and other 
quantities exist. Such conditions are typical of the edges of 
hypersonic boundary layers. Thus, even a merely relative total 
temperature may be more indicative of flow conditions at the 
edge of the core of uniform flow in the nozzle. 

Figure 9 reveals that the tremendous boundary layer growth 
materialized as expected, showing that test section size of 
such wind tunnels really must be quoted in terms of "core di-
ameter" to be meaningful. To take full advantage of the pres-
ent rather marginal pumping performance, the nozzle is designed 
to overexpand. Thus, a weak, reversed conical shock emanates 
from near the exit of the nozzle. In a typical case this shock 
raises static pressure from about 15 ßRg ahead of the shock to 
roughly 60 ßRg downstream, thereby balancing pressure along the 
border of the hypersonic jet between nozzle exit and diffuser 
entrance. This is seen in Fig. 10, which shows three typical 
axial impact-pressure surveys. Location of the trailing shock 
depends on operating conditions, such as diffuser position and 
model blockage. Its position often is made visible by the in-
creased heating and red coloration locally on a sting or probe 
extending from the test section back through the shock. 

The boundary layer in this nozzle has a typical laminar 
hypersonic profile and is developed in the presence of a favor-
able wall heat transfer condition, with T x/T 0 approximately 
one-tenth. The throat of the present nozzle remains relatively 
cool during tunnel operation. In a typical situation, with 
stagnation pressure 17-79 psia, stagnation temperature 3020K 
and 3.6 lb/hr nitrogen flow rate, the entire nozzle cooling 
loss amounts to slightly over 20$ of the total input power to 
the heater. 

DIFFUSER INVESTIGATIONS 

A diffuser is a rather unusual component for a low density 
wind tunnel. Because of the very pronounced viscous losses 
corresponding to the low Reynolds numbers throughout these 
tunnels, pressure recovery is poor and usually not especially 
attempted. However, even a small degree of recovery is valu-
able, and it was believed that some effort toward that end 
would be worthwhile. Therefore, the tunnel was designed so 
that various diffusers could be easily installed. 
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The first series of diffusers tested is described by Fig. 1 1 . 
Design was rather arbitrary because of the absence of data for 
the combined low density, hypervelocity flow conditions. As 
an economy measure, one entrance cone, one exit cone and a ser-
ies of central sections of varying diameters were fabricated 
from sheet metal. Starting with the smaller diam central sec-
tion having greatest axial length, each succeeding configuration 
of equal minimum diam was made by cutting off part of the center 
section. Each succeeding diffuser of larger throat diam was 
made by cutting off part of the conical sections so that their 
smaller diameters matched the new central section. Thus, the 
effect of center section length was investigated with entrance 
and exit section lengths constant for any given throat diam, 
but the conical pieces became successively shorter with each 
increase in throat diam. 

Inasmuch as tank static pressure rather than tunnel pressure 
ratio was of direct concern in the present case, results are 
presented in terms of the tank pressure. These are given in 
Fig. 12 . Examination reveals that variation of axial length of 
the constant area diffuser throats had negligible effect on 
tank pressure. However, diameter of this throat section is 
quite important. The apparent optimum value of unity for the 
ratio of nozzle exit and diffuser throat diams probably is co-
incidental since much of the nozzle exit is filled with bound-
ary layer. Free jet length was a factor in these tests, but it 
became less critical as the throat diam was enlarged. When the 
latter dimension exceeded the optimum, influence of free jet 
length became relatively unimportant. 

It is interesting to review the contributions of various 
segments of the diffusers. Figure 1 3 shows that a simple short 
tube orifice in a wall reduced tank pressure from 60 to 30 pHg. 
Addition of a collector or convergent section further reduced 
tank pressure to 1 2 μHg. Completion of the diffuser by addi-
tion of the divergent section did not provide much additional 
benefit except when greater free jet lengths existed. It may 
also be noted that provision for a finite length of constant 
diam throat resulted in an improvement over the performance of 
a convergent cone-frustum alone. 

Rise in tank pressure resulting from blockage decreased as 
diffuser throat diam increased. The small size of the tunnel 
makes it important to minimize the size of supporting struts 
and other obstacles in the stream. The influence of tank pres-
sure on position of the nozzle shock is indicated in Fig. ik. 
Benefits of the diffuser may be appreciated when it is realized 
that the axial spread of shock positions in Fig. ik covers ap-
proximately six useful test section diams. A more extensive 
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investigation of diffuser performance may be conducted in the 
future, but it is considered that the major gain already has 
been realized. 

MEASUREMENTS OF DRAG OF SPHERES 

In earlier days, sphere drag was used as a wind tunnel cali-
bration test for determining stream turbulence. Sphere drag 
measurements have also gained an established place in low 
density wind tunnel work. In this connection, such data serve 
to extend knowledge of aerodynamic drag and also aid in tunnel 
calibration by enabling comparison of data taken from various 
tunnels. A limited series of measurements has been completed 
using the LDH Tunnel. 

A water cooled, axial-force balance permitting measurement 
of loads in the range of 0.002-0.015 lb was used. This balance 
was built for another purpose and was used for the measurement 
of sphere drag because of its availability. As a result, the 
range of measurements was limited but nonetheless useful. The 
spheres were of solid steel and were maintained at surface 
temperatures T w approximately equal to 0.3 total temperature 
T Q. Mach number was 9·^ and unit Reynolds number was 2k0 per 

To compare data from various sources, a means of approximate 
correlation was attempted. If drag coefficients are plotted 
against a form of Reynolds number, such as Re2, data obtained 
from tests in hypervelocity streams with T w * T 0 will not 
agree with data from tests where T w T 0 and M 5 · This is 
so because both the drag coefficients CJJc at high Reynolds 
numbers, and the free molecular flow drag coefficients Cjjfm 

will be different. This obstacle to the comparison of data is 
largely eliminated by using the quantity (CJJ - CjjcV^Dfm -
Cj3c) as the dependent variable. When presented in this form, 
variations in CJJ due to differences in Mach numbers, tempera-
tures and heat transfer tend to vanish. The data of Hodges 
(Ref. ll) may be used to obtain CJJc . As a convenience, the 
faired data curve from Ref. 11 is reproduced here in Fig. 15· 
The free molecular drag coefficient for spheres, assuming com-
pletely diffuse reflection of incident molecules is given in 
Ref. 12 as 

in. 

Dfm
 = (1 + 2S2) + erf (S) + 

3S, w 

(3) 
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where S « υ Μ/ /2rt oo (M 
sw = Ueo//i£ï W (5) 

Following this procedure. Fig. l6 has been prepared. In 

and all quantities pertaining to the LDH Tunnel are based on 
flow in thermodynamic equilibrium. Inspection of the result 
leads to the conclusion that data from the LDH Tunnel are con-
sistent with other published measurements. This tends to sub-
stantiate the nozzle calibration based on surveys with probes 
discussed previously and demonstrates that useful aerodynamic 
data are obtainable with this facility. 

CONCLUSIONS 

1) Preliminary investigation at total temperature levels of 
2000 to ̂ OOOK indicates that the arc heated, continuous, low 
density wind tunnel provides a useful testing environment for 
relatively precise and detailed experiments. 

2) Development of calibration techniques enabling independ-
ent determinations of test section flow properties appears to 
be progressing satisfactorily. Data gathered thus far are 
self-consistent, repeatable and consistently point to the con-
clusion that an isentropic core exists in the nozzle. Evidence 
concerning thermal equilibrium is not so clear, possibly be-
cause only molecular vibration is involved and the influence 
is difficult to distinguish in a flow that is characterized by 
an unusual combination of low density and high speed. 

3) Efforts to improve the pressure ratio across the nozzle 
through use of a diffuser were successful. 

h) Comparison of the drag of spheres measured in the new 
tunnel and in other facilities is made easier by a normaliza-
tion procedure defined in the discussion. Based on this cor-
relation, it is concluded that the new data are valid and serve 
to support the tunnel calibration surveys using flow probes. 
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NOMENCLATURE 

A = cross-sectional area or reference area 

C-Q = drag coefficient 

C-p = force coefficient, either lift or drag 

D = reference diam, usually maximum 

d = orifice or inside diam 

h = height of manometer or gage fluid column 

M = Mach number 

m = mass-flow rate 

ρ = pressure 

q = dynamic pressure, pU2/2 

R = gas constant 

r = body or nose radius 

S = molecular speed ratio 

Τ = temperature 

t = time 

U = velocity 

V = volume 

X = axial station is nozzle, zero at exit, positive 
downstream 

X = axial length along probe, zero at stagnation point 

Y = radial station in nozzle, zero on centerline, positive 
downward 

y = ratio of specific heats 
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μ = microns or 0.001 mm 

y = kinematic viscosity 

ρ = density 

Subscripts 

a = dimensions of probe orifice 

c = continuum, high Reynolds number condition 

fm = free molecular flow condition 

i = probe or tube inside diam 

ο = stagnation condition (total or reservoir). When used 
in combination with a prime, i.e., p Q , refers to con-
ditions at stagnation point. 

ρ = condition at inlet to mass-flow probe 

00 = free stream condition 

1 = local value of a quantity 

2 = condition immediately downstream of a normal shock wave 

t = condition in tank surrounding tunnel nozzle and jet 

ν = condition inside mass-flow collecting tank 

w = body surface or wall condition 

χ = based on the distance χ 
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Fig. 1 Regimes of low density, hypervelocity flow defined for 
the stagnation region of a blunt, cooled body in Earth's 
atmosphere (see Ref. l). 
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Fig. k Flow visualization produced by artificially created elec-
tric field; =9-7, = 87ΟΟ fps, equivaler altitude = 
50 miles · 

1 ^Vd Symbol Reference | Probe Design 

2-2.0 
«1.7-3.4 

%9.7 

Enkenhus (10) 10 deg external chamfer 
Sherman (8) Source shaped, (fe/D · 0.10 
(These data shown to illustrate effect of 
nose shape. ) 
LDH Tunnel Flat-faced, (fa/D - α 70 

2-2.0 
«1.7-3.4 

%9.7 

Enkenhus (10) 10 deg external chamfer 
Sherman (8) Source shaped, (fe/D · 0.10 
(These data shown to illustrate effect of 
nose shape. ) 
LDH Tunnel Flat-faced, (fa/D - α 70 

2-2.0 
«1.7-3.4 

%9.7 

Enkenhus (10) 10 deg external chamfer 
Sherman (8) Source shaped, (fe/D · 0.10 
(These data shown to illustrate effect of 
nose shape. ) 
LDH Tunnel Flat-faced, (fa/D - α 70 

Note.- Enkenhus1 results for internally chamfered probe agreed 
with Sherman's internally chamfered design, and both 
gave results near curve shown for externally chamfered 
probe. 

F i g . 5 V iscos i ty e f fec t on readings of impact pressure probes 
at low Reynolds numbers and supersonic speeds* 
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l/(x/D) 

Fig. 6 Approximate determination of static pressure (data have 
been corrected for temperature gradient along the probe 
following Ref. 7 ) . 

Fig. 7 Diagram of mass flow probe system. 
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Fig. 8 Measurements with a mass flow probe (points represent 

local values on nozzle €. ). 
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Fig. 9 Typical results of transverse surveys at various axial 
stations in the LDH tunnel conical nozzle (total angle ·• 
30 deg). 
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Axial Station, X, in. 

Fig. 10 Axial, centerline impact pressure distributions. 
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Dimensions in inches and degrees 

Diffuser L
l 4 

Notes 

1A 15 24 4.8 
16 15 13.25 4.8 
1C 15 8.25 4.8 
2A 14 23.5 5.2 
2B 14 14 5.2 
2C 14 6 5.2 
3A 13 23.3 5.6 
3B 13 13.3 5.6 
3C 13 5 5.6 
4A 10.5 0 6 Convergent section only 
4B 10.5 6 6 Convergent and throat sections 
4C 0 6 6 Throat section only 
4D 10.5 5.5 6 Complete diffuser 
5A 9 5.875 6.375 

Fig. 11 Diffuser configurations. 
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Sym Diffuser 
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Fig. 12 Diffuser performance with clear jet. 
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Fig. 13 Diffuser component contributions with clear jet, 
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Fig. Ik Effect of tank pressure on shock position. 
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Fig. 15 Drag of spheres at high Reynolds and Mach numbers. 

i.o. 

0.8 

0.6 

0.4 

0.2 

0.1 

Sym Ref. 
a 13 
• 14 
ο 15 
< 16 
> 16 
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Fig. 16 Comparison of drag coefficients of spheres measured 
in low density wind tunnels. 
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