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A detailed description of the Langley hypersonic CFq tunnel is presented 
along with discussion of the basic components, instrumentation, and operating 
procedure. Operational experience with the CF4 reclaimer and lead-bath 
heater is discussed. 

Pitot pressure surveys were measured at the nozzle exit and do~stream 
of the exit for nominal reservoir temperatures of 608 K,717 K, and 815 K 
and range of reservoir pressure from 6.9 to 17.a ~ ~ / m 2 .  At the maxiunnn value 
of reservoir pressure and temperature, which corresponds to the reservoir 
conditions for which the contoured axisyrmnetric nozzle was designed, a 
uniform test core having a diameter of approximately 28 cm (0.55 times the 
nozzle exit diameter) exists. Tbe corresponding free stream Mach number is 
5.9, unit Reynolds number is 1.2 x lo6 per meter, ratio of specific heats 
is 1.17,and the normal shock density ratio is equal to 12.6. When the 
facility is operated at reservoir pressures and temperatures below the design 
values, "dips" and "spikes" occur on the centerline pitot pressure, indicating 
the existence of flow disturbances originating in the upstream region of the 
nozzle. These "dips" and "spikes" are relatively small in magnitude, and in 
general, result in a perturbation in centerline free stream Mach number of less 
than 1 percent. The development of a saddle-like pitot pressure distribution 
(toroid of high pitot pressure that surrounds an inner core of uniform pitot 
pressure) with increasing distance downstream of the exit was obsen-ed. A 
slight decrease in average pitot pressure across the test core with distance 
downstream of the nozzle was observed, with the corresponding free stream 
Mach number variation being about 0.3 percent for a distance of 20.3 cm. 
Comparison of measured and predicted shock detachment distance on a sphere 
and pressure distributions measured on a sharp leading-edge flat plate revealed 
the absence of significant flow nonuniformity and lent creditability to 
predicted free stream flow conditions. 

The economic operation of this facility centers about the CFq reclaimer, 
which was designed to operate at an efficiency of 90 to 95 percent. A number 
of modifications have been made to the reclaimer system to improve its 
performance, and presently, the system reclaims approximately 75 percent of 
the test gas. Even with current budgetary constraints, this efficiency permits 
the CFq tunnel to be operated as a viable research wind tunnel. 

INTRODUCTION 

During entry of blunt vehicles into Earth and planetary atmospheres, 
values of normal-shock density ratio are encountered which are significantly 
larger than values generated in conventional-type hypersonic air wind tunnels. 
These high values of density ratio result from the excitation of vibration, 
dissociation and ionization energy modes of the atmospheric gas passing 



through the bow shock about the vehicle. As dissociation is initiated, the 
temperature within the shock layer decreases as energy is absorbed in 
exciting vibrational levels and dissociating molecules, the static pressure 
increases only slightly, hence, the density experiences a much larger increase 
in compa~ison to the ideal-gas value. These phenomena are comrnonly referred 
to as re&&-gas effects. 

The importance of real-gas effects has been recognized for over 2 
decades, since the primary factor governing the inviscid flow field about 
blunt bodies at hypersonic speeds is the normal shock density ratio. For 
example, the bow shock detachment distance is dependent on the density ratio 
across the shock and is of practical hnportance in radiative heat transfer 
studies because it determines the volume of gas available to radiate. Also, 
real-gas effects may be significant in the analysis of aerodynamic character- 
istics because of changes in the level of surface pressure and the pressure 
distribution over the surface of the vehicle. 

Unfortunately, the majority of data demonstrating real-gas effects are 
analytical, and little experimental data exist upon which to verify the 
various computer codes. This relative scarcity of experimental data at high 
values of normal-shock density ratio is due, in part, to development and 
hardware problems associated with high-enthalpy facilities capable of 
generating hypersonic, real-gas flows. Most such facilities are impulse-type 
or a ballistic range. The disadvanti.ges of such facilities, as compared to 
ideal-gas conventional-type wind tunnels, are well recognized. (Examples of 
disadvantages are short test times, poor test repeatability, flow contamination, 
complex instrumentation with associated poor reliability and relatively large 
uncertainties, and departure from equilibrium flow during the nozzle expansion 
process or within the shock layer of the test model.) An alternate method 
for generating high density ratio at hypersonic conditions, but low enthalpies, 
is to employ a test gas characterized by a low ratio of specific heats in a 
conventional-type wind tunnel. A study of this method is reported in 
reference 1, where CFq was used as the test gas in a small pilot model wind 
tunnel having a 5 O  half-angle conical nozzle and 7.6-cm diameter test section. 
CFq was selected (ref. 1) because of its low ratio of specific heats, low 
boiling point, thermal stability, and low vibrational relaxation time, and 
because it is readily available, colorless, odorless, nontoxic, and should be 
easily reclaimed, These tests with CFq demonstrated that values of density 
ratio as high as 12 were obtained at a free stream Mach number of 6, and 
measured pitot pressure and nozzle wall (free stream static) pressure were in 
good agreement with prediction. They also demonstrated the desirability of 
having a larger CFq wind tunnel; hence, the Langley 20-inch hypersonic arc- 
heated tunnel (ref. 2) was converted to the Langley hypersonic CFq tunnel. 
When this facility is used in conjunction with the Langley 20-inch Mach 6 
air wind tunnel, density ratios of approximately 5.5 and 12 are provided at 
a Mach number of 6. This range of density ratio should provide valuable 
simulation of real-gas effects. 

The primary purpose of this report is twofold. First, a general 
description of the Langley hypersonic CFq tunnel along w i ~ h  a discussion of 
operational experience is presented. Second, the results from pitot pressure 



surveys (radially and axially) measured at the test section for a range of 
reservoir supply pressure and temperature are presented, along with limited 
results from hemisphere-cylinder models and a sharp leading-edge flat plate. 

SYMBOLS 

L distance along surface centerline of flat plate from leading edge, m 

H Mach number 

N ~ r  Prand t 1 number 

unit Reynolds number, m -1 
N ~ e  

P pressure, N/m 2 

4 heat transfer rate, W/m 
2 

r radius, m 

t time, sec 

T temperature, K 

x,).,~ nozzle or model coordinates (rectangular coordinat,.~ where x is 
the horizontal axis. y is the vertical axis, and z is along the 
nozzle axis, with z = 0 at nozzle exit, m 

Z compressibility factor 

Y ratio of specific heats 

1 
Li viscosity, N-sec/m 

P density, kg/m 
3 

0 angle subtended by a circular arc measured from the sphere axis of 
symmetry through the stagnation point, deg 

Subscripts: 

RV8 average value 

C L nozzle ,.txnr <.!.I i u ~ .  

e nozzle exit 

11 modt.1 nose 

t . 1  reservoir stagnation conditions 



. . 

t.2 stagnation conditicwr behiad normal shock 

- free tatream static coaPditioae 
- .  
2 static conditions behiad normal shock 

Barred sysrbol denotes average ;or awvrn velue 

FACILITY 

The hagley hypersonic CFq tuunel is a conwntional-type, blowdown wind 
tmnel that w e e  tetrafluorarsetholre (CFq) ae the test gas. This facility, which 
represents a convaroion of the Laqley 20-inch hypersonic arc-heated tunnel 
(ref. 2) to the present atode, is shoo10 s ~ h ~ t i c a l l y  and photographically in 
figure 1. Basic components include a high-pressure storwe field, pressure 
regulator, lead-both heaters, nottle, test section, diffuser, vacuum system, 
and CFq reclaiater. These basic components will now be discussed briefly. 

High-pressure system.- This system consists of a compressor capable of 
producing pressures up to 34.5 MN/m2, storage bottles, storage trailer, 
pressure regulator and applicable control valves. The bottle field consists 
of two groups of three storage bottles, wi h each bottle having a volume of 5 0.85 m3 and a desip pressure of 34.5 HN/m . The storage bottles art 
generally maintained at pressures between 17 and 24 ~?4/a2 and are located 
external to the building that howes the test section; hence, they are at 
outside ambient teyrature. The supply trailer is .aced for a maximum 
pressure of 17 HN/or . The desired pressure or n ~ s s  flog r f CF4 from the 
storage bottles into the heaters is controlled by a Powreactor pressure 
reedator. 

Heaters.- The CFq test gas is heated to a maximum temperature of npproxi- 
mately 900 K by two lead-bath heaters in parallel. A skttch of the heater is 
shown in figure 2. Each heater contains 9.1 Ng of molten lead which is heated 
by 18 heating elements, each rated at 4 kW. The test gas flows through 44 
spirally wound stainless steel tubes, having an inside 6iameter of 7 m and 
outside diameter of 9.5 am, immersed in the molten lcrd container. The 
maximum design pressure for the heater is 24 MN/~*. The 440 volt rt?sistance 
heaters that heat the molten lead ere controlled thermostatically. Each 
heater requires approximately 6 hours to achieve an equilibrium temperature 
from the ambient temperature, and has a 45-minute recovery time for a 310 K 
drop in temperature. The flow rate through the heater ranges from :~pproxim;~teIv 
1 to 4 kg/sec. 

Settling chamber and nozzle.- The settling chamber is a pressure vessel 
that is 30.5 cm lon8 and has an inside diameter of 17.8 cm. The tubing between 
the heaters and settling chamber as well as the settling chamber itself are 
wrapped with electric resistance heaters to minimize heat loss from the CF4 
test gas as it travels from the heater to the nozzle. This tubing, settling 
chamber, and nozzle throat region are ~rapi-~d with insulation. The nozzle is 
exisymmetric and contoured, with a nozzle throat diameter of 1.07 cm and 
nozzle exit diameter of 50.8 cm. This nozzle was designed using the method of 



references 1 aa8 3 t o  generate Mach 6 flow I n  CFq at the nozzle exit f o r  a 
s tagnat ion p r e s k r e  equal t o  17.6 MN//mZ and s tagnat ion temperature equal t o  
811 K. The settlilrg chamber nd s t a i n l e s s  steel noasle  are designed f o r  e t  maxim^^^ pressure of 34 .5 MNlm . 

Test section.- The flow exhausts from the  nozzle i n t o  a tank approxi- 
mately 1.8 ra long and with an In t e rna l  diameter of 1.5 m; hence, models are 
tes ted  I n  an open jet. Models a r e  supported a t  the  nozzle exit by a 
pne-tically driwen insert mechanism designed on the  c i r c u l a r  arc p r inc ip l e  
wlth t:re cen ter  of r o t a t i a n  f lxed on the nozzle center l ine .  The angle of 
a t t ack  may be varied over a range of k20°, wlth a 0.1' mce r t a in ty .  The 
i n j ec t ion  time ( t h e  required f o r  model t o  move from prerun pos i t ion  t o  
noazle center l ine)  is approxiaurtely 1 second and r e t r ac t ion  time approximately 
2 seconds. The test sec t ion  tank is protected from overpressure by a dead 
weight r e l i e f  valwe designed t o  open a t  170 kN/m2. Schlieren qua l i t y  windows 
measuring 61  x 76 cm are located on opposite s ides  of  t he  tank f o r  flow 
visrsalixation purposes. 

Vacuum system.- Having exi ted the  nozzle and passed over the  t e s t  model, 
the t e s t  gas is col lec ted  by a d i f fuse r  and passed through a water-cooled 
heat exchanger t o  reduce the  gas temperature. The gas is then dumped i n t o  
tuo vacuum spherea. The vacuum spheres have diameters of 5.2 m and 15.5 m 
f o r  a combined t o t a l  volume of 2023 m3. The spheres a r e  evacuated t o  a 
pressure of approximately 35 ~ / m ~  by three xacuum pump-blower combinations. 
A fourth vacuum pump-blower combination is used t o  evacuate the  nozzle and 
test sec t ion  t o  approximately 35 ~ / m 2  p r io r  t o  a run. 

Rec1airser.- The CFq reclaimer is an extremely important component of the  
CF4 tunnel. Because of the  la rge  mass flow r a t e s  of t h i s  f a c i l i t y  i n  comparison 
t o  the p i l o t  model CFq tunnel and the  present cos t  of CFq of approximately 
$25 per kg, a reclaimer is necessary f o r  economical operation. A schematic 
drawing of the reclaimer is shown i n  f igure  3. As mentioned previously, the 
vacuum spheres serve a s  receivers  f o r  the CF4 t e s t  gas. Having co l lec ted  Clzq 
from a s ing le  run o r  several  runs, the  spheres a r e  evacuated with the exhaust 
of the vacuum pumps supplying CF4 t o  the reclaimer. The contaminated CFq gas 
f i r s t  passes through a heat  exchanger t o  i n i t i a l l y  cool i t ,  then through a 
separator  ( f i l t e r )  f o r  o i l  and water removal, then through a second heat 
exchanger. The gas next t r ave l s  i n t o  a l iqu id  nitrogen cooled condenser. In 
t h i s  reservoi r  ( f ig .  3), the CF4 is l iquef ied  and the gaseous impuri t ies  a r e  
exhauste t o  atmosphere. The nominal operating pressure of t h i s  reservoi r  is 4 1.3 WU/m . The l iqu id  CFq is compressed t o  approximately 34.5 M N / ~ *  by a 
l iqu id  pBmp and t h i s  compressed l iqu id  passed through a vaporizer t o  convert 
i t  to  a gaseous s t a t e .  The high-pressure gaseous CFq is then s tored i n  the  
storage bot t les .  Liquid nitrogen is supplied t o  the reservoi r  (condenser) 
from a 4000-gallon l iqu id  nitrogen t r a i l e r  maintained a t  a pressure of 270 kN/m . 

Operating Procedure 

To prepare the f a c i l i t y  fo: a run, the s e t t l i n g  chamber, nozzle, t e s t  
sect ion,  d i f fuser ,  and vacuum spheres a r e  evacuated t o  a pressure of about 
35 ~ /m2.  The lead-bath heaters  a r e  brought t o  the desired s tagnat ion 



t e e r a t m e  for.the CF4 test gas, aad the pressure regulator set to the 
desired stamtion pressure. Appropriate valves are opened by a timer 
and flow is established ia the noasle. Following the eetabllhment of steady 
flow, the test model is injected into the flow at a preset tfme (usually about 
2 seconds after nozzle flow establishment), and retracted just prior to tunnel 
shutdown. Usage of both vacuum spheres provides a maximum run t h e  of 
approximately 45 seconds. Tunnel shutdown is accomplished by closing the 
main isolation valve. Because of the relatively large volume of the spheres, 
a nwnber of short duration runs may be performed before the spheres must be 
evacuated. Raving completed the desired test(s), the contents of the spheres 
are exhausted into the CFq reclaimer. To minimize impuritres in the CFq, the 
spheres are emptied immediately after a run series into the reclaimer, and 
the CF4 test gas not allowed to remain in the spheres overnight. In an 
effort to further reduce impurities, the facility is maintained under vacuum 
and opened to the atmosphere only when necessary (for example, to perform 
wdel change. ) 

Instrumentation 

Quantities measured routinely for each run are stagnation pressure pt,l 
and stagnation temperature Tt,l in the settling chamber and pitot pressure 
pt,2 just downstream of the nozzle exit. The stagnation pressure is measured 

2 with a strain-gage pressure transducer having a full-scale rating of 21 MK/m . 
This transducer, which is calibrated periodically over the range 0 to 21 MN/m2, 
is believed to provide values of pt 1 accurate to within 2 percent. 
Stagnation temperature is measured wfth a chromel-alumel shielded thermocouple 
inserted through the wall of the settling chamber and positioned in the center 
of the chamber. Measured values of Tt are believed accurate to within 3 i to 5 percent. Pitot pressure is general y measured with a flat-faced cylindrical 
probe having an inside diameter of 1.5 man and outside diameter of 2.3 man. 
Either a variable capacitance diaphragm transducer or a strain-gage pressure 
transducer is used to monitor the pitot pressure during a run. This measurement 
is believed to be accurate to within 2 percent. 

Basic measurements performed with test models include forces and moments, 
surface pressure, surface heat transfer rate, and shock shapes. A total of 
45 channels of pressure instrumentation exists, of which three to five 
channels are used to monitor facility performance. Of these 43 channels, 10 
employ variable capacitance transducers and the remaining channels employ 
strain-gage pressure transducers. Surface heat transfer rates are generally 
measured using the thin skin calorimeter technique; that is, the heat 
transfer rate is inferred from the temperature-time history supplied by a 
thermocouple welded onto the inside surface of the model shell. For this 
technique, the model is injected irkto the flow for a short period of time, 
usually 2 to 3 seconds. A limiting switch indf-cates the time at which the 
model has reached the center of the nozzle. Presently, 42 channels are 
available for chromel-alumel thermocouples. A hot (339 K) junction box is 
employed. The output from pressure transducers, thermocouples, and force 
balance are recorded on a magnetic tape having .I sampling rate of 400 samples 
per second for each channel. 



Shoqk shaps'are measured wfth the dual plate holographic interferometer 
system e h m  schematically in figure 4 and discussed in detail in 
reference 4. .ftolograms were recorded using a pulsed ruby laser that provided 
a 50 mj pulse of ' 20 ns duration. A 6 asp de-~e alignment laser was positioned 
behind the ruby laser and a third laser (50 mw He-Ne) is used for recon- 
struction. Theholograms obtained may be used to produce shadowgraphs, 
schlieren photostaphe, or interferngrams of the test flow. A representative 
interfewam,f-s irlustrated in figure 5 for a parabolic, axisymmetric model 
at zero aagle @f attack. 

Survey Rake OR3GINAL PAGE 18 
OF POOR QUALITY 

Pitot pres&e surweys at the nozzle exit and downstream of the exit 
were measured .w$tb a cross-pattern rake having 19 pitot probes (including 
the center pr~.'),positioned vertically and 12 pitot probes positioned 
horizontally. .k. center probe was coincident with the nozzle centerline. 
With the d e p  ' '. p f  the five centermost probes, the probes were spaced 
2.54 cm apattg' 'be five center probes were spaced 1.27 cm apart. Hence, 
the 31-probe re-covered a vertical distance 21.6 cm above and below the 
nozzle centerlbe'and horizontal distance of 14 cm to either side of the 
centerline. pitot  probes were flat-faced tubes having an inside diameter 
of 1.5 mm and i'tb of 2.54 cm. 

PREDICTED FLOW PROPERTIES 
- .  

Free streah and behind the normal shock thermodynamic and transport 
properties were determhed from the procedure discussed in references 1 and 5. 
Basic Inputs are measured reservoir stagnation pressure pt,l, stagnation 
temperature Tt,l, and pitot pressure pt,p. From the measured stagnation 
pressure and stagnation temperature, the corresponding value of density is 
obtained using the imperfect (intermolecular force effects are accounted for) 
equation of state. The entropy is determined from the temperature and density 
and an isentropic, one-dimensional expansion performed. Thermodynamic equi- . 
librium is assumd throughout the flow process; hence, possible effects of 
vibrational nonequilibrium are not included. Justification for not including 
vibrational relaxation effects in the methods of references 1 and 5 is 
discussed in reference 1. The flow is expanded to a given value of free 
stream temperature and the remaining free stream thermodynamic properties 
of interest are obtained from the isentropic condition and equations presented 
in references 1 and 5. The free stream velocity, hence Mach number, is determined 
from the conservation of energy, and the usual normal shock relations are 
employed to obtain static conditions immediately behind the shock. Stagnation 
conditions behind the shock are obtained by bringing the flow to rest 
isentropically and from consideration of the conservation of energy. Values 
of free ptream temperature are tried until the calculated stagnation point 
(pitot) pressure agrees with the measured pitot pressure. For the range of 
reservoir stagnation conditions of this study, the compressibility factor, 
which represents the degree of departure from ideal-gas behavior, varied from 
approximately 1.03 to 1.12. Imperfect gas effects at the free stream condi- 
tions and behind the normal shock are esdentially negligible (that is, the 



compressibility factor is unity). The equations used in references 1 and 5 
are limited to temperatures above the saturated vapor line. For the range 

of conditione of this study, flow condensation effects should be absent. 

Monitoring the m s s  of CF4 within the high pressure storage bottles 
before and after a test or series of tests provides a measure of the 
efficiency of the reclaimer system. The mass is deduced from the measured 
bottle-field pressure and ambient (outdoor) temperature. As shown in 
figure 6, where the compressibility factor (refs. 1 and 5) is plotted as a 

function of pressure for various temperatures, a significant departure from 
ideal-CF4 behavior occurs for the nominal bottle-field pressure of 20 MN/m2 
and temperature range of 275 K to 310 K. The results of figure 6 
demonstrate the importance of accounting for intermolecular force effects 
fn the determination of reclaimer efficiency and the quantity of CFq 
available for testing. 

TESTS 

Tests with the pitot pressure survey rake were performed for a range of 
settling chamber pressure and temperature. Three values of stagnation 
temperature Tt,l were tested, the mean values being 608 K, 717 &and 815 K. 
For each value of Tt,l, three values of stagnation pressure pt,l were 
tested, these values being 6.0, 12.1, and 17.6 MN/m2. The survey rake was 
positioned with the longest cross-member vertical and the rake was moved 
axially such that the sensing surface of the probes were positioned at the 
nozzle exit and 10.2, 20.3, and 30.5 cm downstream of the exit. Predicted 
flow quantities (p,, T,, &, N R ~ , ~ ,  p2/pm, and NRe,2) corresponding to the 
various combinations of measured pt,l, Tt,l, and pta2 are presented in table I. 
? 2 input value of it,2 represents an average of the measured pitot pressure 
acroo- the inviscid test core, excluding the center probe for reasons to be 
discussed subsequently. Samples of the collected test gas were analyzed 
periodically for purity. For the present tests, the CF4 test gas was at least 
99.9 percent pure. 

OPERATING EXPERIENCE 

As expected in such an undertaking, a number of problems were encountered 
in the conversion of the Langley 20-inch hypersonic arc-heated tunnel to the 
hypersonic CFq tunnel. Two such problems unique to CF4 operation will be 
discussed. 

During the shakedown of the facility, an unexpected decrease in performance 
occurred during a seq,lence of tests. The source of this problem was traced to 
blockage of the stainless steel screen located within the settling chamber. 
As shown in the photograph of figure 7, the blockage resulted from a collection 
of rust-like particles by the screen. Now, the tubing from the high-pressure 
storage field and through the lead-bath heaters is AISI 316 stainless steel 
and pure CF4 will not corrode this tubing material. However, CFq contaminated 
with water vapor or oil will react at the present conditions to form HF, which 
will corrode AISI 316 stainless steel. Spectrochemical analysis of 
contaminants taken from the inside of a section of tube removed from the lead- 
bath heater revealed the tubing was corroding and this corrosion resulted in 



the blockage 'bf &he screen. A source of water vapor i n t o  the  supply l i n e  
was d l s c ~ . ~ &  eliminated. Frevious t o  t h i s  blockage of the  screen, a 
diaphragat i n  ,%$b compressor ruptured allowing o i l  t o  e n t e r  t he  tubing; 
hence, an o i l  de tec tor  was i n s t a l l e d  i n  the  supply l i n e  t o  provide an 
immediate wa- of the  presence of  o i l .  With the  sources of water vapor 
o r  o i l  eliminated, t he  screen was removed from the  s e t t l i n g  chamber and t e s t i n g  
resumed. Models t e s t ed  following these changes indicated a s l i g h t  sandblast ing 
e f f ec t .  me present l e v e l  of flow contamination is not  expected t o  
s ign i f i can t ly  b f l u e n c e  pressure o r  force  and moment measurements on models, 
and the  e f f e c t  on hea t  t r ans fe r  measurements is negl ig ib le ,  as w i l l  be shown 
subsequently. This corrosion of t he  tube wall d id  not  reduce the  wall  thick- 
ness below acceptable l i m i t s  f o r  the  s a f e  operation of t he  f a c i l i t y .  

The CFb reclalmer w a s  designed and manufactured s p e c i f i c a l l y  f o r  the  CF4 
tunnel. A t  t he  time of fabr ica t ion ,  no da t a  base f o r  such a system was 
ava i lab le  t o  the  manufacturer. Thus, it  is not  surpr i s ing  that severa l  
problems were encountered during the  i n i t i a l  operation of t h i s  reclaimer. 

The reclairner &IS ins ' talled i n t o  the  vacuum system employed with the  
Langley 20-inch hypersonic arc-heated tunnel. I n i t i a l  operation with the  
reclaimer revealed a blockage problem, a t t r i b u t e d  t o  water and o i l  
contaminants so l id i fy ing  in the  primary heat exchanger and condenser 
( f ig .  3), thereby blocking the  line. These s o l i d  p a r t i c l e s  entered the 
l i qu id  pump, r e su l t i ng  i n  damaged intake and exhaust valves. Although a 
small molecular s ieve  f i l t e r  preceded the  primary heat  exchanger, the  water 
and o i l  contaminants still found t h e i r  way t o  the  condenser and l i qu id  pump. 
The primary source of water is  from the  a i r  within the f a c i l i t y  and water vapor 
contained within the walls  of the nozzle, dump tank, and d i f fuser .  To avoid 
subject ing the  reclalmer t o  t h i s  water, a separate  vacuum pump w a s  used t o  
evacuate the f a c i l i t y .  The exhaust system of the vacuum pumps used t o  
evacuate the spheres (f ig .  1 )  was not  designed for  low vacuums and coatained 
a number of leaks. Leak checks were performed t o  l oca t e  and co r rec t  these 
leaks,  thereby minimizing another source of water vapor. Also, the exhaust 
system was evacuated p r io r  t o  a reclaiming cycle. The source of o i l  is the 
vacuum pumps. A small booster p ""5' which increased the reclaimer pressure 
from approximately 0.5 t o  1.5 U / m  t o  3.5 t o  4.5 kN/m2,  was removed a s  a 
po ten t ia l  source of contaminants. No adverse e f f e c t  0.n system performance was 
observed due to the decrease i n  operating pressure. The f i l t e r  capabi l i ty  
was improved by i n s t a l l i n g  two l a rge  f i l t e r s  ahead of the  primary heat  
exchanger, one f i l t e r  f i l l e d  with vaporsurb and the other  with ac t iva ted  
charcoal. The f i r s t  hea t  exchanger was changed from water cooling t o  LN2 
cooling, and thus served a s  a cold t rap .  In  addi t ion,  the heat exchangers 
were wrapped with res i s tance  heaters  so  they could be dr ied out between 
reclaimer cycles. These modifications eliminated the blockage problem and 
grea t ly  reduced the water and o i l  contamination l e v e l  a t  the  condenser. 

During the  shakedown, the  reclaimer demonstrated an in t e rmi t t en t  behavior. 
For some reclaiming cycles,  most of the  CFq gas appeared t o  have been reclaimed, 
whereas f o r  other  cycles,  none was reclaimed. This behavior was t raced t o  a 
f au l ty  vent valve and led  t o  the replacement of b u t t e r f l y  valves with gate  
valves wherever prac t ica l .  Presently,  the reclaimer operates smoothly, f r e e  of 
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hardware probl&, at  an ef f ic iency  of 70 t o  75 percent,  compared t o  the  
.mnufacturer 's  desiga e f f ic iency  of 90 t o  95 percent. This t f f i c i ency  is 
axpected t o  increase to  about 80 to  85 percent when the  volume of t he  exhaust 
l i n e  is reduced and provision made t o  reclaim the CFq gas- i n  t h i s  l i n e  
following a r e c l a i m i q  cycle. Analysis of the  waste gas  from the  condenser 
showed t h a t  only 1 percent of the  &as w e  CF4. Thus, a r e a l i s t i c  e f f ic iency  
f o r  the present reclaimer system appears tc be 80 t o - 8 5  percent,  and t h i s  
e f f ic iency  is eu f f i c i en t  f o r  continuous, economical operat ian of the f a c i l i t y .  

RESULTS AND DISCUSSION 

Fac i l i t y  ca l ib ra t ion  consisted primarily of p i t o t  pressure surveys with 
a 31-probe survey rake which covered a v e r t i c a l  d i s tance  21.6 cm above and 
below the  nosr le  center l ine  and horirrontal dis tance of 14 cm t o  e i t h e r  s i d e  
of the center l ine.  The invincid test core diameter was defined as the  region 
Zn which the  p i t o t  p w s u r e  was within 2 percent of the  average value of the 
center  1 3  v e r t i c a l  pqbesr, excluding the  cen te r l i ne  p i t o t  pressure.  For 
the present conditionb, a 2-percent uncertainty i n  the  p i t o t  pressure 
corresponds t o  a 0.2 t o  0.25-percent uncertainty i n  f r e e  stream Mach number. 

To optimize the  usage of the CFq test gas, the  f a c i l i t y  run durat ion is  
generally t a i l o red  to  the  type of measurement t o  be performed. Representative 
time h i s t o r i e s  of reservoir  s tagnat ion pressure, s tagnat ion temperature, and 
corresponding p i t o t  pressure a r e  shown i n  f igure  8. A t i m e  of zero corresponds 
t o  the f i r s t  data  sample ind ica t ing  an increase i n  p i t o t  pressure from the  
prerun (quiescent test sect ion)  value. The time h i s t o r i e s  of f i gu re  8 
demonstrate t ha t  approximately 3.5 seconds a r e  required t o  e s t ab l i sh  a steady 
flow condition, and the durat ion of t h i s  steady flow f o r  t h i s  case  is approxi- 
mately 5 seconds. The present values of p i t o t  pressure measured with the  
survey rake correspond tp a t e s t  time of 6 t o  8 seconds and thus represent 
steady flow values. This flow duration is a l s o  s a t i s f a c t o r y  f o r  heat t r ans fe r  
t e s t s  using the thin-skin calorimeter technique. However, the run durat ion 
must be increased f o r  s tud ies  involving the measurement of pressures on the  
order of the f r e e  stream e t a t i c  pressure. For example, time h i s t o r i e s  of the 
nozzle wal l  pressure measured 1.27 cm and 30.48 cm upstream of the  nozzle e x i t  
a r e  shown i n  f igure  9. Because of the low leve l  of nozzle wall pressure,  
a pressure lag  e f f e c t  e x i s t s  f o r  the present pressure measuring system and 
approximately 22 t o  24 seconds a r e  required t o  obtain a steady value of wal l  
pressure 30.48 cm upstream of the nozzle ex i t .  This steady value of nozzle 
wall pressure is within 2 percent of the calculated f r ee  stream s t a t i c  
pressure, which corresponds t o  the p i t o t  pressure measured a t  the  nozzle e x i t .  
The ra ther  sharp increase i n  nozzle wall  pressure 1.27 cm upstream of the e x i t  
a t  a time of 7 seconds, o r  so, is  believed t o  be due t o  an increase i n  the 

2 t e s t  sect ion (dump tank) pressure, from the quiescent ( t  < 0) value of 70 N/m , 
with run time. This pressure increase is fed upstream through the nozzle 
boundary layer ,  but the adverse pressure gradient is s u f f i c i e n t l y  weak so t o  
not d i s tu rb  the boundary layer  30.48 cm upstream of the nozzle e x i t .  

P i to t  pressure surveys for  a nominal reservoi r  temperature T t , l  of 
608 K ( 2 4  percent) and range of reservoir  pressare a r e  shown i n  f igures  10, 
11, and 1 2  for  nozzle ax i a l  s t a t i ons  z equal t o  0 (nozzle e x i t ) ,  10.2 and 



20.3 cm downstream of the exit. At the nozzle exit (fig. 10) and 20.3 cm 
downstream of the exit (fig. 12), the measured centerline pitot pressure is 
significantly lower than the adjacent pitot pressures. At an axial station 
of 10.2 cm, the centerline pitot pressure is higher than adjacent pitot 
pressures. The data of figure 10 for z = 0 indicate this "dip" or decrease 
in centerline pitot pressure may diminish with increasing reservoir pressure 
pt,l, whereas the "spike" or increase in centerline pitot pressure observed 
at z = 10.2 cm (fig. 11) becomes more pronounced as pt ,l is increased. 
The observance of a "dip" or "spike" on centerline pitot pressure implies 
a flow disturbance exists in the upstream region of the nozzle, resulting in 
a focusing effect of disturbances along the nozzle centerline. The observed 
"dips" and "spikes" are believed to be characteristic of the flow, and not 
attributed to probe interference effects due to the closer probe spacing 
about the center probe or to a faulty pressure transducer. 

Reasonably flat and symmetrical (about the nozzle centerline) pitot 
pressure profiles were obtained across a 28 cm to 38 cm diameter inviscid 
core for all values of reservoir pressure and axial station. At axial 
 station^ of 10.2 cm and 20.3 cm, there is some indication of the formation 
of a saddle-like distribution, whereby a region of higher pitot pressure 
surrounds an inner, uniform pitot pressure region. From figures 10, 11, 
and 12, no appreciable variation of pitot pressure ratio is observed between 
axial stations z equal to 0 and 20.3 cm, implying the absence of significant 
source-f low effects. 

?itot pressure surveys for a nominal reservoir temperature of 717 K 
(22.5 percent) are shown in figures 13 to 18 for the same range of reservoir 
pressure as in figures 10 to 12, and various nozzle axial stations from 0 
to 30.5 cm downstream of the nozzle exit. As observed for Tt,l equal to 
608 K (figs. 10, 11, and 12), the pitot pressure profiles generally exhibit 
a "dip" or "spike" on the nozzle centerline. For TtPl equal to 717 K, a 
pronounced spike in centerline pitot pressure is observed at the nozzle 
exit (fig. 13), whereas a dip in centerline pitot pressure was observed at 
the nozzle exit for Tt, equal to 608 K (fig. 10). Assuming, of course, 
that the centerline pitot pressure is measured accurately (within 2 percent), 
the variation in the character (dip or spike) of the centerline pitot 
pressure with change in reservoir temperature is attributed to the effect 
of reservoir temperature on the nozzle boundary layer displacement thickness. 
The pitot pressure survey 2.5 cm downstream of the exit reveals a "dip" in 
centerline pitot pressure, whereas that at z equal to 5.1 cm illustrates 
a possible change of a "dip" condition to a "spike" condition with increasing 
reservoir pressure, although experimental uncerrainty prohibits a definite 
conclusion. In general, the "dip" condition is observed for values of z 
exceeding 5.1 cm. 

As observed previously, the pitot pressure profiles exhibit a 
symmetrical saddle-like characteristic about the nozzle centerline. This 
saddle-like feature becomes more pronounced with increasing distance from the 
nozzle exit and is attributed to disturbances (weak waves) embedded within the 
flow due to the expansion process at the nozzle exit. The results of fig~res 
13 to 18 demonstrate that the inviscid test core diameter is approximately 
26 cm for the range of z tested. Because of the nature of the pitot pressure 



p r o f i l e s  f o r  ?t,l equal t o  717 K, models t e s t ed  a t  these condi t ions w i l l  not 
be subjected t o  uniform flow and measurements performed with such models, 
pa r t i cu l a r ly  s lender  ones, may be subjec t  t o  question. 

Pressure surveys f o r  a nominal reservoir temperature of 815 K 
(*3 percent) and range of r e se rvo i r  pressure a r e  shown i n  fi;.ures 19, 20, 
and 21 fo r  values of e equal t o  0, 10.2, and 20.3 cm. Unlike the  previous 
r e s u l t s  f o r  f t  1 equal t o  608 K and 717 K, these  p r o f i l e s  ( f i g s .  19 t o  21) 
do not exh ib i t  & "dip" o r  "spike" i n  cen t e r l i ne  p i t o t  pressure a t  the  higher 
values of reservoi r  pressure. The flow about t he  nozzle a x i s  is r e l a t i v e l y  
uniform a t  t equal t o  10.2 cm and 20.3 cm f o r  a l l  values of pt ,l an3 a 
pronounced "dip" is observed only a t  the  nozzle e x i t  f o r  t h e  lowest value of 
p t , l  ( f ig .  19(a)). Again, the pi tot-pressure surveys i l l u s t r a t e  a saddle-like 
cha rac t e r i s t i c  which becomes more pronounced with increasing z. From the  
various combinations of reservoi r  pressure' and temperature, the  most uc.iform 
p i t o t  pressure d i s t r i bu t ion  between the  nozzle e x i t  and 20.3 cm downstream 
of the e x i t  is achieved with a reservoi  temperature of approximately 815 K 1 and pressure of approximately 17.6 MNIm . That is, the  absence of 
i r r e g u l a r i t i e s  i n  p i t o t  pressure d i s t r i bu t ions  were observed only fo r  
reservoir  condi t ions c lose  t o  those used i n  the  design of the nozzle. 

The average p i t o t  pressure r a t i o  Ft /pt ac ross  the inv isc id  t e s t  
core is shown i n  f igure  22 a s  a function b stHgnation pressure , f o r  
the three values of nominal s tagnat ion temperature T t , l .  Within the 
experimental accuracy (denoted by barred symbols), the  p i t o t  pressure r a t i o  
measured a t  the  nozzle e x i t  is e s sen t i a l l y  independent of s tagnat ion pressure 
fo r  the range of reservoi r  conditions examined. For a given s tagnat ion 
pressure, the p i t o t  pressure r a t i o  decreases 3 t o  4 percent,  hence f r e e  stream 
Mach number increases  approximately 0.4 t o  0.5 percent,  as the s tagnat ion 
temperature increases  from approximately 625 K t o  820 K. Thus, the  p i t o t  
pressure p r o f i l e s  of f igures  10, 13, and 19 and r e s u l t s  of f igure  22 i l l u s t ~ s t e  
the CF4 tunnel is capable of producing good qua l i ty  flow a t  a given value of 
f r e e  stream Mach number and very l imited range of f r e e  stream Reynolds number. 
Test sec t ion  flow conditions f o r  ptSl IU 17.6 m/m2 and TtVl z 820 K a r e  
a s  follows: 

M,,, = 5.88 

The values of NRe,- and N R ~ , ~  i n  CFq a r e  read i ly  a t ta ined  i n  the Langley 
20-inch Mach 6 a i r  tunnel,  thereby providing the capabi l i ty  of examining rea l -  
gas (normal-shock densi ty  r a t i o )  e f f e c t s  fo r  a given Mach nr~mber and Reynolds 
number. 



In figure 23, the average pitot pressure ratio is plotted as a function 
of aadal distance downstream from the nozzle exit e for a nom3nal stagnation 
temperature of 717 K and range of stagnation pressure. These data demonstrate 
the absence of appreciable axial gradients irr pitot pressure within the free 
jet. Tho, average pitot pressure is observed to decrease less than 2 percent 
between the nox7le exit and 30.5 cm downstream of the exit, corresponding to 
an increase in Mach number of less than 0.25 percent. 

The centerline pitot pressure nondhensionalized by the reserwofr s t h a -  
tion pressure is shown in figure 24 as a function of distance dawnstrean of 
the nozzle errit for '.he three values of nominal reservoir temperature. The 
solid lines in figure 24 denote the memi value of pitot pressure across the 
inviscid test tor . The results of figure 24 illustrate the sragiaarsp "peak" 
value of pitot pressure occurs at the same distance downstream of the nozzle 
exit for a giwen reservoir temperature and range of reservoir pressure, and 
moves upstream vith increasing reservoir temperature, For the worst case, 
the centerline pitot pressure exceeds the average inviscid core pitot pressure 
by 16 to 18 percent, corresponding to a 1.6 to 2 percent uncertainty in . 

Mach number. In general, the centerline pitot pressure is within 8 percent 
of the average value across the core, resulting in an uncertainty of 0.8 to 
1 percent ia W c h  number. Thus, a penalty in flow uniformity across the 
inviscid core must be paid to operate the facility at off-design reservoir 
conditions, but this penalty may be acceptable for many studies, particularly 
those involving blunt models. 

Shock shape results may be coupled to facility calibration, because these 
results supply inforination cil the uniformity of the free stream flow (ref. 6). 
In figure 25, the shock detachment distance measured on a 7.6 cm diameter 
sphere model is compared to several prediction methods. In general, the 
measured and predicted values of shock detachment distance are in good agree-- 
ment and do not indicate any free stream flow nonuniformity (ref. 7). Also, 
this good agreement lends creditability to the predicted free stream 
conditions which served as input to the prediction methods. 

To examine nozzle flow characteristics on a more sensitive scale, 
pressure distribu,~ons aiong the center of a sharp-leading-edge flat plate 
were measured at twu reservoir conditions, one being close to nozzle design 
conditions. The leading edge of the flat plate was positioned 1.27 cm down- 
stream 9f the nozzle exit and the surface was on the nozzle centerline. The 
measurements are shown in r,gure 26, where the surface pressure nondimension- 
alized by the calculateJ free stream static pressure js plotted as a function 
of distanca downstream of the leading edge. The flat plate surface pressure 
initially decreases with distance from the leading edge as expected, then 
remains essentially constant. These pressllre distributions imply the nozzle 
flow is quite uniform for the present reservoir conditions, being essentially 
free of disturbances that focus on the nozzlc centerline. Also shown in 
figure 26 are predicted pressure distrx.~utions based on weak-interaction theory 
(ref. 8). The method of reference 8 is observed to overpredict the measured 
pressure ratio pfp,, as does the Dressure ratio predicted using the measured 
boundary layer thicl-ness, assumin8 the displacement thickness is 0.3442 of the 
boundary layer thickness (ref. 9) and employing oblique shock relations for a 



perfec t  ga8. Uow, the viscouc induced pressure decreases appreciably wlth 
8ecraatna ratlo of specific h a t s .  For exae@le, predict ion (ref .  8) e b m  
that t he  pressure ratio at a dis tance of 16.5 cm from t h e  l ead i ry  edge is 
1.17 f o r  hclfuin (Y,,, - 513), 1.09 f o r  par fec t  air (Y* - 715) and 1.03 f o r  t h e  
h u h e r  resentoit temperetun (3'4 t r o t  (Y-- 1.19), with a l l  other inputs held 
consteat  f o r  the three  teet pass. Tbw, t h e  f l a t  p l a t e  sur face  pressure Is 
expected t o  be c l o r e  t o  f r e e  atream etatic, although not q u i t e  arr c lose  as 
ohom In figrrre 26, eopeclally f o r  t he  btgher Tt, l  test. TT should be noted 
that the fm atrcwar static preasura based oa v i b r a t i d l p  r a l u t i w  flow w l l l  
be l e so  thaa thot  fot equ i l i b r iw i  flow; hence, a mall departure from equi- 
l ibrium would result i n  an increase i n  p l h .  A second possjble  cont r ibu tor  
Lo the  experimental uncertainty f o r  t he  input p i t o t  preseure is apptorsl- 
mntely 2 percent, corresponding t o  a 4-percent uncertainty i n  ca lcu la ted  
f r e e  stream pressure. I n  any case, t h e m  f l a t  p l a t e  d a t a  demonstrate 
the exiotaace of disturbance-free flow at  the  teet sec t ion  f o r  t he  
two resamir conditions examined, and provide c r e d i t a b i l i t y  t o  
predicted f r e e  atram conditions. 

As discwsed  previouely, a s l i g h t  sandblasting o i  the  model occurs during 
a test. A s  experienced i n  hotshot wind tunnels, flow c o n t d n a n t s  can r e s u l t  
i n  a subs tan t ia l  increase i n  r:eating rate beyond t h a t  fo r  c lean flow (rcf.10). 
For t h i s  reason, heat t r ans fe r  i i s t r i b u t i o n s  vere  measured on a 10.16 cm 
dlameter hemisphere cyl inder  using the thin-skin calor imeter  technique with 
chromel-alumel thermocouples. The reservoi r  pressure was 6.9 m/m and t h e  
reservoir  temperature was 706 K, corresponding t o  a f r e e  stream Nach number 
of 6.04. These data are compared to  prediction i n  f igure  27, where the  
heat t r ans fe r  r a t e  is plot ted as a function of the  angle subtended by a 
c i r cu l a r  a r e  measured from the sphere a x i s  of symmetry through the  s tagnat ion 
point 0. The predicted heating d i s t r i bu t ion  f o r  t h i s  GF4 test was furnished 
by the author of reference 11. The measured s tagnat ion point heat ing r a t e  is 
approximately 8 percent l e a s  than predicted, and reasonably good agreement 
e x i s t s  betwee9 the measured and predicted ,lest t r ans fe r  d i s t r i bu t ion .  Thus, 
the prlssent l eve l  of flow contaminants does not have an appreciable  influence 
on measured heat t r ans fe r  r a t e s  using the th in  skin technique. 

CONCLUDING REMARKS 

A deta i led  descr ipt ion of the Lsnglev hypersonic CFb tunnel is presented 
along with discussion af  the basic  c-rponents, inst.rumentation, and operating 
procedure. Operational experience with the  CF4 reclaimer and lead-bath 
heater is discussed. 

P i to t  preseure surveys were measured a t  the nozzle e x i t  and downstream 
of the e x i t  f o r  nominal reservoir  temperatures of 608 L, 717 K, and 815 K 
and ranfie of reservoir  pressurc from 6 . C ~  t o  17.6 MN/m2. A t  the maxirrnrm value 
of reservoir  pressurc and temperature, which corresponds t o  the reservoir  
conditions for  which the contoured axivymmetric nozzle wns designed, s uniform 



t r ~ t  core havin$ a d i r w t o r  of rppronlstcrly 18 cm (0.53 timer the  norale 
exit dirarrtur) rxirtr, The corm*pondiq f n r  stream b c h  n u b o r  i a  3.9, unit  
Reyno&cto numbat $a 1.2 106 pat ntw, r r t l o  of  apoeif ic  heetr  i r  1.17 md 
tho ncml ohocL donatty r a t i o  ir aqua1 t n  12.6. )ma tha f a c i l i t y  i r  oprratod 
a t  reservoir p r a r r u n s  and taiperwcuma balw the  drrlsn va\ucr, "dipsH arhd 
t'rpikes" occur on the centerl ine p i to t  prearum, indicnt 1% tha exirtenco of 
flow dlsturbutcoa o r i ~ l n r t i n &  i n  tho u p r t m m  region of the  nor8le. Mom 
Hdipan a d  "spikor" a n  rulat lvely amall i n  wr$nltude, and, i n  gmrral, rrrsul t 
i n  a perturbation i n  cent r r l ino  fne atream b c h  number of Lean than 1 percent. 
A al ight  d.cmaeo i n  rvrrnlt. p i ra t  p n e s u n  acre~~rr the tear  core v t t h  $tatanre 
dounarmam of the norsle war obronrd, with tho corrcepmndiq free straea 
Mch numb*; varlat ioa h l r y  about 0.5 percent f o r  r diaeenca of 20.3 em. 
Coopcrriaon of measurad and predicted rhock d a t a c b n t  diutonce ut\ n mpher+ 
a d  prerrun d i r t r i b u t i m u  rmemund on r rharrp I s r d i n ~ e d ~  f l a t  plstr rcpveoled 
the rbaoacr of  r i8nl f teant  flow nenunifornitg and Lent creditability to 
ptedictad fro. a t r a m  flow csnditiona. 

1PI. ecoltomic opatation o f  t h i a  f a c i l i t y  cen t r r r  about the CFq t~zlalmer, 
which war d r a i ~ n o d  to operate a t  an ~ P I i c l o n c y  of 90 to 93 perrent,  A number 
of u d i t i c r t i o n a  haw been made t o  the roc l r laar  *y*:au t o  irpn-ve i t a  
petfor9mee. and ptaoontly the ayetern reclttlnr appr \~x imte ly  75 percent of 
thr, t e s t  lor .  l M n  with current brrdyotaru *-3nrtr&ir\t8, t h l*  e f t l c l ~ n c y  
ponrica the CFb tunno\ t o  be operated aa R vloble rsacrarch wind tunnel. 
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Figure 2. - Sketch of lead-bath heater. 
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(b) Reservoir stagnation temperature. 

Flgure 8. - Reservoir stagnation pressure, r e s s m i  r stagnation temperature, 
and pltot oressure as a function of time. 
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Figure 24. - Nozzle centerline pitotpressure ratio as a function of axial distance 
downdream of nozzle exit 
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Shaded region denotes measured values 

Figure 25. - Comparison of measured and predicted shock detachment distance 
for a sphere in Mach 6.15 CF4 flow. 
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Figure 27. - Heat transfer distribution on 10.2 cm diameter 
hemisphere cylinder i n  Mach 6 CF4 flow. 


