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Initial Operation of the UTA Shock Tunnel 

Frank K. Lut 
The University of Texas ut Arlington, Arlington, TX Y6019-0018 

A small shock tunnel has recently been put into service in a university environment. The shock tunnel has been 
used for high Reynolds number, perfect gas simulation of hypersonic flow. Tradeoffs between various constraints 
to  achieve the test requirements are discussed. Methods for obtaining precise control of test conditions and for 
protecting low-range pressure transducers from overpressure damage are described. Present research activities 
are also briefly discu&ed. 

Introduction 
The heyday of hypersonic research in the 1950s and 
1960s was precipitously followed by a period of slump 
with dwindling resource and interest in hypersonic 
flows. As is now obvious, many test facilities were 
shut down, mothballed or scrapped. Thus, in the U S . ,  
there were only 19 hypersonic facilities in 1985 com- 
pared against 82 in 1963 [l]. A renaissance of sorts 
has, however, occurred, this renaissance being spurred 
by a variety of new hypersonic programs. Wittliff’s 
compilation [l] showed that there were 24 hypersonic 
facilities in 1987 in the U S . ,  up from that in 1985. 

The hypersonic scenario in the 1990s is v a d y  dif- 
ferent from that in the 1950s. One must recognize the 
advent of computational fluid dynamics, new diagnos- 
tic capabilities and “computer-aided experimentation 0’ 
Also, testing requirements are different. Current inter- 
est in sustained hypersonic airhreathing flight has  pro- 
vided challenges in devising ways of testing combustion 
systems and has sparked the development of facilities 
that can provide adequate simulation [2]-[4]. 

The renewed interest in hypersonic aerodynam- 
ics prompted the University of Texas at  Arlington 
(UTA) to  start a modest experimental research pro- 
gram through construction of a shock tunnel [5,6]. The 
tunnel design is partly based on the NASA-Langley 
Expansion Tube Facility [7], which has been exten- 
sively refitted and presently located at  the General 
Applied Science Laboratories, Inc., Ronkonkoma, New 
York [4] where it is known as the HYPULSE. From pre- 
liminary design in 1986, the tunnel was ready in mid- 
1989, with shakedown tests completed by early 1990. 
This paper describes initial experiences in operating 
the tunnel. Efforts at  applying the tunnel for high 
Reynolds number, perfect gas testing and for boundary- 
layer studies will he discussed in this paper. Before dis- 
cussing the operational experiences, however, the tun- 
nel facility, together with special improvements, will be 
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briefly described. The paper concludes with a discus- 
sion of ongoing and proposed research. 

Facility description 
The UTA shock tunnel is housed in the Aerodynam- 
ics Research Center (ARC) which is a tw+building 
complex. In the main building are the hypersonic 
shock tunnel, a transonic Ludwieg tube, a closed-circuit 
low-speed tunnel and an arc-heated tunnel, which is 
presently under development. There are also a central 
control room, a computer room, a model shop, an elec- 
tronics shop and an office wing. In an auxiliary build- 
ing are a Clark CMB-6 5-stage air compressor that can 
supply 24 MPa (3,500 psi) dried air at  0.95 m3/s (2,000 
scfrn) STP conditions and an Ingersoll-Rand 15T2 com- 
pressor rated at 6.9 MPa (1,000 psi). The Clark com- 
pressor is derated to operate at  14.5 MPa (2,100 psi) to 
match the pressure rating of the storage bottles. 

A partial view of the UTA shock tunnel is shown in 
Fig. 1. The tunnel is of conventional design and, as can 
he seen in sequence from the top of Fig. 1, consists of a 
test section, a nozzle and a shock tube. Only part of the 
driven section of the shock tube is visible in the figure. 
Partly hidden from view is the diffuser which protrudes 
out of the far wall into a vacuum tank outside. Not 
visible are a double-diaphragm section and the driver 
section of the shock tube. In addition to the tunnel 
itself, the figure also shows the data acquisition crate 
on the left and the vacuum system on the right. Brief 
descriptions of the major components will now he given. 

Shock tube 
The shock tube consists of a high-pressure driver tube 
connected to a driven tube by a double-diaphragm sec- 
tion. The driver tube has a bore of 152 mm (6 in.) and 
is 3 m (10 ft) long. The driven tube also of 152 mm 
(6 in.) bore is made of three 2.7-m (9-ft) segments to 
facilitate installation and disassembly, when necessary 
for cleaning. The driver tube and the three driven-tube 
segments are rated for a pressure of 41 MPa (6,000 psi). 

L 

1 



x 

re 2: Shock tube schematic 
diagram. 

and regions in an ideal 

driver and driven tubes is charged to a pressure of about 
0.5p4. (The nomenclature p i  etc. are shown in a wave 
diagram in Fig. 2 and follows convention.) The tnn- 

Figure 1: The UTA shock tunnel. 

The driver tube, the diaphragm section and the 
driven tube are bolted together with two diaphragms 
enclosing a plenum. The upstream faces of the dia- 
phragm section and the driven tube have rounded inside 
corners. The rounded corners allow the diaphragms to 
stretch when subjected to high pressures and help to 
prevent uncontrolled and unexpected diaphragm fail- 
ure through shear if the corners were sharp. 

To replace the diaphragms, the driven tube is un- 
bolted from the double-diaphragm section and the 
driver tube, and then rolled away using a hydraulic jack. 
However, reassembling the pieces is not so straightfor- 
ward since the driver tube may shift slightly from the 
tunnel axis. To ensure proper fit of the parts on re- 
assembly, tapered guide pins located on the upstream 
faces of the diaphragm section and driven tube mate 
into countersunk boles in the opposing faces. 

Diaphragms 
It is common in shock-tube practice to use double di- 
aphragms enclosing a plenum chamber for precise con- 
trol of diaphragm rupture. A double-diaphragm ar- 
rangement is also used for the UTA shock tunnel. The 
diaphragm material currently in use is 10-gauge (3.42 
mm, 0.1345 in.) hot-rolled steel sheets (ASTM A36) 267 
mm (10.5 in.) square, chosen because of its low cost. 

To operate the tunnel, the plenum between the 

ne1 is fired by venting the plenum chamber. Venting 
the plenum eventually causes the upstream diaphragm 
to rupture since this diaphragm is subjected t o  a large 
pressure difference between its faces. The downstream 
diaphragm subsequently fails when subjected to a sim- 
ilar large pressure difference. 

Further, it is also usual practice to score a pattern 
onto the diaphragm to ensure clean rupture with min- 
imum fragmentation while also providing a degree of 
controllability. The diaphragms are drilled for bolting 
to the tunnel before being scored with a router using 
a custom-built rig as shown in Fig. 3a. A cross potent 
pattern 3.18 mm (0.125 in.) wide and 0.5 k 0.1 mm 
(0.020 jL 0.005 in.) deep is found to give optimal di- 
aphragm opening, Fig. 3b [9]. An almost similar pat- 
tern was used by Needham et al. [$]. A simple cross 
is found to be unsuitable for our purpose since it often 
results in partial opening of the diaphragms or, even 
worse, fragmentation of large pieces of material which 
may be discharged into the test section. 

The router allows diaphragms to he made cheaply 
and quicldy compared to stamping, milling or chem- 
ically etching the patterns because the double- 
diaphragm operation does not require stringent toler- 
ances on the scoring depth. The diaphragms, as made 
using the rig shown in Fig. 3a, fail when subjected to a 
pressure difference of about 13 MPa (2,000 psi), which 
is larger than the initial pressure difference that the 
diaphragms are subjected to in the shock tube. Also, 
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a. Diaphragm scoring rig, router a t  left and scoring template at right of photograph. 

b. New diaphragm. c. Used diaphragm. 

Figure 3: Photograph of diaphragm scoring rig, and new and used diaphragms. 
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to cut cost and speed up the diaphragm manufacturing 
process, the diaphragms do not have a ring flange to re- 
strain them from being pulled and deformed when sub- 
jected to pressure loading as reported in Refs. [7, lo]. 
The diaphragms in our operation are in fact allowed 
to stretch and deform. A small test program was con- 
ducted to ensure that such a technique can be applied 
safely and an accurate correlation was obtained be- 
tween score depth and rupture pressure. It may be 
noted that the diaphragms are placed in the tunnel with 
the scoring pattern facing downstream. 

The diaphragms generally “petal” without fragmen- 
tation, Fig. 3c. Sometimes, the petals face upstream or 
are curled after rupture. These are likely due to shock 
reflections in the shock tube. Further, in the extremely 
unlikely occurrence of fragmentation, the few fragments 
tend to be small and are trapped in the driven tube. 
These small fragments are cleaned out in preparation 
for the next run. 

Nozzle, test section, diffuser and vacuum 
tank 
The nozzle, test section and diffuser were donated 
to UTA by LTV Aerospace and Defense Co., Dallas, 
Texas. A 7.5” half-angle conical nozzle with inter- 
changeable throat inserts enables test Mach numbers 
of 5 through 16 to be obtained. The exit diameter of 
this nozzle is 336 mm (13.25 in.). Presently, a Mach 8 
throat insert is used. A second, Mach 8 contoured noz- 
zle of 200 mm (7.85 in.) exit diameter, and associated 
test section and diffuser are also available but have not 
been used. 

A secondary diaphragm made of 0.127-mm (0.005- 
in.) thick aluminumsheet is located in the nozzle throat 
region and is used to  separate the driven-tube gas from 
that in the test section. The secondary diaphragm is 
not scored. The test section is of semi-free jet design, 
536 mm (21.1 in.) long and 440 mm (17.5 in.) in diam- 
eter. The nozzle and the diffuser both protrude slightly 
into the test section. On either side of the test section 
are two 230 mm (9 in.) diameter access ports that are 
equipped with schlieren-quality windows for flow visu- 
alization. Instrumentation and mounting ports are also 
available through the floor of the test section and the 
floor and roof of the diffuser. Downstream of the dif- 
fuser is a 4.25-m3 (150-ft3) vacuum tank designed for a 
pressure of up to 550 kPa (80 psia). 

Pneumatic systems 
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tion system [5]. For the shock tunnel, the air is further 
compressed by a Haskel Model 55696 twwstage booster 
pump adjacent to the tunnel up to a maximum pres- 
sure of 41 MPa (6,000 psi). Testing thus far has been 
with air stored at 31 MPa (4,500 psi) only. The stored 
air is then regulated to lower pressure when charging 
the driver and drfven tubes. A system of manual and 
remote-control valves is used to operate the tunnel’s 
high-pressure system [6]. 

In addition to the high-pressure system, a vacuum 
system is installed. A Sargent-Welch Model 1376 vac- 
uum pump is used to evacuate the driven tube while 
a Sargent-Welch Model 1396 vacuum pump is used to 
evacuate the test section and vacuum tank. A custom- 
made pressure relief valve is incorporated into the vac- 
uum tank to protect low-range pressure transducers. 
This valve consists of a circular plate sealed tightly 
against a 76 mm (3 in.) pipe flange when the vacuum 
tank is evacuated. The seal is broken when the pres- 
sure in the vacuum tank exceeds atmospheric causing 
the circular plate to pop from the flange and move along 
guide rods. After all pressure is relieved, the valve 
is manually closed for the next run. This simple yet 
effective approach has protected 0-35 kPa (0-5 psia) 
transducers and microphones from overpressure dam- 
age. Previously, 0-350 kPa (0-50 psia) transducers had 
to be used, with a resulting loss of resolution when mea- 
suring low pressur&. 

Data acquisition system 
The data acquisition system consists of a LeCroy 
Model 1434A CAMAC (IEES583) mainframe housing 
a Model 8901A Interface (GPIB, IEEE488 c CAMAC, 
IEEE583), two Model 6810 and one Model 8212A dig- 
itizer, and a Model 8800A memory module (32 kbytes). 
The two Model 6810 modules of four channels each can 
acquire data simultaneously from 20 samples per sec- 
ond up to five million samples per second, the maxi- 
mum sampling rate being dependent on the number of 
active channels. These modules can store 512 kbytes of 
data each. Usually, in the experiments, all eight chan- 
nels are used simultaneously at  the maximum possi- 
ble rate of one million samples per second per channel. 
The lower speed (0.2-40 kilosamples per second) 32- 
channel Model 8212A digitizer with the Model 8800A 
memory module is also available for connecting to sen- 
sors used to monitor tunnel performance. Eight exter- 
nal instrumentation amplifier-filter combinations (Leyh 
Model 29):are available to condition the incoming high- 
meed data. These are usuallv oDerated with a cain of . .  - 

Compressed air is cooled and dried before storage in 500 and a bandwidth of 100 kHz. The data acquisition 
bottles totaling 4.25-m3 (150-ft3). About ten minutes system is connected to an Everex Step 286 microcom- 
are required to charge the bottles. (Although provision puter via a pair of National Instruments Model GPIB- 
for helium charging is available, testing thus far has 100 bus extenders since the microcomputer is located 
used high-pressure air.) High-pressure air is piped to in a reinforced control room over 30 m (100 ft) away. 
different locations of the ARC via an elaborate distribu- Finally, a number of software is available for controlling 
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the data acquisition system and for processing data 

Instrumentation and diagnostics 
A variety of Kulite and PCB pressure transducers, 
Medtherm coaxial thermocouples and Omega head 
thermocouples is available for monitoring the tunnel 
and for performing research. These transducers and 
thermocouples can be calibrated dynamically using a 
shock tube located by the shock tunnel. 

For Kulite piesoresistive-type pressure transducers, 
the author’s experience has been that a static cali- 
bration suffices for determining their sensitivities even 
though these transducers are used in dynamic situa- 
tions [ll]. But the drift and hysteresis of these trans- 
ducers can be significant, especially if the transducers 
are used to measure low pressures [12]. To reduce drift, 
the transducers are calibrated in situ against an MKS 
Baratron Model 127A vacuum gauge, a capacitance- 
type manometer accurate to  *7Pa (fO.OO1 psia), used 
widely as a secondary standard. The Calibration is per- 
formed during evacuation of the test section. Least- 
squares linear fits are made to  the calibration data 
from which the transducers’ sensitivities are obtained. 
About 30 minutes elapse between a run and the calibra- 
tion during which significant zero shift is encountered. 
The drift problem is overcome by “renulling” the trans- 
ducers by comparing their outputs against the vacuum 
gauge prior to tunnel firing. Subsequently, the acquired 
data are converted into engineering units using a first- 
order fit, with the sensitivities obtained from calibra- 
tion and the offsets obtained from the final renulling 
adjustment. Other problems of piezoresistive transduc- 
ers, namely, thermal zero shift and thermal sensitivity 
are negligible due to the short run times of the tests. 

Heat transfer measurements in the shock tunnel are 
made using coaxial thermocouples [13, 141 with sensing 
surfaces of 1.55 m m  (0.061 in.) diameter. The ther- 
mocouples can be shaped to conform to the contour 
of a model and are also extremely fast in response, 
the response being estimated by the manufacturer to 
be in the microsecond range. In the short duration of 
a run, the coaxial thermocouple can be modeled as a 
onedimensional semi-infinite solid whence the thermal 
penetration depth is small compared to the thermo- 
couple dimensions. In other words, the Fourier number 
Fo z d / d 2  must he less than 0.5 for the small pmetra- 
tion depth assumption to be applicable [13]; a = ther- 
mal diffusivity, t = time and d = thermocouple diam- 
eter. Further, in the present implementation, chromel- 
constantan thermocouples are placed in stainless steel 
models since the thermocouple materials have approxi- 
mately the same value of the thermal product m, 
where p = density, C = specific heat, I< = thermal con- 
ductivity, as stainless steel so that the thermocouples 
appear nearly “transparent” [13]. The thermocouples 
are insulated electrically from the model by a thin coat 

of silicone rubber, which also acts as a shock absorber 
[15]. In the past, data reduction techniques involved 
the use of analog circuitry to obtain the heat transfer 
rate from dynamic measurement [16]. With the rapid 
data acquisition system available to  the shock tunnel, 
the digitized data are reduced numerically and dispense 
with excessive electronic hardware [17]. 

A pitot rake and a boundary-layer rake are available 
to the shock tunnel. The pitot rake is of conventional 
design, with a pentagonal cross section. A 10’ semi- 
angle sharp wedge forms the front of the rake housing 
while the back is of rectangular section. The housing 
is 70 mm (2.75 in.) long and 12.7 m m  (0.5 in.) thick 
and can accomodate a maximum of 13 probes, con- 
sisting of Kulite transducers or thermocouples encased 
in stainless steel tubes, in 1.5-mm (0.06-in.) diameter 
holes spaced 12.7 m m  (0.5 in.) apart. The pitot rake 
is mounted on a sting which can be traversed from the 
nozzle into the diffuser, and can also he rotated and 
offset from the tunnel centerline. 

The boundary-layer rake consists of a 130 mm 
(5.125 in.) long, 57 m m  (2.25 in.) high by 22 mm (0.875 
in.) wide hollow housing with a streamlined nose. In 
front of the housing are machined two slots, 38 mm (1.5 
in.) high by 3.2 m m  (0.125 in. wide), on either side of 
the plane of symmetry. One of the slots is for an array 
of pitot probes and the other is for an array of ther- 
mocouples. Usually, a stack of three pitot and another 
stack of three thermocouple probes are inserted into 
a movable subhousing within the main housing. The 
probes protrude through the slots and can he moved in 
small albeit variable steps to  build up a boundary-layer 
profile in about four runs. After positioning the probes, 
a set screw is tightened against the subhousing to lock 
the probes in place. The pitot probes for boundary- 
layer surveys are flattened as is typical. To obtain ad- 
equate response, Kulite transducers are placed 18 mm 
(0.7 in.) from the tube orifices. The thermocouples are 
exposed to the incoming stream and are used for es- 
timating stagnation temperature using a heat transfer 
method [18]. The boundary-layer rake is mounted to a 
flat plate using a number of adapters for on- and off- 
centerline surveys. Also, angled adapters are available 
to survey the flow past expansion corners. 

In addition to transducers and thermocouples, the 
shock tunnel has a schlieren system, on permanent loan 
from Bell Helicopters Textron, Fort Worth, Texas. The 
system consists of a pair of 300-mm (15-in.) diameter 
spherical mirrors with focal lengths of 2.44 m (96 in.), 
mounts, knife edges, strobe light and camera. 
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Tunnel operation 
A key parameter in shock tunnel operation is the Mach 
number of the shock propagating through the driven 
tube M,. For real gas simulation, a high value of M. is .- 



desired. Briefly, this is achieved by using a light driver 
gas (e.g., helium or hydrogen), by heating the driver 
gas, or by a combination of heating and compressing a 
light driver gas using a piston [19]. But, at present, the 
UTA shock tunnel is used for high Reynolds number, 
perfect gas testing. The technique for achieving this re- 
quirement will be described following a brief discussion 
of present tunnel operation at UTA. (For a review of 
shock tunnel principles, see Ref. [20].) 

The tunnel is operated in the reflected shock mode 
as shown schematically in the ideal wave diagram of 
Fin. 2. Burstine the double diaDhraem causes the driver 

” 

a recent discussion of tailored interface operation. The 
equilibrium interface operation will be further discussed 
later when discussing the useful run time of the tunnel. 
The choice of specific initial conditions in the equilib- 
rium interface operation is governed primarily by the 
high Reynolds number, perfect gas requirement of on- 
going research, and is obtained at the sacrifice of some 
test time as may be apparent when compared against 
the tailored interface mode of operation. The way that 
the high Reynolds number, perfect gas conditions are 
achieved will be described next. 

” ” . -  
gas to expand into the driven tube which generates a 
normal, primary shock. Downstream of this shock and 

High Reynolds number, perfect gas test- ;.,- ...e just ahead of the contact surface separating the test gas 
from the driver gas is region 2 in the wave diagram of To achieve (nearly) perfect gas conditions in air, the 
Fig. 2, with high temperature and high pressure. The stagnant test gas in region 5 (Fig. 2), after shock com- 
primary shock is reflected a t  the end of the driven tube, pression, should be under as high a pressure p5 as pos- 
which gives rise to the nomenclature “reflected mode” sible and also be at a high temperature Ts which is 
being used to describe this type of operation, the tiny subjected to  two limits. The upper limit on 2’5 is set 
orifice of the nozzle at the end of the driven tube being by the perfect gas requirement while the lower limit 
negligibly small to a first approximation. The reflected is set by the liquefaction of air in the test section 
shock further compresses and heats the test gas into the for a given Mach number. Based on the above con- 
stagnant region 5. This compressed, heated gas is then siderations, although the tunnel’s preliminary perfor- 
expanded by the nozzle to the test conditions. mance estimates relied on viscous and real gas com- 

The reflected mode has a longer run time as opposed puter codes [6], condition 5 was obtained using c l a s  
to the non-reflected mode in which the shock propa- sical quasi-steady, onedimensional inviscid shock-tube 
gates into the nozzle. The run time in the reflected theory and some results of the inviscid calculations are 
mode, however, is governed by wave interactions in the shown in Figs. 4 and 5. The calculations assume that 
driven tube. The test time is terminated either by the air is used throughout. The figures show the data in di- 
arrival of the contact surface or the unsteady expan- mensional form for clarity and are thus specific to the 
sion wave a t  the driven-tube face. Further, if the initial present tunnel geometry. 
pressures and temperatures of the driver- and driven- Fig. 4 shows that the unit Reynolds number Re is 
gases are such that the reflected shock is not further less sensitive to p4 than to pl .  It was decided that 
reflected by the contact surface but is totally trans- Re % IO’m-’ represents the lowest acceptable unit 
mitted through a “transparent” interface, the tunnel is Reynolds number at Mach 8, based on the test con- 
said to be operated under “tailored ihterface” condi- ditions of other existing hypersonic facilities [l, 221. 
tions. Tailored operation gives the longest achieva6le (With this design valueof Re, a long flat plate is used to 
test time compared against untailored operations but is generate a turbulent boundary layer as will be described 
achieved by a unique set of initial conditions for given later.) The chosen value of Re sets p1 at 276 kPa 
test requirements. This set of initial conditions may he (40 psia). A choice of p4 is still available. The next 
difficult or expensive to  obtain in practice. criterion applied is the tunnel static temperature E ,  at 

Forsaking tailored interface operation provides Mach 8, which is chosen as 66 K (120”R), an acceptable 
greater flexibility of tunnel operation a t  the expense static temperature for hypersonic tunnel testing using 
of shorter test times, a situation which may not be air, as can be seen from tunnel characteristics sum- 
too adverse if high-speed data acquisition systems are marized in Ref. [22], for example. Further, the static 
available. The primary reflected shock is only par- pressure and temperature values should result in neg- 
tially transmitted at the contact surface and either an ligible liquefaction [23]. But the requirements of high 
unsteady expansion wave or a secondary shock is re- Reynolds number and high static temperature, if the 
flected. The former is known as “undertailoring” while latter is also desirable, are in conflict. Although elah- 
the latter is known as “overtailoring,” and is the case rate ways are available to resolve the conflicting require- 
illustrated schematically in the wave diagram of Fig. 2. ments [19], these were not implemented since they were 
The overtailored condition is sometimes known as the deemed unnecessary, at least for the moment. From 
“equilibrium interface” mode of operation and is the Fig. 4, it can be seen that T,, % 66 K can be obtained 
way that the UTA shock tunnel is operated at present with p4 cz 25MPa (3,600 psia). Also, from Fig. 5, the 
to achieve high Reynolds number, perfect gas testing at stagnation temperature is about T5 = 920K (1660’R) 
Mach 8 in acost-effective and efficient way. Ref. [21] has which is low enough to satisfy the perfect gas require- 
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Figure 4: Test section conditions based on inviscid 
shock-tube theory. 
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Figure 5: Stagnation conditions based on inviscid 
shock-tube theory. 

ment. In practice, the driver pressure is set to 24 MPa 
(3,500 psia) instead. This condition is shown as thick 
lines in Figs. 4 and 5. With a driver pressure of 24 MPa, 
one charge of the pressure vessel to 31 MPa (4,500 psia) 
is sufficient for two runs. 

Having estimated the tunnel performance, a series 
of experiments was performed to check the calcula- 
tions. Fig. 6 shows pressure traces obtained 610 mm 
(24 in.) from the end of the driven tube and in the test 
section, the latter on a flat plate. It can be seen that 
the average stagnation pressure is only p5 = 5.4 MPa 
(780 psia), below the inviscid prediction o f7  MPa. Cal- 
culations based on measurements of M, = 2.15 i 5% 
also confirm the measured values of ps and, further, 
provide calculated values of Ts as approximately 820 K 
(1,48OoR), resulting in Re !x 10.2 x 106m-’ (3.1 mil- 
lion/ft). Expanding the flow to Mach 8 results in 

a static pressure and static temperature of 550 Pa 
(0.08 psia) and 60 K (108”) respectively, which are 
above the air saturation line [23]. 

Turbulent boundary layer 
It is well known that the transition Reynolds number in- 
creases with Mach number. In hypersonic testing of tur- 
bulent boundary-layer flows, long models are, therefore, 
unavoidable. Although artificially tripping the bound- 
ary layer to shorten the model may appear feasible at 
first, this is not recommended for fundamental research 
since disturbances caused by the trips are convected 
for long distances downstream [24]. Consequently, the 
mean boundary-layer properties may appear to be those 
of a turbulent one but the fluctuating properties may 
not, in fact, be in equilibrium. To obtain a turbulent 
boundary layer, a long flat plate without trips is used in 
the shock tunnel. The flat plate is 200 mm (8 in.) wide 
by 960 mm (37.75 in.) long and has a 15O-sharp leading 
edge. It is mounted with the top 50 mm (2 in.) below 
the tunnel midplane. By mounting the flat plate below 
the tunnel midplane, the boundary layer of approxi- 
mately 12 mm (0.5 in.) thick is not seriously affected 
by the focusing of Mach waves onto the tunnel center- 
line, a phenomenon that exists in axisymmetric tunnels, 
especially those with conical nozzles [25]. 

The flat plate used for boundary-layer studies is de- 
signed with flexibility in instrumentation as a primary 
feature. The flat plate shown in Fig. 7 is constructed 
as follows. A 12.7-mm (0.5-in.) thick aluminum base is 
hollowed out on top for instrumentation and ancilliary 
wiring, the wiring being channeled through a port in an 
end cap boltkd to the rear. On this base are attached 
12.7-mm (0.5411.) thick stainless steel plates, typically 
200 mm (8 in.) square. These “segments” incorporate 
grooves lined with “O-ring material and are butted 
against each other tightly to provide a smooth test sur- 
face. To maintain structural integrity, the leading-edge 
segment which has a sharp leading edge is usually not 
removed from the aluminum base. ‘Skirts” or rails 
made of 25-mm (1-in.) square stainless steel rods with 
pointed upward-curving tips are attached along both 
sides of the model, serving to prevent crossflow contam- 
ination from the lower surface. These rails have tapped 
holes that can be used to attach models and probes. 
The entire assembly is mounted onto a pedestal which 
in turn is bolted to the floor of the test section. 

Preliminary estimates of transition length were ob- 
tained from Refs. [26, 271. The end of transition was 
estimated.to be at most 330 mm (13 in.) from the flat- 
plate leading edge. Thus, experiments involving tur- 
bulent boundary layers were conducted further down- 
stream, starting at 750 mm (29.5 in.) downstream of the 
flat-plate leading edge. Boundary-layer surveys were 
attempted at the test region using pitot and stagnation 
temperature rakes and will be reported soon, 

U 
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pg transducer: 610 rnm from end of driven tube 
p, transducer: 770 mm from flat-plate leading edge 
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Initial conditions: 
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Figure 6: Pressure traces. 

Figure 7: Flat plate. 
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Figure 8: A long pressure trace showing test times given by conditions 5 and 5'. 
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test gas to produce another useful test period, labeled 
5' in Fig. 2. This test period is about 3-5 ms long and 
is terminated by the arrival of either the driver gas or 
the unsteady expansion after its reflection from the end 
of the driver tube. Thus, two test periods are available 
per run as can be seen in Fig. 8 which is an example of 
a long data record obtained from a pressure transducer 
mounted on the flat plate. 

Certain ititeresting portions of the pressure history 
record of Fig. 8 have been labeled. Smith [28] showed 
that two shocks must exist in the nozzle starting PIC- 
cess although the present data show three peaks. The 
reason for the third peak is not known at present but is 
attributed to flow establishment on the flat plate 1291. 

present data 
2 -  

L 
rnsi - - 

0.0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1.0 

'le' rn 
. .  

Three peaks are also seen in the heat transfer history 
obtained bv East et al. 1301. Another observation is the Figure 9: Flow establishment on test model. 

Useful  test time 

. ,  
flow establishment time. East et al. [30] thought that 
the establishment of a quasi-steady boundary-layer flow 
on the flat plate is similar to that which occurs in a 

Without elaborate operational techniques to achieve shock tube, the latter problem having been addressed 
tailored conditions, the high Reynolds number require- Davies and Bernstein ,31,, Present flow establish- 
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References surements. Surface heat flux measurements are cur- 
rently being analyzed to determine more precisely the 
nature of this breakdown. - Present research activities 
The shock tunnel has been used primarily for shock 
boundary-layer interaction studies so far. Two config- 
urations have been examined, namely, a swept inter- 
action generated by a fin [33] and a two-dimensional 
interaction of an external shock impinging near an ex- 
pansion corner. Preceding these studies, the boundary 
layer over the test surface was also extensively investi- 
gated [34, 351. In addition, an exploratory program to 
study slender delta wings at  high angles of attack a t  a 
hypersonic Mach number is underway. 

Conclusions 
A small shock tunnel has been placed into operation at  
UTA for basic research into hypersonic flow problems. 
In addition to  research, an important contribution of 
the facility is the academic training it affords. Inn+ 
vative ways of achieving specific test requirements and 
of reducing the cost and difficulty of tunnel operations 
have been implemented. 
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