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3SIGN, OPERATION AND PRELIMINARY RESULTS OF 

THE BRL EXPANSION TUBE 

ABSTRACT 

This paper describes the Ballistic Research Laboratories (BRL) expansion 

tube, which has been built for interferometric observation of hypersonic 

flow fields. The optical instrumentation consists of a Mach-Zehnder 

interferometer in conjunction with a rotating mirror and frame camera. 

By means of simultaneous streak interferometry the free stream conditions 

are monitored and determined for each test run. With the free stream 

condition known, the frame interferogram of the flow around the model can 

be evaluated to give density or electron density field around the model. 

Examples of density distribution in the free stream are shown for two 

typical cases, with flow velocity of ~ 10,000 and 20,000 ft/sec, 

respectively. The density distribution within the shock layer of a 

reacting flow is shown and compared with theoretical prediction. Coni¬ 

cal flow tests are performed in an attempt to asses the free stream 

turbulence. The effects of second diaphragm and the flow contamination 

are discussed. 
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1. INTRODUCTION 

The high enthalpy level encountered near the body of a vehicle traveling 

at hypersonic velocity can be conveniently simulated using a conventional 

shock tube; however, the Mach number of the supersonic flow behind the shock 

wave is low and limited. 

Since duplication of free stream Mach number is important for many flow 

conditions of interest, the shock tube has been modified to generate high 

enthalpy hypersonic flows. In the modification most widely used, a divergent 

1* 
nozzle is attached to the end of the shock tube, so that the gas behind the 

shock can be expanded to higher Mach numbers. The main difficulties asso¬ 

ciated with these types of ’’shock tunnels" are the extreme reservoir condi¬ 

tions necessary to duplicate ambient flow, and the nonequilibrium state of 

the test gas. 

In order to circumvent these difficulties, an unsteady constant area 

expansion has been proposed for expanding the gas behind the shock. For the 

same reservoir condition, an unsteady expansion is more "efficient" in pro¬ 

ducing high velocities for a small portion of the test gas. The highest 

obtainable velocity for an unsteady expansion of a perfect gas is 

2 
u = —r a 
m y-1 o 

while it is only 

for a steady expansion. 

A theoretical feasibility study of this modified shock tube, termed 
2 

expansion tube, has been reported. Although the expansion tube has theo¬ 

retically the potential of duplicating a large range of ambient flow condi¬ 

tions, several practical problems arise, typical for an expansion tube. 

Besides the very short testing times inherent to a facility using unsteady 

expansion, difficulties arise which axe associated with the secondary dia¬ 

phragm rupture, which can produce disturbances and high turbulence level 

in the test gas as well as excessive interface mixing. 

Superscript numbers refer to references which may be found on page 40. 
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This report describes the design characteristics of the Ballistic Research 

Laboratories expansion tube and the instrumentation technique used to deter¬ 

mine the state of the test gas and to assess the steadiness and duration of 

the usable flow portion; representative results are given. 

The expansion tube has been developed as part of our experimental and 

analytical research program on hypersonic reacting flows. 

2. DESIGN CHARACTERISTICS 

Although the expansion tube is primarily intended for the high Mach 

number and enthalpy range not accessible by shock tunnels, it is quite 

attractive in the performance range of the latter, due to its lower cost 

and flexibility; it is also operable as a shock tube. 

The BRL expansion tube has been designed as pilot model for interfer¬ 

ometric studies of hypersonic nonequilibrium flows in a 10,000 to 20,000 

ft/sec velocity range. Interferometry is especially well adapted to short 

duration events, since testing time is not a major problem. 

The design makes use of surplus gun barrels for the major components, 

driver, driven and expansion sections; it is illustrated in Figure 1. It 

is noted that the driver and driven section are comparatively short, and 

enclosed by another tube connecting the three sections. The diaphragm sup¬ 

port between driver and driven section incorporates an area reduction. The 

larger diameter of the driver section just about conpensates for the derog¬ 

atory effect of the area reduction on the shock strengch. 

A test section with square cross-section of 6.426 inches is fitted to the 

expansion section, to allow two-dimensional outer flow at the test station, 

which is necessary for interferometric observation. The transition from 

round to square cross-section is accomplished by a transition piece, without 

changing the cross-sectional area. Observation windows are installed in the 

sidewalls of the test section. The transition piece is described in the 

Appendix. A "dump tank" is provided to prevent strong reflections and to keep 

the final discharge pressure below a limit inposed by the strength of the 

windows. Since the expansion section is very stiff (175mm gun barrel),the 

facility can be supported by essentially two supports designed to take up 

the recoil of the tube assembly through elastic deformation. 
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The pumping system consists of a high pressure Corblin corrpressor for 

pressurizing the driver, and a Kinney pump in connection with a 16-inch dif¬ 

fusion pump to evacuate the driven and expansion section, respectively. 

3. INSTRUMENTATION 

The determination of the state of the test gas poses a serious problem 

in hypersonic facilities such as arc tunnels, shock tunnels and expansion 

tubes. The instrumentatio adopted for the expansion tube allows a simul¬ 

taneous investigation of free stream flow and the flow around a model. This 

technique is, in principle, applicable to other hypersonic facilities as well. 

A Mach-Zehnder interferometer is used in conjunction with rotating 

mirror and frame camera. By means of streak interferometry the free stream 

flow just ahead of the model is observed in green monochromatic light; the 

duration of the light source is adjustable from 200 to 600 p,sec. The streak 

interferogram records the varying flow conditions from the arrival of the 

secondary shock to the arrival of the contact front and expansion fan at the 

test station (Fig. 2). The streak interferogram is obtained by observing the 

flow through slits, and sweeping the image on a film drum. The slits are 
o 

adjusted normal to the axis of the tube, without obstructing the field of 

view used for the frame interferogram. 

An example of a streak interferogram is Figure 3* The fringe shift as 

displayed in Figure 3 can be reduced to density. Figures 5 and 6 give the 

density distribution determined from the streak interferogram of Figure 3. 

The streak interferogram monitors the quality of the free stream flow for 

each test run. At a preset time after arrival of the shock at the test 

station, a frame interferogram of the flow around the model is taken in blue 

monochromatic light of 1-2 (¿sec duration. The time of the frame picture is 

indexed on the streak interferogram. 

Figure 4 shows a schematic of the optical arrangement. With the den¬ 

sity and the static pressure known, the static tenperature can be determined 

for a test gas in chemical equilibrium. For the flow condition reported here, 

the assumption of chemical equilibrium in the test section can be made, since 

the unsteady expansion proceeds from a practically undissociated state. (The 

coirpressibility in region 2 is less than l.Ol). 
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The optical system can be converted to a streaJc-schlieren system with 

observation slit parallel to the tube axis. 

Shock-mounted pressure gages in the sidewall of the test section and 

expansion chamber record the static pressure and measure the shock speed 

(accuracy +2 to -4 percent). 

4. OPERATION 

The facility is operated with free stream conditions giving appreciable 

nonequilibrium flow over the models. Depending on the gas, this requires flow 

velocities of about ~ 10,000 ft/sec or 20,000 ft/sec at free stream density of 
C O 

approximately 2 x 10 [gr/cm ]. For the velocity range of 10,000 ft/sec, 

cold helium has been used as driver gas, with pressures p^ up to 10,000 psia. 

For the flow range of ~ 20,000 ft/sec, combustion heated helium has been used 

with 700 psia initial pressure p^. Ignition of the combustible mixture is 

accomplished by four exploding wires arranged symmetrically around the axis 

of the driver. It has been found that the driver length could be reduced to 

9-inch length without affecting the flow conditions. Annealed copper dia¬ 

phragms, without scribing, are used between driver and driven section, ifylar 
-3 

diaphragms of 0.5 to 1.5 x 10 -inch thickness are used between driver and 

expansion section for driven pressures p^ between 2 and 10 psia. The initial 

pressures in the expansion section ranged between 70 and 200 p, Hg, with air, 

and 200 to 500 p, Hg with helium as accelerating gas. For a typical run only 

the static pressure in the driven and expansion section is measured. The long 

duration light source is triggered upon arrival of the shock at the test 

section; this trigger signal starts the sweep of the recording oscilloscopes 

for static pressure, heat transfer, and rotational frequency of the rotating 

mirror. A delayed signal triggers the framing light source. A marker signal 

from the light source discharge is displayed with the static pressure to 

correlate streak and frame interferogram with pressure record. 

5. PERFORMANCE 

The study reported here was not undertaken to study the performance of 

an expansion tube with respect to theoretical predictions for inviscid fluid. 

The theoretical predictions were mostly done for perfect gas, and used only 
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as a guide. Good agreement has been found for shock velocities, while free 

stream densities were about 50 percent lower than the predicted value. In 

view of the anticipated problems of flow irregularities and interface mixing, 

the effort was directed to determine if a portion of the hypersonic flow is 

sufficiently steady to perform a meaningful experiment. 

As mentioned before, the free stream conditions are monitored for each 

experiment. It is felt that the repeatability of the flow conditions for the 

same initial condition is too poor to rely on a calibration. The testing time 

required for interferometric studies can be small (of the order of the time 

necessary for a fluid particle to travel across the interesting portion of the 

body), with 10-20 nsec being sufficient. However, it is rather difficult to 

select the proper .delay time. Usually several runs are necessary under the 

same initial conditions to determine the correct delay time. 

Fig. 5 shows the density distribution across the field of view in the 

free stream flow for different times, At, after the ignition of the long 

duration light source (approximately the time of shock arrived at the test 

station). The shock speed was measured as us = 3500 m/sec. The initial con¬ 

ditions were p^ = 3700 psia He, p1 = 7 psia 02> p1Q = 200 n Hg air. Provi¬ 

sional windows are used so that only ~ 2.8 inches of the total 6.42-inch test 

section height are viewed. This is raw, unsmoothed data; the scatter gives 

an indication of the accuracy of the measurement. Fig. 6 shows the density 

history for three traces near the centerline. The static pressure trace is 

plotted also on Fig. 6. Note that the contact surface can be detected in the 

static pressure trace. Fairly constant pressure and density distributions 

prevail for about 60 p,sec. The density distribution for At = 228 ^sec and 

At = 280 p,sec in Fig. 5 with a minimum in the centerline is characteristic for 

the distributions measured during the testing time and is thought to be caused 

at least partly by the recessed (l/8-inch) provisional windows. The trace for 

At = 342 |isec is taken in the expansion fan. Fig. 7a is the actual pressure 

record of Figure 6. Figure 7b shows a typical pressure record for shock 

velocities of ~ 6500 m/sec. 

Figs. 8 and 9 show the density distribution across the field of view for 

a test run at shock velocity us = 6460 m/sec with dry air as test medium. The 

initial conditions were p^ = 700 psia He, Hg, 02 before combustion; P1 = 8 psia 
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dry air; p1Q = 70 |¿ Hg air. Note the similarity of the density profile at 

120 p,sec with the profiles of Fig. 5* The distribution at At = 155> 185 and 

230 ysec are taken in the expansion fan. In Fig. 10 the corresponding density 

history for three traces is plotted together with the static pressure trace 

(original not suitable for reproduction). Here too the contact surface can 

be detected in the static pressure signal. The time for which pressure and 

density is fairly constant is about 40 (jtsec. The resolution of this streak 

interferogram is approximately 2 y,sc»c. The time resolution depends on the 

rotational speed of the rotating mirror and on the duration and intensity of 

the backlight. The system is capable of 0.2 nsec resolution. 

The density values obtained from interferometry are average values across 

the width of the test section. Locally, the fluctuation of the density may 

well be larger than indicated by Figures 5 through 9« In order to assess 

local irregularities in the flow field, conical flow tests have been performed. 

It can be shown that for conical flow field plots of the quantity ô/x versus 

r/x must collapse into a single curve. 6 is the fringe shift at a point r,x 

in a cartesian coordinate system at the vertex of the cone. The conical flow 

test is approximately valid for reacting flow around a cone. Figure 11 shows 

the result of a conical flow test for the flow of Fig. l6. For comparison, 
4 

Figure 11 includes a conical flow test for a cone fired in a ballistic range 

under very low free stream turbulence. The scatter of the data .s seen to be 

about the same in both cases. It may be concluded that no flow disturbances 

with wavelength in the order of model diameter (l-l/2 inches) exist. 

A qualitative estimate of the free stream disturbance can also be ob¬ 

tained by observing the variation of shock standoff distance for a flow over 

blunt body, as in Figure 12. The standoff distance of a detached shock ahead 

of a sphere of 1^-inch diameter is viewed through a slit parallel to the tube 

axis by means of streak schlieren. Only a portion of the total record is 

shown. The shock around the model is established 100 p,sec after arrival of 

the secondary shock at the test station; this is the anticipated beginning of 

the usable flow regime for a shock velocity of us ~ 65OO p,sec. Figure I3 

shows a plot of the standoff distance. The standoff distance is almost con¬ 

stant for about 40 (jisec. Similar experiments using a fla1:-faced cylinder show 

considerably larger variation of standoff distance up to 20 percent. It is 

possible that this variation is model induced. 
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Most of the flow irregularities in an expansion tube have to be attri¬ 

buted to secondary diaphragm effects. The experimental indication is that 

the secondary diaphragm bursts in rather small pieces. As the test gas 

passes these pieces it loses momentum and energy in accelerating them and 

transferring heat to them. For an uneven suspension of these particles, 

which is the rule, the ges flow will be correspondingly disturbed. It may 

be noted that an estimate for the effect of the particles on the flow can be 

made under the assumption cf homogenously suspended particles. The particles 

may then be considered as molecules of a heavy gas, and the problem treated 

as an unsteady two-phase flow. 

Flow contamination by diaphragm particles is another problem associated 

with the secondary diaphragm. The arrival of the diaphragm particles at the 

test station may be estimated easily by neglecting the effect of the particles 

on the outer flow. Assuming that the only force acting on the particles is 

the drag, the motion is described by 

(1) 

being the density of diaphragm material, h the thickness, and the drag 

coefficient. Note that the acceleration is independent of the size of the 

particle for particle orientation normal to the flow direction. 

With the conditions that for t=0,x=0,x=0(x=0, location of 

diaphragm) the particle finds itself in the region of constant u and p behind 

the expansion fan for a time 0 < t < t^. Then Equation (l) can be integrated 

(2) 

At time t = t^ the particle enters the expansion fan. For a centered expan¬ 

sion fan u is given by 

(3) 

and 

2 
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With .(3) and (U) Equation (l) can be integrated numerically. Fig. 14 shows 

the particle path for typical initial conditions, assuming various values for 

Cjj. Air has been assumed as an ideal gas for this calculation. In an experi¬ 

mental- investigation the first particle visible in streak schlieren was ob¬ 

served 3OO |j,sec after arrival of secondary shock at the test section. (See 

Table l). If pressure gradients can cause considerable accelerations, parti¬ 

cles may arrive earlier at the test station than indicated by the above esti¬ 

mate. Radiation from diaphragm material has indeed been observed during the 
5 

testing time. 

6. RESULTS 

Figures 15 through 20 represent frame interferograms of hypersonic flow 

fields obtained in the expansion tube. Figure 15 shows the flow around a 

sphere of l-l/U" diameter in oxygen. The free stream density has been deter- 

mined to be p = 2.0 x 10_?[g/cnr] and pressure p = 0.236 [Dyn/cm ]; the static 

temperature is then T^ = 430°K. The free stream velocity is u^ « 3700 m/sec, 

with a corresponding Mach number of 8.9. 

Figure 16 shows the flow around a cone-cylinder in oxygen under similar 

free stream conditions as the flow of Figure 15. 

Figures 17 and l8 show two simultaneous frame interferograms of an air 

flow around a sphere in an attempt to measure the electron concentration. The 

free stream velocity is uœ 6100 m/sec. No streak interferogram has been 

obtained for this run, so that the free stream density cannot be determined. 

Figure 17 is obtained in blue monochromatic light, and Figure l8 in green 

monochromatic light. Self-luminosity, as in Figure l8, poses a serious 

problem in interferometry of high enthalpy flows. 

Figure 19 is an interferogram of a hypersonic air flow around a cone- 

cylinder. The free stream conditions (see Figs. 9 and IO) have been deter¬ 

mined to be = I.5 x 10 ^[g/cm^], T^ = 719°K, p^ = 0.3l[Dyn/cm^], uœ = 

6460 m/sec, M = 12.0. 

The free stream velocities are assumed to be equal to the shock veloc¬ 

ities 
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The density and derived quantities given above have not been corrected 

for boundary layer effects on the wall of the test section. The correction 

can be determined experimentally, though this is not possible with the win¬ 

dows used at present. 

Figure 20 is an interferogram in an oxygen flow from which the density 

distribution within the shock layer has been reduced. In Fig. 21 the experf 

mental density distribution of a trace x = 11.85mm from the tip of the model 
o y 

is compared with theoretical predictions. ’ For the theoretical calcula¬ 

tion the density as determined from the streak has been increased 10 percent 

to account for the boundary layer effect. An estimate of the boundary layer 

effect, assuming ideal gas and flat plate, gives an increase of 17 percent. 

The overshoot in density near the shock in Fig. l8 is due to the reduction 

procedure. 

JOSEPH H. SPURK 
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APPENDIX 

The transistion piece consists of two parts which, upon assembly, 

produce the required transition from round to square (See Figure Al). 

Part I can he fabricated by first machining a surface of revolution in 

a tubular section as indicated in Figure A2. The tubular section is 

then faced off to fit inside a square, hollow pyramidal body (part II 

of Figure Al). After this process, part I consists of a tubular section 

with four prongs. These prongs serve as displacement bodies in the 

pyramidal body. 

The generating curve of the surface of revolution is tabulated in 

Figure A3. It follows from elementary geometrical relations. 
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