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OPTICAL STUDY OF SONIC AND SUPERSONIC JET PENETRATION 

FROM A FLAT PLATE INTO A MACH 2 AIRSTREAM 

by M a r t i n  Hersch, Louis A. Povinel l i ,  and  Frederick P. Povine l l i  

Lewis Research Center  

SUMMARY 

Penetration of a helium jet into a Mach 2 airs t ream was measured by analysis of 
schlieren photographs. The path of the injected helium appeared as a plume shaped 
s t reak in the schlieren photographs. The outer edge of this feature, located by densitom- 
eter analysis of the schlieren photographs, corresponded to approximately 0 to 1 percent 
helium by volume. The results were consistent for  a range of injection Mach numbers 
and injection pressures .  It is therefore concluded that jet penetration can be accurately 
measured from schlieren photographs by densitometer analysis. The jet penetration, 
when located by visual inspection, was in some cases underestimated by as much as 
15 percent. Measurement by visual inspection could perhaps be useful for rapid, quali- 
tative estimates of penetration. A relation between the jet boundary and the location of 
the first normal shock (Mach disk) across  the jet was also investigated. 

1 NTROD U CTI ON 

Supersonic combustion, thrust vector control, and prevention of radio ltblackout?l 
from high speed reentry bodies into the te r res t r ia l  atmosphere all involve injection of a 
fluid into a supersonic s t ream. A critical measurement in studying this flow process is 
the penetration and mixing of the injectant with the f ree  s t ream. 

The penetration may be measured by injecting a fluid from an appropriate model into 
a wind tunnel flow stream from which gas samples are collected and analyzed. The in- 
jectant penetration m d  mixing into the f ree  s t ream is then determined from concentration 
measurements of the gas samples, as described in references 1 to 5. These concentra- 
tion measurements were made by gas chromatography, mass  spectrometry, and thermal 
conductivity techniques. Numerous problems treated by Tin; (ref. 6), however, a r e  
associated with probing supersonic s t reams.  In addition, elaborate gas analysis equip- 
ment, not normally included in wind tunnel instrumentation, is required. The collection 
and analysis procedures also require long tunnel operation t imes.  



It is advantageous and convenient to employ schlieren techniques to measure jet 
penetration. Data, in the form of schlieren photographs, may be acquired rapidly. Some 
examples of schlieren methods for  studying jet penetration into a supersonic s t ream are 
presented in references 4 and 7. Injectant concentration can not however be determined 
directly from the photographs. Detailed studies are thus necessary which relate schlie- 
ren features to injectant distribution in the flow field. 

A distinctive schlieren feature observed in this study with helium injection into a 
supersonic stream was a plume shaped streak, which suggested the path of the injectant. 
The outer edge of this feature, once having been correlated with concentration measure- 
ments, may then be used to determine jet penetration. A purpose of this study, then, is 
to correlate concentration measurements to this feature observed on the schlieren photo- 
graphs for a range of operating conditions. 

Mach number was varied from 1 .0  to 4,  and injection pressure from about 48 to 130 psia 
(3.31xlO to 8.96X10 N/m ).  The injection nozzle throat diameter was held constant. 

4 2 The free-stream total pressure and temperature were 0.92 atmosphere (9.3X10 N/m ) 
and 625' R (347 K), respectively. The jet boundaries, measured from schlieren photo- 
graphs by microdensitometer analysis and also by visual inspection, were compared 
with results based on concentration measurements. In addition, the location of the nor- 
mal  shock (Mach disk) in the jet was calculated from the jet boundary data. 

Helium was injected normal to a Mach 2 airs t ream from a flat plate. The injection 
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APPARATUS AND PROCEDURE 

Tunnel 

The study was conducted using a 25.4- by 9.75-centimeter Mach 2 wind tunnel. The 
4 2 free-stream total pressure and temperature were 0.92 atmosphere (9.3X10 N/m ) and 

625' R (347 K), respectively. 

I n ject ion System 

The helium was injected normal to the f ree  s t ream from a flat plate which spanned 
the tunnel walls.  The essential features of the plate and its orientation in the tunnel a r e  
shown in figure 1. Injection Mach number was varied by using removable nozzle inserts 
in the flat plate. All  nozzles had the same throat diameter (d* = 1 .9  mm), but different 
exit diameters (see fig. 2). The injection Mach numbers were determined by calibra- 
tion using pitot pressure measurements at the nozzle exits, as opposed to calculation 
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Figure 1. - Fiat plate instal lat ion in tunne l  (dimensions in centimeters). 
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Figure 2. - In ject ion nozzle dimensions and Mach numbers. 

based on area  ratio. Injection total pressure was measured immediately upstream of the 
nozzle throats. 

Concent ra t i on  Measurements 

Helium concentration was  measured by withdrawing gas from the f ree  stream with 
a probe and analyzing it with a commercial mass  spectrometer helium leak detector. 
Details of this technique a r e  given in reference 2. The concentration measurements 
were made on a plane along the centerline of the plate directly downstream of the injec- 
tion orifice. Concentration profiles on this plane normal to the plate surface, were ob- 
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tained at approximately 4, 10, and 17 jet throat diameters downstream of the orifice. 

Sch l ie ren  System 

The schlieren system, of single pass standard Z configuration, had a mercury a r c  
light source, 30. !%centimeter diameter main mir rors  of 1.82-meter focal length. The 
knife edge was  oriented perpendicular to the free s t ream. The overall magnification of 
the system was 0.785. 

P h ot og rap h Ana  I ys i s  

The photographs were analyzed with an automatic double beam recording micro- 
densitometer. Measurements by visual inspection of the photographs were also obtained. 

RESULTS AND DISCUSSION 

Sch l ie ren  Photographs 

A typical schlieren photograph of helium injection into the Mach 2 airstream is 
shown in figure 3.  One feature is a diffuse plume shaped streak emanating from the in- 
jection hole, and extending for a considerable downstream instance. 

Previous studies have indicated uncertainty of the physical significance of certain 
schlieren features observed fo r  jet penetration into a supersonic s t ream. For example, 
Zukoski and Spaid (ref. 4), noted a feature which they said "looks like the top o r  outer 
boundary of the jet. I '  However, they thought that this feature probably represented a 
"line of maximum concentration of injectant rather than the jet boundary. 
Shetz, Hawkins, and Lehman (ref. 7), concluded that the line observed by Zukoski and 
Spaid (ref. 4), was the outer boundary of the jet shock structure. 

study suggest that it represented the path of injectant gas. It did not consist of lines 
characteristic of shock structure. Furthermore, it extended downstream of where jet 
shock structure should be located. 

Subsequently, 

The diffuse appearance of the feature associated with the jet observed in this present 
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Figure 3. - Typical schlieren photograph (negative). Injection Mach 
number, 1.0; injection pressure, 100 p i a  ( 6 . 8 9 ~ 1 0 ~  NIMq.  

D ens i t o m et e r A n a I ys is  

The densitometer light spot scanned the schlieren negatives in a direction normal to 
the f ree  stream. Density recordings were obtained from 4 to 20 injection throat diam- 
e te rs  d* downstream of the injection orifice. A typical densitometer recording is 
shown in figure 4. Relative photographic density is indicated by the abcissa, and nondi- 
mensional distance (y/d*), above the plate by the ordinate. It is estimated that the den- 
sitometer light spot location, and resolution of the recordings are known to approximately 
*O. 2 millimeters. 

The photographic density peak near the flat plate surface corresponds to boundary- 
layer flow and light diffraction at the plate edge. The upper edge, or outer boundary, of 
the helium jet is represented in this recording by the density decrease located between 
6 to 8 y/d* units. The interaction (bow) shock of the jet with the f ree  stream is repre- 
sented by the density increase starting at approximately 13 y/d* units. The apparent 
edge of the observed helium plume in the free-stream y./d* is located by the intersec- 
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tion of the photographic density gradient in the jet boundary with the photographic density 
corresponding to the helium free region. However, the photographic density of the 
helium jet approaches gradually that of the helium free region. This intersection is 
therefore located arbitrari ly by extending the linear portion of the helium jet boundary 
photographic density gradient to the helium f ree  photographic density (as shown in 
fig. 4). Similarly, due to diffraction effects and boundary layer flow, the edge of the 
plate is not well defined. The edge of the plate is located by the intersection of the den- 
s i ty  gradient near the plate edge and the density level of the plate shadow. 

Bow shock 

Jet boundary 
m Photographic density of s 

h e l i u m  free region -., 

I I - I I I I 
0 2 4 6 8 10 12 14 16 

Dimensionless distance above plate, y/d* 

Figure 4. -Typical microdensitometer recording. In ject ion Mach number, 1.0; in ject ion pressure, 

, - - ,  Distance of jet boundary above plate 

75 psia (5.1~105 Nlmz); dimensionless downstream distance from inject ion hole, 12. 

Preliminary photographs were made with various photographic emulsion types , 
exposure t imes,  and schlieren sensitivity settings. It was found that these variables had 
little effect on the measurement of jet boundary positions. 

Comparison of Schlieren to Concentration Results 

Measurements of jet boundary locations are shown in figure 5 .  These measurements 
were obtained with Panatomic film and 0 . 1  second exposure time. Two densitometer 
measurements from a single negative were used to establish each data point. The'solid 
data points represent helium volumetric concentrations of 0 and 1 percent on the center- 
plane of the plate directly downstream of the injection hole. These points were obtained 
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Figure 5. - Helium jet boundary locations. Determined from densitometer and visual inspection measurements of schl ieren photographs and comparison with concentration measurements. 



f rom concentration profiles , in turn,  obtained by mass  spectrometer measurements (see 
refs.  2 and 3). In most instances, the jet boundary determined from densitometer mea- 
surements lies in the region bounded by 0 to l percent helium concentration. This indi- 
cates that densitometer analysis of schlieren photographs can accurately locate the jet 
boundary. 

Location of Jet Boundary by Visual Inspection 

Visual measurements of the apparent jet boundary were also made from the photo- 
graphs with results shown in figure 5. In some instances the visually located jet bound- 
a r y  agrees quite well with the densitometer and concentration measurements. But in a 
number of cases ,  visual measurements underestimated penetration by as much 15 per- 
cent. Visual measurements might, however, be acceptable for  rapid, qualitative esti- 
mates of penetration. 

Relative Schlieren Light Intensity as a Function of Helium Concentration 

The variation of photographic density near the jet boundary (fig. 4) was related to the 
corresponding variation in schlieren light intensity. This was accomplished by calibra- 
tion of the film emulsion using a s tep  wedge filter in the schlieren light beam with no 
tunnel flow. The resulting relation was then used to determine relative schlieren light 
intensity variation across  the helium jet at a selected x/d* position from the densitom- 
e te r  recordings. This was then compared with centerplane helium concentration profiles 
at the same x/d* positions. Relative light intensities across  the jet plume may then be 
plotted against centerplane helium concentration, as shown in figure 6 at an x/d* of 10. 

Gradients of schlieren light intensity across  the plume appear to behave nonlinearly 
with centerplane helium concentration and are greatest near the jet boundary. In addi- 
tion, light intensity variation across  the plume appears to decrease with increasing in- 
jection Mach number. Hence, visualization of the injectant plume may be more difficult 
at high injection Mach numbers. 

light intensity measurements. However , the light-intensity-concentration profile rela- 
tion varies with operating conditions , such as injection Mach number and pressure.  Ex- 
tensive calibration would thus be needed to obtain concentration profiles from light inten- 
sity measurements. 

These curves suggest that concentration profiles might be determined from schlieren 
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Inject ion pressure, 
psia (N/m2) 

(b) Inject ion Mach number, 2. 37. 

_---- 
I I I 

1 4 a 12 16 
Hel ium concentration, volume percent 

(c) Inject ion Mach number, 4.0. 

Figure 6. -Effect of centerplane he l ium con- 
centrat ion on relative transmitted schl ieren 
l ight  intensity. Dimensionless downstream 
distance from in ject ion hole, 10. 

Calculated Mach Disk Posi t ion 

A significant feature of an underexpanded jet exiting from a nozzle is the first nor- 
mal shock, often referred to as the Mach disk. This structure,  clearly visible in jets 
expanding into still air, is described in detail by Adamson and Nicholls (ref. 8). Under 
some conditions the Mach disk o r  closely related bar re l  shaped intercepting shocks im- 
mediately upstream of and adjoining the Mach disk are the primary features observed for  
jets flowing into a supersonic s t ream. A sketch illustrating the jet flow field is shown 
in figure 7. The normal distance from the injection hole to the top of the Mach disk 
(ref. 4) o r  to the center of the Mach disk yo, has previously been used as a criterion of 
jet penetration (refs.  7, 9, and 10). In references 1 to 3 and 5 and in the present study, 
the outer boundary of the jet y. where the helium concentration approaches zero, is 

3 
used as the criterion of jet penetration. As shown in the sketch of figure 7, this is a 
more complete description of the jet penetration than the Mach disk penetration. 
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Interaction (bow) shock 7, / 
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\ /  

Figure 7. -Diagram of injection flow field. 

In the present study some additional schlieren observations were made with nitrogen 
injection. Jet  shock structure was then observed, but the diffuse, plume shaped feature 
indicating the path of the injectant could not be seen. This is in contrast to helium injec- 
tion, where no jet shock s t ructure ,  but only the injectant plume was observed. This ob- 
servation agrees with Zukoski and Spaid (ref. 4), who also report that shock structure 
was not observed for helium. They did, however, observe shock structure in nitrogen 
and argon jets. It would be useful, then, to relate Mach disk position to jet boundary lo- 
cations for  comparison of results using various injectants. 

and Mach disk positions, yj/d* and yo/d*, respectively. These data were used to cal- 
culate the ratio y./y 

One se t  of data (Orth and Funk, ref. lo) ,  does provide corresponding jet boundary 

The results,  plotted as a function of x/d* are shown in figure 8. J 0' 

I n  jed ion Injection Down st ream 
Mach pressure distance 

number, ratio, from 
M j  Po/po, injection 

hole. 
d" 
mm 

0 1.0 0.78 3.68 
0 1 . 0  1.44 2.84 
0 1.31 .77 3.68 
A 1.50 1.02 3.48 4r D 1.65 1.43 2.86 

D i men si0 n I ess down st ream distance from 

Figure 8. - Ratio of jet boundary to Mach disk 
location calculated from data of reference 10. 

injection hole, xld" 
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The data included variation of injectant Mach number, injectant to free-stream total- 
pressure ratio, and injector hole diameter. Considering the limited range of these vari- 
ables, the points of figure 8 a r e  adequately fitted by a single curve. The Mach disk po- 
sition, yo/d*, corresponding to the jet boundary positions y./d* for the present study, 
was calculated by the equation 

3 

Here, at a given x/d*, y./y 
the densitometer measurements at the same x/d* from figure 5.  

data at x/d* positions of 5 ,  10, 1 5 ,  and 20. 
representative Mach disk position, yo/d* for each set of conditions. 

The resulting Mach disk positions, as a function of injection pressure and Mach num 
ber are shown in figure 9.  The jet boundary position at an x/d* position of 5, which is 

is obtained from the curve of figure 8, and y./d* from 
3 0  J 

The Mach disk position which is not a function of x/d*, was calculated using y./d* 
J 

The results were averaged to yield a 
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(b) Effect of injection Mach number. 
Figure 9. - Comparison of Mach disk position (calculated) and jet boundary posi- 

t ion as functions of injection pressure and Mach number. 
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near the downstream location of the Mach disk, is also shown. The effect of injection 
pressure is greater  than injection Mach number on both jet boundary and Mach disk pen- 
etration. The Mach disk penetration is seen to be only a fraction of the jet boundary 
penetration. These results indicate the advantages of using the jet boundary rather than 
the Mach disk to study jet penetration. 

SUMMARY OF RESULTS 

Penetration of a helium jet into a Mach 2 wind tunnel a i rs t ream w a s  measured using 
schlieren photography. The results were compared to concentration measurements ob- 
tained by gas sampling and analysis. The advantages of optical techniques a r e  that tunnel 
operating t imes can be very short ,  gas analysis problems a r e  obviated, the overall flow 
field is observed, and existing schlieren systems with which most wind tunnels a r e  

equipped a r e  used. 
The helium jet appeared as a plume shaped s t reak in the schlieren photographs. The 

outer edge of the streak, detected by microdensitometer analysis of the schlieren photo- 
graphs was found, by comparison to concentration measurements, to be in the outer 0 to 
1 percent helium concentration region. This technique thus gave an accurate measure- 
ment of jet penetration. 

by 15 percent. The relation between the Mach disk and jet boundary positions was  also 
investigated. 

Visual measurements of the jet boundary underestimated penetration, in some cases, 

Lewis Research Center, 
National Aeronautics and Space Administration, 

Cleveland, Ohio, December 19, 1969, 
722-03. 
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