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Abstract. We present experimental results on penetration of round 
sonic and supersonic jets normal to a supersonic cross flow. It is 
found that penetration is strongly dependent on momentum ratio, 
weakly dependent on free-stream Mach number, and practically 
independent of jet Mach number, pressure ratio, and density ratio. 
The overall scaling of penetration is not very different from that 
established for subsonic jets. The flow is very unsteady, with propa- 
gating pressure waves seen emanating from the orifice of helium jets. 

1 Introduction 

The problem of supersonic injection into a supersonic cross 
flow has important  applications in thrust vectoring of space- 
craft and fuel injection in supersonic-combustion ramjet 
(SRAMJET) engines. While three has been considerable ex- 
perimental and theoretical work in the past, a host of ques- 
tions remain to be addressed. Central among them is how 
the relevant flow parameters  independently affect penetra- 
tion, and how the behavior of so-called "pressure matched" 
jets differs from that of underexpanded jets. 

Fig. 1 depicts a simplified view of the jet flow, highlighting 
the essential features. Strong injection into a supersonic 
cross flow generates a bow shock wave, an inseparable and 
crucial feature of the flow field. The sketch of Fig. I repre- 
sents a "pressure-matched" jet devoid of shock/expansion 
waves around its orifice. The majority of experiments in the 
literature encompass under-expanded jets, with the jet static 
pressure substantially higher than the static pressure of the 
cross flow in the vicinity of the jet orifice. In the experiments 
of Zukoski  and Spaid (1964), gas was injected through a 
sonic orifice into a supersonic cross flow. It was shown that 
the penetration distance scaled with the ratio of jet to free- 
stream total pressures. Schetz et al. (1968) studied experi- 
mentally supersonic under-expanded transverse jets, and 
noted that penetration increases slightly with jet Mach num- 
ber. The works by Schetz and Billig (1966) and by Billig et al. 
(1971) incorporate experimental data into more advanced 
models of the flow field and generate the important  concept 
of the "effective back pressure". McDaniel  and Graves (1988) 
used laser-induced fluorescence to study penetration and 
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Fig. 1. Conceptual view of transverse jet 

spreading of sonic under-expanded jets with low momentum 
ratio, and inferred a linear dependence of penetration on 
momentum ratio. Recently, Heister and Karagozian (1990) 
modeled the pressure-matched jet by means of a compress- 
ible vortex pair and obtained theoretical predictions of jet 
trajectory. 

In the studies of Schetz and Billig and of Heister and 
Karagozian,  it is pointed out that the pressure-matched jet 
is likely to achieve better penetration than the under-ex- 
panded jet. The reason is that under-expansion (as well as 
over-expansion) generates shock waves in the jet flow lead- 
ing to creation of a Mach disk, which renders the jet flow 
subsonic. Surprisingly, there appear  to be no systematic ex- 
perimental comparisons of pressure-matched versus under- 
expanded transverse jets. Moreover,  there is little experimen- 
tal information on the effect of Mach numbers, uncoupled 
from the effects of other parameters.  The goal of our study 
was to address these issues by covering both pressure- 
matched and under-expanded cases and attempting to iso- 
late the role of each relevant flow variable. 

2 Approach 

It is known that penetration of the subsonic jet injected 
perpendicular to a subsonic free stream scales with the jet- 
to-cross flow momentum ratio, J = 0r U2/~1 U2 (Abramo- 
vich 1963; Broadwell and Breidenthal 1984). In the super- 
sonic case, the following additional variables are likely to 



play a role: cross-flow Mach number M1; jet Mach number 
Mj; pressure ratio at the jet exit, PjP2; density ratio at the 
exit, 0/02. A parametric statement including the aforemen- 
tioned parameters is 

d J,M~,MJ , - , ~ j  (!) 
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where h/d is the penetration distance scaled by the jet-exit 
diameter. It is important to establish the interdependence of 
certain variables in Eq. 1. For compressible flow, the mo- 
mentum ratio J can be written as 

j _ 7i pj (2) 
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The normal-shock relation between P2 and Pl 
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which for M 1 _> 2 is well approximated by 
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This enables us to relate J to P2 and write Eq. 1 in the form 
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It is evident that, for given PJPz, the momentum ratio J is 
very strong function of Mj. For fixed J, one has no choice 
but to decrease Pj/P2 while increasing Mj, and vice-versa. 
This makes it difficult to distinguish between the individual 
effects ofpj/p 2 and M r. Eq. 5 shows that the cross-flow Mach 
number M t has very weak influence on J, therefore M1 can 
be varied by a large extent while keeping all other variables 
virtually fixed. The same applies to density ratio, since J in 
the formulation of Eq. 2 is independent of molecular weight. 

As noted earlier, it was desired to focus our study on 
"pressure-matched" jets. However, due to compressibility in 
the cross flow, the static pressure around the jet varies great- 
ly along its circumference as well as along its trajectory, so 
it is difficult to define pressure matching. The computations 
of Heister and Karagozian (1990) showed that the "equiva- 
lent pressure" (the static pressure averaged around the jet 
perimeter) is approximately 0.5 P2 for the range of Mt's con- 
sidered here. We will assume here that pj = 0.5 P2 represents 
a "pressure-matched" condition, keeping in mind that there 
is some arbitrariness in selecting that value. 

3 Facility and experimental conditions 

Experiments were conducted in a blow-down supersonic 
wind tunnel at University of California, Irvine, depicted 
schematically in Fig. 2. The main flow consisted of air while 
the jet flow was supplied from pressurized helium and argon 
cylinders. The test-section Mach number took the values 
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Fig. 2. Schematic of supersonic tunnel and jet module 
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M 1 = 2 and M 1 = 3. The test section is 38 mm high 64 mm 
wide and 500 mm long. Test-section static pressures were 
around 40 kPa for M 1 = 2 and 20 kPa for MI = 3. Unit 
Reynolds numbers were in the neighborhood of 
45,000 m m -  1. Replaceabel modules, mounted flush with the 
test section wall, incorporate small supersonic nozzles for 
the transverse jet, each module for a different Mach number. 
The nozzles have smooth converging-diverging shapes 
formed by inserting a needle-shaped mold in wet epoxy and 
retracting it after the epoxy dried. Each mold had the desired 
shape and area ratio for a given jet Mach number. The 
nozzle diameter at the exit is d = 3 mm. Modules were built 
for Mach numbers 1, 2.1, 2.8, and 3.5, corresponding to 
7 = 5/3. 

The schlieren system has a focal length of 1 m and beam 
diameter of 150 mm. The light source is a 20-nanosecond 
spark gap (Xenon, Model 787-B). A horizontal knife edge 
was used for intercepting the light beam, accentuating gradi- 
ents in the transverse direction. Images were captured by a 
CCD camera with 576 x 384 pixel resolution (Photometrics 
Star I). 

Table 1 lists the test cases and related conditions, tabulat- 
ed in order of increasing momentum ratio J. Cases with the 
same first digit have the same value of J. The cross-flow gas 
in air for all cases. 

4 Results 

Representative schlieren pictures of the flow field are shown 
in Fig. 3, showing the helium cases 7 a, 7 b, and 7 c and the 
argon case 7d. All four cases have J = 8.3 and M 1 = 2, but 
the jet Mach number Mj is variable. Little difference is seen 
in the jet trajectory as Mj increases from 2.1 to 2.8 to 3.5. In 
terms of pressure ratio, the corresponding trend is from 
highly under-expanded to nearly pressure-matched. Also, 
the switch from helium to argon jet does not noticeably alter 
the jet trajectory. 
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Table l .  Transverse jet parameters 

Case J m a Mj Pj/P2 OjQ2 Jet Gas 

1 a 1.7 2.0 1.0 1.3 0.22 He 
1 b 1.7 2.0 2.1 0.3 0.10 He 
1 c 1.7 3.0 2.1 0.3 0.10 He 
2 2.4 2.0 2.8 0.2 0.14 He 
3 a 3.0 2.0 1.0 2.2 0.44 He 
3b 3.0 2.0 2.1 0.5 0.18 He 
3c 3.0 3.0 2.1 0.5 0.44 He 
3d 3.0 3.0 2.8 0.3 0.14 He 
4 4.2 2.0 3.5 0.3 0.20 He 
5 a 5.3 2.0 1.0 4,0 0.93 He 
5b 5.3 2.0 2.1 0,9 0.29 He 
5 c 5.3 2.0 2.8 0.5 0.25 He 
5d 5.3 3.0 2.8 0.5 0.24 He 
6 6.6 3.0 4.3 0.3 0.27 He 
7a 8.3 2.0 2.1 1.4 0.55 He 
7b 8.3 2.0 2.8 0.8 0.40 He 
7c 8.3 2.0 3.5 0.5 0.36 He 
7d 8.3 2.0 3.5 0.5 3.60 Ar 

As expected, the bow shock in front of the jet  dominates 
the flow field. In the helium jets, the shock is wrinkled due 
to interaction with pressure waves emanat ing from the jet  
exit, p robably  caused by the turbulent  eddies of the jet mov- 
ing at supersonic speeds (around 1500 m/s) with respect to 
the surrounding air. In contrast,  the argon jets are devoid of 
such waves and the bow shock is smooth. The eddies in the 
argon jet  are subsonic with respect to the surrounding air, so 
they do not generate large pressure disturbances. 

By comparing a large number  of instantaneous pictures 
of the same flow field, we noticed that the shock structure is 
very unsteady. F o r  example, the point  of reflection of the 
shock with the upper wall moved as much as 10 mm (1/4 of 
test-section height) from one picture to the other. Unsteadi-  
ness appears to be a major  aspect of this flow, something that 
computa t ional  models need to take into consideration. We 
were able to observe the turbulent  structure of the jet  for up 
to x/d ~ 20. The structure appears to have regular, repeating 
features, reminiscent of those seen in subsonic transverse 
jets. 

The penetrat ion height h is defined here as the maximum 
height of the jet  trajectory, based on schlieren visualization 
of the upper edge of the jet. The trajectory is seen to level off 
at x/d ~ 6, which is where penetrat ion measurements are 
referenced. Each value of hid reflects an average of typically 
5 individual trajectory heights measured from separate runs 
at the same condition. The error  in hid is est imated at 10%, 
based on the uncertainty of detecting the edge of the jet. 

As already inferred from Fig. 3, our penetrat ion measure- 
ments showed that, at fixed J, M 1 and M j, the density ratio 
~2/01 does not influence penetration. Furthermore,  penetra- 
tion at fixed J and M1 is insensitive to M j: Fig. 4 depicts jet  
trajectories for cases, 7 a c, where no noticeable change oc- 
curs with increasing Mj.  This also means that  penetrat ion is 
insensitive to the pressure ratio Pj/P2, i.e., under-expanded 

Fig. 3. Visualizations of jets with J = 8.3, M~ = 2 and Mj increasing 
from 2.1 (Case 7a) to 2.8 (Case 7b) to 3.5 (Cases 7c and 7d). Jet gas 
is helium for Cases 7abc, argon for Case 7d 
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jets achieve about  the same penetrat ion as pressure-matched 
jets. The same behavior  was observed in the comparisons 
between cases 1 a - b ,  3a  b, 3 c - d ,  and 5 a - c .  Even though, 
as ment ioned earlier, it is hard  to distinguish between the 
effects of Mj and Pj/P2 at fixed J, the present results suggest 
that  both  M s and PHP2 are not  influential on penetration.  

Increasing the cross-flow Mach number  M 1 from 2 to 3, 
and keeping J fixed, produced a slight increase in penetra-  
t ion on the order  of one jet  diameter. This was noticed in the 
comparisons between cases 1 b - c ,  3 b - c ,  and 5 c - d .  The 
increased penetra t ion can perhaps be explained by consider- 
ing the near field of the jet  as an inviscid circular cylinder in 
a cross flow. At supersonic velocities, the drag coefficient of 
the cylinder declines with Mach number  (see Schetz and 
Billig, 1966, for example). Consequently,  at fixed J, the force 
causing the jet  to bend is less at M t  = 3 than it is at M 1 = 2, 
resulting in better penetration.  

Fig. 5 depicts a plot  of h/d versus J and M 1. The slight 
increase in penetra t ion with increasing M1 is apparent .  Al- 
though an exact power-law dependence of hid on J is diffi- 
cult to infer from our data, we a t tempt  here a rough compar-  
ison with the subsonic scaling laws. Prat te  and Baines (1967) 
found experimentally that  the upper  edge of the subsonic 
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transverse jet  y (x) is described by 

Y 2.63 ( x ' ]  ~ 
- -  = 

r d \r  d /  

where r = Ui/U 1 . Extending this to variable density, we re- 
place r by x f J  and evaluate at x/d = 6 (the axial locat ion of 
our penetra t ion measurements) to obtain the equivalent sub- 
sonic penetrat ion:  

(:) = 4.34 jo.36 (6) 
s u b s o n i c  

The subsonic relation is overlaid in Fig. 5. I t  is evident that  
the penetrat ion scaling of the supersonic transverse jet  is not  
dramatical ly  different from that  of the subsonic jet. 

5 Conclusions 

Penetrat ion of a supersonic injected normal  into a superson- 
ic cross flow depends strongly on the momentum rat io J and 
is insensitive to local condit ions near the jet  exit. Penetra t ion 
height increases with J in a fashion similar to that  found in 
subsonic flows. Increasing free-stream Mach  number  M 1 
modest ly  improves penetration,  while the jet  Mach number  
Ms and density rat io oil02 have no noticeable effect. Highly 
under-expanded jets achieve about  the same penetrat ion as 
pressure-matched jets. The flow is highly unsteady, a feature 
that  may significantly affect mixing and combustion.  
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