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by 
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{ABSTRACT) 

Liquid and slurry jets were injected through a circular orifice 

transverse to a M = 3.0 airflow. Mass samples of both jets were taken 

across the plume 30 injector diameters downstream. Pitot and static 

pressure surveys were taken across the liquid jet. These data allowed 

the calculation of distributions across the liquid jet plume of Mach 

number, air mass flow, liquid-to-air ratio, and momentum flux. Acor-

relation for the liquid concentration in the downstream plane is also 

presented. In the plume, there is a core region of subsonic airflow 

carrying two-thirds of the mass collected in the plume. In the core, 

the liquid mass flow is nearly constant from side-to-side at a given 

height, and the average velocity of the liquid is only 30 to 60% of the 

local air velocity. A supersonic mixing region covering two-thirds of 

the area of the plume surrounds the core region. Comparison with the 

results from this direct sampling data indicate that correlations de-

veloped from photographic techniques are inadequate in determining the 

jet penetration and width of liquid and slurry jets. The slurry jet 

showed substantial phase separation. A 30% mass-loaded slurry of 



1-5 µm silicon dioxide particles mixed with water was injected, and 

the local loading varied from a low of 13% at the bottom of the plume 

to 100% outside the liquid plume. The local loading increased as the 

jet boundary was approached from any direction. 
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I. INTRODUCTION 

The study of jets injected transverse to a supersonic gas cross-

flow is a problem of both practical and theoretical interest. Such a 

process is encountered in thrust vector control, local re-entry body 

cooling, external burning on projectiles, control of vehicles and fuel 

injection into supersonic combustion chambers. Theoretical interest is 

derived from the complexity of the general problem which includes 30, 

multiphase, unsteady, turbulent flow with subsonic and supersonic 

regions. Some applications also involve chemical reactions. This 

complexity also makes it prohibitive at this time to approach the prob-

lem from an entirely theoretical point of view requiring extensive 

basic experimental studies. 

Past work has concentrated on the study of liquid injection. Much 

work has been done to develop correlations for jet penetration including 

the effect of injection angle (Refs. (1), (2), (3), (4)). All of these 

used photographic techniques to determine the penetration without deter-

mining how accurately this represented the actual penetration. The 

effect of liquid viscosity and surface tension on jet penetration were 

found to be minimal (Ref. (5)). However, Nejad and Schetz determined 

that these properties had significant effects on droplet diameter (Ref. 

(6)). A number of injector configurations were tested by Joshi and 

Schetz to determine the effects on jet penetration and spread (Ref. (7)). 

The improved atomization from injector combinations producing impinging 

jets has been documented by Hewitt and Schetz (Ref. (8)). The actual 
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process by which these jets breakup and atomize has been observed by 

Joshi, Kush and Schetz to be that of gross clump fracture (Refs. (9), 

(10)). These, along with other work, have concentrated on penetration, 

atomization, jet structure and breakup of liquid jets. 

Fuels more energetic than conventional liquids have always been 

under consideration because of the potential gains in range and compact-

ness. One attractive alternative is slurry fuels produced by suspend-

ing metal powders in liquid hydrocarbon carriers. The possible increase 

in heat of combustion is significant (Ref. (11)). Olson and Breitwiser 

describe many of the results of early NACA research in slurry fuels 

(Ref. (12)). The difficulty of boron slurry combustion was made evi-

dent. At locally rich fuel-air ratios, high enough local gas tempera-

tures resulted in destruction of combustors yet at cooler temperatures 

significant deposition of boron oxides resulted along with unacceptably 

low combustion efficiencies. 

Reference (13) describes recent advancements in boron combustion. 

Less and Schetz (Ref. (14)) have studied the injection of slurry fuels. 

That work examined the penetration and breakup of slurry jets injected 

transverse to a supersonic stream. They observed photographically that 

there was significant phase separation. 

Good mixing of fuel and air is always important for efficient com-

bustion in any system, but proper mixing of any type of fuel with the 

main airflow is imperative in supersonic combustion because of the very 

low residence times. This is the problem of primary interest here, and 
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its understanding is linked necessarily to a fundamental knowledge of 

jet structure, breakup, and plume characterizations. The previously 

mentioned research has contributed to the understanding of jet structure 

and breakup. However, distributions of important quantities in the 

plume has been a sparsely researched area for both slurry and liquid 

jets. Chinese researchers have determined,by direct sampling,fuel 

distributions for liquid transverse injection in subsonic streams (Ref. 

(15)). Soviet researchers using a temperature survey method indirectly 

determined the gas phase concentration inside a liquid jet injected 

transverse to a supersonic stream (Ref. (16)). Thus, the present 

research was designed to determine the first mass distribution by direct 

sampling in both a liquid and a slurry jet in supersonic airflow. This 

mass distribution combined with static and Pitot pressure measurements 

could then be used to calculate other important distributions in the 

jet plume such as injectant-to-air ratios. In addition, this informa-

tion combined with new photographic observations provides possible links 

between the structure and breakup of the jets and the resulting plume 

distributions allowing further insight into the basic fluid mechanics of 

this complex problem. 



II. EXPERIMENTAL APPARATUS AND METHODS 

2.1 Test Facility 

800 tests were conducted in the Virginia Tech 23 cm by 23 cm super-

sonic blowdown wind tunnel with Mach 2.4, 3.0, and 4.0 capability via 

interchangeable nozzles. All these tests used the Mach 3.0 configura-

tion. The stagnation pressure was maintained at 4.5 atm ~ 2%, and the 

stagnation temperature was that of outside ambient air (approx. 25°C). 

Run times were at least 15 seconds. 

2.2 Injectant 

Cost and safety considerations prohibited using hydrocarbon car-

riers and metallic solid fuels such as boron in this work. Water was 

used to simulate hydrocarbon fuels, and a mixture of water and silicon 

dioxide particles served as the slurry. No additives were included in 

the slurry mixture. The use of substitute injectants such as these are 

accepted practice for basic studies. The silicon dioxide particles have 

a density of 2.35 gm/ml and are of irregular shape thus approximating 

elemental boron. The particles were manufactured to a size range of 

1-5 µm by Atlantic Equipment Engineers. 

2.3 Injection System 

A modified six liter chemical mixer was used to insure uniform 

mixing of the slurry. The tank was pressurized to 12 atm for slurry 

4 
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injection with continuous mixing throughout the run. The padd1e was 

driven by a 0.37 KW motor and turned at 60 rpm. For water injection the 

mixer was used as a reservoir pressurized to 17 atm. 

For liquid injection, a drag-body type Ramapo meter was used. For 

the s1urry tests, a Micro Motion C25 mass f1ow meter was used success-

fu1ly with little troub1e due to the absence of intrusive parts in the 

meter. A schematic of the injection system is shown in Fig. 1. 

2.4 Flat Plate Mode1 

The liquid and slurry were injected through a flat plate having 

dimensions 10.0 x 15.25 x 0.9 cm and a sharp leading edge. The p1ate 

was attached to the bottom of the test section by a 5.5 cm tall support. 

The circu1ar injector orifice was located 8.0 cm downstream of the 

leading edge. The orifice had a conica1 entry passage and a diameter of 

2.0 mm. It was the intent of this research to simp1ify this flow prob-

1em as much as possible by studying a basic configuration which could 

later be extended. Thus, the flat p1ate model was used t6 minimize 

the boundary 1ayer and its effects. The f1at plate mode1 is shown in 

Fig. 2. 

2.5 Photographic Methods 

Two types of photographs were taken. First, a General Radio 

Strobotac was used as the light source for a Sch1ieren optica1 apparatus 

to take spark Schlieren photographs of the jets. The 10-6 second 
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exposure time with Type 57 Polaroid (ASA 3000) film provided an instan-

taneous shock shape and side view of the jet. Second, front lighted 

photographs provided unique views of the leading edge of the jets. 

Exposure times of 10-4 sec were used on Ektachrome ASA 64 film and were 

used with a commercially available Minolta X-700 35 mm camera with a 

Minolta 360 PX flash. 

2.6 Sampling System 

The sampling probe was designed to obtain true mass flow samples 

at supersonic speeds. The probe was connected to a vacuum system which 

created a pressure inside the probe lower than the total pressure behind 

the stand-off shock in front of the probe causing the·shock to be 

swallowed into the probe. In this fashion, a streamtube equal in area 

to the probe capture area can enter the probe undisturbed. The internal 

probe diameter diverged from 1.20 mm to 5. 1 mm causing one normal shock 

in the sampling tube (see Fig. 3). A 45 cm run of 5. 1 mm ID tubing took 

the sample from the capture area to a three way valve outside the tun-

nel. The valve switched the sampling flow between a dummy sample bottle 

and a true sample bottle. The vacuum system established flow through 

the dummy bottle until steady conditions were reached. The valve then 

switched sampling flow to the true sampling bottle for 5 seconds and 

then back to the dummy well before any end-of-run transients. This al-

lowed the mass flow of injectant for the given probe capture area to be 
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calculated. The sampling system is shown in Fig. 4. 

Liquid jet samples were collected in 15 ml plastic bottles weighing 

approximately 5 grams, and in the slurry tests, 15 ml glass bottles 

weighing 13 grams were used. Each bottle was individually tared on a 

Mettler #33AR precision balance accurate to±. 0.0005 gm. 

Slurry samples were weighed wet after collection and then heated at 

between 105°C to 130°C long enough to evaporate all the liquid carrier 

and then weighed again to determine the solid weight. 

On the periphery of the slurry jet where solid particles had been 

thrown free of the liquid jet a filter system replaced the sample bottle. 

These were glass fiber Gelman Sciences filters of 0.7 µm pore size used 

in a Gelman 1190 filter holder. 

2.7 Pressure Measurements 

The pressure tap in the sampling probe was primarily intended to 

check flow conditions during sampling. The probe could also be used as 

a Pitot pressure probe by sealing the sampling tubing allowing no flow 

through the probe. In supersonic flow, the pressure measured was then 

the total pressure behind the normal shock in front of the probe, Pt2. 

This also permitted determining when the vacuum system could lower the 

pressure in the probe below this value in order to insure swallowing of 

the shock. However, due to the erosive nature of the slurry jet, the 

sampling probe had to be replaced four times and the pressure tap was 

also moved to the sampling bottle area. 
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A small flat plate 1.27 cm by 1.91 cm by 0. 16 cm with a pressure 

tap on the surface and a sharp leading edge was used to measure static 

pressure in the liquid jet only. Thus, at each station total pressure 

behind the shock, Pt2' and the static pressure, Ps' could be taken. If 

the flow was not supersonic then the total pressure measured would be 

Ptl' the local free stream total pressure. 

2.8 Test Matrix and Parameters 
-The primary similarity parameter used in injection studies is q, 

defined as the jet to free stream momentum flux ratio (pjVj2/p 00V00
2). A 

q = 6 was chosen for the all-liquid jet tests and was maintained to 

within+ 1.7%. The corresponding mass flow rate was maintained at 90 

gm/sec 2:. 1. 1% throughout. 

Figure 5 shows the coordinate system used. All data were collected 

in the x/d = 30 plane. Previous work has concluded that penetration due 

to jet normal momentum is complete at this downstream station (Ref. (9), 

(16)). Samples were taken in the -y/d, +z/d half plane at increments of 

2d for the bulk of the data. Traverses at three values of z/d in the 

+y/d plane were made to check for jet symmetry. At each station, at 

least three samples were taken. 

Solid loading of a slurry is defined as mass of solid divided by 

mass of the total mixture, and volume loading is defined similarly for 

volumes. A solid loading of 30% was chosen as a reasonable value for an 

exploratory study. Higher loadings (> 55%) produce complex changes in 
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the injectant flow from the orifice (see Ref. (14)), and it was decided 

to avoid those complexities in this work. The mass loading of 30% cor-

responds to a volume loading of 15.4% and a mixture density of 1.208 gm/ 

ml which was maintained to within+ 1.5%. Since mass distributions were 

to be collected, it was felt that the mass flow of slurry should be 

matched with the all-liquid tests. For the slurry tests, the mass flow 

was maintained at 90 gm/sec+ 6.6% corresponding to q = 5 + 14.0%. 

Again, most slurry sampling was done in the -y/d, +z/d half plane 

with two traverses in the +y/d half plane to check for symmetry. At 

least two samples were collected at each station. Greater margins in 

flow rate were allowed and fewer samples were collected in the slurry 

jet survey due to the increased cost, time and effort, and difficulty of 

performing slurry tests. 



I I I. RES UL TS 

3. l Jet Breakup 

For liquid jet breakup in supersonic crossflow, three distinct 

regimes of jet behavior exist determined by injector diameter and more 

strongly by q (Ref. (9,)). Regime 1 corresponds to low q and is charac-

terized by minimal jet penetration. Of more interest for fuel injection 

are Regimes 2 and 3 because of their higher penetration. Regime 3 cor-

responds to very high q. In this case the jet forms a smooth profile as 

it is turned by the crossflow, and surface waves are only perturbations 

in the basic jet shape (Ref. (9)). The surface waves grow and clumps 

detach regularly at troughs in the waves resulting in a relatively 

smooth jet shape. The clumps then atomize as they proceed downstream. 

For small circular injectors, d = 0.8 mm, Regime 3 begins at q > 6, but 

for larger injectors, d = 1.6 mm, it begins for q > 5 (Ref. (9)). Re-

gime 2 for the 0.8 mm diameter injectors ranged from q = 1.5 to 6 and 

from q = 1.2 to 5 for the 1.6 mm injector (Ref. (9)). Regime 2 differs 

from Regime 3 in that the waves now determine the profile. These are 

large, steep waves which form close to the injector. These waves create 

steps early in the jet penetration; that is, the local inclination of 

the profile relative to the free stream is significantly altered, even 

becoming parallel temporarily to the free stream, before continuing to 

penetrate further. Thus, for the present research using a 2 mm circular 

injector, both the liquid and slurry jets with q's of 6 and 5 

10 
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respectively would be expected to exhibit Regime 3 behavior. 

A series of 21 spark Schlieren photographs for the liquid jets and 

36 for the slurry jets shows that both smooth and stepped profiles are 

evident in both jets. Figure 6 gives two representative pictures of a 

smooth and a stepped profile for a liquid jet. Figure 7 shows corres-

ponding pictures for a slurry jet. Thus, both jets showed the stepped 

profile characteristic of Regime 2 jets. More interestingly, 50% of the 

slurry profiles were stepped or 2.5 times more frequently as the liquid 

jet. In addition, the difference between the stepped and smooth pro-

files for the slurry jets was much more distinct than in the liquid 

jets. However, for both jets, the average height for the occurrence of 

a prominent step in the profile was 6d. 

It is true, nevertheless, that the transition between Regimes 2 and 

3 is a gradual one and, thus, it is possible that the slurry jet al-

though strictly in Regime 3 may be too close to the transition region to 

exhibit purely Regime 3 behavior. It is also possible that slurry jet 

breakup regimes may occur over different q ranges. An examination of 

two more observations below will indicate which of these two possibili-

ties is the more likely. 

First, the authors of Ref. (14) also collected spark photographs 

of the same slurry used in this research at loadings of 33 to 36%. For 

a q range from 5.9 to 11.6, two of six pictures showed stepped profiles 

including one at q = 11.6. In the range of q from 2.8 to 4.7 three of 

five pictures also showed stepped profiles. Clearly, the stepped 
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profile is characteristic of slurry jets over a much wider range of q 
than is found in 1iquid jets. 

Second, the stepped profile appears to be linked to an upstream-

downstream oscillation of the jet body and, in general, seems to create 

a sooner, more violent breakup of the jet. This would probably result 

in smaller c1umps and droplets downstream. The jet body is the contin-

uous liquid portion of the jet before clumps have been detached. Ref-

erence (14) presented laser extinction tests which consisted of the 

time variation of the undiffracted laser beam intensity. Those tests 

were conducted for q = 7 slurry and liquid jets of 30 injector diam-

eters <lownstream. Both jets showed the expected time variation in the 

intensity, but with the amplitude of the fluctuations for the slurry 

being on average 20% less than that for the liquid jet. This would 

occur if the droplets were smaller and had a more uniform distribution 

resulting from a more rapid violent breakup of a stepped profile. Ap-

parently, the stepped profile breakup of the slurry jet noticed visually 

at lower q va1ues might exist at q = 7. Thus, from all these observa-

tions taken together it might be concluded that slurry jets in a q 
range from 2.8 to 11.0 exhibit a ?tepped profile jet breakup which pro-

duces a more rapid atomization than in liquid jets. That is, Regime 2 

slurry jet breakup appears to extend to a significantly higher q than 

in liquid jets. 

It has been found that for Regime 3 liquid jets, an increase in 

viscosity of the injectant increases the droplet diameter and delays 
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the atomization of the jet to further downstream (Ref. (6)). This 

implies a fundamental difference with slurry jets which in general have 

very high viscosity, since the previous discussion concluded that slurry 

jets probably produced more uniform distributions of smaller particles. 

This difference is intuitively reasonable given the already discussed 

more violent breakup of the slurry jet, but also in that the particle-

liquid interaction in a slurry could accelerate atomization. The source 

of the interaction is the different rates of acceleration by the local 

airflow on particles of different density. 

3.2 Surface Layer 

The surface layer is created by the interaction of the separation 

region around the injector, the boundary layer, and the jet column. On 

the surface of the flat plate liquid is drawn upstream for a short 

distance directly in front of the leading edge of the jet column. This 

liquid is then split into two strands which are swept downstream far on 

either side of the jet. A top view photograph (see Fig. 8) from Ref. 

(7) documents this primary surface layer. 

Figure 9 is a front lighted photograph of liquid injection at q 
= 6.0. It clearly shows the primary surface layer, but also shows a 

substantial layer directly underneath the jet. Reference (9) has only 

mentioned briefly just the existence of this "wake" surface layer. 

Hundreds of runs at the same conditions were required in order to ac-

complish the mass flow distribution to be described shortly and the 
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result was that polished surfaces were left by the surface layer. These 

are sketched in Fig. 1~. The measured width from the mass distribution 

at x/d = 30 is 20d and using this with the observation that the half 

angle of divergence is 16°, which is roughly constant for liquid jets 

of q > 4 (Ref. (9)), the rough boundary of the jet from the top view is 

sketched in Fig. 10. It clearly shows that the wake surface layer is 

obscured by the jet body. Previous research (Ref. (7), (9)) have used 

only top view photography to observe the layer and, thus, this has gone 

undocumented. The half angle of divergence of the two strands that make 

up the wake liquid layer is 8° or half that of the main jet body. 

A much more defined pattern is documented in Fig. 11 after one 

hundred slurry runs at q = 5 because of the much more erosive nature of 

the slurry. Only a trace of a primary layer was noticed in contrast to 

the larger primary layer of the liquid jet. However, a relatively 

heavily eroded region corresponded to the wake surface layer. Again, 

using the known width at x/d = 30 the half angle of divergence of the 

slurry jet body can be no more than 9°. This is in sharp contrast to 

the relatively constant 16° found for liquid jets. Below q = 4, liquid 

jets diverge at angles between 9 and 13° before being swept downstream 

at a constant width (Ref. (9)). This could be the case for the slurry 

jet in which case it might indicate that Regime 2 extends to beyond q 
= 5 for slurry jets as has been discussed in the previous section. 

Furthermore, the half angle of divergence of the eroded strands of the 

wake layer was 20°, more than twice that for the liquid jet. 
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The front lighted photographs also show that there is considerable 

transfer of mass from the plume to the surface downstream of the injec-

tor. This together with the significant erosion patterns appears to 

indicate that a significant percentage of the injected mass flow may be 

carried in the surface layer. 

3.3 Jet Leading Edge 

Previous research has shown that high frequency, large amplitude, 

aerodynamically-induced waves that ultimately result in gross fracture 

of the jet body begin to grow on the leading edge of the jet soon after 

exiting the injector (Ref. (9)). The front lighted photograph of Fig. 

12 shows a cone shaped liquid core just at the exit of the injector. 

Its height is about one injector diameter. At this height, liquid 

begins to be sheared off the sides of the jet to form spray. However, 

the leading edge remains liquid for an additional 3d to 4d for a total 

height of 4d to 5d. This is the leading edge wave strip where the 

waves mentioned above are formed. The strip is obscured on either side 

and beyond a height of 4d to 5d by spray and/or clump formation. Pic-

tures of the slurry jet do not reveal the core or wave strip (see Fig. 

13). However, this is probably due to the low contrast between the 

opaque, white slurry and the white appearing spray. Visual observations, 

which can be more discerning, indicate that the slurry exhibits a simi-

lar structure. 

It is interesting to note that the wave strip height of 4d to 5d 
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is just below the average height of the steps, 6d, observed in the 

spark Schlieren profiles. In addition, the height of the wave strip is 

also close to the sonic angle location for these conditions. The sonic 

angle is defined as the point on the bow shock where immediately down-

stream of this point the flow is sonic. This occurs since the bow 

shock is initially normal and as the jet is turned by the flow the bow 

shock becomes oblique. The transition to supersonic flow changes the 

wave nature on the jet to a longer wavelength type which later produces 

jet body fracture (Ref. (9)). This transition obviously creates a spray 

which obscures the wave strip as seen in the front lighted photographs. 

At M = 3 the sonic angle is 64°. The vertical distance to the location 

of the sonic angle was in the range 5d to 6d from spark Schlierens such 

as Fig. 6. For Regime 2 jets the steps in the profiles occur near the 

sonic angle (Ref. (9)). It is apparent that this is true for Regime 3 

jets when step profiles occur. 

The combined picture of a wave strip with surface wave growth and 

spray formation off the sides of the jet indicate that perhaps a circula-

tion pattern in a kidney-shaped cross section exists similar to that 

noticed in subsonic jets and represented by a reproduction from Ref. 

(17) in Fig. 14. This pattern might persist downstream and be notice-

able in the plume distributions to be presented shortly. 
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3.4 Liquid Sampling 

The results of the sampling for the all-liquid jet case are pres-

ented in Fig. 15 in terms of mass flow per unit area [gm/sec mm2J. 
This is one half of the x/d = 30 plane of the jet. Figure 15a shows 

the shape of the distribution and Fig. 15b lists the numerical values. 

The actual cross-stream penetration of the jet at this station and 

how it compares with penetration estimates as compiled from photographic 

techniques is the first result. It can be seen that trace amounts of 

samples were collected at 19 injector diameters high, but, considering 

these as negligible, z/d = 18 could be called the penetration. Samples 

at z/d = 18 are roughly 4.0% of the maximum sample size on the center-

line y/d = O. Yates and Rice (Ref. (1)) obtained the following empiri-

cal equation for water penetration from a circular injector into a 

Mach 3.0 crossflow, 

~ = 1. 15(q)112 ln[l+6 x/d]. 

At x/d = 30 and q = 6 this yields h/d = 14.6 or 19% below the actual 

penetration of h/d = 18. It can be noted that the point of maximum 

m1/A is z/d = 12 or two-thirds the value of maximum penetration. Fig. 

15b also allows the width of the jet at z/d = 30 to be determined. The 

data show that by y/d = -10, m1;A is generally under 6% of the center-

line value at that value of z/d. Joshi and Schetz (Ref. (7)) give the 

following expression for jet width 
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with an insignificant pressure term ignored. For circular injectors, 

Cd= 1.0 and for q = 6 Joshi's formula yields w/d = 15.8 or 21% below 

the present value of w/d = 20. Thus, photographic techniques seriously 

underestimate the dimensions of the liquid jet plume. This compares 

favorably with the results of Ref. (18) which concluded that the error 

in determining the plume boundary from photographic techniques could be 

25-30%. Ref. (16) using a temperature survey method presented the 

following correlations for jet penetration and width: 

h/d = 3.75(q)·414(x/d).239 

and 

w/d = 13.8 q·25 at x/d = 30. 

These yield values of h/d = 17.8 which are negligibly different from 

the present value of 18 and w/d = 21.6 or 8% above the present value of 

20. These values are in good agreement and demonstrate the importance 

of direct measurements. 

From z/d = 2 to z/d = 10 the mass flow is relatively constant at 

each z/d station from y/d = 0 to y/d = -4 before dropping sharply toward 

the boundary. This identifies a core region with constant mass flow at 

a given z/d station. This core occupies approximately 1/3 the area of 

the jet plume. A region has been drawn in Fig. 15b which encloses the 

peak values of mass flow at each value of y/d. Apparently this region 

is the now co-flowing remnant of a kidney shaped cross section in the 

jet body indicating that indeed such a cross section may exist as was 
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postulated previously. Most of this region is within the jet plume 

core implying that the jet body determines the characteristics of the 

plume core region. 

An integration of the mass flow across the x/d = 30 plane from the 

sampling data resulted in a mass flow of 67 gm/sec or 75% of the mass 

flow through the injector. As has already been discussed there is 

considerable evidence to indicate that the mass flow in the surface 

layer accounts for a considerable portion of the remaining mass flow. 

Figure 16 shows two pieces of information. The first is the 

difference between the high and low values of m1/A for the samples taken 

at each station or the 11spread11 • Second, this number is expressed as a 

percent of the average of m1/A at each station from Fig. 15b. The 

spread data show no clear pattern except that it becomes a large per-

centage of the average m1/A as the boundaries of the jet are approached. 

This probably indicates unsteadiness at the plume edges. From pictures 

such as in Fig. 6, one can see that there is clearly unsteady behavior 

of the jet boundary. This motion is at very high frequencies on the 

order of 104 cycles per second (Ref. (10)). This type of behavior 

should not affect a 5 second sampling run. However, there may also be 

low frequency oscillations of the jet in both the upstream-downstream 

and side-to-side directions due, for example, to instability of separa-

tion zones surrounding the jet column at the injector. This instabili-

ty is evidenced by large variations in the size of the interaction shock 

at the injector as seen in the spark Schlieren photographs presented. 
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3.5 Liquid Jet Symmetry 

Jet symmetry and repeatability of the results were checked care-

fully. Figs. 17a, b, c show the data for three z/d levels in addition 

to data taken in the +y/d plane and some repeated sets of data in the 

-y/d plane. Two points can be made. First, when the data was repeated, 

values are within+ 10% and the spreads are generally overlapping. 

Second, these three sweeps show some asymmetry about y/d = 0 with sym-

metry about any other value of y/d not apparent. This observation could 

also add credibility to the speculation of a low frequency oscillation 

of the jet. 

3.6 Slurry Sampling 

Figure 18 shows data taken in the x/d = 30 plane for the nominally 

30% loaded slurry jet. Both the average local particle loading of the 

samples and the total mass flow per unit area are shown. The loading 

increases smoothly in the +z/d direction from z/d = 2 to z/d = 10 then 

jumps sharply at z/d = 12 to almost triple the value at z/d = 2. This 

increased loading is due to the heavier particles following paths with 

greater radii of curvature due to their greater inertia and thus separa-

ting from the liquid plume consistent with the visual observations of 

Ref. (14). Perhaps unexpectedly the same phase separation was noticed 

side-to-side in the -y/d direction at both z/d = 2 and z/d = 10. The 

same trend was evident in the +y/d direction at the same z/d values as 
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is shown in Fig. 16. Some asymmetry of the slurry plume is also evi-

dent in mass flow arid to a lesser extent in the loading results. 

The magnitude of the spread in the results and its percentage of 

the average are shown in Fig. 19. The same conclusions made for the 

liquid jet data can be made here. The same indication of unsteadiness 

of the boundary was also noticed. Beyond the slurry boundary samples of 

dry particles were collected using the filter system described previous-

ly. At z/d = 14, y/d = 0 samples of negligible weight were collected on 

only one-third of the runs. At z/d = 10, y/d = +8 samples were collect-

ed three-quarters of the time but at z/d = 10, y/d = -8 the rate was 

only one-fourth. Again this indicates some low frequency oscillation 

of the jet boundary. 

The sampling data defines the penetration at h/d = 12. This is 13% 

below the Yates and Rice correlation value of 13.6 for these conditions 

although it must be considered that the correlation was developed for 

liquids only. Ref. (14) determined the penetration for an identical 

slurry using photographs at h/d = 13, also high. However, solid alone 

will penetrate at least 16% higher occasionally to z/d = 14. The width 

of the slurry jet, w/d = 12, is also overestimated by the Joshi correla-

tion by 25% at w/d = 15.2. The formulas of Ref. (16) which were devel-

oped for liquid jets and compared very well with the present liquid 

plume measurements would overestimate the penetration of this slurry jet 

by 37.5% and the width by 71.6%. Clearly new correlations for width and 

penetration must be developed for slurry jets. 
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3.7 Pressure Distributions 

The total pressure data distribution in the all-liquid jet is shown 

in Fig. 20a. The static pressure, Ps' is given in parentheses above 

total pressure measurements in Fig. 20b. Also shown is the average 

time variation in the total pressure during a run. 

The flat plate probe used to measure the static pressure was found 

to measure the static pressure in the free stream about 2.07 x 103Ntm2 

too high due presumably to a slight angle of attack (this is detailed 

in the Appendix). Nevertheless, the static pressure measurements in the 

water jet are presented as collected. The static pressure varied by less 

than 3.45 x 103 N/m2 within the jet and differed by less than 3.45 x 

103 N/m2 from the free stream static pressure of about 1. 16 x 104 N/m2. 

The total pressure measurements show considerable variation from 

low values in the center to free stream values on the boundaries. The 

time variation of total pressure measurements shows a clear pattern. 

Relatively large time variations are evident along the boundary of the 

jet while no variations were measured in the center region. This could 

be more evidence for jet oscillation of the order of 1 cycle per second, 

a frequency which could affect the sampling data as stated before. 

3.8 Mach Number Distribution 

The Rayleigh Supersonic Pitot formula allows the calculations of 

the local free stream Mach number once Pt2' P5 and y are known: 
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( 2 2 -l)l/y-l 
~= y+TM -?+ 
pt (fl 2)y/y-l s 2 M 

This assumes supersonic flow and a known y. If the flow is not super-

sonic then Mis determined from: 

p l l 2 y/y- l 
_!_ = ( l +r:-!-M ) 
Ps 2 

Simple calculations assuming uniform distribution of liquid droplets 

across the jet plume area show that there is only 0.0001 mm3 of liquid 

per mm3 of jet volume. At these low static temperatures, little liquid 

injectant vapor can be expected. Thus, the flow is primarily air, and 

for estimating M inside the jet, y for air can be reasonably assumed. 

The result is shown in Fig. 21. The values on the boundary are 

high as expected and do not exceed M = 3.0. The Mach numbers decrease 

smoothly as the center of the jet is approached to quite ·1ow values. 

There is actually a large subsonic region even though this is measured 

at x/d = 30 with a high free stream Mach number. This subsonic region 

should not affect the validity of the samples in that region since 

pressures in the probe during sampling were very close to local static 

pressure making the samples nearly iso-kinetic. 



24 

3.9 Jet Plume Core Region 

Reference (16) concluded that there were two regions in the jet 

plume, a peripheral mixing region and an inner core region. From their 

temperature survey method they characterized the core region as where 

the measured temperature varied little and the mixing region by marked 

changes in temperature. Reference (16) obtained the following correla-

tion for the penetration of this core region: 
h · /d = 3 l?(q-)0.414(x/d)0.239 core • · 

For the present test conditions this would yield a va.lue of hcore/d = 

15.0. Figure 15b shows similar trends for the liquid jet plume. As 

stated previously there is.relatively constant mass flow from y/d = -4 

to 4 at a given z/d station up to z/d = 12. Figure 16 indicates that 

this region has low run-to-run variation or relatively steady mass flow. 

Figure 20b shows the core region has virtually constant total pressure 

with no time variation in total pressure. This region also corresponds 

to the subsonic region as shown in Fig. 21. Thus, there is a clearly 

defined core region, however, at x/d = 30 its penetration is only 

hcore/d = 12 or 25% below the value from the less direct temperature 

method. The present data also gives wcore/d ~ 8 for the liquid 

The core region also carries approximately two-thirds of the plume mass 

flow at x/d = 30 or one-half of total mass flow through the injector 

while it occupies only one-third of the plume area. Although the data 

for the slurry jet is not as complete the results in Fig. 18 would 

indicate that hcore/d = 10 and wcore/d = 4. 
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3. 10 Liquid-to-Air Ratio 

Figure 22 gives the static temperature distribution calculated 

using the Mach number from Fig. 21 as 

T = s 

The argument for using y for air has already been presented and found 

to yield reasonable results in the Mach number survey. The stagnation 

temperature, T0 , is taken as constant at 300°K, that of the free stream, 

since the shock or jet should not affect T0 • Thus, with the local 

values known the isentropic formula for Ts can be used. With this 

determined the mass flow of air per unit area can be calculated as 
. 
111a=MP ~ 
A s .,/ ~ s 

The assumption of a perfect gas is again valid because of the low 

pressures and the negligible evaporation. All of these quantities are 

known locally and the result is shown in Fig. 23. The minimum values 

of ma/A are reached almost uniformly at z/d = 8 for all y/d values. The 

air mass flow increases sharply for z/d > 8 but also increases slightly 

for z/d < 8. An equivalent trend for m1/A is not noticed as m1/A drops 

smoothly toward the surface of the flat plate at z/d = 0. 

The two mass flow distributions can be combined into a liquid-to-

air ratio distribution which is shown in Fig. 24. For a typical hydro-

carbon fuel, which these liquid tests simulate, stoichiometric 
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fuel-to-air ratio would be approximately 0.067. In addition, at low 

static pressures the flammability region would exist in only a narrow 

band around the stoichiometric value. As can clearly be seen, this 

condition would occur only in a very narrow band on the periphery of 

the jet where static temperatures will be lowest and Mach numbers will 

be highest - both complicating factors for combustion problems. 

3.11 Momentum Flux 

The velocity of the air, Va= M J yR Ts' is used to calculate the 

momentum flux of air per unit area, maVa/A, and both are shown in Fig. 

25. Fluxes are seen to drop by about one order of magnitude from the 

supersonic region to the plume core. This is due to both lower velocity 

and lower mass flow of air. To calculate an equivalent momentum flux 

for the liquid an average velocity of the particles would have to be 

assumed. Certainly the velocity can be no greater than that of the air, 

but it could be equal to that of the air this far downstream. Momentum 

fluxes calculated on this assumption showed, however, that for the plume 

core region the momentum flux of liquid would be greater than that of 

the air which could not be since the liquid was injected with no axial 

momentum. Thus, in this region, the air momentum flux can be taken as a 

limit on the flux of the liquid. As such it can also give an upper 

limit on the velocity of the particles. In Fig. 26, the maximum vel-

ocity of the liquid expressed as a percentage of the air velocity at 

the same location is also shown. At least in this subsonic region, the 
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particles  can  be  traveling  at  substantially  lower  velocities  than  the 

surrounding  air  even  though  this  is  at  the  x/d = 30 plane  in  a  M = 3.0 

flow.  Previous  work in  a  M = 2.0  flow  assumed velocity  equilibration  to 

within  1% in  the  vicinity  of  the  injector  (Ref.  (19)).  Together,  these 

two momentum flux  distributions  indicate  that  even though the  jet  has 

lost  its  normal momentum and  is  co-flowing  with  the  air  stream  there  is 

considerable  momentum left  to  be  transferred  to  the  particles  and air 

in  the  subsonic  region  from the  surrounding  supersonic  region  and  possi-

bly  from the  air  to  the  droplets  in  the  supersonic  region  also.  Consid-

erable  mixing within  the  jet  will  occur  for  a  large  distance  downstream. 

3. 12  Liquid  Concentration  Correlations 

A correlation  for  the  non-dimensional  liquid  concentration  in  the 

downstream plane  of  x/d = 30 can  be derived  as  follows.  The gas  con-

centration  is  defined  as 

ma/A 
C ~~~~

a ma/A+ m1JA 

and  the  liquid  concentration  by 

thus,  the  liquid  and  gas  concentrations  are  related  by 
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Values on the centerline, y/d = 0, can be denoted by the subscript m. 

Also, at a given height z/d the distance from the centerline to a point 

is y and Ye is the distance from the centerline to the point at which 

c1 = 1/2 c1m. The data in the x/d = 30 plane is plotted as c1;c1m vs. 

y/yc in Fig. 27. 

Reference (16) using an indirect temperature technique performed a 

similar correlation but for the concentration only in the plane of sym-

mety, y/d = 0, for the plume at various x/d stations. The result was 

the equation 

c, = [ l _ ( z ) 1. 5 ] l. 6 c;- 2.01 zc 
m 

where c1 was the concentration on a centerline which connects the 
m 

points of maximum liquid concentration at each x/d plane downstream of 

the injector. Simply written in terms of· y coordinates and applied to 

the current data in the x/d = 30 plane it does not represent the data 

well as can be seen from Fig. 27. The data can be fit well by the cubic 

equation 

( c1 ) 3 'L = -8 c - 112 + 1 
Ye l m 

although the slope at y/yc = 1.0 is perhaps too high. In the absence 

of further data, this can be taken as an adequate representation for a 

wide range of downstream stations. 
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3.13 Liquid Jet Synthesis 

As a means to synthesize the many aspects of the liquid jet struc-

ture, breakup and plume characteristics which have been investigated 

and described, Fig. 28 is presented as a schematic of the flowfield 

structure of a q = 6.0 liquid jet. 



IV. CONCLUSIONS 

This research has contributed data to a sparsely researched area 

for transversely injected jets into supersonic flow - a mass flow distri-

bution across the jet plume. The conclusions discussed below will hope-

fully add new insight to jet structure and mixing for both liquid and 

slurry injectants. 

The actual penetration and width of the all-liquid jet at x/d = 30 

were approximately 20% above that determined from photographic tech-

niques. A favorable comparison with the published data of another in-

trusive method indicate that intrusive techniques provide a more 

accurate determination of jet boundaries. The correlations for liquid . 
jets, however, are not applicable to the penetration and width of slurry 

jets. 

Mass flow data indicate that the slurry and liquid jets are both 

slightly asymmetrical about the centerline axis. This along with addi-

tional sampling, pressure, and photographic data indicate that there is 

a possibility of low frequency oscillations of the jet in the side-to-

side and upstream-downstream direction. 

The leading edge of a liquid or slurry jet has been found to have 

a leading edge wave strip at least 4d to 5d high with droplet shearing 

off the sides. The height of the wave strip is linked to the location 

of the transition to supersonic flow over the jet. The circular jet 

probably is distorted early in its penetration into a kidney shaped 

cross section which is still identifiable far downstream affecting plume 

30 
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distributions of mass flow. 

A liquid-to-air ratio distribution calculated in the x/d = 30 

plane of the liquid jet showed that for simulated fuel and air mixing at 

least one order of magnitude more air must be mixed with the liquid to 

bring ratios close to stoichiometric for a hydrocarbon-air mixture. 

A correlation for the non-dimensional liquid concentration across the 

plume at a downstream plane has been developed relating the non-dimen-

sional distance from the centerline to the cubic of the concentration. 

The cross section of the jet plume has at least two clearly defined 

regions. There is a core region which has high subsonic air velocity 

and a relatively constant mass flow in the side-to-side direction at a 

given vertical location along with low total pressure. The largest 

clumps detached from the main jet body form this core region. As a 

result, for the liquid jet at 30 injector diameters downstream the core 

occupies one-third of the plume area but carries two-thirds of the plume 

mass flow. The slow acceleration of these large clumps by the subsonic 

airflow results in the liquid particles having reached only 30 to 60% 

of the velocity of the air. 

Surrounding the core region is the peripheral mixing region char-

acterized by supersonic velocities, increasing Pitot pressures and de-

creasing mass flows. The remaining one-third of the mass flow captured 

in the plume is carried in this region. Droplets sheared off the sides 

and top of the main jet body and clumps is the source of the mass flow 

of this region. However, because of the high velocity and high air mass 
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flow in this region compared to that in the core region, considerable 

further mixing with and momentum transfer to the core region is antici-

pated downstream. 

A similar structure in the slurry. jet is likely. More importantly, 

substantial phase separation was found. The local loadings in the 

center of the jet was only one-third of the injected value and increased 

significantly as the boundary of the plume is approached from any di-

rection. 

For a slurry and a liquid jet of equivalent mass flow and q's of 5 

and 6 respectively the breakup of the slurry was more violent and occur-

red sooner than the liquid jet. This resulted from a 2.5 times greater 

occurrence of a stepped jet profile as opposed to a more uniform profile. 

This breakup process is similar to that of Regime 2 liquid jets which 
-

occurs for a lower range of q from 1.2 to 5. For slurries, Regime 2 

could extend as high as q = 11. 

At least two fundamental differences in jet structure exist between 

slurry and liquid jets at the tested conditions. First, the half-angle 

of divergence of the slurry main body is roughly half that of the liquid 

jet. This is apparently true also for slurry and liquid jets of equiva-

lent q. Second, the wake surface layer of the slurry has a half angle 

of divergence 2.5 times that of the liquid. 
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Static Pressure Measurements 

APPENDIX 

ERROR ESTIMATION 

The static pressure measurements taken in the liquid jet are 

probably high by a maximum of 20 to 25%. This was found by comparing 

the measured free stream static pressure to the calculated free stream 

static pressure. The large percentage results from the low absolute 

values of static pressure. This error was probably caused by a -3° 

angle of attack of the flat plate static pressure probe. This being 

the probable source and magnitude of the error it is probably uniformly 

applicable to all static pressures in the liquid plume except for the 

fact that there are very small local inclinations of the flow in the 

plume. 

Pitot Pressure Measurements 

The major source of error involves the transfer of the momentum 

per unit area of the liquid particles entering the Pitot probe to the 

air. Thus, using the local velocity of the air as the maximum possible 

velocity of the liquid particles the momentum of the liquid divided by 

the capture area of the probe represents the maximum error in the total 

pressure measurements. This error is expressed as a percentage of the 

measured Pitot pressure. The results can be summarized into two groups. 

For Mach numbers greater than 2.0 the measured Pitot pressure was at 
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most 1.5% too high and on average 0.9% too high. For Mach numbers 

less than 1.5 the measured Pitot pressure was high by a maximum of 15% 

and on average about 8% too high. 

Mach Number 

Since the Mach number is a function of static and total pressures 

measured the error in the Mach numbers presented is a function of the 

errors just discussed. The errors in static and Pitot pressure tend 

to offset and thus the calculated values of Mach number in the subsonic 

region are at most 10% too low and in the supersonic region are at most 

5% too low. 

Mass Flow of Air 

The mass flow of air was calculated from measured values. The 

error would result from the errors in Mach number and static pressure. 

Using the maximum errors possible for these two quantities it was 

calculated that the presented values of mass flow of air per unit area 

were at most 13% too high. 

Mass Flow of Liquid 

The balance error from weighing the samples was~ 0.0002 gm/s-mm2 

for the liquid mass flow per unit area and~ 0.0003 gm/s-mm2 for the 

slurry samples. The larger error for the slurry is due to the extra 

weighing after heating of the slurry sample. 
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Misalignment of the sampling probe with the flow is also a possible 

source of error. A probe misalignment greater than 5° is unlikely and 

from the geometry would result in a 1% loss in captured mass flow from 

the loss in effective capture area. 

The largest uncertainty, however, involved the operation of the 

probe in the subsonic portion of plume. Two flow scenarios are pos-

sible. It is possible to have a choking condition at the capture 

entrance to the probe followed by a supersonic expansion before a 

normal shock. Another possibility is for separation to occur at the 

entrance or shortly thereafter. The latter scenario is more likely 

when considering the sharp entrance and 22° divergence angle. In either 

case some distortion of the flow in front of the probe will exist. 

In the worst case where M = 0.6 with choked flow at the entrance the 

maximum increase in effective capture area over the capture area of the 

probe is 17%. Thus at most the values of m1/A are 17% too high in the 

subsonic region. 

Furthermore, any evaporation of liquid in the sampling probe is 

unlikely because of the low vapor pressure of water at room tempera-

ture. Checks for condensed water in the sample collection system con-

firmed this. 
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a. Smooth profile 

b. Stepped profile 

Figure 6: Spark Schlieren photographs 
of q=6 liquid jets 
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a. Smooth profile 

b. Stepped profile 

Figure 7: Spark Schlieren photographs 
of q=5 slurry jets 
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, Figure 8: Top view of surface layer of a 
liquid jet from a 3.2 mm in-
jector at q=6.l (Ref. (7)) 
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Figure 9: Front lighted photograph of 
q=6 liquid jet and the surface 
layer 
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Figure 10: Surface erosion pattern of 
q=6 liquid jet 
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Figure 12: Front lighted photograph of 
q=6 liquid jet core and wave 
strip 
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Figure 13: Front lighted photograph of 
q=5 slurry jet leading edge 
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Figure 14: Cross section of jet injected 
transverse to a subsonic flow 
(from Abramovich Ref.(17)) 
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Figure 15a: Graphical depiction of mass 
flow of liquid per unit area 
for q=6 liquid jet at x/d=30 
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20 

19 0.0009 0.0005 

18 0.0058 0.0060 0.0035 

16 0.0241 0.0182 0.0141 0.0024 

14 0.0911 0.07-79 0.0413 0.0124 0.0048 

-- -
12 0.1475 0.1~ ~0989 0.0358 o. 0116 0.0005 

" 10 0.1354 0.1403 0.1265 "-.0617 0.0186 0.0045 

- -- """ " 8 0.1080 0. 1127 0.10~ 0.0841 '\:," 0182 0.0079 

' " '\ 
6 0.0848 0.0834 0 .0831 o. oss8'\. o. 0285\ 0.0069 

"-
4 0.0683 0.0603 0.0622 0.0406 0.0138 0.0023 

2 0.0523 0.0468 0.0474 0.0456 0.0186 0.0006 

o -2 -4 -6 -a -10 
y/d 

Figure 15b. Numerical values of mass 
flow of liquid ~er unit area, 
~1/A in gm/s-mm , for q=6 
Jet at x/d=30; enclosed area 
is the remnant of the kidney 
shaped mafn jet body 
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0.0017 
182.% 

0.0010 0.0051 0.0037 
17.8% 84.5% 105.0% 

0.0048 0.0046 0.0025 0.0038 
19.8% 25.2% 17.7% 155.5% 

0.0208 0.0061 0.0086 0.0051 0.0019 
22.9% 7.8% 20.7% 41.2% 40.4% 

0.0109 0.0106 0.0008 0.0018 0.0038 
7.4% 7.9% 0.8% 4.9% 32.6% 

0.0095 0.0015 0.0060 0.0136 0.0019 0.0043 
6.9% 1.1% 4.8% 22.1% 10.3% 95.2% 

0.0156 0.0085 0.0159 0.0253 0.0075 0.0068 
14.4% 7.6% 15.4% 30.1% 40.9% 85.9% 

0.0067 0.0062 0.0133 0.0099 0.0019 0.0039 
7.9% 7.4% 16.0% 17.7% 6.6% 56.8% 

0.0178 0.0076 0.0122 0.0073 0.0160 0.0025 
26.1% 12.7% 19.6% 18.0% mL 0% 112.0% 

0.0090 0.0076 0.0123 0.0079 0.0091 0;0014 
17 .2% 16.2% 25.9% 17.4% 48.8% 223.5% 

0 . -2 -4 -6 -8 -10 y/d 

Figure 16: Magnitude of the spread in 
m1/A in gm/s-mm2 for the 
11quid jet, also expressed as 
a percent of the average value 
from Fig. 15b. 
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Figure 17c: z/d=12 
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Figure 20a: Graphical depiction of 
measured Pitot pressures in the q=6 liquid jet 
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( 1 . 37) ( 1 . 45) 
15.00 15.40 16.00 16.60 
±0.10 ±0.04 ±0.01 ±0.04 

(1.37) (1.37*) (l .37) (l.43*) (l. 50) 
10.90 12.20 13.80 15.70 16.60 
±0.10 ±0.08 ±0.14 ±0.08 ±0.08 

(1.41) (l .43*) (1 • 45) ·(1.50*) (l. 54) 
4.70 5.81 8.94 13. l 0 15.50 16.70 

±0.05 ±0.08 ±0.12 ±0.11 ±0.06 ±0.04 

( l • 62) (1 .62*) (l .62) (1 .58*) (1. 54) 
2.64# 2.88# 4.14 8.74 14.30 16.60 

±0.00 ±0.00 ±0.00 ±0.17 ±0.07 ±0.02 

(1. 68) (l .65*) (l.63i (l .61*) (1.59) 
2.19# 2.32# 2.68# 5.23 11.60 15.70 

±0.00 ±0.00 ±0.00 ±0.08 ±0.08 ±0.00 

( l . 63) (l. 68) (l .68) (1.64*) (1.61) 
2.08# 2.19# 2.42# 3.49 10.30 14.70 

±0.00 ±0.00 ±0.00 ±0.02 ±0.08 ±0.04 

(1.65) (1.57) (1 . 57) (1.53) p .53) (1.45) 
2.11 # 2.14# 2.34# 3.65 10.30 15.20 

±0.00 ±0.00 ±0.00 ±0.02 ±0.10 ±0.08 

( l. 71) (1. 70) (1. 70) (1. 72) ( 1. 65) ( 1. 70) 
2.20# 2.28# 2.48# 4.96 11.10 15.00 

±0.00 ±0.00 ±0.00 ±0.06 ±0.06 ±0.00 

2.45# 2.50# 2.74# 4.55 11.80 15.20 
:t0.00 ±0,00 ±0.00 ±0.08 ±0.14 ±0.00 

0 -2 -4 -6 -8 -10 y/d 

Figure 20b: Pitot pressures Pt2, # are Pt1 
± time variation 1n Pt, Ps in 
parentheses; pressures,(104 
N/roL}, * are interpolated Ps 
values 
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Z/d 

18 2.85 2.86 

16 2.41 2.56* 2.73 2.86* 2.87 

14 1.47 1.66* 2.10 2.53* 2.73 

12 0.87 0.95* 1.25 1.98* 2.62 

10 0.63 0.72* 0.87 1.46* 2.30 

8 0.59 0.63 0. 74 l. l O* 2. 14 

6 0.60 0.68 0.78 1.20 2.21 2.79 

4 0.61 0.66 0.75 1.35 2 .19 2.55 
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Figure 21 ! Calculated Mach number distri-
1 bution; * use interpolated Ps 
I values; liquid jet 
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Figure 22: Calculated static temperature 
distribution;* use interpo-
lated Ps values; q=6 liquid 
jet 
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z/d 

18 0.2565 0.2713 

16 0.1956 0.2148* 0.2385 0.2675* 0.2829 

14 0.1001 0.1193* 0.1687 0.2307* 0.2681 

12 0.0609 0.0674* 0.0935 0.1686* 0.2511 

10 0.0443 0.0503* 0.0613 0.1133* 0.2121 

8 0.0401 0.0443 0.0528 0.0810* 0.1921 

6 0.0413 0.0449 0.0523 0.0840 0.1916 0.2612 

4 0.0436 0.0472 0.0542 0.1093 0.2040 0.2655 

2 

0 -2 -4 -6 -8 -10 

Figure 23: Calculated mass flow of air 
pe2 unit area, ma/A in gm/s-
mm ; * use interpolated Ps 
values; q=6 liquid jet 
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z/d 

18 0.0226 0.0129 

16 0.1232 0.0847* 0.0591 0.0090* 

14 0.9101 0.6530* 0.2448 0.0537* 0.0179 

12 2.4220 1.9703* 1.0578 0.2123* 0.0462 

10 3.0564 2.7893* 2.0636 0.5446* 0.0877 

8 

6 

4 

2 

2.6933 2.5440 1.9527 1.0383* 0.0947 

2.0533 1.8575 1.5889 0.6643 0.1487 0.0264 

1.5665. 1.2775 1.1476 0.3715 0.0676 0.0087 

0 -2 -4 -6 -8 -10 

Figure 24: Calculated liquid-to-air mass 
flow ratio;* values use 
interpolated P5 values 

y/d 



Z/d 

18 

16 

14 

12 

10 

8 

6 

4 

2 

66 

1557 1660 
(607) (612) 

1115 1257* 1431 1637* 
(570) (585) (600) (612) 

426 551* 896 1345* 1609 
(426) (462) (531) (583) (600) 

171 204* 354 867* 1481 
(281) (303) (379) (574) (590) 

93 120* 199~ 480* 1177 
(211} (238) (324) (424) (555) 

79 93 129 278* 1028 
(198) ( 211} (244) (343) (535) 

83 101 133 308 1046 1580 
(201) (226) (255) (367) (546) (605) 

89 104 134 438 1108 1548 
(204) (220) (247) ( 401) (543) (583) 

0 -2 -4 -6 -8 -10 

Figure 25: Calculated mome2tum flux Qf 
air, maVa/A·(lO) gm/mm-sZ; 
velocity of air, Va m/s, in 
parentheses;* use interpolat-
ed Ps. yalues 
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18 36 
100% 

16 138 106* 
100% 100% 

14 388 360* 
100% 100% 

12 171 204* 
41% 51 % 

10 93 120* 
33% 36% 

8 79 93 
37% 39% 

6 83 l 01 
49% 54% 

4 89 104 
64% 78% 
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0 -2 

Figure 26: 
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21 
100% 

85 15* 
l 00% 100% 

219 72* 29 
100% 100% 100% 

354 184* 68 
94% 100% 100% 

199 262* 103 
48% 100% 100% 

129 278* 98 
51% 97% 100% 

133 205 155 42 
63% 100% 100% 100% 

134 163 75 14 
87% 100% 100% 100% 

-4 -6 -8 -10 y/d 

Calculated momentum flux of 
liquid, m1v1/A·(lo2) gm/mm-s2; 
velocity of liquid as a per-
cent of local air velocity; 
* use interpolated P5 
values. 
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Figure 27: Liquid concentration data and 
correlations for q=6 liquid 
jet 

Ref .(16) 
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