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Abstract 
 

In previous researches on jet in crossflow (JICF), which is applied for the liquid jet injection system of air-
breathing propulsion systems or rocket engine system, more than 20 different correlations of jet penetration have 
been proposed. In these proposed correlations, the relationships between jet penetration and the various flow 
parameters (momentum flux ratio, Reynolds number, Weber number, viscosity ratio, etc.) were defined. But, 
most of these studies were carried out using the single orifice injector (SOI). In this study, in order to define the 
interference effects of liquid jet penetration in crossflow, the double orifice injector (DOI) is adopted. First, the 
jet penetration correlation of SOI according to the crossflow temperature controlled by the vitiated air heater is 
proposed. The jet penetration height for heated crossflow is lower than that for cold crossflow because of the 
increase of crossflow velocity despite the lower density. The jet penetration correlation of DOI is derived for 
variations of injector orifice spacing. In the case of the DOI, since the front liquid jet acts as a shield of the rear 
liquid jet, the jet penetration with DOI is higher than that with SOI. With the double orifice injector, the rear jet 
penetration height is increased as the nozzle spacing is decreased. And, The penetration height correlation for the 
rear liquid jet with DOI was developed. As the nozzle spacing increases, the jet penetration height decreases; 
therefore, an inverse relationship between nozzle spacing and jet penetration height is expected.  

 
Introduction  

In a liquid fuel injection system, the jet in crossflow (JICF), which injects perpendicularly into the crossflow, 
is a common strategy for improving fuel/air mixing in a propulsion system.[1] JICF is widely used in 
engineering systems such as air-breathing engines (dilution air jets, fuel/air mixer, turbine blade film cooling 
systems, ramjet/scramjet fuel injector) and a rocket engine system (vector thrust control).[2] For high speed air-
breathing engines such as a ramjet/scramjet, the JICF injection system provides good mixing performance. [3-5]  

Early review of the behavior of JICF was presented by Schetz et al.[6] and Nejad et al.[7] In addition to 
important parameters such as liquid breakup, penetration height, droplet size, droplet velocity and liquid volume 
flux distribution need to be considered for cross flow evaluation, the penetration height of the liquid jet is 
important parameters that indicates how well the injected liquid mixes with the free-stream air.[8] Schetz et al.[6]  
concluded that the injected liquid breaks up because of large amplitude surface waves, and that the jet column 
fraction location increases with the increase in jet-to-air momentum flux ratio. Wu et al.[9,10] proposed the 
breakup map and the relations of penetration height, spray width and cross-sectional area with jet-to-air 
momentum flux ratio, respectively. Power-law correlations were developed by Wu et al.[9], Lin et al.[11], 
Iyogun el al.[12], Ragucci et al.[13], Bellofiore et al.[14], Birouk et al.[15], Masuda and McDonell[16], Stenzler 
et al.[17] and Elshamy and Jeng[18], etc. The basic form of power-law correlations is as follows; 

 

A ∙ q ∙         (1) 

 
In the power-law correlation, the jet penetration (Y/d) is a function of the jet-to-air momentum flux ratio (q) 

according to the parameter considered in the correlations such as Weber number, viscosity ratio, Reynolds 
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number, pressure ratio [19]. Wu et al.[9] presented correlations for the column regime and droplet regime, 
respectively. Ragucci et al.[13], and Masuda and McDonell[16] presented correlations that included Weber 
number and viscosity ratio. In particular, Stenzler et al.[17] presented correlations for heated and unheated 
crossflows. But, with the exception of q, other parameters, such as Weber number, viscosity ratio, Reynolds 
number, pressure ratio, do significantly impact the penetration height.  

Logarithmic correlations were proposed by Inamura et al.[20], Becker and Hassa [21,22], and Lakhamraju 
and Jeng[23], etc. The basic form of the logarithmic correlations is as follows; 

 

A ∙ q ∙ ln 1 C ∙         (2) 

 
The jet penetration (Y/d) is a function of q, but independent of Weber number, and the viscosity ratio. As in 

other previous studies, increasing the Weber number decreased the average droplet size and since smaller 
droplets decelerate faster, the overall penetration height of the spray decreased.[24] However, the influence of 
Weber number is insignificant.   

In JICF systems, penetration height (fuel/air mixing performance) is generally controlled by adjusting 
q.[25,26] Effective control and prediction methods of jet penetration height have been proposed. Lee et al.[25] 
proposed a JICF system with a protruding nozzle tip to effectively increase the mixing performance in JICF and 
to stabilize the combustion of ramjet combustor. However, the injection of multiple parallel jets in JICF has yet 
to be studied. Consequently, we present the main results on the interaction between multiple jets (double liquid 
jets) in crossflow. In our study, to increase the jet penetration height and to improve the mixing performance of 
JICF, multiple (double) liquid jets are used. a double liquid jet injector has two orifices in the direction of 
crossflow. The double liquid jet injector is used to study the jet penetration affected by the interaction between 
front orifice and a rear orifice.  

Also, in the existing correlations of penetration height, various parameters were adopted: q, Weber number, 
viscosity ratio, Reynolds number, and pressure ratio. However, previous works except for Stenzler et al.[17] and 
Lakhamraju and Jeng[23] were conducted for cold flow conditions. In an actual ramjet engine, the temperature 
of the air induced into the combustor is more than 500K. Therefore, in our studies, to meet the actual crossflow 
temperature, the air was heated by a vitiated air heater (VAH) utilized to control the temperature and velocity of 
the air.[25] 

The objective of this study is to present a set of penetration heights for double liquid jets injected into 
crossflow and to describe the influence of the double liquid jets. Thus, the jet penetration height correlation for 
the single liquid jet injector and double liquid jet injector is determined.  

 
Experimental Methods 
 
The penetration heights of a double liquid jet and a single liquid jet in JICF were studied by using a liquid 

ramjet experimental facility. A schematic diagram of the experimental apparatus is illustrated in FIG. 1. The 
experimental facility consisted of an elevated ambient pressure supply system, vitiated air heater (VAH), test 
section, and the pressure and flow rate measurement section. The elevated ambient pressure supply system 
consisted of a higher-capacity compressor, an air dryer, an air storage tank and a pressure control valve. In this 
study, the same air conditions as in a real flight, were set by the vitiated air heater (VAH). 
The test section had a height of 100mm and a width of 100mm. The visualization windows, made of tempered 

glass, were installed on 2 sides of the test section, and 1 on the top. In order to maintain constant quantity of 
crossflow, a sonic nozzle was installed in front of the test section, and to measure and control the pressure of the 
test section, a pressure regulating valve and an orifice were used. The pressure and flow-rate measurement 
section were composed of a pressure sensor, data acquisition board, and micro-manometer. Also, the liquid jet 
penetrations in the JICF were analyzed by the shadowgraph method using a high-speed digital camera and a 
stroboscope. The shadowgraphs of the liquid jet were taken with Canon EF 50mm f/1.8 lens, and were 
synchronized with the digital Camera (Canon EOS 20D) and the stroboscope. In this study, 20 instantaneous 
images were taken for each test condition. The original images were taken image processing such as background 
subtraction, histogram equalization, and thresholding using self-developed image-processing program. 
FIG. 2 shows the test section and injector shape. The single orifice injector (SOI) and double orifice injector 

(DOI) were adopted. Especially, the double orifice injector was used to study the increase in jet penetration due 
to the interaction between the liquid jets. The specifications of the injectors are tabulated in Table 1.  
The experimental test conditions are tabulated in the Table 2.  
In JICF, due to its interaction with the crossflow and, for the case of the flush jet in the crossflow, the spray and 

atomization pattern is a more complicated than that of a free jet in quiescent surroundings.[2]  
In this study, the momentum flux ratio and the Weber number were computed for both jet combined (not the 

rear jet only), and the effect of Weber number was not taken into account to evaluate the jet penetration height of 
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JICF. Also, in this study, the jet-to-air momentum flux ratio (q) and the mass flowrates of SOI and DOI were 
adjusted to be the same to identify the increased penetration height of the DOI under same flowfield conditions.  
 
 
 
Results and Discussion 
 
1. Single orifice injector 
In FIG. 3, the jet penetration height of SOI is shown with the variation of the jet-to-air momentum flux ratio (q). 

The momentum flux ratio (q) is induced from the different temperature and pressure conditions with the cold 
flow conditions. In the test conditions, as the jet-to-air momentum flux ratio (q) and liquid jet velocity increased, 
the jet penetration height increased. At, vj=2.9m/s, the liquid column was smooth immediately after injection. As 
vj increases, droplets were generated by the waves on the leeward side of the liquid column, and the jet 
penetration increased. These results were in agreement with the results of other researchers.  
In FIG. 7, the power-law correlation revealed the best-fit results of jet penetration height, unheated crossflow, 

all conditions crossflow, and heated crossflow. In Eq. (1), parameters A, B and C were determined independent 
of the error information provided by NLREG (Nonlinear Regression and Curve Fitting), and the model with the 
least average deviation was chosen. Eq. (1) after regression analysis yielded Eqs. (3), (4) and (5) with an average 
deviation of 1.68, 1.72 and 1.91, and coefficient of determination R2=94.4%, 93.6% and 91.8%, respectively.  
 

2.291 ∙ q . ∙
.

     : unheated crossflow of SOI     (3) 

2.267 ∙ q . ∙
.

     : all conditions of SOI          (4) 

2.241 ∙ q . ∙
.

     : heated crossflow of SOI       (5) 

 
The jet penetration heights of unheated crossflow were slightly higher than the jet penetration heights of all 

heated crossflow conditions. When the temperature of the crossflow increased, jet penetration was allowed the 
contradictory impact. First, jet penetration was increased because of the reduced density of the crossflow as the 
temperature rose. On the other hand, the jet penetration was reduced because of the increase of crossflow 
velocity to meet the same the jet-to-air momentum flux ratio (q). In the case of the heated crossflow, the 
increased crossflow velocity had a greater impact on the jet penetration height than the reduced density of the 
crossflow did. These results were consistent with the correlation of Lakhamraju et al.[23], in which the increase 
in airstream temperature resulted in decreases in liquid jet penetrations. In Eq. (6), derived by Lakhamraju et 
al.[23], jet penetration is only slightly negatively dependent on crossflow temperature. 
 

1.844 ∙ q . ∙ ln 1 1.324 ∙ ∙
.

 : Lakhamraju et al. [23]   (6) 

 
However, the temperatures of liquid jet and the crossflow were changed at the same time in the correlation of 

Lakhamraju et al.[23], whereas the temperature of crossflow was changed only in the present heated condition. 
Therefore, it can be identified the effect of increased velocity on jet penetration height between increased 
velocity and reduced density of heated crossflow. 
FIG. 5 shows the penetration height calculated by various correlations of the basic power-law form at d=1mm, 

q=10 and We=13.7. The correlations of this study give similar results with those of Iyogun at al.[12] and Birouk 
et al.[15] In the comparison with Wu et al.[9] and Elshamy and Jeng [18], the discrepancies among the 
correlations are obvious. It may be due to the different injector geometry and different image processing method 
used, but the trend of penetration height according temperature are similar to those of Iyogun at al. (2006), 
Birouk et al. [15], Wu et al.[9], and Elshamy and Jeng [18]. So, many of these correlations are applicable to 
specific operation conditions, injector geometries and measurement techniques. 
 
2. Double orifice injector 
FIG. 6 is a 2-step threshold image of the typical spray pattern of DOI and the variation of jet penetration for q at 

Lh=4mm, obtained through image processing used to find the jet penetration height. The jet penetration height of 
the rear orifice rapidly increased at the intersection point with front liquid jet. In addition, the slope of the rear 
liquid jet, at the initial region of injection, was larger than that of the front liquid jet because of the reduction of 
the crossflow drag. As a result, since the front liquid jet acted as a shield of the rear liquid jet, the jet penetration 
of DOI was higher than that of SOI. Also, the jet penetration is increased, with increases of the jet-to-air 
momentum flux ratio (q), and liquid jet velocity (vj).  
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FIG. 7 shows the penetration height from the rear orifice of DOI according to nozzle spacing (Lh). At Lh= 4 
(mm), the jet penetration height of DOI was much higher than that of SOI. The penetration height of the rear 
liquid jet was decreased as the nozzle spacing was increased. When the nozzle spacing was 12mm, the jet 
penetration from the rear orifice of DOI was as almost the same as the penetration height of SOI. These results 
were due to the reduction of crossflow drag at the rear liquid jet when nozzle spacing was decreased. However, 
as nozzle spacing was increased, the reduction of the crossflow drag disappeared. Eventually, in the case of DOI, 
the jet-to-air momentum flux ratio (q) and the nozzle spacing (Lh) became the major factors affecting penetration 
height. In addition, if Lh > 14mm, the penetration height is expected to hardly increase. 
In FIG. 8, the correlation of the jet penetrations of the rear liquid jet of DOI is shown with the change of the 

nozzle spacing. The power-law correlation revealed that the best-fit results for the jet penetration heights, for Lh 
= 4, 8, 12 mm, were correlated with the average deviation of 1.84 and coefficient of determination R2=94.4%. 
The modified correlation obtained is as follows: 
 

3.060 ∙ q . ∙
.

∙
.

                       (7) 

 
As stated earlier, to determine the influence of (Lh/d) on jet penetration height, the term (Lh/d)n was added to 

the equation. As the nozzle spacing (Lh) increased, the jet penetration height decreased, showing the inverse 
relationship between nozzle spacing and jet penetration height. 

 
Summary and Conclusions 
 
1. For the single orifice injector (SOI), three correlations of jet penetration height were developed,  

2.291 ∙ q . ∙
.

     : unheated crossflow of SOI     (3) 

2.267 ∙ q . ∙
.

     : all conditions of SOI          (4) 

2.241 ∙ q . ∙
.

     : heated crossflow of SOI       (5) 

 
2. For a heated crossflow, the jet penetration height was lower than that for a cold crossflow because of the 

increase of crossflow velocity, despite lower density 
 
3. For the double orifice injector (DOI), the jet penetration height of the rear orifice jet rapidly increased at the 

intersection point with the front liquid jet. The slope of the rear liquid jet, at the initial region of injection, was 
greater than that of the front liquid jet because of lower crossflow drag. As a result, since the front liquid jet 
acted as a shield of the rear liquid jet, the jet penetration of DOI was higher than that of SOI. Also, the jet 
penetration is increased, as the jet-to-air momentum flux ratio (q), and liquid jet velocity (vj) increased.  
 
4. For the double orifice injector (DOI), the rear jet penetration height increased as the nozzle spacing 

decreased. The correlation of jet penetration height of the rear liquid jet of DOI was developed, and the modified 
correlation was obtained as follows: 

3.060 ∙ q . ∙
.

∙
.

                       (7) 

As the nozzle spacing (Lh) increased, the jet penetration height decreased, indicating an inverse relationship 
between nozzle spacing and jet penetration height. 
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FIG. 1 Schematic diagram of experimental setup 
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(a) Single orifice injector (SOI)   (b) Double orifice injector (DOI) 
 

FIG. 2 Injector shape 
 

 
FIG. 3 Penetration height of SOI (va=100m/s, Ta=500K, d=1.0mm) 

 

 

(a) Correlation of penetration height for unheated air conditions 
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(b) Correlation of penetration height for all conditions 

 
(c) Correlation of penetration height for heated air conditions 

 
FIG. 4 Correlation of penetration height of SOI 

 
 

 

FIG. 5 Penetration heights with various correlations 
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FIG. 6 Penetration height of DOI with various q. (Lh=4mm, Ta=293K)  

: (a) q=29.1, (b) q=9.7, (c) q=16.5 and (d) q=18.7  

 

       
 

   FIG. 7 Penetration height according to nozzle spacing in rear orifice of DOI (Ta=293K) 
 
 
 

       
   (a) Correlation of jet penetration (Lh = 4 mm)     (b) Correlation of jet penetration (Lh = 8 mm) 
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(c) Correlation of jet penetration (Lh = 12 mm) 

 
FIG. 8 Correlation of penetration height in rear orifice jet of DOI 

 
Table 1 Specification of injector 
 

 Single orifice injector (SOI) Double orifice injector (DOI) 

d (mm) 1.0, 1.8, 2.1 1.3 × 2ea 

L/d > 10 > 10 

Lh (mm) - 4, 8, 12 

 
 
Table 2 Experimental test conditions 
 

Parameters Values 

Crossflow 

Pressure  [Pa] 1 ~ 5.1 (atm) 

Velocity  [va] 40 ~ 100 (m/s) 

Temperature  [Ta] 293, 500 (K) 

Viscosity  [μa] 1.83×10-5 ~ 3.55×10-5 (N·s/m2) 

Density  [ρa] 1.19 ~ 0.457 (kg/m3) 

Liquid Jet 

Fluid Water 

Pressure  [Pj] 2 ~ 8 (atm) 

Velocity  [vj] 3.3 ~ 9.6 (m/s) 

Temperature  [Tj] 298 (K) 

Viscosity  [μj] 1.0×10-3 (N·s/m2) 

Density  [ρj] 998 (kg/m3) 

Surface tension  [σj] 7.28×10-2 (N/m) 

Jet-to-air momentum flux ratio (q) 2.0 ~ 29.1 

Weber number (We) 5.3 ~ 47.9 

 


