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ABSTRACT 

 
The flow and mixing properties of confined transverse jets are relevant to a myriad of 

combustion devices ranging from propulsion to energy generation and chemical processing. The 
current effort focuses on understanding the mixing process between a transverse jet mixing in a 
confined system. The current study involves the simulation of a single confined transverse jet 
configuration under matched conditions of a companion experiment.  The main flow Reynolds 
number considered is in the range of 25000 - 53000 and the jet-to-main flow momentum flux ratio is 
varied from 3.2 -14.3.  The momentum and scalar mixing is investigated through the solution of the 
Reynolds-Averaged Navier Stokes (RANS) equations.  The mean scalar mixing characteristics are 
compared to experimental data.  The turbulence model that is used is the low Reynolds number k-ϵ 
model. Due to demonstrated symmetry, only a one-half section of the geometry is considered. All 
numerical simulations capture salient flow structures such as the counter-rotating vortex pair 
(CRVP).  The current investigation shows the numerical simulations predict the experimental data 
with a good degree of accuracy.    

Nomenclature 

A, b, c = empirical constants  
C = local mean mass fraction of the jet 

C              =   average mass fraction of the jet over the cross sectional area A 
D = diameter 
J = momentum flux ratio 
m  = mass flow rate 
n = number of jets 
Q = volume flow rate 
r = velocity ratio 
x = stream-wise coordinate 
y = cross stream coordinate 
j = subscript for jet flow 
Us             =  Unmixedness 

INTRODUCTION 

Transverse jets, or jets in cross flow (JICF) provide an effective mixing mechanism, via 
vortical structures, that can be utilized in a number of applications. Examples of these can be 
found in propulsion combustion devices, chemical scrubbers, snow makers and air conditioning 
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units. Generally the intent in all of these applications is to expedite the uniform distribution of the 
jet’s fluid within the crossflow.   

This type of configuration offers a number of technical challenges for design tools such 
as CFD depending on the application; including turbulent combustion, complex geometry with 
strong streamline curvature, very large density ratios between the mixing fluids, and transcritical 
phenomena due to the high operating pressure. A recent study summarized by Davoudzadeh et 
al. explored the CFD validation to an existing eight jet configuration documented in the literature 
1. The current validation effort builds upon this previous study through the consideration of fewer 
jets and different measurement locations.  The purpose of this phase of the validation effort is to 
establish a foundational methodology that is able to accurately simulate the complex geometry in 
a higher fluid density configuration. This will essentially establish a departure point as we 
incrementally add salient features, including density ratio, high pressure, and chemistry. 

The experimental configuration was numerically modeled using the commercial Fluent 
software program. The computational work was performed to identify the current capabilities of 
Fluent in modeling the complex flow structures encountered in JICF, and to identify the 
appropriate CFD model elements (solver, turbulence model, computational extend and grid, etc.) 
related to the flow regime under consideration. Current simulations show a good comparison 
between the computational results obtained by Fluent and the experimental results. The effort 
also has identified relevant CFD parameters (turbulence model, geometry and grid distribution, 
solver type) of importance in this flow regime. Effort is continuing to perform more detailed 
calculations looking into grid resolution, boundary conditions, and solver models.   

Demuren categorized four different models, in terms of accuracy, that has been used in 
investigations of the JICF:  empirical, integral, perturbation and numerical 2. The empirical method 
is the simplest model that relies on the correlation of experimental data, and the accuracy of an 
empirical model will in general depend on whether a given point of interest lies within the cloud of 
data used for construction of the correlation; the empirical model is essentially a curve fit. Due to 
their low cost and ease of use, empirical models are most useful for first-order estimates and as 
qualitative checks for results produced by other methods. 

One of the most common JICF attributes treated using empirical models is the jet 
trajectory. For a single circular turbulent jet injected normally into a cross flow, the trajectory has 
the form 2:   

c

b
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aJ

D

y




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


                                               (1) 

where D is the jet diameter, J is the momentum flux ratio, x and y are the cross-stream and 
stream-wise coordinates of the jet trajectory, and a, b, and c are empirical constants. In the range 
of J between 2 and 2,000, the constant a has a value between 0.7 and 1.3, b has a value 
between 0.36 and 0.52, and c takes a value between 0.28 and 0.40, depending on experimental 
conditions 2. 

On the other end of the spectrum, Demuren pointed out that “numerical models have the 
most potential for wide generality and can, in principle, be applied to the whole range of jet in 
cross flow situations, confined or unconfined, low, medium or high J, single or multiple jets, 
impinging on a wall or on other jets, swirling, homogeneous or heterogeneous cross flow, 
compressible or incompressible, etc 2.”  

The research results presented in this paper numerically investigates the various flow 
characteristics experienced when a single and cross flow interact in a confined configuration, and 
studies the induced resultant flow structures and their contribution to the mixing of the two 
constituents.   



3 
American Institute of Aeronautics and Astronautics 

Distribution A: Approved for public release; distribution unlimited 

 COMPUTATIONAL DOMAIN AND BOUNDARY CONDITIONS 

The geometry and flow conditions investigated in this computational study match a 
companion experiment.  A few brief details of the experiment are given here, while further 
information regarding the experimental facility and measurements is given by Forliti and Salazar3. 
The experiment utilizes hardware that is capable of injecting from one to six jets into a fully-
developed cross flow.  The computational model of the experiment is shown in Fig. 1.  It should 
be noted that this geometry is constructed for the CFD analysis and is considered too closely 
represent the experimental configuration.  The use of an outlet off the axis of the main flow as 
shown in the figure is employed in the experiment to allow optical access through a window on 
the downstream end of the exhaust plenum.  Only the top jet is used in the current study.   

 

 

 

Figure 1. Geometry in the vicinity of the jet injection system. 

 

Figure 2 shows the grid distribution on and around an injection port, and at the exit of the 
mixed flow. A total of approximately 3M mixed grid elements are used. As shown in the inlet/exit 
grid distribution, no singularity axis is used in the construction of the grid. Wall grid distribution 
corresponds to a y+ < 1. 

 

Figure 2. Grid distribution near a) the injection port and b) outlet port. 
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Figure 3 shows the computational domain and boundary conditions used in the 
simulations. To take advantage of symmetry in the geometry, a 180 section of the geometry is 
simulated, with a plane of symmetry boundary condition. The downstream boundary is located 8D 
downstream of the diluent injection port, where D is the main pipe diameter. Note that for this 
study the details of the exhaust section including the sudden expansion and side outlet were 
removed; the influence of the downstream geometry will be explored in the near future. This 
subdomain uses 2.2M hexahedral only grid elements. The upstream boundary is a fully-
developed pipe flow boundary condition that is calculated on a separate domain that uses 
periodic boundary conditions to efficiently produce a fully-developed state. The exit BC uses the  

 

 

Figure 3. Computational domain and boundary conditions. 

 

static pressure and is set to standard atmospheric pressure. The jet to main flow diameter ratio 
(d/D) is 0.12 and matches the experiment.  Water is used for both flows.  To reflect the operating 
space of the experiment, the main flow rate was varied while the jet flow is held constant.  The 
experimental measurements were made at a distance of three main pipe diameters D 
downstream of the injection location. 

 FLOW SOLVER AND OPERATING CONDITIONS 

All simulations are three dimensional, second-order accurate, and uses Ansys-Fluent 
(pressure-velocity coupled) flow solver Release 14.5. Equations solved are x-, y-, and z-
momentum, energy, turbulent kinetic energy (TKE), turbulent dissipation rate (TDR), species 
mass fraction, and continuity. The second-order spatial discretization solution method was used 
in all calculations.  The low Reynolds number k- model was used, although other models were 
considered which in general degraded results compared to the experimental data. The default 
value of the turbulent Schmidt number of 0.7 was used. 
 

All the results presented are after the numerical iteration has converged. Convergence is 
considered achieved when the residuals of the equations being solved have dropped by 
approximately four orders of magnitude, the residual gradients have approached  zero and have 
plateaued, there are negligible changes in the flow variables, and mass is conserved throughout 
the computational domain.  All calculations are performed on a one CPU processor with 4 cores 
workstation. Simulations using Fluent typically took approximately 10,000 iterations to achieve a 
fully-converged solution.  This typically took about 24 hours, dependent on how many grid points 
were used. On the quad-core Intel Zeon processor the clock time used was 25 x 10e-3 
microseconds per iteration per grid point. 
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RESULTS AND DISCUSSION 

Forliti 4 and Forliti and Salazar 3 proposed that a new scaling parameter for transverse 
jets is the parameter 
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where the term B, shown as a complex expression of J, correlates the jet trajectories of 
transverse jets, and (d/D) is the jet to main pipe diameter ratio. Forliti and Salazar show that the 
mixing properties of a single confined transverse jet scales with B(d/D), therefore this parameter 
is considered a candidate for defining flow regimes.  Table 1 shows the operating conditions in 
terms of B(d/D) and J for the present study.  Forliti and Salazar found that the locally optimum 
mixing point is associated with a B(d/D) of 0.75 over a range of diameter ratios from 0.12 to 0.21.  
Strong impaction occurs for B(d/D) > 1.  

  

Target B(d/D)-
experimental 

Actual B(d/D)-
experimental 

Actual J 
experimental

Computational J 

0.25 0.232 3.2 3.2 

0.50 0.49 8.18 8.2 

0.75 0.747 14.27 14.3 

   20.3 

   28.3 

 

Table 1:  Summary of operating conditions. 

 

Figure 4 shows the RANS simulation results in the symmetry plane for a momentum flux 
ratio of 14.3.  The figure shows the distributions of the jet mass fraction, mean stream-wise 
velocity (x velocity), and mean normal velocity (y velocity).  For this particular case, the jet 
penetrates well into the pipe flow leading to a slight bias of jet flow along the lower side of the 
pipe.  The strong velocity gradients are seen to smooth out with downstream distance due to 
turbulent diffusion.  Although the jet penetrates well into the pipe flow, the interaction with the 
other wall appears to be relatively weak.  One of the primary considerations of the validation 
study is to determine how the CFD performs through the operating space of this flow, including 
conditions where the jet impacts on the wall.  Jet-wall interactions may lead to complications for 
the CFD if large-scale unsteadiness develops that is not accurately captured by the turbulence 
model.   
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Figure 4.  Flow field solution for J = 14.3. 
 

Figure 5 shows the mixture fraction distributions for the three J values considered in this study.  
As expected, an increase in J results in a jet that penetrates further into the pipe flow.  The lowest 
J value of 3.2 leads to a jet that quickly deflects and the jet fluid is concentrated on the top half of 
the pipe flow for the whole stream-wise domain.  Figure 6 shows the cross plane mean mixture 
fraction distribution comparisons between experiment and CFD.  The comparisons indicate that 
the CFD performs well compared to the experiment in that the jet core movement across the pipe 
is accurately predicted.  The structure of the mixture fraction distribution does show some 
differences, as the CFD tends to have a more complex distribution exhibiting a strong ‘kidney’ 
shape.  In general, the diffusion of the jet appears to be slightly reduced compared to the 
experiment, as indicated by the presence of nominally unmixed core fluid along the periphery of 
the pipe wall.  The plots on the right side of Fig. 6 compare the experimental and computational 
mean mixture fraction profiles along the plane of symmetry.  Again the computational solutions 
perform well, matching the general trend of the experiment.  The peak mixture fraction 
distributions are slightly higher for the CFD, indicating that mixing is slightly under-predicted.   
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Figure 5.  Mean mixture fraction distributions for different momentum flux ratios. 

 

 
 

 
                     Figure 6.  Distribution and profile comparison of the mean mixture fraction for   

                                experimental and CFD for J equal to 3.2, 8.2, 14.3, 20.3, and 28.3. 
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Figure 7 shows comparisons of the J = 8.2 case in the symmetry and normal planes.  
The figure further supports the trend that the computations reflect the trend quite well, with some 
differences in the quantitative details.   

 

Figure 7.  Symmetry and normal plane comparisons between experiment and CFD. 

Figure 8 shows the mean stream-wise vorticity distributions for the different cases.  The 
velocity field was not measured experimentally, thus no validation comparison can be made.  The 
distributions were extracted at an x/D = 3.  The distributions, in particular at higher J, are 
representative of the Deans vortex structure that develops downstream of an elbow in pipe flow.  
The peak magnitude of the vorticity is nominally constant for all cases.   
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Figure 8.  Mean stream-wise vorticity distribution and the corresponding jet mass 
fractions. 

SUMMARY AND CONCLUSIONS 

A validation study is currently being conducted on incompressible confined transverse 
jets.  The validation study shows that the adopted CFD approach is able to accurately predict the 
qualitative aspects of the mixing field.  Quantitatively, the mixing appears to be slightly under-
predicted.   

FUTURE WORK 

The present study is part of an overarching effort to validate CFD models for prediction in 
liquid rocket engine combustion devices, in particular the oxygen-rich preburner.  The current 
state of the effort is focused on the fluid mechanics of confined transverse jets.  Future work will 
consider alternative turbulent Schmidt numbers to see if the quantitative comparisons can be 
improved.  Alternative turbulence models will also be considered.  Additional physical aspects will 
be incrementally introduced to the problem, including large density gradients, real fluid effects, 
and finally chemical reaction.   
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