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Abstract. The paper describes the results of numerical study of flow in the exhaust jet of turbofan engine CFM
56-3. Influence of computational domain decomposition, grid refinement and flow model on the jet flow field is
discussed. Special attention is payed to simulation of nucleation and condensation processes in the exhaust jet.
Growth of water clusters in the jet and cluster distribution in size are obtained.
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1 INTRODUCTION

Investigation of physical-chemical transformations in essentially inhomogeneous gas flows imposes high demands
on accuracy of fluid flow field calculations that is usually accomplished by grid refinement and its adaption to the
flow structure. Physical-chemical transformations often proceed not in the whole flow, but only in a confined flow
area. The flow in exhaust jets behind an aircraft provides an example of such a confined area which is a small part
of an aircraft jet-vortex wake. Simulation of flow in an exhaust jet and modeling of water condensation in it is the
subject of the present study. This problem is a part of the significantly more complex problem of flow simulation
around an aircraft and development of two-phase jet-vortex wake behind it [1].

As is known, the water vapor is an inherent component of aviation kerosene combustion products. Interest in the
study of the process of water vapor condensation is due to several reasons. Condensation trails (contrails) can
result in formation of cirrus clouds that violate the natural Earth’s radiative balance and may contribute to climate
change [2]. Local and global aviation influence on the atmosphere is the subject of close attention and discussions
both among scientists and environmentalists and even among politicians. A wake behind a modern heavy cruise
aircraft represents a strongly disturbed vortex flow. Another aircraft can suffer an accident, getting into such a
vortex structure. Drops and ice crystals of water, forming in exhaust jets, can be used for visualization of vortex
wake and vortex danger degree prediction. Such diagnostics is of great importance in regions with high-density air
traffic. The phenomenon of arising and evolution of contrails is the subject of several sciences and their interface,
such as aerodynamics, physical-chemical gas dynamics, non-equilibrium thermodynamics, molecular gas
dynamics, physics of atmosphere. Therefore, all these disciplines need to be taken into account altogether in order
to provide correct physical description of this phenomenon.

This paper presents the results of computational simulation of the flow structure and modeling of the initial stage
of water vapor condensation in exhaust jet of the turbofan engine CFM 56-3, which is used in passenger planes
Boeing-737. The main aim of the work was to study the influence of computational domain decomposition, grid
refinement and the flow model on the jet flow field. Attention was focused on distribution of temperature along
and across the jet, which is important for the following calculation of water condensation. A search for grid
settings with a relatively small number of cells, providing the acceptable accuracy for calculating turbofan engine
jet, is of great importance for full numerical simulation of flow around an aircraft and in the jet-vortex wake,
because a required number of grid cells in the full problem is many times larger than that for the single jet.
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2 NUMERICAL SIMULATION

2.1 Modeling and numerical approaches

Calculation domain was a cylinder with a diameter of 7.14 m and 20.73 m long, which roughly corresponds to 9
and 27 external diameters of the exhaust duct annular outlet. Diameters of exhaust duct annular outlet are 0.51 and
0.76 m, and diameters of bypass duct annular outlet are 1.07 and 1.43 m.

Jet stream has been modeled on three variants of structured block grids with the number cells 1, 4 and 16 million
and on unstructured grid. Spatial discretization of the computational domain has been adapted to the geometry of
ducts outlets and to the flow features, in particular, to the gradient of flow parameters at the nozzles exits and in
the jet. Several models of flow were used: the Euler, Navier-Stokes and Reynolds equations with Menter k-w SST
turbulence model. In the latter case, in addition to distributions of temperature and vorticity, field of turbulence
kinetic energy was computed. Comparison of results obtained on the basis of the Euler and Navier—Stokes models
made it possible to estimate the numerical viscosity of simulation. The following comparison with the results of
flow simulation on the basis of the Reynolds equations clarified the role of turbulent viscosity in formation of
fields of temperature and other parameters. Temperature and velocity at exits of exhaust and bypass ducts were
taken from the thermodynamic calculation of fuel combustion products as boundary conditions. Their values were
found to be 883.36 K and 236.4 K, and 517.37 m/s and 366.86 m/s respectively.

For simulation of the initial stage of water vapor condensation in a jet, the discrete condensation model was used
[3]. Initially it was assumed that the formation of clusters consisting of two molecules is the result of three particle
collisions: two monomers and a third particle, carrying out the energy of recombination. Also further molecules
clashes with already formed clusters and inter-clusters collisions were accounted. The theory is based on selection
of a number of discrete coupled states of molecules and consideration of kinetics of the transitions between these
states. The advantage of this approach is the ability to analyze and simulate the stage preceding the formation of
the critical embryo, which, as is well known, the classical theory of condensation does not allow to do.

2.2 Discussion of results

In Figures 1, 2 and 3 the results of calculations for the RANS approach with Menter k-« SST turbulence model
are presented. The CFD simulation has been done using the ANSYS software (ANSYS ICEM CFD, ANSYS
CFX). The shown results are obtained for the case of 4 million grid cells. The z-coordinate in Figures is directed
toward the opposite direction of flow and is calculated from the exhaust duct exit. Distribution of water clusters in
size is calculated using the software by our colleague Dr. A.A. Gorbunov.

In the Figure 1 on the left hand side are given seven streamlines going from the exhaust duct outlet and on the
right hand side are shown graphics of turbulent kinetic energy along these streamlines as a function of distance
from the nozzle z. It is seen that lines are different till z=-10m and then they merge until the end of the
calculation domain. Turbulence kinetic energy displays a flow turbulence level that in the turbofan jet case has
maximum in the area, where exhaust and bypass ducts streams are mixing. Downstream flow becomes more
homogeneous.

Figure 2 presents plots of the temperature distribution along the same seven streamlines (left) and a field of
temperature in the calculation domain in the plane of symmetry (right). As mentioned, the temperature field in the
jet is important for the following calculation of water condensation. Temperature along the streamline #1 that is
closer to the flow from the bypass duct falls faster than the temperature along the streamline #7 that goes along the
engine geometry surface. That’s why temperature along the 7" streamline for the first five meters stays very high
and only after z=-6 m it starts to fall from 883.36 K to 390 K. Downstream, when the flow becomes more
homogeneous, all temperature lines on the plot merge as temperature in the stream tends to a single value.

Interesting results are shown in Figure 3. The left plot demonstrates the growth of the number of water clusters of
fixed size in the 4™ central streamline. At the exhaust duct outlet existent clusters contain not more than 6
molecules of water. Larger clusters appear with increasing distance from the nozzle at the same time keeping great
number of clusters with a few number of water molecules (see also the right plot). The largest cluster at the end of
calculation domain contains about 20 molecules H,O. Larger particles cannot be formed because of high
temperature at the outlet boundary (390 K at z=-20 m). The right plot in Figure 3 shows the distribution of
clusters in size in the taken streamline #4 at different relative distance from the engine exit.
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Figure 1: Streamlines going from the exhaust duct outlet (left) and the distribution of turbulence kinetic energy
along these streamlines versus distance from the nozzle z (right).
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Figure 2: Temperature along seven streamlines from exhaust duct outlet versus distance from the nozzle z (left)
and the field of temperature in the calculation domain in the plane of symmetry (right).
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Figure 3: Number of water clusters with N molecules versus relative distance from the exhaust duct outlet (left)
and distribution of clusters in the number of molecules at different relative distances from the nozzle exit (right).
Ze is z-coordinate of exhaust duct outlet, and D = 0.76 m is its external diameter. All curves are obtained for the

central jet streamline #4 (see in Fig. 1).

3 CONCLUSIONS

Presented work is an intermediate stage of solving the more complex problem of flow simulation around an
aircraft and development of two-phase jet-vortex wake behind it. The flow structure and the initial stage of water
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vapor condensation in exhaust jet of the turbofan engine CFM 56-3 were investigated. Jet stream has been
modeled on three variants of structured block grids with the number of cells 1, 4 and 16 million and on
unstructured grid. Several models of flow were considered: the Euler, Navier-Stokes and Reynolds equations with
Menter k-w SST turbulence model. It was found that jet flow properties strongly depend on turbulent viscosity and
grid refinement. The study of temperature distribution along and across the exhaust jet has shown that temperature
decreases unequal across the jet and temperature value influence on cluster size. The process of water clusters
growth in the exhaust jets was simulated, and the cluster size distributions at different distance from the exhaust
duct exit was obtained and explained from the physical reasons.
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