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Abstract

A numerical investigation of heated jets discharg-
ing into a subsonic stream is presented for per-
pendicular and inclined injection. Numerical re-
sults are compared with the experimental tem-
perature distributions for blowing ratios between
0.1 and 2.0. The effects of turbulence models
are discussed and improvements on jet spread-
ing and near wall temperature has been noticed
for non-linear k- models. The alignment of the
discharging flow seems to be directly associated
with the difficult in predicting the temperature
field downstream for every turbulence model. A
study on the influence of turbulent Prandtl num-
ber and initial turbulent intensity on the spread-
ing rate has also been carried, revealing a weak
dependence on both turbulent parameters.

1 Introduction

Jets arranged in crossflow with respect to a main
flow are very commonly used in a large num-
ber of applications [I]. In the aviation industry
two very representative examples are the cool-
ing of turbomachinery blades [?] and auxiliary
air outlets of aircraft systems [3, 4]. The goal of
blade cooling is to create a film of fluid that keeps
the turbine blades below their maximum opera-
tional temperatures, whereas auxiliary air outlets
are part of subsystems that must provide the re-
quired air flow rate for the proper operation of a

main system. Some studies available in the liter-
ature for auxiliary air outlets are focused in eval-
uating the total pressure loss (or discharge coef-
ficient) which affects the performance of the air
outlet [5, 6]. With that respect, there is a reason-
able amount of information for different geome-
tries and operating conditions.

One important parameter used to describe
jets in crossflow is the blowing ratio M =
P;U;j/PeUse, which compares the momentum of
the jet with the freestream momentum. The
Reynolds number is also a relevant parameter
in this analysis and the experimental data avail-
able in open literature may not cover all range of
blowing ratios and Reynolds number of interest.
Therefore, having a well validated CFD (Compu-
tational Fluid Dynamics) process is not only an
important design tool, but also may help fill gaps
of information in the literature.

In the mid 70’s, Ramsey and Goldstein []
performed an experimental investigation of the
interaction of a heated jet with a deflecting stream
at ambient temperature for several jet blowing
ratios. Measurements of temperature profiles in
several locations downstream the jet exit hole are
presented to characterize the three dimensional
temperature field with a jet Reynolds number is
of the order of 10*. Another relevant experi-
mental work was conducted by Baldauf et al.
[2]. This work has a similar Reynolds num-
ber range compared to Ramsey and Goldstein [&]
(6800 to 14000), and considers three outlet an-



gles: 30deg, 60deg and 90deg, different temper-
atures ratios and a range of blowing ratios. The
authors present results for local adiabatic effec-
tiveness at the wall. Carlomagno et al. [10] per-
formed a test similar to that conducted by Ram-
sey and Goldstein [8] with an outlet of smaller
diameter and laminar boundary layer. Informa-
tion about turbulent properties (turbulent kinetic
energy and shear stresses) and heat transfer were
also reported. The work of Baldauf et al. [?]
has been simulated by Harrison and Bogard [12]
with different turbulence closure strategies for
the Reynolds Averaged Navier-Stokes (RANS)
equations. This work has an interesting revision
of the literature about simulation of film cooling
performance and there is no general recommen-
dation about a unique turbulence model that per-
forms well for all aspects of this problem. In
that work, three turbulence models were eval-
uated, but none of them could provide a good
match with experiments for all evaluated param-
eters. Ivanova et al. [9] evaluated the influence
of re-calibrating the values for turbulent Schmidt
and Prandtl numbers for jets in crossflow. The
RANS results have also been compared with LES
(Large-Eddy Simulation) results, which showed a
better agreement with experimental data. Gold-
berg et al. [I!] presented an algebraic formu-
lation to account for the turbulent Schmidt and
Prandtl number as a field variable. In that work,
the method was applied for several flow cases,
including a scramjet and impinging jet. Improve-
ments in the simulations were obtained with the
proposed formulation.

In the present work some experimental tests
are reproduced numerically aiming to assess the
ability of turbulence models based on eddy vis-
cosity in simulating jets in crossflow. The abil-
ity to use eddy-viscosity based models in RANS
simulations is very important in a product de-
velopment environment, due to its relatively low
cost when compared to the very expensive com-
putational resources required to perform analy-
sis using higher fidelity simulations, for example,
Large Eddy Simulations (LES).
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2 Experimental Data

Numerical results are going to be compared with
the experimental data of Ramsey and Goldstein
[8]. This experimental study presents results for
temperature distribution in the wall and near field
for blowing ratios in the range of 0.1 to 2.0 with
Reynolds number for the jet of 9.10% to 8.10%. A
turbulent boundary layer was reached with a trip
wire positioned before the test section. This work
was performed for two geometries, one with the
air outlet perpendicular to the freestream flow
and other with the outlet inclined 35deg with re-
spect to the freestream flow.

3 Numerical Methods

The commercial software CFD++ [13], from
Metacomp Technologies, has been used in the
present work. Steady state simulations were
performed using a preconditioned density-based
solver for the RANS equations. A second-order
spatial discretization scheme and an implicit time
integration has been used. Linear and non-linear
turbulence models were tested. The realizable k-€
[16] and SST [14] were the selected linear mod-
els, while the cubic k-€ [17] and Hellsten [15]
were the selected non-linear turbulence models.
The use of shell conduction was also briefly as-
sessed using the software Fluent with a pressure-
based solver in a coupled, pseudo-transient for-
mulation.

3.1 Computational Domain

The computational domain comprises a cylindri-
cal duct discharging the heated jet into a flat plate
freestream. Two configurations are analyzed in
terms of discharging angle: 90deg and 35deg.
Geometrical dimensions follow the experimental
assembly of Ramsey and Goldstein [&], presented
in Figure 1. The flat plate length was determined
to reproduce the same boundary layer displace-
ment thickness of the experiment in the duct exit
station. The duct length was designed to achieve
a fully developed flow before the exit.
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Fig. 1 Numerical domain

3.2 Computational Mesh and Boundary
Conditions

A mesh dependence study has been carried out in
order to define the computational grid used in this
work. In this study, grid topology and refinement
were investigated and the meshes were evaluated
primarily according to their accuracy in capturing
the main flow features. An unstructured hybrid
mesh of 50M cells was selected for the present
study. This mesh is composed of prismatic el-
ements near the walls to capture the boundary
layer behavior and tetrahedral elements filling the
volume domain not covered by prismatic cells.
At the walls, the first normal cell distance was
limited to ensure y© < 1 for every wall surface.
At the heated jet outlet, a refinement region was
created surrounding the jet mixture zone. The
boundary conditions were selected aiming to re-
produce the wind tunnel experiment of Ram-
sey and Goldstein [8]. For the external flow, a
normal temperature-velocity boundary condition
was used on the external flow inlet and a simple
back pressure condition was imposed at the do-
main outlet. To reproduce the internal flow in the
duct and keep a specific blowing ratio between
internal and external flows, the temperature ve-
locity boundary condition has also been used for
the internal flow inlet. The wind tunnel walls
were all modeled as adiabatic wall. The prob-
lem is considered symmetric on the spanwise di-
rection. Thus, a symmetry plane was included
so that only half of the experimental geometry is
meshed.

4 Results and Discussions

Results are going to be divided in 3 sections. The
first section concerns the improvements achieved
with different turbulence models. Second section
presents a study on the sensitiveness of turbulent
Prandtl number and the use of variable Prandtl
number with cubic k — € turbulence model. A
brief comment is made on the effects of turbu-
lent intensity at the inlets and the effect of shell
conduction at the lower wall.

In this work, temperature is considered by
means of a non-dimensional parameter, defined
as follows:

_ T-T,
Nr = 7,-1.

A set of parameters of interest are defined to
help the assessment of the quality of the numeri-
cal results. These parameters are depicted in Fig-
ure 2 and represent the main features of the shape
of the temperature profiles. The main parameters
of interest are the wall temperature, the peak tem-
perature and the y-location of the peak tempera-
ture. Also of some importance is the y-location
where 77 is reached (jet boundary).

Experimental Temperature Profile

15 i Numerical Temperature Profile
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Fig. 2 Graphical example of the set of parameters
of interest

4.1 Turbulence Models

The numerical simulations were compared to the
experimental data for two different geometries,



outlet duct with angles of 90deg and 35deg to
mainstream flow. The perpendicular outlet was
tested with four blowing ratios: 0.1, 0.5, 1.0 and
2.0, while the 35deg outlet has been tested for
blowing ratios 1.0 and 2.0. Figures 3, 4, 5 and
6 present the results for the perpendicular outlet
and Figures 7 and 8 present the results for the
35deg outlet.

Investigating the result for the lowest blow-
ing ratio for the perpendicular outlet, Figure 3,
it is observed that the wall temperature is over-
estimated numerically for all models. The non-
dimensional wall temperature obtained in the
simulations is consistently higher than the exper-
imental results at all the stations at x/D=0. Mov-
ing spanwise to z/D=0.5, larger differences are
observed only at the first x/D station. At the other
stations, the numerical results present similar or
smaller temperatures. The different turbulence
models provided very similar results.
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Fig. 3 Non-dimensional temperature distribution
for the 90deg outlet with a blowing ratio of 0.1.
Realizable k-€ (- -), SST (- --), cubic k-€ (—),
Hellsten (- - -) and experimental data (0)

The results for blowing ratio 0.5, Figure 4,
show a better agreement between the numeri-
cal and experimental results for the temperature
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at the wall when compared to the blowing ratio
0.1. The differences between the selected differ-
ent models are now more pronounced than they
were for the blowing ratio 0.1. The simulated
peak temperature is higher than the experimen-
tal values up to z/D=0.5, however for z/D=1 the
numerical temperature values tend to be lower
than the experiment. These observations lead to
a conclusion that the numerical results are tend-
ing to promote a slower mixing of the secondary
jet flow with the external flow, with a higher per-
sisting peak at the jet center plane and a slower
decay spanwise.
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Fig. 4 Non-dimensional temperature distribution
for the 90deg outlet with a blowing ratio of 0.5.
Realizable k-¢ (- -), SST (- --), cubic k-&¢ (—),
Hellsten (- - -) and experimental data (o)

Increasing the blowing ratio to 1.0 for the per-
pendicular outlet, seen in Figure 5, an even bet-
ter agreement for the temperature at the jet center
plane, z/D=0 is obtained. SST and Hellsten tur-
bulence models could provide exactly the same
wall temperature of the experiment. The temper-
ature distributions for the stations at z/D = 0.5
still present higher values of temperature, but the
differences are smaller than those seen for the
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blowing ratio 0.5. The temperature spreading has
increased, because of the higher blowing ratio but
the lack of experimental data at stations with z/D
> 1.0 do not allow a comparison of the models
behavior at the jet boundaries. For this blow-
ing ratio, at stations z/D = 1.0, it is possible to
observe high temperatures and a behavior simi-
lar to what was observed for blowing ratio 0.5
at stations z/D = 0.5, large differences close to
the mid of the jet. The numerical results with all
the tested models are providing temperature pro-
files with limited agreement with the experiment.
The largest differences are obtained as on moves
away from the outlet in both x- and z-direction.
The Hellsten model seems to promote the largest
level of mixing between all evaluated models.
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Fig. 5 Non-dimensional temperature distribution
for the 90deg outlet with a blowing ratio of 1.0.
Realizable k-€ (- -), SST (- --), cubic k-€ (—),
Hellsten (- - -) and experimental data (o)

For the highest blowing ratio with the perpen-
dicular outlet, Figure 6, the temperature at the
wall is well captured. In this case, the match-
ing of the wall temperature is mainly due to the
lack of heating seen at the wall due to the large
vertical lifting of the jet. The simulation results

show a two-peaked temperature profile, whereas
the experimental results indicate a more subtle
secondary peak, with an almost monotonic vari-
ation up to the peak temperature value in y/D.
For this blowing ratio the difference between the
turbulence models are larger than the obtained
for blowing ratio 1.0. The predicted y-location
of the peak temperature is different among the
tested models. Once more it is possible to ob-
serve a higher level of temperature spreading for
the Hellsten model, leading to a better agreement
with the experimental results.
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Fig. 6 Non-dimensional temperature distribution
for the 90deg outlet with a blowing ratio of 2.0.
Realizable k-€ (- -), SST (- -), cubic k-¢ (—),
Hellsten (- - -) and experimental data (o)

Investigating the results for the 35deg outlet
for both 1.0 and 2.0 blowing ratios, Figures 7 and
8, it is possible to observe a better agreement be-
tween simulation and experimental results. The
peak temperature is, however, still overestimated,
for all turbulence models. The y-location of the
peak temperature is also higher than those ob-
tained in the experiment. The results for the
blowing ratio 2.0 also presents more differences
in the temperature profile among the turbulence



models, as seen for the 90deg outlet. Also, as
seen for the perpendicular outlet results, a two-
peaked temperature profile is observed. The po-
sition of both temperature peaks and their values
are different than the experimental results.
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Fig. 7 Non-dimensional temperature distribution
for the 35deg outlet with a blowing ratio of 1.0.
Realizable k-€ (- -), SST (- --), cubic k-€ (—),
Hellsten (- - -) and experimental data (0)

In general, it is possible to observe that the
jet trajectory, which is characterized by the y-
location of the peak temperature at the center
plane, tends to be higher in the numerical results
than in the experiments. Moving farther from
duct outlet, the differences between simulations
and experiments increase.

Concerning the wall temperature, it is ob-
served that for small values of blowing ratios the
value of the temperature is over-predicted by the
numerical models. Increasing the blowing ratio,
the difference between the simulations and exper-
imental results decreases. For high blowing ratios
no difference is observed due to the small influ-
ence of secondary flow temperature in the wall.

The use of non-linear turbulence models in-
troduced some new features in the numerical
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Fig. 8 Non-dimensional temperature distribution
for the 35deg outlet with a blowing ratio of 2.0.
Realizable k-€ (- -), SST (---), cubic k-€¢ (—),
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temperature profile shapes which were not ob-
tainable with the linear models. Comparing the
results for the realizable k-& with the cubic k-
€, it is seen that cubic k-g£ consistently pro-
vides a smaller temperature in the centerline,
while the temperature is higher at other z/D sta-
tions, these phenomena are associated with an en-
hanced spreading of temperature.

The Hellsten model presented a better agree-
ment with the experimental results. Close to the
duct outlet, the temperature values of Hellsten
model are similar to what is obtained from the
other models. Moving downstream the jet outlet,
the results from Hellsten model present tempera-
ture values that are similar or below those of the
experiment. Comparing the results of turbulent
to laminar viscosity ratio, Figure 9, it is possible
to see that the amount of turbulent eddy viscosity
generated with the Hellsten model is higher than
what is produced with the other models. This re-
sult is direct related to the increased spreading
rate observed in the temperature profiles with this
model.
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Fig. 9 Comparison of y; /u for different turbu-
lence models in the symmetry plane

This high spreading rate observed can be re-
lated to the results provided by Hellsten [15].
In that work the author performs the compari-
son of the Hellsten models with other k-® mod-
els and with experiment for the spreading rate
of wake, mixing layer, plane and round jets. It
was observed an adequate spreading rate, simi-
lar to the experimental data, for the wake and the
mixing layer, and an excessive spreading rate for
the plane and round jets. The author discuss that
this excessive spreading rates for jet flows was re-
lated to lack of specific calibration for these prob-
lems, which could lead to compromised results
for other problems. The results from other tur-
bulence models show a reduced spreading rate
when compared to experimental data. The in-
creased level of turbulent eddy viscosity provided
by the Hellsten models seems to increase the jet
spreading rate obtained the problem of jets in
crossflow, and, in this case, leading to a better
agreement with experimental data.

Comparing the results from the two duct ge-
ometries, with angles of 90deg and 35deg, it is
observed a better agreement to the experimen-
tal data for the 35deg outlet. The comparatively
larger alignment between the outlet and the main
flow promotes less interference of the jet in the
external flow compared do the 90deg outlet. Fig-
ure 10 shows a comparison between the flows of
the two geometries for a blowing ratio of 2.0.

Fig. 10 Comparative view of the flow for the two
geometries for a blowing ratio of 2.0

4.2 Turbulent Prandtl number

The effect of the turbulent Prandtl number is pre-
sented in figure 11. For this study, baselines sim-
ulations were done with Prr=0.8 and variations
under the range 0.7 to 1.16 were also performed
in order to verify the sensitivity of numerical re-
sults to that parameter. Simulations were per-
formed for realizable k-¢€ and Hellsten turbulence
models, for both 90deg and 35deg duct. Blowing
ratios from 0.5 to 2.0 were simulated for the per-
pendicular outlet and 1.0 and 2.0 for the inclined
outlet. It was observed that the turbulent Prandtl
number effect was similar for all test cases.

Numerical results with larger turbulent
Prandtl number presents higher temperature
peaks near the symmetry plane, at stations z/D=0
and z/D=0.5. As one moves away from this
plane, at station z/D=1.0 for example, the trend is
inverse. That is, simulations with larger values of
turbulent Prandtl number are showing lower lev-
els of temperature far from the jet center plane. In
terms of the y-location of the temperature peak,
minor effects are observed between the simula-
tions. The same is observed for the wall tempera-
ture, which is almost the same for the three cases
analyzed. The trends seen in these simulations
are a direct effect of reduction in the temperature
diffusion rate with the increase in the turbulent
Prandtl number.

For cubic k-€ turbulence model, a dynami-
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Fig. 11 Non-dimensional temperature distribu-
tion for the 90deg outlet with a blowing ratio of
0.5. Turbulent Prandtl number 0.7 (- -), Turbu-
lent Prandtl number 0.88 (- - -), Turbulent Prandtl
number 1.16 (- - -) and experimental data (o)

cally varying turbulent Prandtl number is also
available in the CFD solver. An algebraic
Reynolds stress model is used to include the tur-
bulent Prandtl number as a field variable [11].
This model was also simulated for normal and
inclined injection for several blowing ratios and
its influence in numerical results was found to be
small for all test cases. Numerical results with
variable and fixed turbulent Prandtl number are
compared in figure 12.

The temperature profiles from simulations
with variable and fixed turbulent Prandtl number
show minor differences among them. The dif-
ferences are due to the increase in the turbulent
Prandtl number in the variable model, producing
jets with different spreading rates. The variable
turbulent Prandtl number model did not improve
the predictions for this particular study.

The effect of varying the turbulent Prandtl
number for this problem was found to be of sec-
ondary importance in influencing the temperature
distribution. Furthermore, considering that tur-
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Fig. 12 Non-dimensional temperature distribu-
tion for the 90deg outlet with a blowing ratio of
0.5. Cubic k-¢ with fixed Prandtl number of 0.88
(- -), Cubic k-& with variable Turbulent Prandtl
number (- - -) and experimental data (o)

bulent Prandtl number lies near 0.9 for general
flows [11], there is little justification to impose
different global values for this case. The analy-
sis presented here should be regarded mostly as a
sensitivity assessment only.

4.3 Other effects studied

A sensitivity study has been carried out increas-
ing the ratio of turbulent to laminar viscosity in
the flat plate inlet. The tests used a baseline
value and a value 4 times higher than that used
as baseline. Almost no effect has been noticed
for this test in terms of temperature downstream
the jet mixture zone. Numerical results indicate
that in the mixture zone the ratio of turbulent to
laminar viscosity is more than 10 times the inlet
value and the turbulence produced by the jets in-
teraction seems to dominate the mixture process
downstream. Also, in order to evaluate the need
for modeling the heat conduction in the walls,
an investigation for blowing ratio 0.5 was per-
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formed using shell conduction. As the experi-
mental work do not provide information about
wind tunnel walls in terms of thickness and con-
ductivity, some values were freely assumed to
perform the study. The effects of wall conduction
in the temperature profiles were restricted to the
near wall region. Minor differences in the tem-
perature field have been noticed close to the jet
center line. As expected, a more uniform temper-
ature distribution was observed in the walls due
to heat conduction on the walls.

5 Conclusions

In the present study the effect of numerical mod-
eling choices for the problem of a hot jet in cross-
flow was verified. Four different turbulence mod-
els were analyzed in a range of blowing ratios
from 0.1 to 2.0. Two different injection angles
were also evaluated. The influence of the turbu-
lent Prandtl number, turbulent intensity level and
shell conduction were additionally considered.

For all turbulence models the numerical re-
sults indicate an insufficient level of mixing be-
tween the two jets, with limited spanwise temper-
ature decay and, in many cases, showing higher
temperature peaks. The use of non-linear tur-
bulence models, in particular the Hellsten k — ®
variation, tended to improve the numerical pre-
dictions. For lower values of blowing ratio the
wall temperature is over-predicted, whereas in-
creasing the blowing ratio usually leads to a bet-
ter agreement between the numerical results and
experimental values. In general, it can be argued
that many engineering applications may find that
the level of agreement achieved between numeri-
cal and experimental results is sufficient.
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