REPORT DOCUMENTATION PAGE OME N BoonoLss

Public reporting burden for this collection of information is estimated to average 1 hour per response, including the time for reviewing instructions, searching existing data sources,
gathering and maintaining the data needed, and completing and reviewing this collection of information. Send comments regarding this burden estimate or any other aspect of this
collection of information, including suggestions for reducing this burden to Department of Defense, Washington Headquarters Services, Directorate for Information Operations and
Reports (0704-0188), 1215 Jefferson Davis Highway, Suite 1204, Arlington, VA 22202-4302. Respondents should be aware that notwithstanding any other provision of law, no person
shall be subject to any penalty for failing to comply with a collection of information if it does not display a currently valid OMB control number. PLEASE DO NOT RETURN YOUR
FORM TO THE ABOVE ADDRESS.

2. REPORT TYPE
Briefing Charts

1. REPORT DATE (DD-MM-YYYY)
July 2014

3. DATES COVERED (From - To)
July 2014- August 2014

4. TITLE AND SUBTITLE 5a. CONTRACT NUMBER

In-House

Numerical and experimental investigation of confined turbulent multiple transverse jets 5b. GRANT NUMBER

5c. PROGRAM ELEMENT NUMBER

6. AUTHOR(S) 5d. PROJECT NUMBER

F. Davoudzadeh, D. Forliti 5e. TASK NUMBER

5f. WORK UNIT NUMBER
Q097

7. PERFORMING ORGANIZATION NAME(S) AND ADDRESS(ES) 8. PERFORMING ORGANIZATION

REPORT NO.
Air Force Research Laboratory (AFMC)

AFRL/RQRC
10 E. Saturn Blvd
Edwards AFB CA 93524-7680

9. SPONSORING / MONITORING AGENCY NAME(S) AND ADDRESS(ES)
Air Force Research Laboratory (AFMC)
AFRL/RQR

10. SPONSOR/MONITOR’S ACRONYM(S)

11. SPONSOR/MONITOR’S REPORT
NUMBER(S)
AFRL-RQ-ED-VG-2014-221

5 Pollux Drive.
Edwards AFB CA 93524-7048

12. DISTRIBUTION / AVAILABILITY STATEMENT
Distribution A: Approved for Public Release; Distribution Unlimited

13. SUPPLEMENTARY NOTES
Briefing Charts presented at Joint Propulsion Conference, Cleveland Ohio, 28 July 2014. PA#14386

14. 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-€
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.

15. SUBJECT TERMS

16. SECURITY CLASSIFICATION OF: 17. LIMITATION 18. NUMBER 19a. NAME OF
OF ABSTRACT OF PAGES RESPONSIBLE PERSON
Nils Sedano
a. REPORT b. ABSTRACT c. THIS PAGE 38 19b. TELEPHONE NO
SAR (include area code)
Unclassified Unclassified Unclassified 661-275-5972

Standard Form

298 (Rev. 8-98)
Prescribed by ANSI
Std. 239.18




GJAIAA.

The Workf's Forum for Asvospocs Laodership

257

SEEEfESee

THE AIR FORCE RESEARCH LABORATORY .
LEAD | DISCOVER | DEVELOP | DELIVER #

Numerical and Experimental Investigation of Confined Turbulent
Multiple Transverse Jets

29 July 2014
Presented to: AIAA Propulsion and Energy, Cleveland, Ohio

Farhad Davoudzadeh, Ph.D. — Air Force Research Laboratory
David Forliti, Ph.D. - Sierra Lobo, Inc.

Distribution A: Approved for public release; distribution unlimited




A )
\/ Outline

® Objectives
® Jetin Crossflow characteristics

® ONERA Air-to-air Experimental configuration and
Computational Setup

® AFRL’s water-to-water Experimental configuration and
Computational Setup

® Simulation matrix, computational results
® Comparative Analysis Results

® Summary & planned work
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§4 Objectives
i

® Investigate mixing characteristics of propellants in combustors
® CFD support for the in-house Themis project

® Provide numerical data for theoretical developments
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\;/ Project Themis
Qe

® In-house combustion device research within the
Combustion Devices Branch (RQRC) of AFRL

® Focuses on investigation of LOX/Hydrocarbon high
® pressure combustion devices through:

* Theory development
* Modeling and simulation
* Subscale experimentation at reacting and inert conditions:

« Design & test a 10k Ibf combustor for liquid propellants
* Requires good mixing of variable density propellants
 Temperature uniformity —
« Concentration uniformity
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\/ Staged Combustion Cycle Rocket Engine
Q.
Fuel Pump Turbine Oxidizer Pump

Turbine

Diluent

Heat Injections

Exanger

\\, Hot Gas <//

Mixer

Nozzle

Staged Combustion cycle
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Temperature Distribution
On the Turbine Blades



Complex flow with multiple engineering
applications:

Gas turbine combustors

Film cooling of turbine blades
Air pollution

Chimney emissions
Industrial burners
Chemical mixing
Wastewater discharges
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Jet in Cross Flow Characteristics

Counter-rotating
vortex pair
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Jet shear-layer
vortices \
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Wake vortices

Adapted from Fric and
Roshko (1994)

Distribution A: Approved for public release; distribution unlimited



Previous Numerical Work at AFRL.:
Air-to-Air Experimental Configuration

Conduct a validation study for a baseline case:
« Experimental data available

 Unity density ratio

« Multiple confined transverse jets

« Single phase/component

ONERA experimental/LES studies of an eight jet mixing

chamber
Jet holes 050 mm e
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; ~ r i ;
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e = 185
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Glass pipe  Plenum chamber Jets flow entrance o
for the jets flow in the plenum chamber
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\/ Previous Numerical Work at AFRL:

Qr Air-to-Air Experimental Configuration

Diluents Flow

Core Flow

Diluents' Inlet
Vy =100 m/s

Walls

N2 &= Symmetry Plane
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Diluents Flow

)\ Air-to-Air Numerical and Experimental Comparisons
7z
>

| :_ o Experiment
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Axial velocity profile, x = 2d [ Axial velocity profile, x = 5d
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Core Flow
X= 2d 5d 10d
Axial velocity Contours, x = 2d Axial velocity contours, x = 5d
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Air-to-Air Experimental Data Versus Computational Results:
Jet Concentration Profiles
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|
outletﬁ Boundary conditions:
) Inlets: Velocities, species, K,
: (Fully devp’d turb. profiles)
‘]einlet Outlet: Static Pressure, K, €
Operating liquid: Water
Crossflow inlet
——>
Las;r
Sheet Imaged
- - Section
Measugnent 'y »7“:: El’;:.:_';' R
Plane |
5 Plex-i - r
Test . . Collection ccD
Section __ plenum - Camera
Schematic of the experimental setup Experimental setup
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Simulation matrix

Considerations:

* Turning of outlet Flow
« Jets 2, 3, 5, and 6 not coplaner with exit pipe

« Turbulence Schmidt # outletﬁ

« Gravity effects

O
e

\ )
AN Y

@ Plenum with exhaust pipe

Crossflow inlet

e Simulation Matrix:
» Single injector without plenum outlet
« Smaller computational domain, less computational resources needed
* Single jet + plenum
* Multiple jets: 2, 4, 6
* Momentum flux ratios: 3.2, 8.2, 14.3, 20.3, 28.3, 36.5, 47.3
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Grid Distribution Around the Jet

(Total cells: 3 million Hex Cells)

L
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l
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& )\Grid Distribution Around the Outlet

q-/ (Total cells: 3 million Hex Cells)
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Hybrld Grid Around the Outlet:
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\/ Geometry for the Single jet
s without the Outlet Plenum

@Jet inlet (2.36 m/s) Re = 11,500 (based on d)

d Measurement plane (x/D = 3)

> l€——

—) E D

Crossflow inlet
0.63 (m/s) : 1.32 (m/s) E . L
Re = 25k : 53K & s j x
(based on D)

Grid at the jet area (Overall :2.2 million hex cells)
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® Equations Solved:

* Momentum Egs.

* Continuity

\/ Computational setup and Solution Procedure ¢ 9

* Turbulent Kinetic Energy (TKE)

* Turbulent Dissipation Rate (TDR)

* Species

Boundary Conditions:

* |nlet BCs: Velocities, K, ¢

* Inlet BCs are inlet profiles obtained from separate fully developed pipe
flow simulations

e Exit BC: Static Pressure

® Discretization: Second Order Upwind for all the equations

Turbulence Model:
various options were

Low Reynolds number K-¢ (K-w, and other variants of K-g with
also tried)

Material Type: Liquid water

Distribution A: Approved for public release; distribution unlimited

18



A Vi
\/ Computational setup and Solution Procedure

. Continued

Number of Grid Points:

Simulation performed on one half of the geometry utilizing the gemoetry
symmetry

Two grids generated:
* Single jet without plenum: 2.2 million all hex cells
* Single jet with plenum: 3 million mostly hex cells
* Wally*<1

Fine grids allowed use of the low Reynolds number K-¢ turbulence model
integrating the solution to the wall

Distribution A: Approved for public release; distribution unlimited
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% Solution Convergence History

EERREE]
continuity
s-velocity
y-velocity
z-velocity

epsilon

=1

Iterations

Convergence History of Equations’ Residuals
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-5.0000
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300
Iteration

Convergence History of Mass Flow Rate at the Exit
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Crossflow inlet
—>

Geometry for the Single jet
without Outlet Plenum

Jet inlet

4
H Measurement plane

Jet mass fraction: 0.05 0.15 0.25 0.35 045 055 065 0.756 0.85 0.95

Jet mass fraction, J = 14.3
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%/ Axial Velocity & TKE at: Inlet, Measurement
>

' Plane, and at Exit (J = 20.3)

Turbulent Kinetic Energy

" -02
. X Velocity Jet inlet rhaos
Jet inlet 0.59 @ 9.0x10
@ 0.52 8.0x10%°
0.46 7.0x10%
0.39 6.0x10™
0.33 5.0x10%
0.26 4.0x10%
0.20 3.0x10%
0-13 2.0x10°
0.07 1.0x10%
0.00

Axial velocity Turbulent Kinetic Energy

Note the Fully Developed Turbulent Inlet Profile
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// Vortex Core and X-component of Vorticity Distributions

at the Measurement Plane and at Exit Plane (J = 20.3)

Jet inlet

N

Vortex core
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1.0x10%

X Vorticity

30.0
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-16.7
-23.3
-30.0
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\/ Jet Mass Fraction Distributions & Penetration
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\/ Jet Mass Fraction Distributions & Penetration
14 . .
<+¢» for Different Momentum Flux Ratios (J)

J=3.2
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Momentum flux
ratio

3.2:

Exp. data

Computed and Measured Jet Mass Fractions

Continued .

CFED results

CFED vs EXp.
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§/ Computed and Measured Jet Mass Fractions

Momentum flux
ratio
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28.3:
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Computed and Measured Jet Mass Fractions
(Momentum Flux Ratio = 8.2)
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Computational & Experimental Jets

outlet ﬁ

Crossflow inlet

x \ l
Y
Plenum with exhaust pipe

Turbulence Schmidt number

Computational domain does not include the plenum and the exhaust pipe
Experimental Jet is not coplanar with exit pipe

Fluid issuing through experimental jet has to rotate & turn to exit

Fluid issuing through computational jet has to only turn to exit
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N  Summary & Future Work

® A series of experiments and RANS simulations are
performed to investigate JICF induced-mixing for an
ISo-density liquid (water).

e RANS simulations, using Fluent, captures the flow
features such as the CRVs, and show reasonable
predictions with the measured concentration data.

e Experimental data shows asymmetry in the wake
e Extensive computations planned:

e Various momentum flux ratios

o Multiple jets (2, 4, 6)

e Plenum effect

e Turbulent Schmidt number
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\/ Experimental data versus computational results:
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Experimental data versus computational results:
Axial Velocity Profiles
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