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• Idea was originally proposed and named (as “Interacting Sprays Injection”) by B. Chehroudi, PhD.
• Inspired by impinging jets injector design used in F-1 Rocket engine.

• Impinging jets offers an additional mechanism to standard aerodynamic breakup of the liquid core
• Hence, no need to use very high  injection pressures for atomization, because the impinging-jets process (if 

impingement point is optimized) assists the liquid core breakup. 

• Initial impingement angle and injector holes separation values were guided by rocket applications and 
knowledge of intact core of full-cone diesel sprays.

• Injector design flexibility due to additional parameters that can be varied for optimum injection and mixture 
preparation.

• Proof-of-concept was demonstrated with two independent injectors (see original publication in the next slide). 
However, in application, what Chehroudi et al. had in mind was that a single injector unit to achieve the 
objectives in diesel engines (see some works that were published after  Chehroudi’s original research briefed in 
upcoming slides).

• Flexible features to produce not only "pilot and split injections," but additional injection strategies not possible 
with other approaches for emission reduction, performance, and efficiency improvements.

• The original work and first SAE publication by Chehroudi et al. predates all applications of interacting or 
impinging sprays in diesel engines.

• Applications of this injection system has been shown for early injection homogenous operation in diesel engines.
• A chapter is dedicated to “Interacting Sprays” by J. B. Greenberg in Handbook of Atomization and Sprays: 

Theory and Applications.

Interacting-Sprays Injection: An Innovative Fuel Injector Strategy

http://heroicrelics.org/info/f-1/f-1-injector.html
https://books.google.com/books?id=ARKo1wxcdgQC&pg=PA463&lpg=PA463&dq=interacting+sprays+injection+in+handbook+of+sprays+chehroudi&source=bl&ots=P9zcxwNBVF&sig=ACfU3U0KMFyZUynyIDDQ2dDUV7RbLPVJng&hl=en&sa=X&ved=2ahUKEwi35L--6rLkAhWyOn0KHX_XB7gQ6AEwDXoECAkQAQ#v=onepage&q=interacting%20sprays%20injection%20in%20handbook%20of%20sprays%20chehroudi&f=false


Background Information
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AUTOIGNITION SITES
INJECTED LIQUID FUEL

Autoignition and combustion in diesel engine

● Spray is convected in the air swirl 

direction

● A continuous spectrum of air/fuel 

ratios exist

HEAT

RELEASE

RATE

CRANKANGLE

I. Ignition delay period

II. Premixed combustion phase

III. Mixing-controlled combustion



Pilot / Split Injections
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1. Dual fuel applications

2. Reduces diesel knock

3. Improves cold startability and white smoke
- Osuka, I., Nislümura., M. Tanaka, Y., and Miyaki. M., SAE Paper 940586. 1994

4. At sufficiently high pressure injection system and/or 

pilot or split injection has potential for simultaneous 

reduction of NOx, smoke and particulate with minimal 

effects on brake specific fuel consumption (bsfc). 
- Oblanbder. K., Kollmann. K., Kramer. M., and Kutschera, I., SAE Paper 890438, 1989.

- Sato. I., Yaniada. M., Kawagoe, M. and Fujimura. K., SAE Paper 891962. 1989.

- Shimada. I., Shoji. I., Takeda. Y., SAE 891919, 1989.

- Aoyama. T., Mizuta. J.. and Oshima. Y., SAE Paper 900637, 1990.

- Shakal. J., and Martin J. K., SAE Paper 900398, 1990.

- Shundoh. S., Kakegawa. T., Tusujirnura. K., Kobayashi. S., SAE Paper 910489, 1991.

- Uvehara. O. SAE Paper 910732. 1991.

- Shundoh. S.. Komori. M.. and Tsujimura. K., and Kobayashi, S., SAE Paper 920461, 1992.

- Bower. C. R. and Foster, 0. F., SAE Paper 930864, 1993.

- Tow T. C., Pierpont. D. A., and Reitz, R. D., SAE Paper 940897. 1994.

- Durnholz, M., Endres. H., and Frisse, P., SAE Paper 940674, 1994.



Pilot/Split Injection vs Interacting-Sprays Injection

●Decrease in the amount of early burned charge in the premixed phase of the 
combustion decreases the exhaust NOx.

●One way to achieve this is by pilot injection.

●But pilot injection by itself generally increases the smoke.

●To decrease smoke: use either split or multiple or very high pressure injection

●But, Interacting-Sprays Injection does all of that and much more

B. Chehroudi, PhD



Stages of the Interacting-Sprays Injection Research Work
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Optically-accessible single-cylinder D.I. diesel engine with impinging or 

“interacting” sprays.

Nature of interactions between sprays using Mie scattering.
Pusbka, D., Sinko, K., and Chehroudi, B., Society of Automotive Engineers, Paper 940679. 1994.

Sinko, K., Pushka, D., and Chehroudi. B., Journal of Flow Visualization and Image Processing, Vol. 2, pp. 93-1 12. 1995.

Vapor and liquid phase interactions by laser induced fluorescence 

(exciplex).
Campbell, P.H., Sinko, K. M., and Chehroudi B. The Combustion Institute. Central States Meeting. University of Wisconsin, Madison, Wisconsin, pp. 15-20, 1994.

Campbell, P. H., Sinko, K. M., and Chehroudi, B. Society of Automotive Engineers, Paper 950445. 1995.

Chebroudi, B., Sinko, K., M., and Campbell, P. H. Journal of Flow Visualization and  Image Processing, 1996.

Measure NOx and smoke in the exhaust: Potential for simultaneous 

reduction.
Sinko, K. M.. Shih, S., and Chehroudi, B. Society of Automotive Engineers, 1996 Congress and Exposition, Paper 960839, February 26-29, 1996.

Chehroudi, B., Sinko, K. M., and Shih, S. Society of Automotive Engineers. 1996 Future Transportation Technology Conference, Paper 961678, August 5-8, 1996.

Chehroudi, B., Sinko, K. M., Minkowycz, W. J., and Shih, S., Atomization and Sprays, vol. 8, pp.673-690, 1998.
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Interacting-Sprays Injection: Original Publication
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A Novel Approach for 
Simultaneous NOx and Smoke 

Reduction:
Interacting-Sprays Injection 

SAE Paper 961678
1996-08-01

https://www.sae.org/publications/technical-papers/content/961678/

This is the first publication in 
literature, describing application of 

Interacting-Sprays/Jets 
(or Impinging-Sprays/Jets) 
in a research diesel engine

https://www.sae.org/publications/technical-papers/content/961678/
https://www.sae.org/publications/technical-papers/content/961678/
https://www.sae.org/publications/technical-papers/content/961678/
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Interacting-Sprays Injection Strategy

8

Atomization and Sprays

vol. 8, pp.673-690, 1998

http://www.dl.begellhouse.com/journals/6a7c7e10642258cc,164dbee625d
f292a,3331d42554c87702.html

http://www.dl.begellhouse.com/journals/6a7c7e10642258cc,164dbee625df292a,3331d42554c87702.html
http://www.dl.begellhouse.com/journals/6a7c7e10642258cc,164dbee625df292a,3331d42554c87702.html
http://www.dl.begellhouse.com/journals/6a7c7e10642258cc,164dbee625df292a,3331d42554c87702.html
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Interacting-Sprays Injection: Engine Head Design
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Engine head design for laser sheet entry into the 
combustion chamber for Exciplex flow visualization 
enabling simultaneous visualization of both the liquid 
and vapor phases.
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DETAILS OF THE ELONGATED CYLINDER-PISTON 
ASSEMBLY SHOWING THE POSITION OF THE 

WINDOWS

Interacting-Sprays Injection: Engine Cylinder and Piston Design
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Visualization 2-Stroke Engine Design (1989)

B. Chehroudi, PhDB. Chehroudi’s visualization engine at Princeton University, 1989
11
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Interacting-Sprays Injection: Injector Information
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Components of a pencil nozzle 
(Stanadyne Diesel Systems) 

Injection System Specification

• Fuel Injector Nozzles:
• Stanadyne slim-tip pencil nozzles
• Single spray orifice drilled at 66 degrees to nozzle axis

• First: One hole at 0.43mm (0.017in) dia.
L/D ratio: 1.53

• Second: One hole at 0.38mm (0.015in) dia.
L/D ratio: 1.73

• Measured spray impingement angle from images: 12 o to 14 o

• Valve operating pressure: 20.8 MPa (2,800 psig)
• Injection timing:

• First: Continuously variable w.r.t. crankangle position
• Second: Continuously variable w.r.t. crankangle position

• Fuel pumps; Ambac APE
• Cam profiles: Ambac # 1 basic metric
• Fuel pump plunger diameter:

• First: 8.0mm
• Second: 5.0mm

• Fuel pump delivery valve retraction volumes:
• First: 50 mm3

• Second: 50 mm3

• Injection line:
• Internal diameter: 2mm (0.079in)
• Length:



Interacting-Sprays Injection: Injectors Used
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Hall Effect Sensors



B. Chehroudi, PhD

TEST RIG

Interacting-Sprays Injection: Test Setup
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SETUP FOR  LASER INDUCED FLUORESCENCE (EXCIPLEX) MEASUREMENTS USING NITROGEN INSTEAD OF THE AIR 

Interacting-Sprays Injection: Intake System for Exciplex Visualization
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ENGINE
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ENGINE EMISSION MEASUREMENT SETUP

Interacting-Sprays Injection: Emission Measurements
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ATDC: AFTER TOP DEAD CENTER (TDC)

BTDC: BEFORE TOP DEAD CENTER (TDC) 

FIRST INJECTOR

SECOND INJECTOR

Interacting-Sprays Injection: Liquid Phase Only
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Figure shows injection of two jets from the 
two injectors. The second injection begins 
at about 4o BTDC. The spray cores  impinge 
at about 2o BTDC. After about 2o ATDC, 
only the second injector continues 
injection into the combustion chamber.

Liquid Phase only
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Interacting-Sprays Injection System: Exciplex Study
Simultaneous Liquid & Gas Phases Visualization
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● 20/40: 1st injector 20 and 2nd injector 

40 mm3/injection

● 00/40: 1st injector “0” and 2nd injector 

40 mm3/injection

● The 20/40 case shows less liquid fuel 

accumulation near the walls than the 

00/40 case: 

–Implies lower HC emissions
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Injection Strategies for Combustion and Emissions Studies
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Injection strategies tested 

under interacting-sprays 

injection system

TDC
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Interacting-Sprays Injection: NOx vs. Smoke Tradeoff

20

The NOx-Smoke trade-off
curves for the four injection
strategies shown. BOI stands
for the beginning of the
injection.

Measurement uncertainty:
NOx = +/- 1.8% of the reported data.
BSN= +/- 3.45% of the reported data.

Shifting the Tradeoff Curve 
of the conventional “single-
injection” strategy  towards 
the origin through the  
interacting-sprays injection 
means simultaneous 
improvements on NOx and 
Smoke emissions.
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Interacting-Sprays Injection
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Results for all the interacting-sprays
and single-injection strategies plotted
as functions of crank angle degrees.
For horizontal axis, zero and negative
numbers are at TDC and before TDC
(i.e., BTDC), respectively.

Injection scheduling:
(a) single injection
(b) coincident split
(c) second injection ends at

ignition
(d) 12o separation

Measurement uncertainty:
NOx = +/- 1.8% of the reported data.
BSN= +/- 3.45% of the reported data.

With respect to Conventional Single 
Injection fuel injection strategy: 

• Simultaneous injection leads to 
reduction in smoke

• Injection with time separation 
leads to reduction in NOx

• Therefore, strategies can be 
envisioned for simultaneous 
reduction in smoke and NOx. 



INTERACTING-SPRAYS INJECTION SYSTEM: Work by Others
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Research work reported by others following the research conducted by Chehroudi et al.
Chehroudi’s work predates all such applications in diesel engines

22



INTERACTING-SPRAYS INJECTION SYSTEM: Work by Others
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Research work reported by others following the research conducted by Chehroudi et al.
Chehroudi’s work predates all such applications in diesel engines



INTERACTING-SPRAYS INJECTION SYSTEM: Work by Others
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Research work reported by others following the research conducted by Chehroudi et al.
Chehroudi’s work predates all such applications in diesel engines



INTERACTING-SPRAYS INJECTION SYSTEM: Communication with Prof. M. Arai
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Research work reported by others following the 
research conducted by Chehroudi et al.

Chehroudi’s work predates all such applications in diesel engines

Communication with Prof.
Masataka Arai, reminding that
Chehroudi’s research work on
Interacting-sprays (or impinging
sprays) injection was the first
application of such concept in a
research diesel engine.

Acknowledgement of this fact by
Prof. Arai can be seen in his
response.



INTERACTING-SPRAYS INJECTION SYSTEM: Work by Others
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Research work reported by others following the research conducted by Chehroudi et al.
Chehroudi’s work predates all such applications in diesel engines

Premixed compression-

ignition (PCI)



INTERACTING-SPRAYS INJECTION SYSTEM: Work by Others
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Fig. 11. Relationship between 
impingement angle and SMD (The 
incident light extinction method)

Research work reported by others following the research conducted by Chehroudi et al.
Chehroudi’s work predates all such applications in diesel engines
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Premixed compression-ignition (PCI)

Research work reported by others following the research conducted by Chehroudi et al.
Chehroudi’s work predates all such applications in diesel engines

Premixed compression-ignition (PCI)
B. Chehroudi, PhD



INTERACTING-SPRAYS INJECTION SYSTEM: Work by Others
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Research work reported by others following the research conducted by Chehroudi et al.
Chehroudi’s work predates all such applications in diesel engines



INTERACTING-SPRAYS INJECTION SYSTEM: Work by Others
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• Sponsored by SCANIA
• Used interacting  or impinging 

sprays  
• Early injection  for HCCI
• Published in 2007

Research work reported by others following the research conducted by Chehroudi et al.
Chehroudi’s work predates all such applications in diesel engines

http://kth.diva-
portal.org/smash/record.jsf?pid=diva2%3A11583&dswid=4134

https://pdfs.semanticscholar.org/ec64/31cc0e8c35e221b4434
4b3bfec3bf7ea7cf9.pdf

http://kth.diva-portal.org/smash/record.jsf?pid=diva2%3A11583&dswid=4134
http://kth.diva-portal.org/smash/record.jsf?pid=diva2%3A11583&dswid=4134
https://pdfs.semanticscholar.org/ec64/31cc0e8c35e221b44344b3bfec3bf7ea7cf9.pdf


Extension of the Interacting-Sprays Injection Concept

Diesel-Fuel-Piloted Natural Gas Injector (Westport)
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Dr. Chehroudi met Prof. Phillip Hill at the 1996 SAE Future Transportation Technology Conference & Exposition, Powerplants of
the Future-SP-1187, held in Vancouver, B. C., Canada, where his Interacting-Sprays injection was presented.  



INTERACTING-SPRAYS INJECTION SYSTEM
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Supercritical  Rocket  Like-Impinging Jets

Chehroudi et al.
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A Concept Brought from Liquid Rocket Injection to Diesel Engine 
by 

B. Chehroudi, PhD

https://www.hindawi.com/journals/ijae/2012/121802/
https://www.hindawi.com/journals/ijae/2012/121802/
https://www.hindawi.com/journals/ijae/2012/121802/


INTERACTING-SPRAYS INJECTION SYSTEM

The End
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An Original Fuel Injection Concept Brought From Liquid Rocket Engine to Diesel Engine 
by 

B. Chehroudi, PhD


