REPORT DOCUMENTATION PAGE

Form Approved OMB NO. 0704-0188

of information if it does not display a currently valid OMB control number.
PLEASE DO NOT RETURN YOUR FORM TO THE ABOVE ADDRESS.

The 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 the collection of information. Send comments
regarding this burden estimate or any other aspect of this collection of information, including suggesstions for reducing this burden, to Washington
Headquarters Services, Directorate for Information Operations and Reports, 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 oenalty for failing to comply with a collection

1. REPORT DATE (DD-MM-YYYY) 2. REPORT TYPE
10-02-2020 Final Report

3. DATES COVERED (From - To)
16-Nov-2017 - 31-Mar-2019

4. TITLE AND SUBTITLE
Final Report: Gas Supply System for High Pressure Combustion
Experimental Facility for Studies at Elevated Pressures

5a. CONTRACT NUMBER
WOIT1NF-18-1-0024

5b. GRANT NUMBER

6. AUTHORS

5¢c. PROGRAM ELEMENT NUMBER
611102

5d. PROJECT NUMBER

5e. TASK NUMBER

5f. WORK UNIT NUMBER

7. PERFORMING ORGANIZATION NAMES AND ADDRESSES

University of California - San Diego
Office of Contract & Grant Adm

9500 Gilman drive, MC 0934
La Jolla, CA 92093 -0934

8. PERFORMING ORGANIZATION REPORT
NUMBER

9. SPONSORING/MONITORING AGENCY NAME(S) AND ADDRESS
(ES)

U.S. Army Research Office
P.O. Box 12211
Research Triangle Park, NC 27709-2211

10. SPONSOR/MONITOR'S ACRONYM(S)
ARO

11. SPONSOR/MONITOR'S REPORT
NUMBER(S)

71889-EG-RI.1

12. DISTRIBUTION AVAILIBILITY STATEMENT

Approved for public release; distribution is unlimited.

13. SUPPLEMENTARY NOTES

The views, opinions and/or findings contained in this report are those of the author(s) and should not contrued as an official Department
of the Army position, policy or decision, unless so designated by other documentation.

14. ABSTRACT

15. SUBJECT TERMS

16. SECURITY CLASSIFICATION OF: 17. LIMITATION OF |15. NUMBER |19a. NAME OF RESPONSIBLE PERSON

a. REPORT [b. ABSTRACT [c. THIS PAGE |ABSTRACT OF PAGES  |Kalyanasundaram Seshadri

uu uu uu uu 19b. TELEPHONE NUMBER
858-534-4876

Standard Form 298 (Rev 8/98)
Prescribed by ANSI Std. Z39.18




RPPR Final Report
as of 12-Feb-2020

Agency Code:

Proposal Number: 71889EGRI Agreement Number: W911NF-18-1-0024
INVESTIGATOR(S):

Name: Kalyanasundaram Seshadri
Email: kseshadri@ucsd.edu
Phone Number: 8585344876
Principal: Y

Organization: University of California - San Diego
Address: Office of Contract & Grant Adm, La Jolla, CA 920930934

Country: USA
DUNS Number: 804355790 EIN: 956006144
Report Date: 30-Jun-2019 Date Received: 10-Feb-2020

Final Report for Period Beginning 16-Nov-2017 and Ending 31-Mar-2019
Title: Gas Supply System for High Pressure Combustion Experimental Facility for Studies at Elevated Pressures

Begin Performance Period: 16-Nov-2017 End Performance Period: 31-Mar-2019
Report Term: 0-Other
Submitted By: Kalyanasundaram Seshadri Email: kseshadri@ucsd.edu

Phone: (858) 534-4876
Distribution Statement: 1-Approved for public release; distribution is unlimited.

STEM Degrees: STEM Participants:
Major Goals: see attached

Accomplishments: see attached

Training Opportunities: Nothing to Report

Results Dissemination: Nothing to Report

Honors and Awards: Nothing to Report
Protocol Activity Status:
Technology Transfer: Nothing to Report

PARTICIPANTS:

Participant Type: Graduate Student (research assistant)

Participant: Martin Hunyadi-Gall

Person Months Worked: 12.00 Funding Support:
Proiect Contribution:

International Collaboration:

International Travel:

National Academy Member: N

Other Collaborators:

Participant Type: PD/PI

Participant: Kalyanasundaram Seshadri

Person Months Worked: 12.00 Funding Support:
Project Contribution:

International Collaboration:

International Travel:

National Academy Member: N



RPPR Final Report
as of 12-Feb-2020

Other Collaborators:



Gas Supply System (HPCEF) for Studies on Combustion in
Reactive Flows at Elevated Pressures

1 Statement of the Problem Studied

The U.S. Army Research Office (ARO) previously provided support to construct a “High
Pressure Combustion Experimental Facility” (HPCEF), at the Combustion laboratory of the
University of California at San Diego (UCSD), for carrying out experimental studies on com-
bustion of a wide variety of gaseous and liquid hydrocarbon fuels, including commercial fuels
for example JP-8 and Jet A, at pressures up to 25bar. A notable feature of this facility is
that it permits experiments to be carried out in nonuniform flows. In contrast, experiments
conducted employing shock tubes and rapid compression machines, do not include the in-
fluence of flow on combustion. The HPCEF has been successfully employed to characterize
combustion of many fuels in nonuniform flows at elevated pressures These studies have shown,
for the first time, the influence of pressure on critical conditions of extinction of nonpremixed
hydrogen, methane, ethane, and ethene flames, and the influence of pressure on critical con-
ditions of extinction and critical conditions of autoignition of reference fuels, jet fuels, and
surrogates. These studies have highlighted the influence of low temperature chemistry in pro-
moting autoignition of high molecular weight hydrocarbon fuels. In view of the success of
these previous studies at elevated pressures, additional funding was received from ARO to ex-
tend the maximum operating pressure of HPCEF from 25 bar to 60 bar. These studies provide
fundamental knowledge that is relevant to the Army’s need for high performance propulsion
systems. High temperature and high pressure are encountered in these systems. The data at
elevated pressures could be employed to test predictive models required to advance current

understanding of fundamental chemical processes that characterize the combustion of jet fuels.

To complete a set of experiments significant quantities of nitrogen and air are required.
Previously these gases were supplied from pressurized gas cylinders. For example for conduct-
ing one set of experiments, nitrogen from twenty-five pressurized gas cylinders and air from
six pressurized gas cylinders were required. These gas cylinders need to replaced frequently.
This was labor intensive and resulted in delay. The current support from ARO was used to
upgrade the gas delivery system to allow higher supply of nitrogen and air to HPCEF with
less frequent replacement of the pressurized gas cylinders. This improved gas delivery system
has significantly enhanced current research capabilities and research-related education of our

ARO supported research on combustion of jet fuels and surrogates at elevated pressures.



2  Summary of the Most Important Results

Figure 1 shows a photograph of the previous gas-handling system. One pressurized nitro-
gen gas cylinder holds 6450 liters of gas at STP. Experiments at 13 bar require 700 L/min
of nitrogen. Therefore the run-time employing twenty-five pressurized nitrogen tanks is
6450x25x0.75/ (700x60) = 2.8 hrs including warm-up and shutdown. Here a flow factor of
0.75 is employed to account for the fact that the cylinder can only be depleted up to 500 psi.
At 25bar the experiments require 1500 L /min of nitrogen. A similar calculations shows that

the run-time including warm-up and shutdown is 1.3 hrs.

Figure 2 is a schematic illustration of the high-capacity gas-handling system that was
recently constructed using support from ARO. The key components are the liquid nitrogen
storage tank and the “Suregas system” for gas delivery to the HPCEF. This system is made up
of the cryogenic pump, vaporizer, and the cylinder-pack buffer. Liquid nitrogen is stored in a
tank with a capacity of 1500 liters (roughly 390 gallons). It holds roughly 10° liters of nitrogen
at STP. It allows a maximum flow rate of 50,000 liters per hour. It is placed on a stand that
is roughly 1.5 m in diameter and 2.4 m high. The cryogenic pump is used to transport liquid
nitrogen to a vaporizer. The vaporized liquid nitrogen is then introduced to a buffer that is
made of twelve cylinders. The gaseous nitrogen from the cylinders are then introduced into
the gas-handling system of the HPCEF. Figure 3 is a photograph of the liquid nitrogen tank,
the vaporizer and the 12-cylinder buffer pack. Figure 4 is a photograph of the cryogenic pump
and motor. Figure 5 is a photograph of the control panel. The main control panel features a
PLC (Programmable Logic Controller) which monitors various sensor devices in the system
(1.e pressure and temperature) and control various devices (i.e alarms and indicator lights).
Two oxygen sensors with alarms are installed in the laboratory to monitor the concentration

of oxygen. The alarms will switch on in the event of accidental leak of nitrogen from the tank.

The nitrogen from the 12-cylinder buffer pack flow into a system of computer regulated
analog mass flow controllers to the pressure chamber of the HPCEF. Figure 6 is a photograph
of the mass flow controllers. The system consists of two separate set of eight mass flow con-
trollers placed in two levels and two four channel digital to analog (D/A) signal converters.
The mass flow controllers at the lower level are for experiments for pressures up to 30 bar
and the mass flow controllers on the upper level are for experiments at higher pressures up to
60 bar. Figure 7 shows the pressure chamber. It is made from stainless steel, is 40 inches tall

and has a diameter of 15inches with a wall thickness of 5/8inch. The chamber is designed to



withstand a pressure of 150 bar. It features four view-ports for optical access with an opening
size of 3inches. The bottom contains a number of through-puts for gas lines and electrical
wiring. Threads for safety equipment and lifting hooks are incorporated in the top. The
bottom is mounted to an aluminum stand, while the chamber cylinder and top can be lifted
off, for easy access to the chamber inside. All flanges are sealed with o-rings and retained by
bolted connections. Tempered quartz windows are employed in the view-ports. Tension and
slight impurities can have a significant impact on such a brittle material. A special test bomb
was designed to pressurize the windows in a safe environment to verify the ability to withstand

desired operating conditions. The quartz windows successfully withstood a pressure of 80 bar.

The high-capacity gas-handling system has significantly increased the run-time. At 13 bar
the run-time is 10%/ (700x60) a2 23 hrs, at 25 bar it is 11 hrs and at 50 bar it is 5 hrs.
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Figure 1: Photograph of previous gas-handling system
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Figure 2: Sketch of the high-capacity gas-handling system
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Figure 3: Photograph of the high-capacity gas-handling system. The photograph shows the
liquid nitrogen tank and the 12-cylinder buffer pack
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Figure 4: Photograph of cryogenic pump and motor. The vaporizer is behind the pump and
motor



Figure 5: Photograph of the control panel.



Figure 6: Photo of the flow control station featuring two sets of eight mass flow controllers
in the range of 30slm to 1500 slm for operational pressures of up to 1000 psi. Inlet pressure
gauges allow easy monitoring of the gas supply pressure. Valves protect sensitive parts of the
mass flow controller from pressure waves during start up procedure. Mass flow controllers are
mounted horizontally to minimize the influence of natural convection on the accuracy for high
pressure flows.



Figure 7: Photo of the stainless steel pressure chamber mounted to an aluminum stand.
Flanges connecting the cylindrical part to bottom and top are reinforced with gussets. All gas
lines enter the chamber through the bottom part. Top and cylindrical part of the chamber
can therefore be lifted off without dismantling any connections. The chamber is enclosed in
a high-impact polycarbonate cubicle that provides an increased degree of safety in case of
malfunction or accident.



