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NASA Plum Brook Station In-Space Propulsion Facility   
Test Stand Characterization Hot Fire Test 

Brian K. Jones1, John C. Zang2, Hal F. Weaver3, Nicholas A. Connelly4, and Gerald M. Hill5 
NASA Glenn Research Center, Plum Brook Station, Sandusky, OH, 44870, United States 

A test facility modification to enable small scale altitude propulsion testing at the NASA 
Glenn Research Center’s In-Space Propulsion (ISP) Facility was verified with a hot fire test 
campaign. As the facility’s primary steam supply system undergoes refurbishment, the 
alternate facility configuration, known as the “vacuum accumulator” mode, would enable 
rocket engine testing up to 10,000 lbf thrust. The NASA Johnson Space Center developed the 
vehicle for the verification test campaign: the Integrated Cryogenic Propulsion Test Article 
(ICPTA). Constructed primarily from assets of the former Morpheus Project, the ICPTA 
provided an integrated liquid oxygen (LOX) / liquid methane (LCH4) propulsion system 
including a 2,800 lbf thrust main engine. The ISP Facility’s vacuum accumulator 
configuration leveraged the large test volume of the facility and a diffuser insert to maintain 
altitude conditions. During hot fire, the ICPTA main engine “started” the diffuser insert 
constructed for the test campaign. As a result, the test chamber upstream of the diffuser 
insert remained at altitude conditions throughout the hot fire. Upon engine shut down, a 
backflow deflector mitigated blow back into the test chamber by restricting the mass flow 
and redirecting it away from the test article. The test campaign successfully characterized 
the performance of the vacuum accumulator configuration. In addition, it provided an 
opportunity to collect data for an integrated LOX / LCH4 propulsion system in an altitude 
and thermal vacuum environment. 

Nomenclature 
 

COPV = Composite Overwrap Pressure Vessel 
ICPTA = Integrated Cryogenic Propulsion Test Article 
ISP = In-Space Propulsion 
gpm = Gallons per Minute 
JSC = NASA Johnson Space Center 
K = Kelvin 
L/D = Ratio of Diffuser Length over Diffuser Diameter 
lbf = Pound Force 
lbf-vac = Pound Force Vacuum 
LCH4 = Liquid Methane 
LH2 = Liquid Hydrogen 
LN2 = Liquid Nitrogen 
LOX = Liquid Oxygen 
psig = Pounds per Square Inch Gauge 
RCS = Reaction Control System 
Sec =  Seconds 

                                                           
1 Propulsion Test Project Manager, ISP Facility, NASA, Glenn Research Center, Plum Brook Station, OH 44870. 
2 Mechanical Engineer, ISP Facility, NASA, Glenn Research Center, Plum Brook Station, OH 44870. 
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Figure 9. Hot Fire 2.6 test chamber and spray chamber pressures during a 27 second main engine hot 
fire test in the lowered position with the backflow deflector. 

Figure 8. Hot Fire 4.17 test chamber and spray chamber pressures during a 20 second main engine hot fire
test in the elevated position with no backflow deflector, with throttle step 15 seconds after main engine 
ignition.  
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Similarly, the spray chamber pressure (PT1202 shown in green) increased approximately 18 Torr in 20 seconds 
until the engine shut down. At approximately 15 seconds into the hot fire, an intentional throttle step caused the rate 
of pressure rise to increase. Post shut down, the test chamber and spray chamber pressures took approximately 26 
seconds to equalize. The final equalized value pressure was 8 Torr greater than the initial pressure before engine 
testing began. This was due to the main engine putting exhaust into the facility faster than the auxiliary steam 
ejectors could remove it. 

Figure 9 shows a typical pressure plot for the test chamber and spray chamber during a main engine hot fire in 
the lowered position with the backflow deflector. The pressure profile with the backflow deflector followed a similar  
trend to the profile without the deflector. The major difference was that the pumpdown and equalization rates were 
more gradual due to the restricted flow through the backflow deflector. During the 27 second hot fire, the test 
chamber pressure decreased approximately 6 Torr. The spray chamber pressure increased 21 Torr in the same 
amount of time. Post test, the test chamber and spray chamber pressures took approximately 65 seconds to equalize. 

Additional main engine hot fire results are included in Table 1. Changes in the test chamber and spray chamber 
pressures from engine start to engine shut down are presented. The longest hot fire run duration was Hot Fire 5.11 at 
57 seconds. That maximum duration was based on test schedule constraints rather than the facility capability. Based 
on estimates assuming a normal shock in the diffuser insert, the maximum predicted run duration was 120 seconds. 
After this time, the backpressure in the spray chamber would cause the diffuser to unstart. 

 

 

 

B. Backflow Deflector Performance 
 
The backflow deflector successfully mitigated the impact of backflow in two ways. The first method was to 

reduce the flow area between the engine nozzle and diffuser insert. This increased the amount of time it would take 
for the test chamber and spray chamber pressures to equalize. Based on Figures 8 and 9, the equalization time was 
increased 60%. This trend continues as displayed in Table 1. Hot Fire 2.4 and Hot Fire 4.16 were very similar except 

ENGINE HOT 
FIRE TEST 
NUMBER / 

DATE 
PERFORMED 

MAIN 
ENGINE 

HOT FIRE 
DURATION 

(SEC) 

BACKFLOW 
DEFLECTOR  

(YES/NO) 

TEST 
CHAMBER  
PRESSURE 
CHANGE 
(TORR) 

SPRAY 
CHAMBER 
PRESSURE 
CHANGE  
(TORR) 

POST TEST 
CHAMBER 

EQUALIZATION 
TIME 
(SEC) 

2.4 
2/14/17 

10 YES -2 +14.5 58.3 

2.6 
2/14/17 

27 YES -6 +22 65.3 

4.15 
2/28/17 

2 NO -1 +2.6 12.9 

4.16 
2/28/17 

13 NO -6 +14.0 26.7 

4.17 
2/28/17 

23 NO -10.5 +18.1 36.2 

5.11 
3/2/17 

57 YES -12 +71 100.2 

Table 1 . ICPTA Main Engine Hot Fires Facility Chamber Pressure Change and Equalization Time.
The test cases for Figure 8 (Hot Fire 4.17) and Figure 9 (Hot Fire 2.6) are highlighted in yellow. 
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for the position of the ICPTA and the presence of a backflow deflector. The equalization time was more than 
doubled with the backflow deflector restriction in place. 

The other method was to deflect the flow away from the test article. A flexible ceramic boot sealed the area 
between the engine nozzle and the backflow deflector. Figure 10 shows the effects of having a deflector in place 
upon engine shutdown. On the left of the figure, the unmitigated backflow entrains moisture into the test chamber 
and on the test article. On the right of the figure, the entrained moisture is barely visible and clearly directed away 
from the test article. 

IV.  Conclusion 
 
A propulsion test campaign demonstrated the viability of the vacuum accumulator configuration of the ISP 

Facility. Based on the results of the test, the diffuser insert successfully isolated and maintained altitude conditions 
at the engine nozzle during main engine propulsion testing of the ICPTA. Nearly one minute of main engine hot fire 
was supported. If the resources of the test campaign would have allowed it, longer main engine propulsion test 
durations could have been explored. Future testing at the ISP Facility may include other small planetary landers or 
rocket engines of a scale similar to the ICPTA.   

The configuration represented a flexible use of the facility, addressing issues previously encountered with large 
scale baseline propulsion testing. Backflow upon engine shutdown was mitigated and redirected with a backflow 
deflector. To provide steam, a rental boiler successfully drove the auxiliary steam ejectors. 

Forward work includes investigating the limit of diffuser unstart backpressures. The backpressure in the spray 
chamber would need to be increased until the diffuser was unstarted. This data could then be input into a model to 
better predict the unstart pressure.  
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Figure 10. (Left) Unmitigated backflow during engine shutdown, Hot Fire 4.17. (Right) Backflow during 
engine shutdown with the backflow deflector in place, Hot Fire 2.6. Streaks of water are barely visible in
the direction of flow. 
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Similarly, the spray chamber pressure (PT1202 shown in green) increased approximately 18 Torr in 20 seconds 
until the engine shut down. At approximately 15 seconds into the hot fire, an intentional throttle step caused the rate 
of pressure rise to increase. Post shut down, the test chamber and spray chamber pressures took approximately 26 
seconds to equalize. The final equalized value pressure was 8 Torr greater than the initial pressure before engine 
testing began. This was due to the main engine putting exhaust into the facility faster than the auxiliary steam 
ejectors could remove it. 

Figure 9 shows a typical pressure plot for the test chamber and spray chamber during a main engine hot fire in 
the lowered position with the backflow deflector. The pressure profile with the backflow deflector followed a similar  
trend to the profile without the deflector. The major difference was that the pumpdown and equalization rates were 
more gradual due to the restricted flow through the backflow deflector. During the 27 second hot fire, the test 
chamber pressure decreased approximately 6 Torr. The spray chamber pressure increased 21 Torr in the same 
amount of time. Post test, the test chamber and spray chamber pressures took approximately 65 seconds to equalize. 

Additional main engine hot fire results are included in Table 1. Changes in the test chamber and spray chamber 
pressures from engine start to engine shut down are presented. The longest hot fire run duration was Hot Fire 5.11 at 
57 seconds. That maximum duration was based on test schedule constraints rather than the facility capability. Based 
on estimates assuming a normal shock in the diffuser insert, the maximum predicted run duration was 120 seconds. 
After this time, the backpressure in the spray chamber would cause the diffuser to unstart. 

 

 

 

B. Backflow Deflector Performance 
 
The backflow deflector successfully mitigated the impact of backflow in two ways. The first method was to 

reduce the flow area between the engine nozzle and diffuser insert. This increased the amount of time it would take 
for the test chamber and spray chamber pressures to equalize. Based on Figures 8 and 9, the equalization time was 
increased 60%. This trend continues as displayed in Table 1. Hot Fire 2.4 and Hot Fire 4.16 were very similar except 

ENGINE HOT 
FIRE TEST 
NUMBER / 

DATE 
PERFORMED 

MAIN 
ENGINE 

HOT FIRE 
DURATION 

(SEC) 

BACKFLOW 
DEFLECTOR 

(YES/NO) 

TEST 
CHAMBER  
PRESSURE 
CHANGE 
(TORR) 

SPRAY 
CHAMBER 
PRESSURE 
CHANGE  
(TORR) 

POST TEST 
CHAMBER 

EQUALIZATION 
TIME 
(SEC) 

2.4 
2/14/17 10 YES -2 +14.5 58.3 

2.6 
2/14/17 27 YES -6 +22 65.3 

4.15 
2/28/17 2 NO -1 +2.6 12.9 

4.16 
2/28/17 13 NO -6 +14.0 26.7 

4.17 
2/28/17 23 NO -10.5 +18.1 36.2 

5.11 
3/2/17 57 YES -12 +71 100.2 

Table 1 . ICPTA Main Engine Hot Fires Facility Chamber Pressure Change and Equalization Time.
The test cases for Figure 8 (Hot Fire 4.17) and Figure 9 (Hot Fire 2.6) are highlighted in yellow. 
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for the position of the ICPTA and the presence of a backflow deflector. The equalization time was more than 
doubled with the backflow deflector restriction in place. 

The other method was to deflect the flow away from the test article. A flexible ceramic boot sealed the area 
between the engine nozzle and the backflow deflector. Figure 10 shows the effects of having a deflector in place 
upon engine shutdown. On the left of the figure, the unmitigated backflow entrains moisture into the test chamber 
and on the test article. On the right of the figure, the entrained moisture is barely visible and clearly directed away 
from the test article. 

IV. Conclusion 
 
A propulsion test campaign demonstrated the viability of the vacuum accumulator configuration of the ISP 

Facility. Based on the results of the test, the diffuser insert successfully isolated and maintained altitude conditions 
at the engine nozzle during main engine propulsion testing of the ICPTA. Nearly one minute of main engine hot fire 
was supported. If the resources of the test campaign would have allowed it, longer main engine propulsion test 
durations could have been explored. Future testing at the ISP Facility may include other small planetary landers or 
rocket engines of a scale similar to the ICPTA.   

The configuration represented a flexible use of the facility, addressing issues previously encountered with large 
scale baseline propulsion testing. Backflow upon engine shutdown was mitigated and redirected with a backflow 
deflector. To provide steam, a rental boiler successfully drove the auxiliary steam ejectors. 

Forward work includes investigating the limit of diffuser unstart backpressures. The backpressure in the spray 
chamber would need to be increased until the diffuser was unstarted. This data could then be input into a model to 
better predict the unstart pressure.  
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Figure 10. (Left) Unmitigated backflow during engine shutdown, Hot Fire 4.17. (Right) Backflow during 
engine shutdown with the backflow deflector in place, Hot Fire 2.6. Streaks of water are barely visible in
the direction of flow. 
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