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Summary Report

ZOT Elimination Tests Performed at Aerojet in December 2006

Introduction & Executive Summary

First Stage Roll Control Thrusters (RCTs) on the Crew Launch Vehicle (CLV) will be required to operate between ground launch and approximately 180,000 feet in altitude.  Storable bipropellant architectures using Nitrogen Tetroxide (NTO) and Monomethyl Hydrazine (MMH) are being considered for this mission.  Previous tests of NTO/MMH engines have shown them to be susceptible to “ZOTs”, or detonation events which can occur at altitudes below 70,000 ft when residual fuel condenses in oxidizer passages that have been cooled by the evaporation of residual oxidizer.
This synopsis describes testing performed in 2006 to verify that ZOTs can be eliminated by introducing a low flow helium purge into the feed passages between valve seat and injectors at conditions which had previously produced ZOTs with occasional oxidizer valve seat damage.  This test program duplicated the results of testing performed from 1979 thru 1983 where ZOTs were encountered.  Tests performed using the purge showed that ZOTs were no longer encountered.
Space Shuttle R-40 Primary Reaction Control Thrusters (SSRCTs) from existing orbiter inventory were used in this test series.  A “standard” thruster equipped with a truncated columbium combustor was tested under the following conditions:

-
Simultaneous trickle purge through both propellant manifolds, installed between valve outlets and injector inlets, that flow continuously during coast periods, but “check” off during thruster operation.

-
Trickle purge through the oxidizer manifold only (no fuel purge).
-
Trickle purge through the oxidizer manifold only (no fuel purge) at a reduced (½ and ¼ originally planned) flow rate.
Test Results indicated:
1.       ZOTs were created at conditions which had produced ZOTs on prior tests, validating the test setup and test results.
2. ZOTs were eliminated by a trickle purge through both propellant manifolds and by purging the oxidizer manifold only.
3. Limited data indicated that purge flows can be significantly reduced and still obtain the desired result – ZOT elimination.

The data obtained were sufficient to be reasonably confident that ZOTs can be eliminated using the purge schemes discussed here without adverse results.

Discussion of Tests and Results
Mechanism

The ZOT is a detonation produced within the thruster injector, between valve seat and final injection orifices, which can damage valve seats, causing valve leakage.  ZOTs occur as a result of fuel condensation on cold surfaces within the oxidizer feed passages.  They have been observed at ambient pressures ranging from 2.7 to 0.6 psia (or altitudes of 40,000 to 70,000 feet, respectively), but could theoretically exist at pressures approaching sea level.
ZOTs typically occur only in the oxidizer propellant feed tube which thermally isolates the propellant valve from the injector.  ZOTs were first noted on the Apollo Service Module RCS thruster.  A plot showing chamber pressure and critical hardware temperatures is shown below for that thruster.
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Starting the thruster with fuel condensed in the oxidizer feed passage can result in a reaction (ZOT) which can result in high internal injector pressures and consequent oxidizer valve seat damage. All bipropellant thrusters are likely susceptible to condensation of fuel in the oxidizer manifold when operated in the critical altitude range noted above.
The signature of a ZOT is unique and is readily identified by the test data.  The ZOT occurs in the manifold between the valve seat and injector final orifices, so pressure generated by the reaction is seen only in the oxidizer flow instrumentation as a perturbation in the injector line pressure signal (PMO).   Plots below show 1979 data from a test where an oxidizer valve seat was damaged by a ZOT.
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Test Hardware
The unit tested was a production Space Shuttle Primary Thruster injector/valve assembly equipped with a truncated columbium chamber.  The thruster is shown below.
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2006 Basic Manifold Purge Test Results
Testing was performed in December 2006 at Aerojet Sacramento’s A Zone test facility.  The intent of the test series was to reproduce conditions which had previously produced ZOTs, then eliminate the ZOT by introducing a purge between the thruster valve outlet and the injector inlet.

The tests were successful in all respects.

a. ZOTs were produced at conditions where they had been previously noted.
b. No ZOTs were encountered when a low level helium purge was introduced, either through both isolation manifolds, or through the oxidizer side only.
Since the basic test intent had been demonstrated, two additional test conditions were demonstrated.

c. Purging of the oxidizer side only 
d. Purging of the oxidizer side only at ½ the original planned flowrate.

Both of these techniques appeared to be successful as well.
Test conditions were those which had historically produced ZOTs:


Simulated altitudes ~ 40,000 to 70,000 feet. (2.7 to 0.6 psia)



Propellant temperature at valve inlets ~ 40F to 70F



Valve ON Times of 100 and 320 milliseconds



Pulse coast (OFF) times of 4, 10, and 15 seconds



Oxidizer typical purge flow condition




Rate - 0.001312 lbm/sec, @ 129 psia, 59F, CdA - .00110 in^2



Oxidizer purge at reduced condition:



Rate – 0.000695 lbm/sec


Fuel typical purge flow condition:


Rate – 0.001225 lbm/sec @ 119 psia, CdA  = 0.001123 in^2

A total of 28 tests were run on the thruster, including trim runs and repeats.  Conditions which had produced ZOTs during historical tests demonstrated that ZOTs could be produced “On Demand” during this test series.
Shown below is a plot of a 2006 test (Run 104) where ZOTs were encountered.  There is no question that the phenomenon was reproduced.  Data shown on this plot also include “POPHF” and “PFPHF” – the oxidizer and fuel pressures, respectively, between valve outlet and injector inlet.  The plot clearly shows that the high pressure spike was localized to the oxidizer system.
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After demonstrating that ZOTs could be eliminated with a purge on both propellant circuits, Run 122 was conducted at 320 ms ON, 15 Sec Off, 40,000 ft, and 40F propellants, a condition that was known to produce ZOTs in all previous attempts, to verify that ZOTs could be produced “on demand”.  During most of the pulses in this test run, ZOTs were observed, validating the test approach.

Oxidizer Only Purge Flow Test
A few tests were made to determine whether purging the oxidizer side alone would be sufficient to suppress production of ZOTs.  Two test runs were made at 40,000 ft altitude pressure, 320 ms ON, 15 seconds OFF, and no fuel purge.  No ZOTs were observed.

Reduced Oxidizer Purge Only Tests

Since results with only the oxidizer manifold purge were successful, additional tests were performed with the oxidizer purge reduced to 50 percent, then 25 percent of the original flow rate.  As before, no ZOTs were generated.
Test Matrix
The as-run test matrix is presented below.
[image: image4.emf]Test # Date Duty Cycle

On 

Time 

(s)

Off 

Time 

(s)

Propellant 

Target 

Temperature 

+10F

Injector 

Target 

Temperature 

+10F

Altitude 

(ft)

Purge Condition

-101 6-Dec Trim Run 40 70 40K No Purge

-102 6-Dec Trim Run 40 70 40K No Purge

-103 7-Dec Trim Run 40 70 40K No Purge

-104 7-Dec 0.32 15 40 70 40K No Purge

-105 8-Dec 0.32 10 40 70 40K No Purge

-106 8-Dec 0.32 15 40 70 40K No Purge

-107 8-Dec 0.32 15 40 70 40K Full Trickle Purge Both Circuits

-108 8-Dec 0.32 10 40 70 40K Full Trickle Purge Both Circuits

-109 8-Dec 0.32 15 40 70 40K Full Trickle Purge Both Circuits

-110 8-Dec 0.1 4 60 60 65K Full Trickle Purge Both Circuits

-111 9-Dec Trim Run 60 60 65K No Purge

-112 9-Dec 0.1 10 60 60 65K Full Trickle Purge Both Circuits

-113 9-Dec 0.1 4 60 60 55K Full Trickle Purge Both Circuits

-114 9-Dec 0.1 10 60 60 55K Full Trickle Purge Both Circuits

-115 9-Dec 0.32 10 60 60 60K Full Trickle Purge Both Circuits

-116 9-Dec 0.32 4 60 60 60K Full Trickle Purge Both Circuits

-117 9-Dec 0.32 10 60 60 55K Full Trickle Purge Both Circuits

-118 9-Dec 0.32 4 60 60 55K Full Trickle Purge Both Circuits

-119 11-Dec 0.1 4 40 40 70K Full Trickle Purge Both Circuits

-120 11-Dec 0.1 10 40 40 70K Full Trickle Purge Both Circuits

-121 11-Dec Trim Run 40 70 40K Full Trickle Purge Both Circuits

-122 11-Dec 0.32 15 40 70 40K No Purge

-123 11-Dec 0.32 15 40 70 40K Full  Ox Purge, No Fuel Purge

-124 11-Dec 0.32 15 40 70 40K Full  Ox Purge, No Fuel Purge

-125 11-Dec 0.32 15 40 70 40K 50% Ox Purge, No Fuel Purge

-126 11-Dec 0.32 4 40 70 60K 25% Ox Purge, No Fuel Purge

-127 11-Dec 0.32 4 40 70 60K No Purge

-128 11-Dec Trim Run 40 70 40K No Purge


Conclusions
Primary objectives of the test series were met.

1. ZOTs could be reproduced at conditions similar to those run in historical tests at other facilities.  This result validated the test setup and test results.
2. ZOTs could be eliminated by introducing a helium purge into the cavities between the valve outlets and the injector inlets.
3. The magnitude of the purge flow can be safely reduced below the originally planned set point, accomplishing the intended result – ZOT elimination.

4. Limited data indicate that ZOTs can be eliminated by introduction of the injector manifold purge on the oxidizer side only, even at a reduced purge flow rate. This scheme could significantly simplify the flight system.

The data obtained were sufficient to be reasonably confident that ZOTs can be eliminated without adverse results using the purge schemes described here.
Additional Considerations

Further testing with an ablative chamber is being conducted to determine the effect, if any, of chamber heat capacity on ZOTs.
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ZOT is observed in oxidizer lines only
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