Instrumentation and Testing of Ground and Flight Hardware

Introduction

The goal of this white paper is to highlight some of the key issues associated with the instrumentation and testing of ground and flight hardware. The information is arranged topically and follows a line of organization that begins with the development of test objectives, the development of requirements, the purchase and installation of instrumentation, and covers many considerations to ensure that measurements will provide the required data during the conduct of the test. Ideally, all of these considerations would be factored into a test program; however, due to programmatic, budgetary, and calendar restraints, only a subset of these factors will typically be considered. Although the primary emphasis of this text is on thermal measurements, all disciplines can benefit from these recommendations. 

A. Test Objectives 
One well-crafted measurement is better than ten opinions. It is important to understand the goals of a test program.
1. What are your test objectives?
2. Why is this test needed?
3. What do you expect to get out of this test?
4. If this test did not occur, what impact would there be to your program?

Early in the design process, ask the research team the following three questions:

1. What exactly is the instrument measuring?
2. Is the instrument output a direct input for the analytical tool or are intermediate steps required before using data?
3. Does the science return from the instrument and the analysis answer the physical phenomena that you are trying to understand?

B. Requirements and Constraints

1. In order to perform a study, test requirements need to be documented in a Test Plan (see Appendix A). 
a. What kind of facility access will be needed? 
b. What services will be required?
c. What kind of personnel support will be required?
2. As part of the Test Plan, any constraints that can impact testing should be identified. 
a. Operating conditions?
b. Environment limits?
c. Frequency of testing the hardware?
d. Duration of hardware exposure to the test conditions?
e. Access to the model once installed. Visual Inspection required?
3. Both requirements and constraints are important for the model, the test facility, and for all sensors. There will always be give-and-take. Be willing to back off from some requirements and stay firm on others.

C. Description of the Test Hardware and Test Conditions

1. Prior to selection of the instrumentation suite and prior to determining which facility to test in, a description of the test article and a set of test conditions for the hardware must be established. All computational fluid dynamics (CFD) studies, analytical evaluations, and facility tests require a full description of the hardware to be evaluated. In addition to a geometric description, the test conditions must be fully described so that the initial conditions and boundary conditions can be determined. Only then can the facility be selected. Facility requirements (settings) can be evaluated to ensure that the test conditions can be achieved. 
2. Most facilities producing the highly energetic air flow required for high-speed research do not exactly match the properties of air as encountered in a free flight test. Vitiated (contaminated) air flows will contain products of combustion as part of their chemical makeup. It is important to try to match the best subset of test conditions to ensure that the hardware tested in a facility will behave in a similar fashion as when flown in air. Typically, material studies will attempt to match heating rates and shear stress. Flowpath tests will attempt to match flight enthalpy, Mach number, and dynamic pressure. 
3. Once the facility has been selected, a Test Matrix needs to be included in the Test Plan. The facility operators will need the required test conditions to determine the required facility settings to produce the test conditions. The order of testing should be included as part of the Test Plan. It may be prudent to consider starting the test series with lower load cases and shorter test times to ensure that the test article is responding as predicted. 

D. Instrumentation Selection, Procurement, and Analysis

1. A review of the thermal environment and its characterization should be held concurrently with the other sciences as part of the Preliminary Design Review (PDR) processes. Often, thermal issues are considered later in the design process when design changes become harder or frozen (prohibitive). Try estimating the sensitivity of the measured heat flux to uncertainties in thermal sensor reading, sensor position, material property, etc. Then determine if this uncertainty is acceptable for use by the structural and thermal analysts. Some tests may encounter challenging conditions where the thermal environment is not well understood. In this situation, sensor range should take priority over sensor resolution. Getting a low-resolution measurement is better than getting an accurate “over-ranged” measurement.
2. For critical components or key points of interest, consider redundant measurements to ensure that data will be available. 
3. As part of the design review, an outline of the analytical efforts needed to ensure that both methods and instrumentation will provide the required information needed for the thermal analysis should be documented. Often thermal instruments are purchased without understanding their limitations or use in analytical methods. 
4. Make sure that all components (wiring, connectors, tapes, adhesives, blankets etc.) are rated to at least the highest expected temperature of any proposed test. If a high temperature rated sensor requires the use of an epoxy (or tape), it may become detached at a much lower temperature (epoxies are typically rated for ~550 F).
5. Test articles are designed with a set of test loads in mind. If the test series is successful, test objectives can be extended beyond the original test envelope. When possible, design the test article and instrumentation with margin. 
6. Identify the key people (by name) who will be using the data. The individuals (end users) who will be performing the analysis after a test has been performed should be in the room during the PDR. They should also be part of the instrumentation selection and sensor placement discussion prior to the purchase of equipment. Typically, end users do not significantly participate until the test hardware and instrumentation have already been designed and model assembly is underway. Often, only the end user will know if the measurements are going to be useful in their analytical methods. 
7. In developing a schedule for testing, ensure that adequate time is provided for the purchase and installation of sensors. In many cases, equipment purchases can require long lead times (3-6 months). Additionally, installation of sensors for a typical test article are often performed by only one or two individuals at a time. If either the required number of sensors increases or the complexity of sensor installation increases, additional time will need to be factored into the schedule. Consult with the sensor installer to determine a reasonable timeframe for the installation of the sensor suite.
8. Sufficient resources should be provided for post-test analysis, documentation, and travel for conference presentations. Most often when a project has completed, the science team disperses to other projects without fully documenting the results of the test.

E. Material Layup

1. The material properties of the structure supporting the thermal instrumentation must be fully known. This implies that the density and temperature dependent specific heat and thermal conductivity are known for the temperature range of interest. For common materials, the temperature dependent thermal conductivity and specific heat are usually well prescribed; however, for joining compounds and overcoats, this information is harder to obtain. If these properties are not available and they are part of the thermal layup needed for analysis, they need to be determined prior to installation or an alternate material should be selected.
2. Avoid applying adhesives between the thermal load and the sensing element. Adhesives that are part of a thermal layup should be well characterized by thermal properties and applied thickness. Since adhesive thicknesses will be hard to control and measure, the use of adhesives should be avoided if other mounting methods are available. 
3. Heat flux gages may be designed with a surface coating which has been calibrated into the curve fit that is provided for each sensor. No coating (Zirconia, adhesive) can be applied to the surface without adversely affecting this calibration curve.

F. Instrument Documentation

1. Documentation on the installation of instruments should be provided in the Test Plan prior to installation. An installation bulletin should be written for each type of instrument and for each type of installation procedure. Once installation has been completed, a brief bulletin should be provided for all deviations from the prescribed process. Typically, once a design has been approved, the as-built design is assumed to be consistent with the original design.
2. Photos of each and every sensor (where possible) should be taken and archived. Any deviations from the prescribed installation process should be fully characterized but is often ignored.
3. Each sensor in the Master Measurements List (MML) should be identified by type, location, measurement range, and importance. Each sensor should be identified as a “Go” or “No-Go” measurement.
4. A list of critical instruments needs to be generated to identify key sensors that must be operational prior to a test. Examples include a temperature or pressure sensor that must remain within a prescribed rate; if the limit is violated, there could be a loss of science return or loss of equipment. After every test, the critical sensors should be examined to determine if they are still functioning.

G. Instrument Installation, Placement and Checkout

1. Determine who will be performing the instrumentation installation. Will the installation be done at the manufacturing site or is it expected that the testing facility personnel will be responsible for the installation?
2. It is important to have a test engineer present on-site during the time that the model is instrumented, installed, and tested in the facility. The ability to make real time decisions can be crucial to the schedule. 
3. As a general practice, instrument calibrations are performed prior to installation in model hardware. After a test, recalibration is often not performed; thus, any changes to the sensor performance due to the test may not be quantified.
4. Sensor continuity checks are typically done as part of the instrument checkout. Quantified thermal check loads for installed thermal instrumentation are preferred but are typically not performed. 
5. For flight tests, wiring and/or reference junction problems should be identified and eliminated prior to launch. This may require data systems checkouts during simulated launch loads.
6. If a new type of installation procedure is used, consider performing a bench test under similar operating conditions to ensure that the method will provide data and that the installation method is acceptable.
7. Special attention should be provided for routing cables from the test article main body through a linkage (or pin) to an appendage. The addition of wire wrapping for cables can prevent cable rubbing (and subsequent breakage) due to vibration.
8. For high temperature environments, consider the use of thermal blankets (or wrapping) to provide heat relief. Heat sensitive connectors, pressure scanning valves, soft tubing, electrical cables, and hot fuel lines can benefit from isolating the equipment from the environment.
9. If there is sufficient room in the test model, some instrumentation (like pressure scanning equipment) can be protected from hot gas incursions and fuel by being placed in a sealed box within the test article. 
10. Instrument access can be an issue once the test article has been built. Loss of a critical instrument may require either redundancy in the measurement or access to the instrument for replacement. Disassembly of a test article to repair one sensor can easily contribute to the loss of other sensors.
11. Details of the exact location and depth of the sensor, and the exact make up and properties of any adhesives or overcoating used, are required but rarely captured adequately.
12. Higher precision data, including topological roughness or in-depth X-rays, would be useful to have but are almost never considered.
13. Probes that are inserted into a long passage should be measured for depth. The end cap of the drilled-out hole should be characterized such that the least amount of air gap remains when the probe is fully inserted.
14. As part of the geometric package, the thickness of all walls adjoining any thermal instrument should be prescribed with variances documented. Tolerances should be provided with each wall thickness.
15. Thermocouple cable junction bundles can be offset to better fit in passages.
16. For environmental thermocouples hanging free in a cavity, add a collar to prevent the junction from touching metallic surfaces.

H. Concept of Model Assembly Operations (ConOps)

1. Once the test hardware has been designed and the required instrumentation suite has been identified, installation of the instrumentation will be part of the vehicle assembly process. Instrumentation can be considered as a subsystem of the test article. Instrumentation will require mass, volume, and access through the skins and bulkheads. The Test Plan should detail how to assemble the test article and should include instrument cable runs, instrument connections, cable slack requirements, and vehicle covers.
2. The process for installing the model into a test pod (or test cell) will be required in the Test Plan. Model attachment points for the rigging process needs to be identified. If the model is classified, then the model will either need to be protected during the installation process or the rigging personnel will need to be cleared personnel. ConOps can benefit from pretest simulations to ensure that the order of testing will be adequate. Virtual simulations and model mockups can aid in determining how hardware will fit within the test facility.

I. Data Acquisition, Sampling Rates and Data Reduction

1. Although some ground tests can benefit from high data rates (e.g., shock tunnels), most applications incorporating thermocouples and heat flux gages will only require sampling rates between 10 – 100 Hz.
2. Sampling durations in some flight studies were often not sufficient because the primary science objective of many tests was associated with pressure studies. Once the test period was over, data acquisition for all instruments was either reduced or stopped. Thermal studies require sampling long after the “test period” to account for issues of thermal lag and thermal buildup. In addition, highly energetic flows associated with high-speed flight may contribute to a thermal breach along the flowpath or on the vehicle skin. By monitoring the temperatures throughout the structure until the termination of the flight, additional insight can be obtained.
3. Once data has been provided, be ready to look at the data. When there are a series of tests being performed, quick looks can be critical to ensure that the model and the facility are operating as expected. Unexpected results may impact follow-on tests which may require model configuration changes or tunnel facility setting adjustments. 



J. Wind Tunnel Operations

1. During the test, determine which sensors are to be monitored in real time. Typically, this information is available on a “customer screen” in the control room. Real time video (visible and infrared) may also be available. Can sensor limits can be programmed to show red on the sensor screen if limits are reached? Critical sensors should be monitored to ensure model health. Can the model be retracted, and can tunnel operations be shut down by the customer if it is determined that thermal limits have been reached?

K. Miscellaneous Considerations

1. Environmental thermocouples and pressure sensors (within compartments) can provide useful data when seal integrity is an issue.
2. Some bolt drive types (i.e., Torq) are easier to install than to uninstall. Flight articles may call for a bolt type and for potting to ensure that the fastener does not fail. For wind tunnel tests, these choices may need to be reconsidered as model change out or instrument repairs may require frequent access to model compartments. Some bolts may work themselves out due to excessive vibration. Loctite and wire wrapping can mitigate this issue.
3. Internal compartment post-test visual inspection can be performed with a borescope if provision was made to include access points at key locations on the model.
4. For cable bundles, consider spare cables as part of the bundle. Spares can replace cables damaged in handling.
5. Consider keeping a “Model Journal.”  Daily decisions and unexpected developments can be informally documented. This journal can serve as a resource to capture information that might not be documented elsewhere. 
6. Configuration control is important. As-designed, as-built, as-modeled, as-tested, and as-flown (cold), and as-flown (thermally deformed) are typically all different versions of the same design. 
7. Evaluate all coolant systems to ensure that flow rate requirements have been met. For example, if water is used as a coolant during a test, collect the water in a bucket over a specified period of time to estimate the flow rate. Multiple runs will help to purge lines of particulate matter. If lines are compromised with particulates, add a filter and a cleanout port to the line to prevent clogging downstream.
8. Some models may need to be sealed with room temperature vulcanizing (RTV) adhesive. Consider the curing time (typically about one day) when setting up the test schedule.
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APPENDIX A - Test Plan Sections

A Test Plan is required for facility testing. Since each facility and test article will have unique requirements and objectives, no single format can suffice to capture all of the required sections. As a general rule, the following sections should be considered as part of the Test Plan.

· Introduction
· Test Objectives
· Test Success Criteria
· Test Program Approach
· Test Article Description
· Instrumentation
· Facility Requirements
· Interfaces
· Test Procedures
· Test Matrix
· Safety Provisions
· Security Requirements and Procedures
· Test Responsibility
· References
· Nomenclature
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