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ABSTRACT

Static fire (captive-fired) testing remains the principal ground-based method for verifying that a solid rocket motor
(SRM) meets its design, performance, structural, and safety requirements before it is certified for flight. This paper
critically reviews the methodologies, instrumentation, data-analysis practices, and standards that govern static fire
testing across the development, qualification, and acceptance phases of SRM certification. Drawing on NASA design-
criteria documents, U.S. Space Force/Aerospace Corporation and military test standards, peer-reviewed metrology
literature, and documented flight-program case studies (the Space Shuttle Redesigned Solid Rocket Motor and the
European Vega P80/Zefiro family), the review compares test philosophies, instrumentation and data-acquisition
practices, and uncertainty-quantification methods, and evaluates how static fire evidence supports certification and
flight-readiness decisions. It identifies persistent limitations — chiefly the difficulty of reproducing flight thermal,
vibratory, and aerodynamic environments on the ground, the cost and destructive nature of large-motor testing, and
unresolved gaps in automated anomaly detection and model-test correlation — and discusses emerging directions such
as digital twins, non-destructive evaluation integration, and data-driven anomaly detection. The paper is confined to
test methodology, instrumentation, data evaluation, and certification practice, and does not address propellant
formulation, ignition-system design, or motor construction.

Keywords: Solid Rocket Motor; Static Fire Test; Captive-Fired Testing; Qualification Testing; Acceptance Testing;
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1 INTRODUCTION

A solid rocket motor (SRM) converts a single ground test into most of what can ever be learned about its performance
before flight: unlike a liquid engine, an SRM cannot be throttled, restarted, or partially exercised, so once ignited it burns
to completion or to catastrophic failure [1]. Captive-fired (static fire) testing — igniting a motor while mechanically
restrained on a ground stand — is therefore the primary means of obtaining direct, full-scale evidence of ignition
transient behavior, thrust and pressure history, burn duration, structural response, and failure modes before flight [1].
SRMs are used in strap-on boosters, upper stages, launch-abort motors, and tactical/strategic systems, often in human-
rated or high-value missions where an in-flight failure is unrecoverable; the 1986 Space Shuttle Challenger accident,
traced to a field-joint seal failure, remains the most consequential illustration of how certification test evidence bears
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directly on flight safety [2], [3]. The subsequent Redesigned Solid Rocket Motor (RSRM) program's extensive full-scale
qualification campaign before return to flight illustrates both the necessity and the scale of static fire testing in SRM
certification [3]. Within the broader verification-and-validation framework for launch-vehicle propulsion, static fire
testing is the only ground-based means of exercising the complete propulsive chemistry-to-thrust chain — grain,
insulation, case, nozzle, igniter — under conditions approximating flight internal ballistics, a role established by NASA's
foundational SP-8041 design-criteria monograph [1].

Despite decades of practice, the literature on SRM static fire testing remains fragmented across 1970s NASA design-
criteria monographs, military and Space Force specifications, JANNAF manuals, and a scattered recent metrology
literature, with no single, current, critically synthesized treatment connecting test methodology to certification logic,
instrumentation practice, and modern data-driven developments. This paper addresses that gap by: characterizing the
purpose and certification significance of static fire testing; comparing development, qualification, and acceptance test
philosophies; reviewing instrumentation, data reduction, and measurement uncertainty; examining how static fire
evidence supports certification and flight-readiness decisions; surveying relevant standards; critically discussing the
method's limitations; and identifying emerging technologies and research gaps.

The scope is confined to test methodology, instrumentation, data evaluation, certification logic, and standards.
Propellant formulation, ignition-train design, and motor construction procedures are outside scope and, where
unavoidable for context, are treated only descriptively as reported in the cited public literature.

2 LITERATURE REVIEW

The NASA Space Vehicle Design Criteria (SP-8000) series (1970-1971) remains the foundational open-literature
treatment of SRM testing philosophy: SP-8041 established captive-fired test design criteria [1], while companion
monographs SP-8043-SP-8045 define the development/qualification/acceptance verification logic that later standards
refined but did not fundamentally replace [4]. Current practice is consolidated in the Aerospace Corporation's TR-RS-
2023-00006, which distinguishes "small," lot-produced motors (multiple qualification samples) from "large,"
individually manufactured motors for which qualification evidence is comparatively limited and each unit is effectively
a population of one [5]; the companion case standard SMC-S-006 specifies, for example, a minimum of four qualification
test articles and defined burst-margin criteria [6].

The scale of SRM static fire testing spans from the 1960s 260-inch-diameter motor program, which fired two 1.68-
million-pound-propellant motors from an underground silo to demonstrate the feasibility of very large SRMs [7], to the
Space Shuttle RSRM qualification campaign (1986-1988), which combined development, qualification, and production-
verification motors — including deliberately flawed articles and cold-temperature firings — to re-certify the design
after the Challenger accident [3], [8]. Contemporary literature distinguishes full-scale full-duration firings; sub-scale
and component/joint-simulator tests that isolate structural features without a full motor firing [9]; and small,
university/amateur-class test stands that apply the same measurement principles at far smaller scale [10].

Recent peer-reviewed work has focused less on new test philosophies than on the metrological rigor of thrust and
pressure measurement: studies applying combined- and expanded-uncertainty methods to SRM static-firing
measurement chains find that sensor selection, calibration practice, and data-acquisition resolution materially affect
the confidence placed in performance verification [11], [12]. Complementary work on thrust-stand hysteresis [13] and
high-area-ratio nozzle uncertainty [14] extends these findings, though much of the underlying uncertainty methodology
originates in liquid-engine testing, and its transfer to solid-motor practice, while plausible, remains only partially
validated — a gap this review returns to in Section 8.

3 SOLID ROCKET MOTOR CERTIFICATION FRAMEWORK

3.1 Development and qualification testing

Development testing is exploratory: per SP-8043 it generates engineering data to support design decisions before
configuration freeze and is not intended to demonstrate compliance with flight requirements [4]; RSRM development
motors (DM-1-DM-10), for example, evaluated candidate materials and joint configurations, often under deliberately
induced flaws [3], [8]. Qualification testing instead demonstrates, with defined margin, that a frozen design meets its
full environmental envelope on dedicated, typically non-flight articles [4], [5]; SMC-S-006 requires a minimum of four
case-qualification articles held at design burst pressure for a minimum time [6], and complete-motor qualification
firings are conducted at hot/cold propellant-temperature extremes and, where applicable, under simulated external
side loads [8], [9].
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3.2  Acceptance testing

Acceptance testing verifies that a specific deliverable article is free of workmanship defects and meets minimum
performance, without demonstrating design margin [4]. Because acceptance firing of a complete large motor is
inherently destructive, it is infeasible for a flight article: as Moore and Phelps state, "process control is mandatory for
an SRM, because an acceptance test of the delivered product is not feasible" [3]. Large-motor acceptance therefore relies
on process control, non-destructive evaluation, and similarity arguments, whereas small, lot-produced motors can be
acceptance-tested by sampling and firing representative units [5].

3.3 Certification evidence and verification

Certification packages combine multiple evidence types: the RSRM Certificate of Qualification report frames
certification as based on "documented results of tests, analyses, inspections, similarity, and demonstrations" [15] — a
multi-legged structure necessitated precisely because full-motor acceptance firing is not universally available. Static fire
data are compared against ballistic (thrust/pressure history, total and specific impulse), structural (strain, joint
displacement, temperature), and functional (ignition delay, tailoff, absence of instability) requirements, with
verification closure requiring measured parameters, including their uncertainty bounds, to fall within specification
limits set by systems-level requirements flow-down [5], [6].

4 STATIC FIRE TEST METHODOLOGIES

4.1 Full-scale, full-duration firing

Igniting a complete flight-configuration motor to tailoff is the methodology of record for qualification and for validating
manufacturing/process changes without flying an untested motor [3], [10]. Its principal advantage is
representativeness, since internal ballistics, grain regression, insulation erosion, and structural loading are all exercised
simultaneously at true scale; its principal disadvantages are cost, destructiveness, and the resulting small statistical
population available for qualification [3], [5]. ESA's Vega program illustrates this methodology at moderate scale: the
P80 first-stage motor's maiden firing recorded over 600 parameters during an approximately 111-second burn, with
qualification completed after a second full-duration firing [16], [17], [18], and the Zefiro 23/9-A upper-stage motors
followed the same approach [19], [20].

4.2  Sub-scale, component, and extreme-condition testing

Figure 1: A restrained, guy-wired small-scale static fire test stand during ignition, illustrating the exhaust
plume, ground-restraint hardware, and stand-off distance characteristic of the small-motor/educational
methodology described above. (Illustrative photograph; not associated with a certification-grade facility.)

Sub-scale and component/joint-simulator tests — such as the RSRM's Joint and Nozzle Joint Environment Simulators
— isolate structural-joint behavior under representative pressure and thermal transients without the expense of a full
motor firing, trading whole-motor coupling for statistical replicability [9]. Qualification programs also deliberately test
at environmental extremes (e.g., RSRM cold-condition firings near 30-40°F) and, in some cases, with intentionally
introduced flaws to verify that redundant design features perform under degraded conditions [3], [8] — targeting the
failure modes of greatest safety concern rather than nominal performance alone.
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At a different point on the methodology spectrum, small solid-motor test stands built for university research and
amateur/experimental rocketry apply the same measurement principles — restrained motor, load-cell thrust
measurement, data acquisition — at far smaller scale, with explicit structural margin analysis for surviving a
catastrophic motor failure (CATO) [10]. While not certification-grade, such stands are methodologically continuous with
larger programs and usefully illustrate core measurement concepts.

Figure 2: The same small-scale test-stand motor secured vertically within a protective wire-mesh safety cage
prior to ignition, illustrating the ground-restraint and stand-off enclosure used for personnel protection
during the small-motor/educational test described above.

4.3 Comparative evaluation

Across methodologies, the key trade-offs are representativeness versus cost/sample size, whole-system coupling versus
repeatable component behavior, and nominal-performance characterization versus targeted margin demonstration. No
single methodology satisfies all certification needs, so qualification programs combine several within a structured test
matrix rather than relying on full-scale firing alone [4], [5], [6], [9]-

5 INSTRUMENTATION, DATA ANALYSIS, AND UNCERTAINTY

5.1 Thrustand pressure measurement

Thrust is most commonly measured with load cells in a restrained test-stand configuration, sometimes arranged as a
multi-axis system to resolve off-axis components [21], [14]; the full measurement chain — sensor, signal conditioner,
data-acquisition hardware, and calibration — must be evaluated together, since each stage contributes to the combined
uncertainty of the reported thrust-time curve [11], [12]. Chamber (and, where relevant, igniter/interstage) pressure is
measured by transducers at defined locations, and pressure-versus-time is, together with thrust-versus-time, one of the
two principal static-fire output curves, supporting both internal-ballistics verification and structural-load derivation
[12].

Temperature, transient, and structural measurement. Temperature instrumentation serves two purposes:
characterizing propellant mean bulk temperature (PMBT) as a controlled test condition, since ballistic performance is
temperature-sensitive and qualification firings are deliberately conducted at PMBT extremes [3], [8]; and monitoring
case, insulation, joint, and nozzle temperature as a structural/thermal-margin indicator. Ignition transients, tailoff
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behavior, and any pressure oscillations require high sampling-rate, time-synchronized acquisition — legacy Shuttle
testing compared oscillation signatures across test articles as a repeatability check [9] — while strain gauges and
displacement transducers verify that structural joints remain within allowable limits during firing, a requirement
explicit in NASA's SRM structural test standard [9]. High-speed imaging and, in some programs, optical/acoustic
diagnostics complement point-sensor data with visual evidence for anomaly investigation.

Data acquisition and calibration. Modern static fire tests rely on multi-channel digital data-acquisition systems
recording several hundred synchronized parameters per test — 400 for Zefiro 9-A, over 600 for P80 [16], [19] — a
marked increase over the single- or few-channel practice of earlier decades. Calibration of the full measurement chain,
not just the primary sensor, is essential to credible uncertainty statements; JANNAF's Rocket Engine Performance Test
Data Acquisition and Interpretation Manual formalizes recommended calibration and uncertainty procedures [22], and
modern SRM-specific studies apply combined/expanded (Type A/Type B) uncertainty methods to the full chain [11],
[12].

Load Cell
Support 1 Support 2
] @)
:‘ Rocket Motor
|| O
Coupling Device /
©)

Figure 3: Conceptual schematic of a horizontal static fire test configuration: the motor is restrained at two
support fixtures (Support 1, Support 2), with a coupling device mechanically isolating the load cell so that
only the axial thrust component is transmitted to the force-measurement sensor at the forward closure. This
arrangement is representative of the restrained-motor, load-cell-based thrust-measurement principle
discussed above, and is illustrative rather than a reproduction of any specific facility drawing.

5.2 Datareduction and uncertainty propagation

Raw sensor voltages are converted to engineering units via calibration coefficients, from which derived quantities —
total impulse as the time-integral of thrust, specific impulse as impulse per unit propellant mass — are computed [11],
[12]. Uncertainty analysis follows the JANNAF/ICRPG-established practice of propagating the sensitivity of each
measured input through to a combined uncertainty estimate; a NASA Lewis study of high-area-ratio nozzle testing
reported a specific-impulse uncertainty of 1.30%, dominated by pressure- and thrust-sensor calibration error [14].
Because impulse-type quantities are integrated/ratio results, their uncertainty also depends on correlated-bias
propagation [23] and on quantifiable contributors such as load-cell hysteresis [13].

5.3 Repeatability, statistics, and model correlation

Repeatability and reproducibility are assessed by comparing thrust/pressure traces and derived performance across a
qualification series — the RSRM program compared pressure-oscillation behavior across multiple qualification and
production-verification motors as a repeatability/anomaly-screening check [9]. Because large-SRM qualification
populations are necessarily small, statistical evaluation here emphasizes bounding environmental conditions and
margin demonstration over classical confidence sampling, whereas small, lot-produced motors can support
conventional sampling-based statistics [5]. Static fire data are also compared against pre-test performance and
structural predictions, both to validate models and to detect anomalous behavior; ESA reported for the P80 firing that
"the first data received show that the pressure curve is following perfectly the prediction,” treating close model-test
agreement itself as a qualification milestone [17].
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6 CERTIFICATION AND QUALIFICATION ASSESSMENT

Static fire results are mapped against systems-engineering requirements — performance envelopes, structural margins,
functional criteria — to close verification items, with a measured parameter's uncertainty band required to lie within
specification for the item to be verified by test [5], [6]. A qualification static fire, together with associated inspections
and analyses, becomes part of a documented qualification data package; the RSRM Certificate of Qualification report
explicitly frames certification as the product of tests, analyses, inspections, similarity, and demonstrations rather than
test alone [15].

For lot-produced small motors, acceptance criteria are typically expressed as sampling plans with defined accept/reject
logic [24]; for large motors, acceptance instead relies on process-control conformance, non-destructive evaluation, and
traceability to a qualified production baseline, since the flight article cannot itself be fired [3], [5]. Reliability assessment
draws on cumulative test-and-flight history and, where sample sizes preclude classical statistical confidence, on margin
demonstration and redundancy verification; JANNAF guidance explicitly acknowledges that "requiring a demonstrated
reliability with sufficient statistical confidence is not cost effective” for a newly qualified system, favoring instead a
guideline-based, lessons-learned test program [25].

When static fire data deviate from predictions or prior test-to-test behavior, a formal anomaly investigation is triggered,
historically combining pressure-oscillation review, joint-heater data, and post-fire inspection [9], [26]. Machine-
learning-based unsupervised anomaly detection — notably Schwabacher's application of the Orca and GritBot
algorithms to Space Shuttle Main Engine and Stennis test-stand data — has surfaced previously undetected anomalies
in historical liquid-engine records [27], [28], though its extension to solid-motor data streams remains comparatively
undocumented. Ultimately, static fire evidence feeds a flight-readiness determination alongside analysis and inspection:
ESA's public statements around the P80/Zefiro firings explicitly tied a successful, prediction-matching static fire to
increased confidence proceeding toward Vega's maiden flight [17], [18].

7 STANDARDS, GUIDELINES, AND REGULATORY CONSIDERATIONS

The NASA SP-8000 series constitutes historical, non-mandatory design-criteria guidance rather than binding regulation,
but remains the foundational open-literature reference for SRM test philosophy [1], [4]. Current NASA structural
standards such as MSFC-STD-3744 state they are intended "to aid in the development of SRM design and test criteria”
and align with higher-level NASA-STD-5001, distinguishing mandatory ("shall") from discretionary ("may"/"can"
provisions [9]. The Aerospace Corporation's TR-RS-2023-00006 is the current consolidated U.S. Space Force
requirements document for SRM qualification and acceptance, superseding the earlier case-only SMC-S-006 [5], [6].

Military standards address adjacent aspects: MIL-STD-1901A sets design safety criteria for ignition systems [29]; MIL-
STD-1540C addresses environmental test requirements for launch/space vehicles generally, noting that solid- and
liquid-propulsion testing share a common framework requiring tailored provisions [30]; and legacy MIL-R-83403
illustrates historical lot-acceptance sampling for tactical motors [24]. The JANNAF Interagency Propulsion Committee's
consensus manuals — including the Rocket Engine Performance Test Data Acquisition and Interpretation Manual [22]
and the more recent Test and Evaluation Guideline for Liquid Rocket Engines [25] — establish measurement,
calibration, and uncertainty-reporting practices referenced broadly across the U.S. propulsion test community,
including solid-motor programs.

Not all of these documents carry equal regulatory force: SP-8000 monographs are guidance; NASA/Space Force
standards are program-tailorable requirements whose applicability depends on contractual invocation; and military
standards are mandatory only when explicitly invoked by a contract or program specification. The literature reviewed
does not establish that any single standard is universally mandatory for all SRM programs; applicability is program- and
contract-specific [5], [6], [9].

8 CHALLENGES, RESEARCH GAPS, AND FUTURE DIRECTIONS

8.1 Limitations

A restrained, ground-based static fire cannot fully replicate flight aerodynamic heating, vibration, acceleration, or
altitude nozzle-expansion conditions; altitude-simulation facilities partially address expansion effects but introduce
their own uncertainty sources [31]. Sensor bandwidth, mounting-induced error, and the practical difficulty of
instrumenting a burning solid grain's interior limit the completeness of the internal-ballistics picture obtainable from
external sensors [21], [14], and even well-instrumented tests carry measurable uncertainty — on the order of one
percent or more for specific-impulse-type quantities — that must be treated as integral to pass/fail comparison rather
than ignored [14], [11], [12]. Full-scale testing further requires dedicated, costly ground infrastructure — thrust
structures rated for multi-hundred-tonne loads and instrumentation at hundreds of channels, as at ESA's Kourou and
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Salto di Quirra facilities [16], [19] — which, combined with each test's destructive, one-time nature, sharply limits the
statistical basis for qualification. Because an ignited solid motor cannot be shut down, facilities incorporate dedicated
abort safety features such as case-cutting devices [16]; because PMBT is a first-order performance variable, motors
must be conditioned to hot/cold extremes, itself a non-trivial test-conditioning challenge [3], [8]. Sub-scale and
component data must be scaled to full-scale behavior with care, since combustion and structural-joint phenomena do
not always scale linearly [4], [9]; and, ultimately, static fire testing remains a ground surrogate whose correlation with
actual flight vibration, acoustic, and altitude environments is not perfect.

8.2 Emerging technologies

Contemporary qualification firings already instrument several hundred parameters per test, reflecting a trend toward
substantially denser instrumentation than legacy programs [16], [20], enabled by digital, multi-channel, time-
synchronized data-acquisition systems that have replaced earlier analog, limited-channel recording [22]. Recent (2022,
2025) metrology publications applying combined/expanded uncertainty theory specifically to SRM thrust and impulse
measurement chains represent a maturing, SRM-specific uncertainty literature moving beyond the general
JANNAF/liquid-engine framework [11], [12]. Unsupervised anomaly-detection algorithms have been applied
successfully to historical liquid-propulsion test-stand data [27], [28], [32], but their extension to solid-motor static fire
time-series remains comparatively underexplored. Digital-twin methodologies — demonstrated for gas turbines and
electric propulsion as a response to limited physical test opportunities [33], [34] — offer a plausible, though not yet
solid-motor-validated, means of substituting probabilistic model correlation for expensive, sample-limited physical
testing. Non-destructive evaluation (X-ray radiography, computed tomography, ultrasonic testing, and increasingly
deep-learning-assisted defect segmentation) inspects grain and bond-line integrity without destructive sectioning and
is treated in the literature as complementary to, not a substitute for, static fire testing [35], [36], [37], [38].

8.3 Research gaps

Five gaps stand out. First, SRM-specific data-driven anomaly detection is largely unvalidated in the open literature, most
published work being liquid-engine-focused [27], [28]. Second, digital-twin and model-correlation methods are
undocumented for large solid motors despite their small qualification-article populations being an intuitively strong
candidate application [33], [34]. Third, no broadly adopted, SRM-specific standard practice exists for reporting and
comparing measurement uncertainty across programs [11], [12], [14]. Fourth, quantitative, peer-reviewed treatment
of ground-to-flight correlation uncertainty for solid propulsion specifically is scarce. Fifth, NDE and static fire evidence
are treated as separate literatures, with no established quantitative framework for combining them into a single
certification-confidence measure [35], [36], [37], [38]. Each gap matters because large, high-value solid motors cannot
be acceptance-tested by firing the flight article and can be qualification-tested only a small number of times, so any
method that increases the confidence extractable from a limited number of ground tests has outsized certification value.

9 CONCLUSIONS AND RECOMMENDATIONS

Static fire (captive-fired) testing remains the indispensable core of solid rocket motor certification, because an SRM's
irrevocable, non-throttleable burn makes ground demonstration the only way to observe true ignition transient,
ballistic, and structural behavior before flight. Its certification value depends on matching test philosophy
(development, qualification, or acceptance) to the question at hand, on rigorously characterized instrumentation and
measurement uncertainty, and on combining test evidence with analysis, inspection, and similarity arguments — since
full-motor acceptance firing of a flight article is generally infeasible for large motors, and even qualification is
necessarily conducted on a small population of test articles. Uncertainty quantification should be treated as a
mandatory, reported part of any static fire result used for certification; programs should continue combining full-scale,
component-level, and extreme-condition testing rather than relying on any one methodology; and the research
community should prioritize SRM-specific anomaly detection, digital-twin/model-correlation methods, standardized
uncertainty reporting, and NDE integration, since modest research investment in these areas could measurably increase
the certification confidence obtainable from an inherently limited number of physical tests. Where evidence is currently
limited — notably on quantitative ground-to-flight correlation and validated SRM-specific machine-learning anomaly
detection — this review has stated that limitation explicitly rather than filling it with speculation.
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