~JAOAM-  Journal of Airline Operations and Aviation Management

Article

Oracle APEX-Based Digital Twin Dashboard for
Turbine Blade Thermal Stress Profiling in Jet Engine
Maintenance Systems

Srikanth Keshireddy

Senior Software Engineer, Keen Info Tek Inc., United States
Email: sreek.278@gmail.com, Orcid id: https://orcid.org/0009-0007-6482-4438

DOIL: https://doi.org/10.64799 /jacam.V4.11.2

Abstract.

Aerospace engine maintenance increasingly requires sophisticated precision, which has spurred the
development of digital twin technologies integrated with smart interfaces for performing real-time engine
diagnostics. This work outlines a low-code implementation of a digital twin dashboard for monitoring the
thermal stress profiling of turbine blades temperature in jet engines with telemetry on Oracle APEX. The
system uses embedded, high-fidelity temperature and vibration sensors to capture telemetry and transform
complex thermal profiles into visual stress maps, which can be interpreted by aerospace engineers in near
real-time. The dashboard provides multi-dimensional visualization with dynamic thermal contour ovetlay,
critical zone detection, and predictive indicators of fatigue failure based on accumulated stress cycle. The
entire system was developed in Oracle APEX which allows for rapid development and deployment within
confined aerospace IT environments, coupled with secure cross-domain aircraft maintenance databases and
parts inventory systems. An embedded time-series analysis engine in the interface enables operators to
replay thermal cycles under various flight conditions to pinpoint outlier stress accumulation patterns. The
simulation results confirm over 92% correlation capture blade stress trends to FEM-based ground truth
models, demonstrating reliability of the platform. The prototype analysis conducted with GE and Rolls-
Royce engines reveals the capabilities for reducing unscheduled maintenance by preemptively identifying
thermal fatigue thermal deterioration discrepancies. This research outlines the possibilities of Oracle APEX
being extended as a lightweight aerospace-grade visualization and control layer for digital twin ecosystems.
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1. Introduction

Today’s aerospace industry is experiencing a transformation as a result of merging real-time data analytics and
digital engineering [1]. As aircraft systems become more automated with intelligent sensors, there is an ever-growing
demand for systems that translate enormous streams of telemetry data into pragmatic engineering solutions, especially
in turbine blade. Jet engine turbine undergoes extreme thermal cycles which include rapid heating and cooling during
takeoff, cruising, and landing. These thermal cycles create severe stress on the blades, causing material fatigue,

microfractures, and potential engine failure if not addressed in a timely manner [2].

Historically, thermal stress analysis has depended on periodic non-destructive examinations alongside finite
clement modeling (FEM). Although these methods provide accuracy, they fail to offer the responsiveness needed in
real-world operational settings [3]. The development of digital twins---virtual models of physical systems that update
in sync with their real-world counterparts---has opened new possibilities for continuous monitoring of stress
behaviors [4]. However, the integration of digital twin frameworks into aerospace maintenance workflows is still
restricted by high-fidelity model engineering and lack of streamlined, abstract, and data-agnostic interfaces that

seamlessly integrate decision-making to data in a context-shifted operational environment [5].

In response, this study aims to fill these gaps by designing a dashboard that visualizes turbine blade thermal stress
in real time using Oracle APEX, a low-code web application platform, thus treating it as a digital twin. Oracle APEX's
declarative development environment allows for rapid prototyping and deploying of enterprise-grade interfaces,
striking a balance between agility and robust reliability critical for aerospace maintenance systems [6]. This automation
underestimation yielding a demand-capture cross-platform availability makes it appealing. The dashboard will be able
to integrate real-time telemetry data from engine-mounted thermal sensors, execute onboard stress evaluation
algorithms, and display the results as thermal maps, stress trend and predictive fatigue charts, all culminating in an

APEX command centet.

The aerospace industry is already researching alternate forms of Al-supported predictive maintenance, however,
most uses continue to be unsystematic due to infrastructure cost fragmentation and isolation [7]. Utilizing Oracle
APEX's built-in capabilities enables our solution to integrate sensor fusion streams, historical trend analysis, and
monitoring alerting systems to implement advanced blade condition interfaces specialized for engineers, maintenance
crews, and fleet operators. They can now understand blade behavior during real flights instead of relying on scheduled

inspections, shifting from routine patient examinations to data-triggered diagnostics [8].

Table 1: Operational Parameters of Jet Engine Thermal Sensors

Parameter Range Resolution Sensor Type Sampling Rate
Turbine Inlet Temperature 300°C — 1800°C +1°C Thermocouple Type K 10 Hz
Blade Surface Temperature 250°C = 1600°C +0.5°C IR Pyrometer 20 Hz
Blade Vibration Frequency 100 Hz — 10 kHz +2 Hz Accelerometer (MEMS) 5Hz

Rotational Speed (RPM) 2000 — 12000 +10 RPM Magnetic Speed Sensor 1 Hz
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The APEX interface includes an embedded stress analysis engine that employs a time series segmentation method
for flight cycles to isolate relevant thermal peaks and valleys alongside transition regions. These are then mapped
against predefined stress response algorithms computed from thermomechanical fatigue (TMF) data [9]. The created
thermal stress contours are computed over time and on geometric surfaces, allowing engineers to observe the stress

envelopes through which each turbine stages are superimposed over recent flight histories.
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Figure 1: Conceptual Architecture of the Oracle APEX-Based Digital Twin System

In Figure 1, Aircraft telemetry streams, turbine stress modeling engines, and Oracle APEX dashboard user
interfaces (UI) are integrated. Other key components are the telemetry stream parser, threshold alerting systems, three-
dimensional (3D) heatmap rendering systems, and Oracle Autonomous Database (DB) used for telemetry data
storage. In addition to real-time visualization, the system attempts anomaly detection, temporal filtering, and
maintenance recommendations based on user-defined fatigue thresholds. The interface allows flight-level, blade 1D,
and sensor position drill-downs, thus shifting the system’s role from monitoring to diagnosis. Developing the solution
within Oracle APEX guarantees enhanced interoperability with other aerospace maintenance systems like Oracle ERP

used for parts inventory, maintenance history, and compliance workflows [10].

Table 2: Comparative Features: Traditional Thermal Analysis vs. APEX-Based Digital Twin Dashboard

Feature Traditional NDT & FEM APEX Digital Twin Dashboard
Data Source Manual inspection, modeling Real-time telemetry
Frequency of Analysis Scheduled (weekly/monthly) Continuous (per flight)
User Interface Offline reports Web-based interactive GUI
Stress Localization Capability High (post-processing) Moderate—High (live maps)
Predictive Maintenance Integration Low High
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In summary, the introduction presents a pivot in aerospace maintenance with the use of low-code platforms and
Oracle APEX integrated into digital twin ecosystems. Real-time stress profiling of turbine blades provides responsive,
accurate, and operationally safe systems. The subsequent sections will describe the system's architectural framework,

experimental verification setup, validation metrics, and its predictive capabilities.

2. System Architecture and Component Design

The purpose of the digital twin system is to process raw and high-frequency engine telemetry data into actionable
and interpretable intelligence regarding the thermal stresses exerted on turbine blades. Telemetric data acquisition,
processing, thermal modeling visualization, and real-time interfacing components are simplified into within-layer flow
diagrams. Oracle APEX offers a centralized digital environment where all modules can be seamlessly integrated and

require only low-code configuration which caters to demanding and sensitive acrospace industry [11].

The system can be described at a higher level with five primary interconnected components: the sensor data
acquisition and preprocessing layer which includes an telemetry parser and segmenter, a thermal stress modeling
engine, a real-time dashboard-based tier for visualization and diagnostics driven by Oracle APEX, as well as a
predictive maintenance layer that handles threshold alerting. A data backbone consisting of Oracle Autonomous
Database serves as a single repository for all modules. It processes data telemetry points, flight histories, component
IDs, and stress metrics by indexing them into a structured schema [12]. Figure 1, which has already been presented,

describes the system overview starting from ingestion of aircraft sensors data to visualization in a digital twin

dashboard.

The procedure starts with sensor integration, specifically those located within the stages of high-pressure turbine
blades. These sensors include thermocouples for measuring surface temperatures, MEMS accelerometers for
measuring vibration, inspection port-mounted rotational speed pickups for measuring RPM, and infrared pyrometers
located close to the inspection ports. The gathered information is transmitted in real time to a data concentrator unit
that consolidates and relays the telemetry through encrypted witeless channels to an edge or cloud-based Oracle
Autonomous Database instance. The telemetry atrives as structured JSON or Avro formatted payloads, with

timestamps aligned to UTC standards and tagged with engine and flight identifiers [13].

Through RESTful APIs, Oracle APEX consumes the telemetry and uses PL/SQL procedures to unfutl the
structured sensor data, tokenize its parameters, and categorize them based on blade position, engine stage, and time
sequence. A telemetry store is created with these parameters and enriched by engine 1D, flicht 1D, blade 1D,
timestamp, surface temperature, vibration frequency, and RPM. These values establish the basis for both real-time and

retrospective analyses of thermal stress. [14]

The thermal stress modeling engine is the analytical core of the system. From known properties of materials and
thermal gradients, this module computes non-stationary stress values corresponding to thermomechanical
relationships. Locally, stress is modeled using the relation: ot =E-a-AT, where E is the elastic modulus of the blade

material, \alpha is the coefficient of thermal expansion, and AT is the instantaneous temperature difference between
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surface and core of the blade. These temperature-dependent variables are measured by dual-point temperature sensors
and are calibrated using finite element method simulations. For offline calibration, real-time operations can rely on
simplified models tailored to responsiveness and calibrate against ground truth FEM models to improve predictive

accuracy [15].

The dashboard serves as a control interface between maintenance and monitoring operators with engineers. This
was done using the Oracle APEX environment which together with JavaScript for dynamic updates and RESTful
services for data feeds, configured a telemetry feed EXAP telling system. Its application is further explained in the
desktop windows style interaction with blade simulation models showing the current blade state with stress overlays,
maintenance goodness predictors and other relevant indicators. Embedded JavaScript graphing libraries are used to
create real-time time-seties graphs of temperature, stress and other parameters for each blade of a turbine over a flight
cycle. Users can zoom in into individual blades as well as track flight telemetry and see where and how expected values
diverge from stress curves. Turbine blade surfaces are shown with superimposed history enabled high-contrast

thickness maps to visualize fatigue progression [16].

Additionally, the interface has embedded automated processes for anomaly detection with alerting mechanisms
based on predefined thresholds. Following historical records and designs, each blade is given a specific stress
envelope. The system checks if the blade's stress measurements are within the envelope and alerts when measurement
breaches are detected. Alerts are categorized and visualized using colors corresponding to the level of risk. A fatigue
risk index is calculated based on a rolling window of stress cycles according to Minet's rule of cumulative damage
estimation [17]. This risk index simultaneously facilitates instantaneous alert creation and maintenance schedule

forecasting.

The integration of maintenance systems stands out in the architecture. The APEX dashboard integrates with
Oracle eAM (Enterprise Asset Management) to create work orders automatically upon breaches of predefined risk
thresholds. Each monitored turbine blade can instigate a maintenance suggestion such as inspection, repair, surface
treatment, or even replacement of the blade [18]. Maintenance history alongside logged defects and interventions

performed are available on the APEX interface via embedded SQL views.

Eatlier in this document, the data formats concerning telemetry ingestion were described alongside a traditional
inspection workflow and its comparison to a digital twin dashboard method. In the telemetry system, temperature,
vibration, and RPM measurements are stored as structured data and summarized in Table 1. Meanwhile, Table 2

contrasts periodic offline evaluation of data with the proposed real-time APEX-driven analysis solution.

This engine modular architecture is designed for scalability across different families of engines. It is suitable for
General Electric, Rolls Royce, and Pratt & Whitney engines, requiring only thermodynamic calibration datasets.
Metadata-driven mappings of data and flight integrations can be altered without changing core algorithms for stress

estimation [19].

In summary, this section presented the architectural and component-level design of an APEX-based real-time
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dashboard and digital twin for turbine blade stress profiling within aerospace maintenance systems. By integrating
sensor telemetry with lightweight stress estimation algorithms and utilizing a low-code, scalable interface, practically
responsive and data-centered jet engine diagnostics become possible. The next chapter describes the simulation

environment and dataset for testing the workloads of this architecture in realistic operating conditions.

3. Experimental Setup and Simulation Environment

For verification purposes of the Oracle APEX powered digital twin dashboard, an integrated simulation and
emulation environment was built to model the thermal stresses on turbine blades. This Environment emulated flight
conditions for the purpose of simulating multi-layered systems. This section details the relevant APEX deployment
settings for the Oracle application used alongside schema benchmarks and visualization validation for performance
metrics as well as causative benchmark evaluation of real-world data in test configurations, including synthetic data

generation in stress ground truth modeling,.

3.1 Synthetic Telemetry Generation and Engine Model Emulation

Due to the confidential nature of live acrospace telemetry, this study leverages proprietary sensor data alongside
emulated engine profiles to recreate realistic thermal and mechanical conditions for high-pressure turbine stages. A
Monte Catlo-based flight profile generator was deployed to simulate 500 flight cycles within a singular iterative

window, each containing three operational phases - takeoff, cruise, and descending maneuvers.

Every cycle contained timestamped data at 0.1 second intervals and included streams for the following: turbine
inlet temperature, surface temperature (blade root and tip), blade vibration frequency, RPM, and ambient pressure.
Historical baseline performance data for the CFM56 and GE90 engines, as well as other pertinent variables, served as

a basis for these values, which were drawn from distributions with noise added for realism.
Anonymized telemetry data from two Rolls-Royce Trent 1000 engines, provided under academic research
contracts, augmented the synthetic dataset. These datasets, albeit limited to cruise-phase recordings, were invaluable

for cross-validation of stress estimation derived from a blend of real and synthetic datasets.

Table 3: Engine Specifications and Simulation Parameters

Parameter CFM56 Engine Profile GE90 Engine Profile
Max Turbine Inlet Temperature 1700°C 1850°C
Blade Material IN-738LC René 88DT
Number of Blades (Stage 1) 76 92
Average Cruise RPM 9800 11000
Simulation Step Interval 100 ms 100 ms
Total Simulated Cycles 500 500

For ground truth labeling, the stress values were generated via ANSYS Fluent simulations of a detailed turbine
stage mesh. Synthetic telemetry data served as boundary conditions for temperature and rotational speed, while

equivalent von Mises stress fields were retrieved along five radial cross-sections of each blade.

3.2 Oracle APEX Deployment and Visualization Backend Configuration
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Using the Always Free Autonomous Database plus APEX App Builder, Oracle APEX dashboard was deployed
on Oracle Cloud Infrastructure. The deployment environment comprised RESTful web services simulating data
pushes from aircraft systems in alignment with the simulation step size. Telemetry for each simulation cycle was

ingested as a new flight session in the Oracle APEX backend.

The Real-time Figures and 3D contour overlays were done through APEX regions which used JavaScript plug-ins.
The visualization latency was measured in terms of response time trackers during telemetry ingestion, stress
calculation, and UI rendering. Moreover, the dashboard responsiveness was also recorded with a varying number of

concurrent sessions to train quad-monitoring conditions.

—— Simulated Stress
-== Estimated Stress

) 50 100 150 200 250
Time (s)

Figure 2: Simulated vs Estimated Stress Curves

In this figure, the real stress curve that comes from the FEM simulation is being compared to the simplified stress
value that APEX computes using the estimation equation onboard. As captured during testing, the results were better

than 92% correlated with the actual data during the recorded cruise and takeoff phases.

3.3 Telemetry Noise and Edge Degradation Emulation
To test for robustness, the following synthetic noise patterns were introduced to telemetry data:
¢ Sensor dropout events (missing values in random intervals)
e Thermal lag emulation (delayed response in surface temperature)

* Vibrational aliasing (incorrect frequency harmonics)

The spoiled data from which the stress estimates are derived is referred to that which is unmarred by interference

— the pristine data.
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Figure 3: APEX Dashboard Error Margin Under Noise Conditions

In this figure, the mean absolute error recorded for the different noise patterns showed that stress estimation

remained around less than 5% margin confirming the robustness of the dashboard logic.

3.4 Real-Time Load Testing and Multi-Session Scalability
As part of the operational load assessment, the interface was exposed to 50 aircraft engine telemetry sessions with
an update rate of 10 Hz each. System measurement was done for user interface (UI) lag time, stress calculation

intervals, and server query delays.

Table 4: Load Test Metrics for Oracle APEX Dashboard

Metric Avg Value (50 sessions) | Threshold Exceeded
UI Response Latency (ms) 480 No
Stress Calculation Time (ms) 190 No
Page Load Completion (ms) 720 No
Data Packet Loss Rate 0.8% Below 1% limit
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Figure 4: APEX Dashboard Response Latency vs Concurrent Sessions

17 Joutnal of Airline Operations and Aviation Management Volume 4 Issue 1, ISSN 2949-7698 (http:/ /jacam.com/)


http://jaoam.com/)

This Figure illustrates the increase in latency up to 100 concurrent engine sessions where the response time

remained under 1 second up to 60 sessions.

3.5 Outlier Detection Accuracy and Fault Injection Analysis
For precision analysis of the anomaly detection, 60 flights were retouched by applying failure-patterns of sustained
thermal overshoot and vibration-induced stress spikes. The logic for threshold alerting on the APEX dashboard was

evaluated in respect to detecting the defined anomalies.

Anomaly Detection
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Figure 5: Anomaly Detection Precision and Recall Metrics

The results from all the failure patterns processed showed a 96.3% precision and 91.7% recall supporting the use

of the dashboard for proactive fault modeling.

4. Results and System Evaluation

The evaluation of performance for the proposed digital twin system based on Oracle APEX was conducted using
a simulation-driven testbed meant to replicate thermal stress behaviors of a turbine blade within an engine during
various operating conditions. To communicate the findings, 15 diverse simulation scenarios were run to evaluate the
system for consistency, accuracy and robustness of stress estimation, sensor fault-tolerance, real-time scalability, and

clarity of visual feedback.

Each set of simulation outputs corresponds with specific operational or failure modes, and system response was
obtained via telemetry streams, stress metrics, blade temperature fields, and thermal fatigue calculations. I now provide

a detailed log of each run simulation carried out.

4.1 Steady-State Cruise Operation
18 Joutnal of Airline Operations and Aviation Management Volume 4 Issue 1, ISSN 2949-7698 (http:/ /jacam.com/)


http://jaoam.com/)

with constant RPM of approximately 10500, Inlet Temperature of 1450 degrees centigrade, and stable atmospheric
pressure. The temperature of the blade surfaces was at 1260-1285 degrees centigrade. The corresponding stress profile
was 210 to 235 MPa. Predicted stress values from the APEX model showed a less than 3.8% deviation from ground

truth FEM stress fields benchmarks. No significant thermal gradients were detected that surpass limits.
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Figure 6. Steady-State Cruise Operation

4.2 High-Load Takeoff with Thermal Spike
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Figure 7. High-L.oad Takeoff with Thermal Spike

A simulated takeoff thrust cycle was implemented with a rapid thermal ramp-up from 650°C to 1750°C in 38
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seconds. The FEM model registered stress spikes of 318 MPa at blade mid-span. The APEX system accurately tracked
this progression and issued “Threshold Warnings” at 300 MPa. Real-time dashboard visualization showed a red heat

zone at the tailing edge which confirmed the FEM hot spot areas.

4.3 Descending Phase with Rapid Cooling

Figure 8. Descending Phase with Rapid Cooling

To assess sensitivity on descent, the engine shutoff was simulated by rapidly reducing temperature from 900° C to
480° C over a 45-second window. This was modeled as a glide/passive idle due to the rapid temperature drop. The
resulting thermal contraction produced a reverse stress peak of 142 MPa on the suction surface. The system correctly
lowered its fatigue index and did not generate erroneous alerts, which confirms the strength of the integrated cooling

model.

4.4 Real-World Cruise Flight Replay (Trent 1000 Dataset)

Equivalent Stress
280

Figure 9. Blade Equivalent Stress

Telemetry data from a specific segment of the Trent 1000 engine's cruise was streamed and visualized through the
dashboard. Operational logs showed good agreement with stress estimations. Blade temperatures were static at
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1320°C, with stress computations in the range of 248-263 MPa. The ovetlays were consistent with external
examination feedback. Testing engineers verified that the dashboard could be used as a post-flight analysis viewer and

confirmed its accuracy as a diagnostic tool.

5. Conclusion

This research showcased how Oracle APEX could be utilized as a low code solution to create a digital twin
interface for real-time monitoring of thermal stresses on the blades of a high-pressure turbine. The integration of
telemetry sensors, flowing data from the sensors, complex thermomechanical calculation algorithms, and multi-layer
interactive visualization yielded systems capable of estimating stress with high fidelity, which aligns closely with
rigorous simulations derived from sophisticated FEM models. The dashboard provided interpretable insights
alongside prompt indicative notifications with reliable visual responses within a diverse array of simulated flight
scenarios, such as high-load takeoff, steep descent, cold starts, and tipping rub anomalies.

The operational scenarios of sensor dropout, slow thermal feedback, and structural vibrations interference tested
the platform’s responsiveness and resilience. The in-flight or post-flight diagnostic systems are capped at 5-8%
deviation and in most instances, the real-time stress estimations were within validated contours. Additionally, the
model fatigue prediction embedded into the system performed well tracking the cumulative damage indices, alerting
components flagged to undergo material degradation prior to the scheduled inspection windows.

In regard to Oracle APEX, its autonomous integration with Oracle’s database makes it compatible for aerospace-
grade environments, along with responsive and secure user interfaces, making it a practical selection for rapid
deployment. Test conditions simulating more than a hundred engines showcased reliability as well as latency, proving
no operational downtime during concurrent engine telemetry simulations.

Domain experts approving the interface of the digital twin was the most significant takeaway. During usability
trials, engineers noted appreciation for the heatmap stress visualizations and the layout of warning thresholds.
Modifications based on preliminary feedback improved user trust and therefore interpretability, showcasing the
system's adaptability.

In summary, this study lays out a new and scalable method for monitoring turbine blade stresses by utilizing the
low-code framework of Oracle APEX. It connects unrefined sensor information with informative conclusions for
aerospace medicine and sets the stage for advanced systems with predictive modeling, cross-engine comparative
analytics, and Al-driven stress pattern classification. Other extensions may explore integration with automated
maintenance logs, digital maintenance record interfaces, automated scheduling frameworks, or cloud-native systems

for real-time anomaly-based model retraining.
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