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The design and development of modern aircraft represent one of the most complex engineering challenges in the 

contemporary industrial landscape. Transitioning from the early era of trial-and-error to a sophisticated, integrated 

methodology, the industry has adopted the Systems Engineering (SE) approachas the gold standard. This

approach, popularized in academic and professional circles by experts like Mohammad H. Sadraey, emphasizes

the interconnectedness of various subsystems and the necessity of managing requirements from the conceptual

phase through to the end of the aircraft's lifecycle.

The Evolution of Aircraft Design: From Silos to Systems

Historically, aircraft design was often treated as a collection of isolated disciplines: aerodynamics, structures, 

propulsion, and avionics. Each department would optimize their respective components, often leading to sub-

optimal performance of the vehicle as a whole. The Systems Engineering approachdisrupts this siloed mentality

by treating the aircraft as a single, integrated system designed to meet specific mission objectives. This

methodology is critical because modern aircraft are no longer just mechanical structures; they are "systems of

systems" that must operate reliably in extreme environments while maintaining economic viability and safety.

Defining the Core Principles of Systems Engineering in Aerospace

At its core, Systems Engineering in aircraft design is a disciplined, holistic, and interdisciplinary process. It is

guided by several foundational principles:

•  Top-Down Design: The process begins with high-level mission requirements (e.g., "transport 200 passengers 

over 5,000 miles") and decomposes them into detailed technical specifications for every nut and bolt.

•  Lifecycle Orientation: Design decisions are made with consideration for the entire lifespan of the aircraft, 

including manufacturing, operation, maintenance, and eventually, decommissioning.

•  Interdisciplinary Integration: It ensures that the propulsion team, the structures team, and the avionics team 

are in constant communication to resolve design conflicts early.

•  Iterative Optimization: Because aircraft design is inherently non-linear, the SE approach utilizes constant 

feedback loops to refine the design as more data becomes available.

The Three Pillars of the Aircraft Design Life Cycle

The transition from a blank sheet of paper to a flight-ready vehicle follows a rigorous three-phase structure. Each

phase serves a distinct purpose and involves varying levels of technical fidelity.

1. Conceptual Design Phase

The Conceptual Design Phaseis the most creative and influential stage of the process. In this phase, the primary

goal is to determine the basic configuration of the aircraft. Key activities include:

•  Mission Analysis: Defining what the aircraft needs to do. For instance, designing a light twin-engine propeller 

aircraft for a range of 450 miles and a cruise speed of 240 knots involves specific trade-offs between fuel capacity 

and engine weight.

•  Initial Sizing: Estimating the takeoff gross weight, wing area, and engine thrust/power based on historical data 



and fundamental physics.

•  Constraint Analysis: Using a "Constraint Diagram" to find the design space where all performance 

requirements (takeoff distance, climb rate, ceiling, and landing distance) are met.

2. Preliminary Design Phase

Once a configuration is frozen, the Preliminary Design Phase begins. Here, the focus shifts to refinement. 

Engineers conduct wind tunnel testing and utilize Computational Fluid Dynamics (CFD)to optimize the

aerodynamic shape. The structural layout is defined, and major systems (landing gear, flight controls) are sized. A

key output of this phase is a detailed three-view drawing and a finalized list of components.

3. Detail Design Phase

The Detail Design Phaseis where the actual manufacturing blueprints are created. Every rib, spar, and wire is

modeled in 3D CAD software. The focus here is on "design for manufacturing" (DFM), ensuring that the parts can

be produced and assembled efficiently and cost-effectively.

Technical Analysis: The Mathematical Framework of Sizing

To understand the depth of a systems engineering approach, one must look at the mathematical rigor applied to 

initial sizing. One of the primary equations used in the SE framework is the Weight Fraction Methodfor estimating

takeoff gross weight ($W_0$):

$$W_0 = \frac{W_{crew} + W_{payload}}{1 - (W_f/W_0) - (W_e/W_0)}$$

Where:

•  $W_f/W_0$ is the fuel weight fraction, calculated based on the mission profile (loiter, cruise, climb).

•  $W_e/W_0$ is the empty weight fraction, often derived from statistical trends of similar existing aircraft.

Using a systems approach, these variables are not static. A change in the avionics system weight (part of 

$W_e$) will require more lift, which requires a larger wing, which increases drag, which requires more fuel ($W_f$), 

which ultimately increases the total takeoff weight ($W_0$) exponentially. This is known as the Growth Factor, and

managing it is the primary task of the systems engineer.

Comparison Matrix: Design Phases and Objectives

The following table provides a structured comparison of the different focuses during the aircraft development

lifecycle under a systems engineering framework.



Feature / Phase Conceptual Design Preliminary Design Detail Design

Primary Goal Feasibility & Configuration Optimization & Refinement Manufacturing Readiness

Major Tools Spreadsheets, Scaling 
Laws

CFD, Wind Tunnel, FEA 3D CAD, CAM, PLM

Level of Detail Low (Approximate) Medium (Subsystems) High (Components)

Cost of Change Low Medium Very High

Outcome Selected Configuration Design Freeze Production Drawings

Integrating Subsystems: The Core Mechanics

Under the Mohammad H. Sadraeymethodology, the integration of subsystems is not an afterthought but a central

driver of the design. This involves several critical technical workflows:

Propulsion and Airframe Integration

Selecting an engine involves more than just thrust. Systems engineers must evaluate the Specific Fuel 

Consumption (SFC) and its impact on the aircraft's range. For a twin-engine propeller aircraft, the placement of 

the engines on the wings affects the yawing momentin "One Engine Inoperative" (OEI) conditions, which in turn

dictates the size of the vertical stabilizer.

Flight Control Systems (FCS)

Modern aircraft utilize Fly-By-Wire (FBW) systems. The systems engineering approach requires the integration of 

sensors (pitot tubes, IMUs), computers (FCCs), and actuators. The reliability of these systems must be calculated 

using Failure Mode and Effects Analysis (FMEA)to ensure a probability of catastrophic failure less than

$10^{-9}$ per flight hour.

Practical Implementation: A Field Guide for Systems Engineers

Implementing a systems engineering approach requires a structured procedural execution. Below is a step-by-step

checklist for the initial design phase:

1.  Identify Stakeholder Needs: Determine the market gap (e.g., a regional jet with 15% lower fuel burn).

2.  Develop Functional Requirements: Translate needs into "Shall" statements (e.g., "The aircraft shall land on a 

4,000 ft runway at ISA + 15°C").

3.  Perform Trade Studies: Compare different wing placements (high-wing vs. low-wing) using a weighted 

scoring matrix.

4.  Establish a Work Breakdown Structure (WBS): Divide the aircraft into manageable segments for different 

engineering teams.

5.  Manage Interfaces: Use an N-Square Matrix to track how different systems interact (e.g., how the electrical 

system provides power to the hydraulic pumps).

Case Study: Light Twin Engine Propeller Aircraft

In technical studies regarding light aircraft, a common challenge is balancing the weight of two engines with the 

requirement for a high cruise speed of 240 knots. A traditional approach might focus solely on aerodynamics. 



However, a systems engineering approach revealed that the weight penalty of the second engine required a 

significant increase in wing structure. By using an integrated model, engineers were able to optimize the wing's 

aspect ratio and thickness, reducing structural weight enough to allow for the higher fuel volume needed for a 450-

mile range. This case highlights how integrated sizing prevents the "design spiral" from spinning out of control.

Troubleshooting Common Design Failures

Failure in aircraft design often stems from poor interface management. Common issues include:

•  Weight Growth: When subsystems end up heavier than estimated. Solution: Assign weight buffers and 

maintain a strict Mass Properties Control Plan.

•  C.G. Travel Issues: When the center of gravity moves outside limits as fuel is burned. Solution: Perform early 

configuration layouts of fuel tanks and payload bays to ensure the C.G. remains within the Stability and Control 

envelope.

•  Electromagnetic Interference (EMI): Avionics failing due to proximity to high-power cables. Solution: Integrate 

EMI shielding requirements into the initial physical architecture layout.

The Broader Implications of Systems Engineering

The adoption of a systems engineering approach in aircraft design has implications far beyond the engineering 

department. It directly impacts the economic viability of aerospace projects. By catching errors in the Conceptual 

Phase, companies avoid the astronomical costs of redesigning parts during the manufacturing or flight test stages. 

Furthermore, this approach is the only way to tackle the emerging challenges of Electric VTOL (eVTOL) and 

Hydrogen-powered aircraft, where the integration of batteries, fuel cells, and thermal management systems is

more complex than anything seen in traditional internal combustion flight.

Ultimately, the methodologies laid out in foundational texts like "Aircraft Design: A Systems Engineering Approach"

provide the roadmap for the next generation of aerospace innovation. By focusing on requirements, integration, and

lifecycle management, engineers can continue to push the boundaries of speed, efficiency, and safety in the skies.

The future of flight is not just about better wings or more powerful engines; it is about better systems, more

intelligently integrated than ever before.
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