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[bookmark: _Toc216006822]Introduction

Noise, Vibration and Harshness (NVH) is a major factor in vehicle comfort and overall refinement. It covers unwanted sounds and vibrations produced by mechanical and aerodynamic sources, and how these are transmitted through the vehicle to the driver and passengers. This report focuses on NVH using an internal combustion engine as the main example, as it generates clear excitation orders and harmonics. By identifying these orders and comparing them with the natural frequencies of nearby components, the study shows how resonance can occur and affect comfort, durability, and overall vehicle performance.
The work is divided into two main parts:
Task 1 focuses on explaining key NVH concepts such as excitation orders, harmonic resonance, and how vibration and sound can be measured. This includes discussing sensor types, their operation, and how to choose the right equipment for accurate results. 
Task 2 then applies this theory to real measured data using Dewesoft NVH analysis software. Order-locked and frequency-based analysis is used to identify major frequencies, resonant points, and overall vibration patterns.






[bookmark: _Toc216006823]Task 1: Investigation of NVH concepts, measurement and effects on humans

1.0 [bookmark: _Toc216006824]Selection of Mechanical System
For this investigation, the Honda D16A7 1.6-litre inline-four engine was selected as the primary mechanical system. This configuration provides a clear example of how rotational and reciprocating forces generate multiple excitation orders that contribute to vehicle NVH behaviour.


1.1 [bookmark: _Toc216006825]Identification of Excitation Orders
Excitation orders describe how many vibration cycles occur per revolution of the engine’s crankshaft. They are used in NVH analysis to relate specific vibration or noise patterns to particular mechanical events within the powertrain. For the Honda D16A7 engine, the crankshaft speed acts as the reference for all orders, meaning that if the engine is rotating at 3000 rpm (50 Hz), the first-order excitation is also 50 Hz, the second order is 100 Hz, and so on.
In a four-cylinder, four-stroke engine, several well-known excitation orders dominate the vibration behaviour. The 1st order relates to basic crankshaft rotation and any small imbalance in the rotating assembly. The 2nd order arises from the reciprocating motion of the pistons and connecting rods, which generate secondary inertial forces at twice crankshaft frequency. The 0.5 order originates from the camshaft since it rotates at half engine speed. Meanwhile, the 4th order is typically linked to combustion events because each cylinder fires every 720 degrees, resulting in four firing pulses per two crankshaft revolutions.
Higher orders can also appear due to accessory drives (such as the alternator or water pump), gear meshing in the timing system, or structural vibrations within the engine assembly. These orders scale with engine speed and can coincide with component natural frequencies, making them important for identifying resonances or potential NVH issues. To illustrate how these orders change with speed, the calculated values from the supporting Excel spreadsheet are shown in Table 1, followed by an order-frequency plot in Figure 1.
Note: The camshaft operates at half the crankshaft speed in a four-stroke engine, meaning its base frequency is calculated using RPM ÷ 120, not RPM ÷ 60. This results in camshaft frequencies that are always half of the corresponding crankshaft first-order values.
	Formula Step
	Explanation

	Convert engine speed (RPM) to crankshaft frequency
	f base = {RPM/60}

	Calculate excitation order frequency
	 f_{order} = n . f_{base} = n . {RPM/60}

	Camshaft – 0.5 order
	f_{0.5} = {RPM/120}

	Crankshaft – 1st order
	f_{1} = {RPM/60}

	Secondary inertia – 2nd order
	f_{2} = 2 . {RPM/60}

	Combustion firing – 4th order
	f_{4} = 4 . {RPM/60}
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Figure 1: Excitation order frequency variation with engine speed for the Honda D16A7 engine.



The chart illustrates how the excitation frequencies of the Honda D16A7 engine increase linearly with engine speed for several key orders. Each line represents a multiple of the crankshaft’s base rotational frequency, showing how different mechanical and combustion-related events contribute to the overall NVH behaviour of the engine. 
The 1st-order response is related to crankshaft imbalance, while the 2nd-order response is generated by piston reciprocation forces. Higher orders, such as the 4th order associated with combustion, occur at correspondingly higher frequencies and may coincide with the natural frequencies of components like engine mounts, brackets, or the exhaust system. Understanding these order trends is important for predicting resonance, identifying critical engine speed ranges, and improving overall refinement.



1.2 [bookmark: _Toc216006826]Harmonic Resonance
Harmonic resonance occurs when a component’s natural frequency matches or closely aligns with one of the system’s excitation frequencies. When this happens, vibration amplitudes can increase significantly, leading to issues such as fatigue failure, rattles, or unwanted noise. In the context of an engine, components like engine mounts, brackets, exhaust pipes, or even body panels can resonate at certain frequencies.
For example, if an engine mount has a natural frequency of around 25 Hz and the engine’s second-order excitation reaches this frequency at a particular engine speed, the mount will experience amplified vibration. This can increase transmitted forces into the chassis, resulting in noticeable cabin vibration or booming noise. Engineers must therefore identify these frequencies early in the design process using modal analysis and adjust stiffness or damping to shift resonances out of critical operating ranges.



1.3 [bookmark: _Toc216006827]Measurement Techniques

Accurate measurement of vibration and noise is essential in NVH testing. Vibration is usually recorded using piezoelectric accelerometers, as they offer good sensitivity, robustness and a wide frequency range. When selecting an accelerometer, engineers must consider its mass, bandwidth, measurement range and mounting method, since these factors affect accuracy. Lightweight stud-mounted sensors are commonly used on components such as engine blocks or brackets.

Airborne noise is measured using microphones, with free-field types used in open spaces and pressure-field types in more enclosed environments. Key factors include sensitivity, frequency range and dynamic response.

Multi-channel systems such as Dewesoft allow vibration and noise to be captured at the same time, enabling order tracking and correlation between mechanical vibration and perceived sound. Proper calibration and signal conditioning are essential to avoid issues such as mass loading, electrical noise or aliasing, ensuring the recorded data accurately reflects the true NVH behaviour.

1.4 [bookmark: _Toc216006828]Human Perception
NVH does not only affect mechanical systems but also human comfort and perception. Low-frequency vibrations (below about 80 Hz) are generally felt rather than heard and can cause discomfort or fatigue during long drives. Mid- and high-frequency noises are perceived through hearing and can be annoying or tiring depending on their intensity and tonal character. For this reason, NVH development aims not just to reduce vibration amplitude, but also to shape the sound quality so that it matches brand expectations and driver comfort targets.

1.5 [bookmark: _Toc216006829]Summary
Task 1 has established the key NVH principles relevant to the Honda D16A7 engine. The main excitation orders were identified and calculated, showing how rotational, reciprocating, and combustion-related forces contribute to vibration and noise across the engine’s operating range. Harmonic resonance was discussed in relation to components such as engine mounts and exhaust systems, highlighting how specific frequencies can lead to amplified vibration or unwanted noise. Measurement techniques for both mechanical vibration and acoustic pressure were outlined, including typical sensor types and placement considerations. Finally, the relationship between NVH and human perception was explored, linking technical vibration behaviour to its impact on comfort. These foundations provide the theoretical basis for the practical NVH data analysis carried out in Task 2.




The theoretical order predictions from Task 1 form the basis for the practical analysis in Task 2, where the order-tracking plots will be compared against these calculated excitation frequencies.
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2.0 [bookmark: _Toc216006831]Introduction
Task 2 focuses on analysing real vibration and acoustic data recorded from the 1.6 litre Ford engine mounted on the laboratory engine rig. Unlike Task 1, which concentrated on predicting theoretical excitation orders for a typical four-cylinder engine, this section evaluates how those orders appear in practice when measured directly from a running powertrain. The engine rig contains a complete 1.6 L Ford inline-four engine with fuel injection, accessory drives, exhaust manifold, and intake system in place. During the NVH session, accelerometers and microphones were attached to selected locations on the rig, and the engine was operated through a controlled speed range to capture representative vibration and sound pressure data.
The signals were recorded using the Dewesoft data acquisition system, which synchronises vibration measurements with engine speed, allowing the resulting data to be processed using FFT spectrum analysis, order tracking, and RPM-correlated frequency mapping. These analysis tools make it possible to identify the dominant frequencies within the measured data and relate them to specific mechanical events in the engine, such as crankshaft rotation (1st order), piston secondary forces (2nd order), and combustion firing pulses (4th order). By comparing the measured frequency peaks against the predicted excitation order frequencies from Task 1, it becomes possible to assess how accurately the theoretical model represents the real behaviour of the Ford engine.
Overall, Task 2 aims to link the theoretical excitation order predictions to the practical NVH behaviour observed on the test rig, highlight any resonances or unexpected vibration peaks, and provide an overall interpretation of how the engine’s dynamic response develops as speed increases. This forms the bridge between the fundamental NVH theory and the real-world performance of an operating powertrain. Below are some images from the test engine/rig on the day of testing. 
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Figure 3: Close-up of the Ford 1.6 L DOHC 16-valve cylinder head and intake assembly.
Figure 4: Side view of the engine rig with intake ducting, exhaust manifold, and data-acquisition wiring visible.
Figure 2: 1.6 L Ford engine mounted on the test rig used for NVH measurements.

2.1 [bookmark: _Toc216006832]Methodology
The NVH measurements for this task were carried out using the 1.6 L Ford inline-four engine mounted on the laboratory engine rig. Multiple accelerometer sensors and microphones were installed on/around the engine and its supporting structure to capture both vibration and acoustic behaviour during a controlled engine speed sweep. 
The engine was tested from idle to around 6000 rpm. For each run, one injector was unplugged to make the engine operate on 3, 2 and then 1 cylinder. This increased imbalance and vibration, allowing the effects on engine orders and overall NVH behaviour to be clearly observed.
Vibration, noise and RPM data were recorded using Dewesoft, with the RPM channel used for accurate order tracking. The signals were processed using FFT and order analysis with a Hanning window to reduce leakage, allowing dominant frequencies to be clearly identified and compared with the theoretical orders from Task 1.
This methodology provides a structured workflow for linking measured NVH behaviour—under both normal and artificially unbalanced conditions—to the expected engine order frequencies, helping to validate the theoretical predictions.
[image: A computer and wires on a table

Description automatically generated][image: A close up of a car engine

Description automatically generated][image: A close-up of a car

Description automatically generated]
Figure 6: Dewesoft data acquisition system and laptop used for synchronised NVH recording.
Figure 7: Pair of accelerometers mounted on the cam cover of the Ford 1.6L engine. (Horizontal and Vertical)
Figure 5: Accelerometer mounted on the front of the engine near the cooling fan assembly.

2.2 [bookmark: _Toc216006833]Results and Analysis

I have completed multiple ‘order locked analysis’ studies using the dewesoft software and the data we collected during the test day using the engine rig and dewesoft hardware. 
Order-locked analysis is a technique used in engine NVH testing to link vibration or acoustic data directly to engine RPM. Instead of looking at vibration purely in terms of frequency (Hz), the data is converted into orders, where:
· 1st order = one vibration event per crankshaft revolution
· 2nd order = two events per revolution
Order tracking simplifies interpretation because engine vibrations scale with RPM. A 2nd-order vibration, for example, always occurs at twice engine speed. Linking vibration to RPM makes it easy to identify events like firing, imbalance or valvetrain activity. Dewesoft uses the RPM signal to calculate these orders and display how they change with speed.
I analysed three measurement channels: AI-1, the external microphone beside the rig; AI-2, the accelerometer on the cylinder head (my main focus); and AI-4, the accelerometer mounted on the yellow fan guard. These sensors provided airborne noise, engine vibration and rig vibration data.
Below, I will display and explain the findings from the order locked analysis waterfall plots.



[bookmark: _Toc216006834]4 Cylinder - Base run testing, order locked analysis results

The following plots show the 4-cylinder baseline run using three measurement channels. Each channel represents a different measurement type and location, giving a broader view of the engine’s NVH behaviour.
· AI-1 → External microphone on tripod (airborne noise / acoustic orders)
· AI-2 → Accelerometer on the engine block / cylinder head area (structure-borne vibration)
· AI-4 → Accelerometer on the fan guard / frame (panel/rig vibration)
Together, these channels make it possible to identify the major engine orders and locate harmonic resonances. Going on to compare against the engine running on 3, 2 and then just 1 cylinder.

	AI-1 Microphone Channel (Sat next to engine rig)– 4 Cylinder test
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Figure 8 – AI-1 channel plot – 4 cylinders 
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Figure 9 – AI-1 channel plot – 4 cylinders

	AI-2 Accelerometer (Top of engine head) – 4 Cylinder test
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Figure 10 – AI-2 channel plot – 4 cylinders                                                     Figure 11 – AI-2 channel plot – 4 cylinders



AI-4 Accelerometer (Yellow metal Guard – 4 Cylinder test
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Figure 12 – AI-4 channel plot – 4 cylinders
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Figure 13 – AI-4 channel plot – 4 cylinders



An interesting point about those plots above from the metal fan guard frequency’s, you have the extra unique curved orders at the lower speeds. The curved order lines are likely caused by the metal fan guard vibrating at its own resonant frequencies rather than strictly following engine rotational speed. Because the guard behaves like a flexible panel, its response lags and bends relative to engine orders, producing the curved traces instead of straight order lines.

[bookmark: _Toc216006835]4 to 3 Cylinder comparison
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Figure 14 - AI-2 channel – 4 cylinders
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Figure 15 – AI-2 channel – 3 cylinders

	Above I have used the Waterfall plot from the AI-2 accelerometer channel for both the 4 cylinder and 3 cylinder to compare changes. The AI-2 channel represents one of the rigidly mounted accelerometers positioned directly on the engine structure, meaning its order-locked waterfall plots show true changes in mechanical vibration behaviour between the 4-cylinder and 3-cylinder operating states. Initially, the look is similar between the two. But further investigation displays much higher vibration characteristics at the higher RPM’s during the 3-cylinder operation.

In the 4-cylinder run, a clear 4th-order band appears between ~1,000–4,000 rpm. When the engine is switched to 3 cylinders, this feature fades because the normal firing pattern is disrupted. Instead, the 3-cylinder plot shows more scattered and irregular order energy. At low rpm both runs look similar, but differences become obvious at higher speeds, matching observations made during testing. Further, cylinder deactivation breaks the normal 720° firing pattern of a 4-cylinder engine.

With one cylinder not contributing torque, the crankshaft receives uneven impulses every cycle.
This appears clearly in the 3-cylinder waterfall as:

· Higher amplitude around the 1st order (crankshaft rotation imbalance)
· Increased energy at half-order components, indicating irregular harmonic content
· More visible “smearing” of amplitude across lower frequencies

The 4-cylinder plot shows far cleaner, more stable low-order behaviour, indicating smoother, more uniform rotation.







Identification of Engine Orders from Measured Data
The order-locked plots allow individual excitation orders to be identified directly from the measured vibration data. In the 4-cylinder AI-2 waterfall, the following orders are clearly visible:  1st Order – Appears as a diagonal band rising roughly from 25–50 Hz at low RPM and represents basic crankshaft rotation. 
2nd Order (Firing Frequency) – The strongest feature in the plot, running from ~50 Hz upward as engine speed increases. This matches the expected firing order of a 4-cylinder, 720° engine.
4th Order – A secondary combustion-related harmonic, visible at roughly twice the position of the 2nd order (e.g., around 200 Hz at 3000 rpm).
Higher Orders (6th, 8th and above) – Narrower diagonal streaks that correspond to valvetrain activity, intake/exhaust pulsations and accessory loads.

Identification of Harmonic Resonances
Across the AI-2 (engine-mounted) channel, a noticeable amplification of vibration occurs around 3000–3500 rpm, where the 2nd order becomes significantly brighter. This suggests that the firing-frequency excitation is coinciding with a natural frequency of the block or cylinder head assembly.
On the AI-4 (fan guard) channel, a horizontal band of high amplitude appears in the lower frequency range (roughly 15–20 Hz equivalent order), especially during higher RPM. This does not follow the diagonal order lines and therefore represents a panel resonance of the guard itself, excited by the engine’s imbalance.
Under 1-cylinder operation, the strong low-order imbalance produces a pronounced rise in vibration at the 1st order, again around 2500–3500 rpm, where the test rig appears to respond more strongly. This shift in resonance behaviour reflects the very different excitation pattern produced when only one cylinder is firing.
Overall, the AI-2 vibration waterfall plots show that reducing engine operation from four to three cylinders has a clear and measurable impact on NVH behaviour. The well-defined combustion-related orders seen in the 4-cylinder data are disrupted, low-order imbalance grows significantly, and additional harmonic content appears as the torque delivery becomes uneven.
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Figure 16 – AI-2 channel – 4 cylinders
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Figure 17 – AI-2 channel – 1 cylinder

	Similar to the previous comparison, I have taken the AI-2 engine head accelerometer data to compare the original 4 cylinder running, to the 1-cylinder test.

Looking at the AI-2 order-locked waterfalls for the 4-cylinder and more extreme 1-cylinder runs, there are some clear differences in how the engine behaves. Because this sensor is mounted directly on the engine, it gives a good picture of how the block reacts to the different firing patterns.

In the 4-cylinder plot, the vibration energy is spread across a range of engine orders, and you can see the typical 2nd, 4th and higher-order bands running diagonally as the speed increases. These are what you’d expect from a normally firing four-cylinder engine, and they’re fairly consistent across the whole RPM range. Some of these orders get noticeably stronger at certain speeds, which is where the engine orders line up with the engine’s natural frequencies – basically showing the harmonic resonance points.

In the 1-cylinder plot, most higher-order content disappears and only a few strong low-order bands remain. This reflects the irregular firing and large imbalance of single cylinder running. The waterfall appears much simpler and less busy than the 4-cylinder case, making the remaining orders easier to distinguish.
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These graphs display the differences between the acoustic/ambient sounds picked up for the 4 cylinders and 3 cylinders test run. The 4-cylinder 3d graph displays a more broken up noise level as the RPMs increase, in comparison to the 3-cylinder test which seems to have a more uniformed output as RPMs increase.
Compared with the 4-cylinder run, the 3-cylinder microphone plot shows weaker, less defined order bands and flatter peaks. This suggests more uneven combustion and broadband noise, meaning the engine sounds rougher and less balanced when one cylinder is disabled. A fact that would make sense and relate well in such a situation as this.
This change basically shows how the noise tone shifts when the engine isn’t firing evenly. With fewer cylinders running, the sound becomes rougher, which matches what we saw in the vibration data from the accelerometer on the engine.

2.3 [bookmark: _Toc216006837]Task 2 Conclusion
Overall, the order-tracking results clearly showed how removing cylinders shifts vibration and noise behaviour. The four-cylinder case produced smoother, more consistent tonal content, whereas three- and one-cylinder running introduced stronger low-order excitation and a rougher spectral appearance. These trends match expected increases in imbalance and firing variation. 
Future work could repeat the testing under drivetrain loading or in-vehicle conditions to capture body-coupled NVH behaviour more realistically.
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	RPM
	Subsystem / Component
	Order
	Base Frequency (Hz)
	Calculated Frequency (Hz)

	1500
	Crankshaft
	1.0
	25.0
	25.0

	1500
	Pistons & Conrods
	2.0
	25.0
	50.0

	1500
	Camshaft
	0.5
	12.5
	12.5

	1500
	Combustion Pulses
	4.0
	25.0
	100.0

	1500
	Timing Gear
	1.5
	25.0
	37.5

	1500
	Alternator
	3.0
	25.0
	75.0

	3000
	Crankshaft
	1.0
	50.0
	50.0

	3000
	Pistons & Conrods
	2.0
	50.0
	100.0

	3000
	Camshaft
	0.5
	25.0
	25.0

	3000
	Combustion Pulses
	4.0
	50.0
	200.0

	3000
	Timing Gear
	1.5
	50.0
	75.0

	3000
	Alternator
	3.0
	50.0
	150.0

	4000
	Crankshaft
	1.0
	66.67
	66.67

	4000
	Pistons & Conrods
	2.0
	66.67
	133.33

	4000
	Camshaft
	0.5
	33.33
	33.33

	4000
	Combustion Pulses
	4.0
	66.67
	266.67

	4000
	Timing Gear
	1.5
	66.67
	100.0

	4000
	Alternator
	3.0
	66.67
	200.0

	5000
	Crankshaft
	1.0
	83.33
	83.33

	5000
	Pistons & Conrods
	2.0
	83.33
	166.67

	5000
	Camshaft
	0.5
	41.67
	41.67

	5000
	Combustion Pulses
	4.0
	83.33
	333.33

	5000
	Timing Gear
	1.5
	83.33
	125.0

	5000
	Alternator
	3.0
	83.33
	250.0

	6000
	Crankshaft
	1.0
	100.0
	100.0

	6000
	Pistons & Conrods
	2.0
	100.0
	200.0

	6000
	Camshaft
	0.5
	50.0
	50.0

	6000
	Combustion Pulses
	4.0
	100.0
	400.0

	6000
	Timing Gear
	1.5
	100.0
	150.0

	6000
	Alternator
	3.0
	100.0
	300.0


Table 1: Calculated excitation orders and corresponding frequencies for the Honda D16A7 engine across the operating speed range.
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