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Power-plant noise source ranking is a sound power contribution 
analysis of components within 1/3-octave frequency bands at dif-
ferent engine speeds. Such an analysis is required for cascading 
a given power-plant NVH target to individual components.1 In 
NVH roadmap development, this analysis can estimate the NVH 
benefit of individual NVH actions. Sound intensity scaling is a 
necessary part of this technique.

Traditionally, sound intensity measurements have been used for 
power-plant source ranking. These measurements require that an 
operator be inside the test cell and they are limited to low engine 
speeds due to safety requirements. For high-speed source ranking, 
sound intensity is estimated from sound pressure measurements. 
This method is based on the theoretical model that the sound in-
tensity ratio of any two speeds is equal to the sound pressure ratio 
squared. By tracking sound pressure change, sound intensity can be 
estimated from one speed to another. This can be done in two steps: 
1) calculate the differences in sound pressure levels (SPLs) from 
near field measurements at each 1/3-octave band between baseline 
sound intensity measurements at low speeds; 2) the sound intensity 
at high speeds can then be calculated by adding those differences 
to the baseline sound intensity level at corresponding 1/3 octave 
bands. The method is simple, reliable, and practical. 

Several other methods are also available, like spatial transforma-
tion of sound fields, structural vibration measurements and laser vi-
brometer measurements. These methods have limitations that make 
it impossible or impractical for source ranking applications.

Sound Intensity Scaling Theory 
To develop a relationship between sound intensity and sound 

pressure at different engine speeds, we divide a component into 
l small elements, as shown in Figure 1. These elements can be 
treated as point monopole sound sources. Assuming that element 
x has a source strength Qx(t), the sound pressure pnx(rx,t), particle 
velocity unx(rx,t), and sound intensity Inx(rx,t) at point n with a 
distance rx are given by Equations 2, 3, and 4.2,3

where:
	Q(t)x = element x strength, in3/sec
 sx = area of element x, in2

U(t)x  = average velocity of element x, in/sec

where:
	k = 2p/l, wave number, 1/in
	ro = ambient density, lbm/in3

	co = wave speed, in/sec
	rx = distance between element x and point n, inch

To calculate the sound intensity due to element i, U(t)x is chosen 
as a reference. The average velocity at element i is expressed in 
terms of the reference velocity multiplied by an amplitude ad-
justment and a phase adjustment. The sound pressure and sound 
intensity at point n due to element i can be expressed as:

where:
	ai = amplitude adjustment ratio between elements i and x at 

frequency f
	ri = distance between element i and point n, inches
	bi = distance ratio between rx and ri
	qi = phase difference at measurement point of pressure contri-

butions from elements x and i
The total contributions of sound pressure and intensity at the mea-
surement point of all elements is given by Equations 7 and 8:

 

where l is the total number of the elements of the component in 
Figure 1. The relationship between pn(t) and In(t) can be found by 
substituting Equation 7 for 8:

The relationship between two test conditions at t1 and t2 is given 
by Equation 10: 

In Equation 10, the ratio bi is constant at t1 and t2, since the 
measurement point n stays the same. When a component is in 
a resonance condition at t1 and t2, the mode shape of the same 
resonance stays the same. The ratio ai and phase difference qi are 
also constant, provided the system is linear. The summation factor 
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given by Equation 11 equals one.

   SF = 

and

A study was conducted on engine covers.4 These covers were 
simulated by a 0.524 m ¥ 0.236 m steel plate with various uniform 
thicknesses. The fundamental modes start at 30 and 110 Hz for 
the 1- and 3-mm-thick plates, respectively. The edge mode starts 
at 677 Hz. Above this frequency, the radiation efficiency increases 
significantly, from 20 dB (3-mm-thick plate) to 30 dB (1-mm-thick 
plate), as resonances reach coincidence frequency. Since radiated 
sound power is proportional to radiation efficiency, the plate 
response is primarily dominated by resonances from 800-2500 
Hz throughout the entire speed range. Many resonances have 
repeatedly been excited at any t1 and t2, and the engine noise is 
dominated by these resonances. The summation factor of Equation 
11 will be close to one. Thus, 

 

Therefore, one can estimate average sound intensity at low speed 
from the measurements and at high speeds by scaling. There is 
no restriction on Equation 7 for the location of point n, except 
that pn(t) cannot be zero. Sound pressure pn(t) fluctuates as the 
measurement point n moves toward the measurement surface in 
the acoustic near field.5 But it is also susceptible to contamination 
from adjacent components when the measurement point n moves 
away from the measurement surface. Based on our test results, if 
this point is selected correctly, adjacent components will not affect 
the sound intensity scaling calculation unless there is a dominant 
resonance, which is correctable.

 Based on Equation 13, it can be shown that 1 pressure measure-
ment point gives the same results as an average of multiple points 
as long as pn(t) does not equal zero. To avoid the slight possibility of 
zero mean square pressure amplitude, two measurement points are 
recommended for large surface components. The spatial variation 
of sound intensity is accomodated by baseline measurements.

Experimental Scaling Tests
Experimental tests to evaluate the sound intensity scaling meth-

od were conducted in a hemi-anechoic test cell. They include:
Comprehensive set of sound intensity data (surface average) at 
a base speed (2000 rpm) at wide open throttle (WOT).
Repeated sound intensity data for measurement system analysis 
at 1500 and 2000 rpm at WOT.
Discrete-point SPL data from the speed range of interest, usually 
1000 to 6000 rpm, at WOT.
Repeated discrete-point SPL data for measurement system 
analysis from 1000 rpm to 6000 rpm at WOT.
Discrete-point sound intensity data for verification of scaled 

•

•

•

•

•

high-speed sound intensity estimates at 1500, 2000, 3000 and 
4000 rpm at WOT.
Additional SPL data for evaluation of adjacent component wrap-
ping from 1500 to 6000 rpm at WOT.
Data at base speed are baselines for sound intensity scaling 

calculations. Point tests are used to verify sound intensity scaling 
calculation results. SPL tests are used to calculate SPL ratio for 
sound intensity scaling calculation.

The sound intensity scaling calculation is straightforward. First, 
extract component SPL data for each individual speed from the run-
up measurements. Then calculate SPL differences between engine 
speed n and the base speed at each 1/3-octave band. Speed n could 
be any speed from 1000 to 6000 rpm except the base speed. Finally, 
sound intensity level can be scaled based on equation 13.

Verification Results
To verify the scaling method, measured and estimated sound 

intensity data were compared. Component surface average data at 
2000 rpm at WOT were collected as a baseline for sound intensity 
scaling calculations and fixed point measurements at 1500, 2000, 
3000 and 4000 rpm at WOT for verification. Three components 
were selected: right cam cover, trans barrel top, and crankshaft 
pulley. Multiple points were used to cover spatial variation in the 
fixed-point measurements, The data points for each component 
were averaged to provide a single value for each component at 
each engine speed. The fixed-point sound intensity data for 2000 
rpm were compared for each of the three components to the sound 
intensity data (surface average by sweep) as a check on how well 
the batch of individual measurement locations matched the con-
tinuous sweep result. The fixed-point data at 3000 and 4000 rpm 
then provided six independent calculations with which to judge 
the accuracy of the scaling method.

These measurements were compared to corresponding estimates 
of sound intensity that were derived using Equation 15. The results 
for estimated and measured sound intensity are listed in Table 1. 
The overall range of these differences is virtually the same as the 
measured resolution of ±0.7 dB calculated for the sweep measure-
ments. Therefore, the scaling method is reliable to within the 
repeatability and reproducibility that can be expected from the 
measured sound intensity.

Application
More than 10 power plants have been tested with this methodol-

ogy. Power plant noise contribution analyses (PNCA) have been 
conducted for several programs during NVH target setting and 
roadmap development. As an example, more than 10 individual 
component NVH actions were evaluated per PNCA, and seven of 
them were selected that offered the best NVH value significantly 
improving power plant radiated noise. Test data showed that radi-
ated noise refinements achieved one of the world’s quietest power 
plants. In conjunction with vehicle interior noise contribution 
analysis (INCA2), individual NVH performance at the vehicle level 
can be analyzed as well. This tool is very effective for power plant 
NVH evaluation early in the design stage.

Conclusions
The ratio of sound intensities measured for a given power plant 

component at two different engine speeds is proportional to the 
corresponding ratio of sound pressures squared in a resonance 
condition. With theoretical justification and experimental verifi-
cation, a scaling method is proposed that, by tracking SPL from 
engine run-up data, sound intensity can be estimated for any 
engine speed from measurements at other speeds. This capability 
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Table	1.	Difference	in	measured	and	estimated	sound	intensity.

 Calculated - Measured
  Component OA, dB @ 3000 rpm OA, dB @ 3000 rpm
Right cam cover ± 0.63 ± 0.63
Trans barrel top ± 0.49 ± 0.43
Crankshaft pulley ± 0.33 ± 0.31

                     Element i

Element x

Q(t)x = SxU(t)x

  ri

                nrx

Figure	1.	Elements	x	and	i	as	point	monopoles.
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is valuable, because the conventional sound intensity measure-
ments are made with a hand-held probe, and personnel within a 
test cell are limited to a maximum engine speed of 2500 rpm by 
safety regulations.

The test data show that the difference between the measured and 
calculated sound intensity levels among three components, in six 
test cases, with various engine speeds are within ±0.63 dB. This 
method is therefore acceptable for sound source ranking.

A single microphone per component is sufficient for the scaling 
method. In a test to compare a single microphone measurement 
with an average of several for the same component, it was found 
that 96% of the differences from a run-up broken down into 50 
rpm intervals were within ±0.6 dB.

Sound intensity scaling makes it possible for power-plant source 
ranking and noise contribution analysis. The technique provides a 
huge advantage in NVH target setting and roadmap development 
early in the power plant design stage.

The author can be reached at: pzeng@ford.com.
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