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Over the past 70 years, 
Torquemeters has been a leading 
proponent of high-performance 
driveline design and manufacture 
for some of the most demanding 
development testing applications, 
particularly for turbine, compressor, 
and engine testing within the 
aerospace industry. 

Responsible for the innovation of 
the first phase-shift torquemeters, 
Torquemeters today supplies several of 
the key performance-critical components 
that enable complex drivelines to manage 
thermal expansion, misalignment, thrust 
compensation and over-torque/over-
speed protection for a high temperature, 
high-speed test article development. 
This product suite includes high-speed/
high-power torquemeters, inline thrust 
balance systems, spindles, flywheels 
and freewheel clutches, in addition 
to a range of low mass overhang 
disc pack & diaphragm couplings.

This paper details one of the most 
demanding applications of this 
technology, highlighting the design 
challenges and considerations for each 
element within the driveline. It references 
several previous projects completed over 
the last 40 years whilst drawing on the 
fundamental theory governing successful 
rotordynamic design and establishes 
the frontier for the “art of the possible” 
in high-performance driveline design. 
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For the next 70 years, the company,  
now managed by the founder’s sons  
Ben & James van Millingen, has continued 
to be closely involved with the majority 
of the global aero and industrial gas 
turbine industry, in providing high 
accuracy torque measurement and of 
equal importance suitable transmission 
solutions for developing compressors, 
fans and turbines, ranging in size from 
50mm turbocharger wheels running at 
130,000rpm, to 50 MW HP compressor 
test facilities, running at 16,000rpm.  
With its turbomachinery origins  
and the continuing skill set of its 
engineering team, the company fully 
understands the thermodynamic and 
mechanical issues involved in testing 
gas turbine components and has built 
up a body of experience over 70 years 
of fully understanding and solving the 
many issues involved, particularly in the 
design of very highly rated transmissions 
including some of which provide 
active thrust compensation for the 
compressors or turbines under test. 

Whilst the global aero engine sector has 
the extraordinary capability to design the 
next generation of aero engines, over the 
past 25 years. they have reduced their 
internal capability to design the equally 
challenging, but infrequent, test facilities 
to test them, and have therefore tended 
to out-source that activity.  Torquemeters 
have benefited from that, by providing 
that capability, whilst maintaining strict 
confidentiality, on a regular basis, to most 
of the established and emerging global 
aeroengine development community.

Background
Torquemeters Ltd was established in 1951, by R D van Millingen, who started 
his career helping Frank Whittle develop the world’s first successful jet engine. 
Subsequently, RDvM designed a number of gas turbines and attempted to buy 
a suitable high accuracy, high speed torquemeter to test their compressors. 
The absence of any suitable high accuracy torquemeters on the market led 
him to invent his own optical torquemeter, and then set up Torquemeters to 
exploit that invention and sell them to the emerging gas turbine industry.

“The absence of any 
suitable high accuracy 
torquemeters on the 
market led van Millingen  
to invent his own  
optical torquemeter.”

Prior to the late 1970’s all test 
compressors were designed with 
thrust compensation discs or large 
thrust bearings, designed into the 
test article, to balance the very high 
axial thrust being generated when 
not connected to its corresponding 
turbine, as it is in the full engine. 

This approach, which most of the 
aero and industrial companies still 
apply, has several drawbacks as it:
•   Significantly complicates the 

design of the test compressor, 
particularly rotor dynamically. 

•  Makes every compressor or 
fan test article more complex 
and hence expensive.

•  Results, most importantly, in windage 
losses associated with the internal 
thrust compensation discs, or the 
losses of heavy-duty axial bearings 
which are a significant % of the power 
to drive the compressor, and are 
extremely difficult to estimate, and 
hence establish the true efficiency 
of the compressor section itself.

With the extraordinary level 
of development of aeroengine 
turbomachinery over the last 70 
years, the incremental improvements 
achievable today through subtle step 
wise design improvements, are limited 
to fractions of a %, so whilst the need 

for a very high accuracy torquemeter 
is a given, removing the internal losses 
of internal thrust compensation 
from the compressor becomes 
even more important and fruitful. 

In the late 1970s, Torquemeters came up 
with a novel solution to this problem, by 
providing the axial thrust compensation 
in the driveline between the gearbox and 
the compressor, rather than internally in 
the compressor.  Importantly, by placing 
the thrust bearing on the gearbox side 
of the torque measuring section its 
inevitable high losses, 100 -200 kW 
typically, does not affect the measured 
torque to drive the compressor.  

The first design of this principle, for 
Rolls Royce, on a new 20 MW HP/Fan 
test facility with a split flow collector 
box, was delivered in 1980 to Derby, and 
was originally gas turbine driven. This 
was subsequently relocated to Anecom 
in Berlin and uses an 18MW E-Motor, 
and is still in regular service, 40 years 
later with almost total reliability and full 
accuracy. An almost identical design, also 
suitable for 30 kNm,15,000 rpm, and 130 
kN of axial thrust, was supplied to MTU 
Munich, in around 1986, and is also still 
in service. A more recent variant of this 
design, of the same size, increased the 
thrust capability to 220 kN, 31 kNm and 
16,000rpm. Let us call this scale size 1.

Thrust management in 
compressor test drivelines
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The main elements of this thrust  
compensating transmission are:

•  An axially tied coupling to take the 
axial thrust of the compressor through 
a central tie- bar, whilst the torque 
and the misalignment is taken through 
the diaphragms and the spacer shaft. 
The length of this coupling is always 
limited in length due to critical speed 
considerations. Couplings can be 
made of steel, or if the compressor 
is weight sensitive, in Titanium.

•  The torquemeter section comprises, 
at the compressor end, a simple 
spindle shaft running in very high-
speed roller bearings, usually designed, 
and manufactured by Torquemeters; 
the centre torque measuring section 
comprises a toothed torsion shaft and 
a toothed pick-up stator; a second 
spindle shaft on roller bearings with 
the thrust collar; and a Tilt pad thrust 
bearing (TPTB). The shaft of the 
torquemeter, being axially tied to the 
compressor shaft end, is likely to move 

Figure 1 – Torquemeter & thrust-balance cross-sectional arrangement.

Driveline architecture  
with thrust compensation

axially considerably, up to say 10 mm, 
due to the very high temperature 
(up to 650 C for a high-pressure 
ratio HPC) of the compressor 
collector box, and the length and 
material type, and its coefficient of 
thermal expansion, of the collector 
box and any casings between the 
trunnion mount centreline and the 
compressors’ axial location bearing.

•  Note that to maintain the highest 
accuracy, several torsion shafts are 
typically supplied, which can be readily 
interchanged in, say, < 4 hours. 

•  To transmit the power from the gear 
box, a short diaphragm coupling is 
used, designed to accept the very high 
levels of axial expansion and any small 
misalignment. This is typically titanium 
and would normally be compressed in 
the cold condition and run stretched 
in the hot running condition.

•  The tilt-pad thrust bearing needs to 
maintain the required thrust, typically 
100 to 200 kN, regardless of the 
axial position of the thrust collar 
on the shaft, and therefore needs 
to be mounted in a piston that can 
follow that movement. Typically, the 
oil pressure applied to this piston 
is around 50 bar, at a small flow 
rate sufficient to deal with any seal 

leakage. The small hydraulic power 
pack is typically supplied by the 
rig integrator. A servo valve, Moog 
or similar, controls the required 
pressure in the piston, in response 
to a feedback signal from the facility 
control system. Ideally the location 
bearing of the test compressor would 
have a strain gauged bearing carrier 
to measure the small, net load on the 
bearing, and provides the feedback 
to change the pressure supplied to 
the thrust compensating piston. 

•  Alternatively, some testers predict, 
theoretically, the axial thrust of the 
compressor as a function of speed 
and inlet pressure and instruct a 
corresponding level of axial thrust 
compensation, or applied oil pressure, 
to apply to the thrust bearing piston.

Tied Coupling

Roller Bearing Spindle

Rotastat Feature

Interchangeable 
Torsion Shafts

Gearbox Coupling

Thrust Bearing
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In the 1970s, Torquemeters adopted 
as a standard, a design of torquemeter 
based on the phase shift principle, which 
measures the shaft twist by measuring 
the phase difference between two 
sinusoidal signals. This measurement 
is done by counting digital pulses from 
a constant frequency digital crystal 
clock. The company developed this 
concept into a practical and commercial 
device, and that principle is still 
employed today in their test bed ET 
and custom designs, and also in their 
larger Continuous Duty monitoring 
units where 30-year reliability and 
accuracy is required. The main 
advantages of the phase displacement 
principle, over the more widely used 
strain gauge systems, are that:

•  It is suitable for running at very high 
speed, limited only by the centrifugal 
stress limits of the steel shaft material.

•  The gain of the system is effectively 
the stiffness of the steel torsion shaft 
and that is effectively the linearity and 
constancy Youngs Modulus. It does 
not and cannot change with time 
and remains the same 40 years on! 
The minor change of modulus with 
temperature is easily corrected for 

by measuring the shaft temperature, 
or the surrounding air temperature 
close to the shaft and making a linear 
and automatic correction for it.

•  The Zero of the system is, effectively, 
the physical angular offset of the pair 
of teeth integral with the shaft which 
twists, and the pair of pick-ups, or 
stator teeth which are fixed to each 
other. Again, other than yielding 
following a gross torque overload,  
this remains constant. 

On a compressor rig, conveniently 
there is an E-Motor that can drive the 
whole driveline up to full speed, so 
that periodically, with the compressor 
and its coupling removed, the actual 
Zero Torque Datum (ZTD) of the 
torquemeter at over the whole speed 
range, “taring out” all shafting losses 

apart from any small windage of the 
compressor coupling. Obviously, 
this needs to be repeated if a new 
or different torsion shaft is fitted. 

•  At very high speeds, achieving 
satisfactory rotor dynamic  
behaviour becomes more difficult, 
and Torquemeters’ solution is to 
use a pedestal mounted transducer, 
connected to the gearbox and test 
compressor with their own design  
of very lightweight Tordisc  
diaphragm couplings, which can  
be made either in steel or titanium, 
for the ultimate in lightness, or where 
extreme axial or radial misalignments 
are required. This very low weight,  
and importantly mass overhang, 
are also very welcome to the test 
compressor and gearbox designers.  
In comparison, the widely used torque 
flanges on the market mean adding 
mass, and significant overhang, to the 
gearbox or compressor, with negative 
rotordynamic consequences.

For less challenging applications,  
the company also use more popular, 
lower cost, but heavier, disc pack 
couplings, both proprietary brands 
and of its own manufacture.

Strain gauge torque transducers, 
in comparison, by their nature, are 
analogue devices, and are inherently 
sensitive to changes of transducer 
temperature, by virtue of the shaft/
gauge/ adhesive material combination, 
and on the influence of temperature 
and speed on the gain and offset of the 
rotating electronic amplifier module, 
and influences of the attachment to less 
than perfect faces of hubs and couplings 
either side. They are also fundamentally 
limited in speed by their mechanical 
design both due to the transducer 
geometry and the encapsulated 
coil on the outside diameter. 

Torquemeter and Coupling 
design considerations

“At very high speeds, achieving 
satisfactory rotor dynamic 
behaviour becomes more 
difficult, and Torquemeters’ 
solution is to use a pedestal 
mounted transducer.”
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“…he invented a  
similar nondimensional  
number n√P ( n in rpm,  
P Power in kW ),  
that also allowed 
transmission drivelines  
to be scaled up or down…”

Scaling and dynamic difficulty;  
the van Millingen number (n√P)

that each new custom design of 
transmission had to work “right first 
time”, being a critical component of 
a multi-$m test facility, and without 
the luxury of a development process, 
being 100% confident that the design 
would work perfectly from day one 

was less certain. R D van Millingen 
then realised that from his experience 
of turbomachinery design, where the 
concept of scaling turbomachines 
up or down, using non- dimensional 
numbers, such Mach No. , m√T/AP, 
n/√T etc. , he invented a similar non-
dimensional number n√P ( n in rpm, 
P Power in kW ), that also allowed  
transmissions to be scaled up or 
down, with the same confidence that 
a design that worked successfully at 
Scale size 1, for example 10,000 rpm 
10,000 kW ( n√P = 1E6),  would, if 
halved in size, would run at 20,000 rpm 
and tolerate 2500 kW ( n√P = 1E6) 
and  be identical in terms of  stresses, 
peripheral speeds,  rotordynamic 
margins, and specific bearing speeds, 
dN or m/s. Similarly, any turbomachine 
component scaled up or down can 
be expected to perform equally well 
if the n√P is the same. This concept 
was first presented in 1991 (RD van 
Millingen & JD van Millingen,1991). 
Surprisingly, it is not more widely 
used but would equally apply to 
the design of high-speed gearboxes, 
which if of the same value of n√P, will 
yield identical Pitch Line Velocities 
(PLV), bearing loading pressures 
(MPa), tooth loading, (K factor or 
MPa), and critical speed margins, 
which are the main limiting factors. 

Compared to designing a state-of- 
the-art HP compressor, also running  
at relatively high values of n√P, an 
additional problem for test facility 
designers, is that when the end 
customer wants to invest in a new multi 
$m test facility, they would ideally like as 
wide a capability as possible, such that 
they can test, for example, high torque  
low speed fans, and also higher speed  
HP but lower torque compressors.  
The transmission and gearbox therefore 
have to be designed to accept maximum 
torque of the fan, and the maximum 
speed of the HPC, the product of  
these being what is called the “Corner 
Power” and is used for calculating the 
effective n√P value. Figure 2 shows,  
for example, a 3.6E6 value for the 
above 50 MW,16,000 rpm, transmission 
referred to earlier, and this value is 
probably the sensible limit of that any 
transmission, or a gearbox can accept.  

Until around 1990, Torquemeters 
treated every new customer application, 
for a particular combination of torque 
and speed or thrust, and hence physical 
scale, as an individual design, and 
everything was sized and calculated from 
first principles. Given the expectation 

Figure 2 – The van Millingen number (n√P) as a  
measure of non-dimensional application severity
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“…they can test, for 
example, high torque 
low speed fans, and also 
higher speed HP but lower 
torque compressors…”
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Taking the Scale 1 design above, a scaled 
down version to, for example, 80%, 
would increase the speed capability by 
25%, reduce the torque capacity to 51% 
and the thrust capacity to 64%, and pro 
rata for other scaled sizes. 

Note that the speed thrust envelope is 
limited by PV, the product of the mean 
running speed of the bearing, in m/s and 
a limiting specific pad pressure, MPa, and 
the temperature limit of the pad material, 
typically 130C for white metal. 

Application of non-dimensional 
scaling factors in driveline design

Conclusion 
The ability to meet the exacting 
requirements of modern-day aeroengine 
and gas turbine component test article 
development, particularly in terms of 
the management of thermal expansion, 
misalignment, thrust compensation, 
high-speed and torque is reliant 
upon specialist customised product 
design solutions. A number of factors 
impact the individual design of each 
component within the driveline relating 
to rotordynamic performance, material 
stress, bearing capacity and allowable 
peripheral velocity limits. The utilisation 
of a non-dimensional scaling factors and 
n√P simplifies the conceptual design for 
the overall driveline and permits the 
assessment of the “art of the possible”  
in determining the allowable combination 
of speed, torque and thrust capability.

Jas van Millingen 
Technical Director 
Torquemeters Ltd  
© 2021
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Torquemeters Limited is a specialist 
engineering business founded in 1951 
to supply torque measurement systems 
to the aerospace industry in support 
of the development of the earliest jet 
engine technology.

Today, Torquemeters is recognised 
globally as an innovative, high-quality 
engineering solutions provider for 
Aerospace, Oil & Gas, Automotive and 
Industrial applications. Based in the 
UK, operating from a purpose-built 
state-of-the-art manufacturing facility, 
the business employs 59 people, in 
highly skilled engineering and technical 
disciplines, using modern design software 
and CAD systems, to meet the demands 
of its international client base. 

For further information contact  
info@torquemeters.com

The current product range includes 
phase-shift torquemeters both for 
development testing of turbomachinery 
components and Continuous Duty 
condition monitoring of the full 
turbomachine. They also manufacture 
specialist couplings, high speed 
permanent magnet motors and  
turnkey test rig systems. 
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