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Cooling systems — background and constraints

1 Summary

The present report represents a deliverable of the work package E4, which deals with the
noise from cooling systems used in railway vehicles. In particular, the focus is on diesel
engine coolers, which are the selected application within this work package.

The intention of the report is to give an introduction to the working principles of such a
system and the design considerations that a system engineer faces. The functional
constraints, which in practice limit the freedom for low noise design, are discussed in great
detalil.

A benchmark is presented in terms of an overview of different alternative engine cooler
designs and their advantages and disadvantages are discussed in relation to the physical
constraints described. Some typical noise levels measured on such systems are also given.

As for all fans, the noise emission follows a direct relation to the blade tip speed (i.e. the rpm
and the diameter). One obvious way of reducing the noise is thus to minimise the cooling
need of the diesel engine to allow less cooling air flow. Other potential improvements involve
the selection of more low noise fans, ensuring an undisturbed inflow of air to the fan and to
make use of damping in the housing and in the vicinity of the fan blades.

2 Introduction

On today’s trains there are many components requiring cooling (either directly by air or by
liquid-circuits). For diesel driven trains, the engine coolers can be assessed as one of the
major noise sources in urban areas by solely considering the amount of radiated sound
(usually Sound Power Levels above 100 dB at maximum cooling). Additionally these coolers
can highly contribute to noise annoyance (e.g. by high tonality).

Because of geometrical, environmental and thermodynamic constraints these cooler are
often positioned at an exposed place: the roof. In urban areas this acoustic source position
can be considered as a conceptional disadvantage and acoustical properties like directivity
become very important.

Noise control for coolers by means of shielding or encapsulation is not easily done because
of the needed functionality (e.g. flow, thermodynamics).

This report starts to outline the general and technical requirements and constrains (acoustical
and non-acoustical) for diesel-engine coolers and gives hints about the openly known
design- and control-philosophy of these coolers. Because of the predomination use and the
upcoming, planned experimental/computational work air-(fan) roof coolers will mainly be
focused on.

3 Overview of today’s cooling systems

Several cooling concepts are in practice. A good overview is provided by the supplier Voith in
reference [1] for different kinds of railway vehicles. Figure 1 and Figure 2 below are copied
from this brochure. A number of illustrations from [4] has also been used (Figure 3 to Figure
6). Basically, the diesel cooling system can be placed either in the underframe or on the roof.
On most DMU trains, the cooler is placed on the roof because the diesel engine itself takes
up so much of the space under the floor. This is particularly relevant for the “low floor” train
designs, which are becoming increasingly frequent. In addition to the principle layouts
depicted in Figure 1 to Figure 7, some Bombardier DMU vehicles (AGC, Regioswinger,
Talent, Itino) are presented in Figure 8 to Figure 12 and a comprehensive list with key data
for Bombardier and non-Bombardier DMU trains is given in Table 1.
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Figure 1: Summary of different concepts for cooling systems on railway vehicles (source:
[1]). Variants D1 and D2 are the ones most commonly used on diesel multiple units
(DMUs). Variants Ul and U2 are unusual for DMUs but can in principle be used if there is
space available in the underframe
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Figure 2: Examples of different cooling system concepts (source: [1]).
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Figure 3: Cooling system for the diesel locomotives BR215 and BR218 of the DB AG
(Source: [4]).

Figure 4: Cooling system for the diesel trainset BR627 of the DB AG (1 Cooler Inlet; 2
Rock Protection Grill; 3 Radiators; 4 Cooler Fan with Drive; 5 Air Flow; 6 Cooler Outlet;
7 Space for other Aggregates) (source: [4]).
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Figure 5: Locomotive roof cooler with V-configuration’ (1 Cooler Inlet; 2 Rock
Protection Grill; 3 Radiators; 4 Air Flow; 5 Cooler Outlet) (Source: [4])

Figure 6: Trainset roof cooler with vertical configuration of radiators (1 Cooler Inlet; 2
Rock Protection Grill; 3 Radiators; 4 Air Flow; 5 Cooler Outlet) (Source: [4])

Figure 7. Sketch of typical roof-mounted engine cooling unit with direction of flow
indicated.
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Figure 8: Layout of equipment on AGC diesel multiple unit train. The diesel cooling
unit is the light red coloured box on the roof

Figure 9: Roof layout on AGC diesel multiple unit train. There is one engine cooler on
each end car (“Coolerl” and “Cooler 2").
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Figure 10: Sideview of Regioswinger DMU (a.k.a. VT612). Positions of diesel engine
coolers are indicated

e -

Figure 11: Sideview of Itino DMU. Positions of diesel engine coolers are indicated.
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Figure 12: Sideview of Talent DMU (VT 642.2). Positions of diesel engine coolers are
indicated.
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DMU train Position of engine | Engine power Transmission type

cooler

Talent (VT 644) Roof 505 kW Electric

Talent NSB Roof 306 kKW Hydro-mechanical

Talent (BR643.2) Underfloor 315 kW Mechanical

OSE-Cat 2000 Sidewall/ Roof 253 kW Hydrodynamical

VT 610 Underfloor 485 kw Electrical

VT 611 Underfloor 560 kKW Hydrodynamical

Turbostar Underfloor 315 kW Hydrodynamical

Integral (Jenbacher) Underfloor/Roof 315 kW Hydrodynamical

Regioshuttle RS 1 Underfloor 257 kW Hydro-mechanical

(Stadler)

LVT/S Underfloor 265 kW Hydro-mechanical

VT 670 Underfloor 250 kKW Hydro-mechanical

VT/VS2 (Alstom LHB, Underfloor Electrical

BT Mannheim)

Regiosprinter 1 Underfloor 228 kW Hydro-mechanical

(Siemens)

VT 642 / Desiro DMU Underfloor 275 kW Hydro-mechanical

(Siemens)

IC3/Y2/PRA Flexliner Underfloor 295 kW Hydro mechanical
transverse (ZF-Ecomat)

IC3 Repower Underfloor 330 kW Mechanical e-shift
transverse (ZF-ASRail)

AGC Roof 560 kW Electrical

Regioswinger (VT612) | Underfloor 560 kKW Hydrodynamical

\Hlﬁlyl?ger (MML, Virgin; Underfloor 560 kw Electrical

ICE-TD (VT605) Underfloor 560 kW Electrical

Itino Roof 560 kW Hydrodynamical

GTW 2/6 Special Drive Unit 550 kW Electrical

Lint 27 -BR640 Underfloor 315 kW Hydrodynamical

Lint -BR641 Roof 257 KW Hydro-mechanical

Lint 27 -BR640 Underfloor 315 kW Hydrodynamical

Vlocity Underfloor/Roof 560 kKW Hydrodynamical

Table 1: Summary of selected DMU trains and their respective type of engine cooling
system
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4  Requirements on the cooling system

The list below comprises constraints that have to be considered in the design and integration
of a diesel engine cooler. As the primary function of the system is to provide cooling to the
engine this aspect is of high importance and is not negotiable when searching for a low noise
design.

- Dimension (geometry / space) and weight

- Cooling performance, aero- and thermodynamics
- Aesthetics

- Materials (e.g. forbidden substances)

- Strength / fatigue / vibration

- Environmental conditions

- Technical parameters of engine and connected auxiliary systems
- Maintenance & installation

- Energy consumption & recycling

- Cost (direct and LCC)

- Control

- Specific customer requirements

Figure 13: Limit extension for train (so-called loading gauge) according to UIC.
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4.1 Dimension (geometry / space) and weight

Normally, for a low floor train, the space is too limited for an underfloor mounting so it has to
be placed on the roof. The AGC train is such an example.

The engine cooler must fit within the the cross-section profile (for instance the UIC profile
shown in Figure 13). In the longitudinal direction there is no absolute limit but the length of
the cooler must be a compromise taking into account the space needed for other roof-
mounted components.

Track load and derailing analyses will put requirements on the total weight and the position of
centre of gravity.

4.2 Cooling Performance, aero- and thermodynamics

As the primary task for the cooling system is to prevent overheating of the engine this type of
constraint is quite crucial. The cooler shall deliver the necessary amount of cooling power
required by a number of specified load cases, which represent both typical and more
extreme situations. For instance there is special requirement of towing a full passenger train
without functional engine (high power demands). It also needs to work for multiple traction
and braking of up to four cars as well and for driving in tunnels.

The cooler has to be divided in a low temperature - (LT) and a high temperature circuit (HT).
The low temperature circuit (LT) is used for heat radiation of the charged air, while the high
temperature circuit (HT) is used for heat radiation of the engine, the torque converter, and an
additional amount of charged air. Coolant for use in the heating installation has to be taken
from the HT-circuit before HT-short-circuit-controller and to be supplied to HT-circuit behind
the cooler.

A short-circuit-controller for LT- and HT-circuits can be used for a bypass system for a fast
response e.g. for low environmental temperature conditions (specific demands for vax-
cartridge as temperature control).

Picture 1. Measurement of cooling performance in laboratory with inlets and outlets
separated (source: Behr).
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There are specific requirements for a fluid reservoir (‘compensation tank’) for equalizing the
changing coolant level caused by warming up or cooling the coolant. The tank performance
needs to assure a degassing after refilling. No signs of cavitation in the return line of the tank
(includung micro-bubbles) should be visible. A maximum time window of 1 hour for air-
separation should not be exceeded.

The LT - water pump must deliver a continuous volume flow for low temperature circuit of at
least I/min (e.g. 290I/min), but a certain volume flow (e.g. 300l/min) is not to be exceeded.

Short circuiting between the inlet- and outlet-air-flow has to be avoided. In summary it is
demanded, that the influence of all parts of the train (respective the flow around the train at
all speeds [at least at maximum velocity]) has no influence on the cooler performance.

Cooling should be independent of driving direction (e.g. both engines are used in both
directions).

The performance of the cooler system may be influenced by the exhaust system so therefore
the relative positioning of these systems must be carefully considered to ensure that any
harmful influence of the exhaust is minimized.

A Cool-Water-Scheme has to be provided which should include the following:
Radiation of lost heat of torque converter (Traction + Hydrodynamic Brake),
Radiation of diesel engine lost heat,

Cooling of charged air,
The pipe system including all components.

4.3 Aesthetics
The cooler has to be an integral part of the general design and appearance of the train.

4.4 Materials (e.g. forbidden substances)

Environmental and fire safety rules must be considered: The cooling fluid should be a flame-
resistant, environmentally benificial, non-polluting and biodegradable substance. The use of
oily substances has to be minimized.

4.5 Strength / Fatigue / Vibration

The mounting of the cooler to the carbody must be such that vibrations transmitted from the
fans are isolated from entering the passenger compartments. The structural integrity of the
casing and the mounts must, of course, also be checked, both in terms of fatigue loads and
singular high loads.

4.6 Environmental Conditions

The cooling unit must be able to operate in difficult weather conditions such as rain, snow,
hail, and also with dust and dirt clogging the radiators. As already mentioned in Section 4.2,
exhaust gases and so-called re-aspiration could also degrade the cooling performance.

As a typical example, the operability of the cooler system has to be guaranteed for
environmental temperatures of -25°C up to +40 °C. Degree of dirt-blockade ranges from 5 -
25 % for roof-coolers. Depending on used radiator material used there are also specific
demand for protection grids.

Deliverable E.D14 (Cooling systems — background and constraints) 14



4.7 Technical parameters of engine and connected auxiliary systems

The engine cooler must, of course, be designed that it fits with the need of diesel engine and

the auxiliary systems it is supposed to cool.

4.8 Maintenance & Installation

The cooler system has to have stops (bumpers) for an easy assembly into the train.

All water connections need to be on the cooler front (in driving direction).

All electrical connections need to be on the cooler back (opposite to driving direction).

4.9 Energy Consumption & Recycling

Global energy balance of the train is becoming an increasingly important issue: beside
volume, weight and cost of cooling, energy consumption (including storage & reuse) and
recycling becomes more and more important due to the fact of the high portion of the total

power (see Figure 14). Customers demand concept and optimization studies for energy

consumption during operation (e.g. standstill and driving) in order to save costs and/or to
minimize the environmental impact. In state-of-the-art demands, all used materials have to

be recyclable at the present time.

Figure 14: Sankey Diagram (source: [4]).
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4.10 Cost (direct and LCC)

An engine cooler is a fairly price sensitive product and any add-on systems must be
motivated by added value for the customer. For this reason any investments in noise control
measures must be motivated in economical terms, both regarding investment and
maintenance. Certain measures may also have positive side effects, like reduced power
consumption.

4.11 Control

The control system and the control strategy has a potentially high impact on the noise
emission in that the cooling power can be shifted in time so that high rpm of the cooling fans
can be avoided at platforms and in stations.

4.12 Specific customer requirements

As an example, for the AGC train, a specific requirement from the operator was to have
hydraulic engines driving the fans. Further, some customer specifications explicitly demand
‘fan driven’ cooler systems and demand even heat radiators as cooling elements.

5 Noise generation mechanisms of cooling systems

Assuming a liquid-based cooling system, the by far dominating source is the aerodynamic
noise generated by the rotating fan. Secondary sources are the motor driving the fan (electric
or hydraulic), aerodynamic noise from the heat exchanger and the pump for circuiting the
cooling liquid.

Noise generated by fans depends on several parameters, but the most important one is the
blade tip speed. Several aero-acoustic source mechanisms may contribute to fan noise
generation. Those of greatest practical significance are of dipole character, see Figure 15.
Most important are interaction of the fan blades with non-uniformities of the surrounding flow,
and interaction of the blade wake flow with guide vanes and the casing [2]. The fan blades
create noise by vortices generated at the blade tips. Reference [5] is a practical and
comprehensive guideline for the selection of cooling fans, which also contains some aspects
of noise generation.

Figure 15: Mechanisms for noise generation in a fan (source: [2]).
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Picture 2: Test setup for fan noise measurements at Voith (standard DIN 24163).

Figure 16: Test setup for fan noise measurements at Voith.
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6 Some examples of noise emission from engine coolers

The content of theis section is not expected to be complete, but is rather intended give an
overview of some noise data from real installations, both from the literature and from in-
house measurements.

Figure 17: Exterior sound pressure measured outside a locomotive engine cooler at
1360 rpm (above) and during a run-up between 610-1380 rpm (below) (source: [3]).
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Figure 18: Microphone array measurement of Itino DMU with engine cooler operating
at maximum fan rpm.

Figure 19: Principle example from the literature illustrating the importance of fan
inflow conditions to the noise generated. (source: [6])

7 Benchmark - AGC and Itino DMU

A small comparison between the noise emission from AGC and other trains is made in this
section. Comparable noise data (sound power level) was only available for AGC and Itino as
is given in Table 2. It should be noted that the max rpm is considerably higher for AGC than
the Itino. The power of the Itino engine is much lower than the AGC indicating that the need
cooling air flow is much less for Itino. Despite that, the sound power levels at max cooling are
very similar, meaning that the AGC cooler should have a more low noise design than the Itino
cooler. As shown in Figure 20, the noise emission increases rapidly with the fan speed.

Table 2: Radiated Sound Power of engine cooling systems of selected DMU trains
(AGC & Itino) at max cooling.

DMU train Position of Fan speed Number | Engine power Sound Power Level
engine cooler of fans on Testbench
AGC Roof 2100 rpm 2 505 kW 108 dB(A)
Itino-RMV Roof 1450 rpm 3 306 kW 106 dB(A)
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Picture 3: Complete AGC engine cooler in acoustics laboratory at KTH.

Picture 4: One of the two axial fans in the AGC engine cooler.

Figure 20: Sound power as function of fan speed (500-2100 rpm) for the AGC engine
cooler measured in acoustic semi-anechoic room.
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Picture 5: The Itino engine cooler during the type test (source: Behr).

8 Conclusions

The purpose of this report is to provide an overview on diesel engine cooling systems, with
particular focus on their use in diesel multiple unit (DMU) trains. An extensive inventory of
different cooler designs and key parameters used in Bombardier and non-Bombardier trains
is presented.

A list of technical constraints to be considered in an acoustic optimisation has been compiled.
The most important of these is of course to guarantee a sufficient cooling power to the diesel
engine. In the subsequent acoustic optimisation in this WP, this constraint must therefore be
carefully checked.

Lastly, noise emission data from the AGC cooler and some other coolers are given and,
considering its high engine power and cooling need, the AGC cooler is found to be state-of-
the-art in terms of low noise emission.
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