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Abstract

The Volvo Penta D6 is a high-performance diesel engine specifically designed for ma-
rine applications. Its efficiency relies heavily on the turbocharger, making it crucial
to retain as much energy as possible from the exhaust gases. However, the cur-
rent water-cooled exhaust manifold reduces the available thermal energy by cooling
down the exhaust gases, which affects turbocharger efficiency. The water-cooling of
the exhaust manifold is necessary due to regulations of 220 ◦C maximum temp for
engine surfaces. The limit is important because engines often operate in tight com-
partments, sometimes with multiple units nearby, where there is a risk of diesel fuel
leaking directly onto hot engine parts. The water-cooling of the exhaust manifold is
also problematic for implementation of future after-treatment systems such as SCR,
as the current exhaust gas temperatures are to low.

This thesis presents a 1-D simulation study in GT-Power to explore how reduc-
ing heat loss in the exhaust manifold could enhance engine performance. An engine
model of the D6 engine was analyzed and then used to simulate different scenarios
such as changes in manifold geometry, levels of heat loss and turbo chargers. A few
important conclusions are listed below:

• Only changing the geometry of the exhaust manifold while keeping the cooling
unchanged is beneficial.

• Reducing the cooling of the original exhaust will not improve the performance,
but rather make the engine perform worse. However, combining reduced
cooling with a more capable turbocharger is beneficial.

The simulations showed that changing from a single exhaust pipe to a two-pipe
system, without making any changes to the water cooling, improved performance
and fuel efficiency. It resulted in a 4.5% increase in peak power and a 2.5% reduction
in Brake Specific Fuel Consumption (BSFC).

Further simulations indicated that reducing the heat lost in exhaust manifold with
78% from the original watercooled exhaust to a insulated dry exhaust system led to
a worse performance, with peak power decreasing by 1.7% and a less desired torque
curve with a large dip around 2400 rpm. This occurred because the increased ex-
haust pressure and mass flow pushed the turbocharger out of its optimal efficiency
zones. Based on those discoveries, a new larger turbocharger was simulated with
the same insulated system, showing increase in performance of +4.3% and BSFC
reduction of 2.7%, just by supplying more air efficiently.

Further simulations explored how waste-gating could successfully increase exhaust
gas temperature, and how changes to injection timing and amount of fuel com-
plimented the benefits of increased exhaust enthalpy. A final configuration of the
engine that combined a two bank system with exhaust flow from three cylinders in
each bank to get a pulse divided exhaust manifold with less cooling together with a
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GT45 turbo, advanced timing and a increase in fuel it became possible to success-
fully meet Volvo Penta’s target of 550 hp without increasing the NOx emissions.

This thesis demonstrates the possibility to unlock performance potential by reduc-
ing the heat being currently lost in cooling. It mentions the technical modifications
required to harness that energy while maintaining emission levels and safety require-
ments.
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1
Introduction

The Volvo Penta D6 diesel engine series uses a water-cooled exhaust manifold to
keep lower the surface temperatures and reduce the risk of a �re. However, this
cooling consumes energy which could otherwise be used to boost the turbocharger.
In addition the current exhaust manifold fails to properly utilize the engines pres-
sure pulses e�ectively. Instead of having the pulses working together, they instead
interfere with each other as they leave the cylinder. They are clashing inside the
exhaust manifold and reducing the energy they can deliver to the turbine. A more
optimized design could harness these pulses by given the gases more time to travel
between the engine and block before the next pulse arrives. This will improve both
performance and e�ciency.

The goal of this project is to investigate the existing exhaust manifold through 1-D
modeling and create a manifold design that is better in performance and e�ciency.
This involves making better use of pressure pulses and improving �ow, while ensuring
the manifold remains safe and can �t in the allocated space without making the
engine package larger.

1.1 Motivation

Volvo Penta's D6 engine series is designed for marine applications and is used in
both recreational and commercial vessels. The engine is a 5.5 liter inline six-cylinder
diesel engine featuring common-rail Direct Injection (DI), turbocharging, and max
output of 480 hp. Originally introduced in 2003, it is available in several propulsion
con�gurations like inboard, Aquamatic sterndrive, and the Volvo Penta IPS. The
D6s design prioritizes reliability, fuel e�ciency, and performance.
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1. Introduction

Figure 1.1: Volvo Penta D6 [1]

Model Power Output (Hp) Rated Speed (Rpm)
D6-300 300 3,300
D6-340 340 3,400
D6-380 380 3,500
D6-400 400 3,500
D6-440 440 3,700
D6-480 480 3,700

Table 1.1: Volvo Penta D6 Engine Variants

While the D6 is a versatile engine used in various marine applications, it is most
commonly used in pleasure crafts that often have compact engine compartments
with restricted air�ow. These typically require high performance engines which
operate only for few hours each year. Volvo Penta is interested in increasing the
engine's power output in a way that delivers a noticeable increase in performance
for customers upgrading from the current 480 hp version. As a result, the company
is exploring what would be required to raise the power signi�cantly within the men-
tioned constraints.

Based on internal assessments, Volvo Penta has identi�ed that a considerable part
of energy is lost through exhaust manifold cooling. Reducing this loss presents an
opportunity to enhance performance and e�ciency.

Currently, the D6 meets existing emission standards without the use of after-treatment
systems. However, growing customer interest in cleaner technologies and possibility
of stricter future regulations motivate Volvo Penta to exploring use of exhaust after-
treatment systems, such as Selective Catalytic Reduction (SCR) in future engine
designs.

Initial evaluations have indicated that exhaust gas temperatures in the D6 could be
too low for optimal after-treatment performance. The exhaust manifold has been
identi�ed as a important factor contributing to these lower temperatures. Modify-
ing this component could be a solution for successful implementation of emissions
reducing systems such as an SCR mentioned in the previous section.

3



1. Introduction

This initiative aligns with Volvo Group's sustainability roadmap. The company
has pledged to achieve net zero greenhouse gas emissions by 2040 and is investing
in technologies that can help them reduce their environmental impact, like cleaner
combustion, electri�cation and renewable fuels.[4] Speci�cally Volvo Penta aims for
an absolute 37.5 % reduction in use phase emissions from its products by 2034.
These goals push Volvo Penta to make its engines more e�cient and add more after
treatment systems.

This Master's Thesis aims to investigate how reduced cooling in the exhaust manifold
could improve overall engine performance. This study will also explore the needed
engine modi�cations to be able to utilize the energy currently lost in cooling the
exhaust manifold. The 1-D simulation tool GT-Power is selected as the primary tool
to mode and analyze the engine performance and behavior to the applied changes.

1.2 Problem de�nition

Figure 1.2: Heat transfer of the Exhaust Manifold

A big part of this project was to look into how reduced cooling would or could af-
fect engine performance. In other engine applications outside the marine sector a
exhaust manifold normally isn't cooled. The main reason behind this engine appli-
cation being cooled is its use case, where the engine often is mounted/located in a
engine compartment with minimum air �ow, space and could be multiple units next
to each other. As can be seen in the graph above the heat loss can be up to 47 kW
at around 2750 rpm.
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1. Introduction

Because the engine rooms are a con�ned small area with increased temperatures
and often with multiple units the risk of a failure and �re is a big threat. A �re
out at sea could be devastating, so this is something that must be minimized. Since
diesel self-ignites at around 225°C, regulations requires that that fuel isn't allowed
to reach any hot surface above 220°C and that areas exceeding 220°C shall be well
insulated. This is the main reason for watercooling the exhaust manifold. [5][6].

If, however, the cooling of the exhaust were minimized, the enthalpy (energy con-
tent) of the exhaust gases would increase. This gives an increased potential for the
turbo to use this energy and deliver more air to the engine. With more air to engine
it becomes possible to increase performance and e�ciency. Penta has expressed in-
terest in if, this could reduce emissions.

1.3 Problem approach

Volvo Penta has built a 1-D GT-Power model of the D6-480, allowing quick changes
to parameters like injection timing or fuel rate and to components such as the ex-
haust manifold or turbocharger. This means that changes to the system can be
quickly evaluated and their impact to the system can be understood. The rough
methodology is to simulate di�erent parameters and component changes, and under-
stand their impact on the system. These changes can then be combined to achieve
performance goals, or goals of increasing exhaust gas temperature for after-treatment
systems.

5



1. Introduction

Figure 1.3: Flowchart of Simulation strategy

1.4 Background study

This section reviews earlier work aimed at insulating exhaust manifolds or other-
wise reducing heat loss in downstream components. We found no studies that deal
speci�cally with the watercooled exhausts of marine diesel engines, but several in-
vestigations exist for automotive and heavyduty engines. Those engines have dry
exhaust systems cooled by ambient air or fans, and are not housed in the tight
spaces typical of marine installations. Their exhaust manifolds run hotter and lose
less heat, yet manufacturers still try to investigate insulation to boost performance,
cut fuel consumption, and reduce emissions. It therefore seems likely that limiting
heat loss in a watercooled marine diesel exhaust would deliver even greater gains.

1. Luján et al. Modeled a turbocharged passenger diesel engine in a GT-Power
to study passive thermal insulation of the exhaust ports and turbocharger.
By reducing heat losses, the simulation showed higher exhaust temperatures
entering the turbo and aftertreatment, improving turbo e�ciency and rais-
ing aftertreatment inlet temperature. The insulated simulations gave slight
gains in fuel economy alongside positive impact on warm up processes for the
aftertreatment system, indicating that preserving exhaust energy can boost
overall engine e�ciency without additional fuel[7]

2. Galindo et al. Investigated ways to retain exhaust thermal energy and reduce
interference from pressure pulses during load transient and steady operations
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1. Introduction

of a turbocharged DI diesel engine. A manifold with an airgap to insulate and
a 4-2-1 pulse manifold were modeled using 1-D and then built and tested on
a rig at 1500 rpm. The insulated manifold reduced time to reach 90% max
torque by around 15% and increased max torque by around 3%. The pulse
manifold actually performed worse than the original manifold due to increased
heat losses from greater surface area and volume, despite reducing pressure
pulse interference. A �nal improved pulse divided and air gap insulated man-
ifold, were simulated in 1-D, predicting 14% faster response time, 6.6% higher
maximum torque, and increased exhaust gas temperature by around 50°C.[8]

3. Fricke et al. (2016): Investigated an air gap insulated sheet metal exhaust
manifold and turbine housing and compared it to a cast iron version, for a 2
L turbo Diesel Car engine. A 1-D model predicted that the insulated design
halved exhaust heat loss over a drive cycle. Tests con�rmed temperatures after
the turbo to be 32°C higher on average during the drive cycle, which reduced
tail-pipe HC, CO and NOx by 20 � 50 % in cold WLTP and FTP-75 phases.
Due to higher exhaust temperatures bene�ting the after treatment system and
making it more e�cient, engine management strategies could allow engine out
NOx to rise, decreasing fuel consumption by around 2 percent, while still
keeping the same tailpipe NOx levels. Weight of the exhaust manifold was
also reduced by 50 % and surface temperatures on the exhaust dropped by
around 300°C, showing that passive insulation can boost e�ciency, emissions
control and save weight at once.[9]

4. Volvo Group insulates the exhaust manifolds on some of its truck engines.
These castiron manifolds are wrapped in a sheet-metal��berglass�sheet-metal
sandwich. The insulation retains exhaust heat, improving e�ciency while
keeping the manifolds surface substantially cooler than it would be without
the heat shields.

1.5 Research Questions

This project explores how changes to the exhaust-manifold design a�ect a marine
diesel engine's performance. Speci�cally, it seeks to answer:

ˆ RQ1 : What performance gains can be achieved, according to one-dimensional
(1-D) modelling, by operating a turbocharged six-cylinder marine diesel engine
with a less-cooled exhaust manifold?

ˆ RQ2 : What geometric, material, and insulation choices should be considered
when designing an exhaust manifold that requires less cooling?

1.6 Deliverables

ˆ A 1-D model in GT-Power of current system, and improved system.
ˆ Design guidelines for improving the exhaust manifold based on the 1-D mod-

eling results.
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ˆ Engine management strategies for taking advantage of improved exhaust man-
ifold.

ˆ 3D(CAD) models that incorporate one or more of these guidelines while con-
sidering placement and packaging.

ˆ Planning report, Midterm presentation, Preliminary reports, Final report, Fi-
nal presentation.

1.7 Limitations

ˆ No FEM anlysis of the models
ˆ Only D6 engine
ˆ Simulation will be done in GT-power
ˆ Use provided model from Volvo Penta
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Engine and Exhaust Manifold

2.1 Engine introduction

Figure 2.1: CAD model of D6 Engine

ˆ Yellow arrow: Turbo

ˆ Blue arrow: Exhaust Manifold

ˆ Red arrow: Supercharger
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2. Engine and Exhaust Manifold

Figure 2.2: Exhaust Manifold in CAD

2.2 Technical Speci�cations

Engine table for Volvo Pentas D6 480 hp.

Parameter Speci�cation
General description 4-stroke, direct-injected, turbocharged & aftercooled diesel engine
Engine Rating 5 (pleasure craft running < 300 h yr � 1 [10])
Number of cylinders 6
Valves per cylinder 4
Common rail fuel injection 2000 bar
Displacement 5.5 L
Firing order 1-5-3-6-2-4
Bore 103 mm
Stroke 110 mm
Compression ratio 18.0 : 1
Max crankshaft power 353 kW
Max crankshaft torque 1102 N m
Rated speed (R5) 3700 rpm
Governed speed (R5) 3830 rpm
Dry weight 645 kg

Table 2.1: Key speci�cations of Volvo Penta D6-480.

2.3 GT representation

The GT-power model is of the Volvo Penta D6 engine with the highest power out-
put. The key components of the model are discussed in the subsections below:
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2. Engine and Exhaust Manifold

2.3.1 Exhaust Manifold

Figure 2.3: Exhaust Manifold in GT-power

The exhaust manifold in GT-Power divided into multiple pipes that acts as the pipe
sections and �ow splits that acts as the connections. Hot exhaust gases from the
exhaust ports of the engine �ow in the manifold until they can reach the turbo.

2.3.2 Supercharger

Figure 2.4: Exhaust Manifold in GT-power

The supercharger is driven by a belt connected to the engine and uses a magnetic
clutch to engage or disengage. It draws in outside air, compresses it and sends it
to the turbocharger compressor rpm, which then compress the air even further and
supplies it into the engine. Above a certain rpm, the supercharger is bypassed. In
the �gure above, this is shown in the two separate air�ow paths. One path includes
the supercharger when it is active, and the other bypasses it when it is not. The
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reason that the supercharger only works up until a certain rpm is because the main
purpose is to assist the turbo. In this case the turbo has problems in lower rpm
to deliver enough air to the engine, so the supercharger assists untill the turbo can
provide the needed air by itself.

2.3.3 Turbocharger

Figure 2.5: Exhaust Manifold in GT-power

The Turbo is modeled as 4 objects. Compressor, turbine, bearing and shaft. Turbine
and compressor object have their respective maps which bascially is a performance
chart with speed, mass �ow, pressure ratios and e�ciencies at di�erent stages. Bear-
ing is modeled as a loss increasing with rpm and the shaft has a moment of inertia
with a inertia multiplier that makes it harder to spin at lower rpm. All these to-
gether model how a turbo works with turbo lag and e�ciencies at their respective
speeds and mass �ows.

The turbine side of the turbo is supplied with hot exhaust gases from the exhaust
manifold and is connected to the compressor side that sucks air from supercharger
below 2600 rpm and from the environment above that. It then feeds the CAC with
air.
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2.3.4 CAC

Figure 2.6: Exhaust Manifold in GT-power

Takes the high pressure air delivered by the compressor side of the turbo and cools
it with a closed loop cooling system that is externally cooled by seawater, showed
in �gure 2.9. The purpose of this system is as previously mentioned cool down the
air which increase the density.

In GT-power it is modeled as a CAC with an intercooler. The intercooler has a
coolant temperature and an e�ciency and the CAC is a pipe that applies the tem-
perature from the intercooler on its walls to cool down the �uid.

2.4 The current Exhaust Manifold

The current manifold is of "log" or "bathtub" design, where all the exhaust ports
from the engine cylinders �ow into a single, larger pipe, resembling a log or a bath-
tub. This design has no utilization of the engines exhaust pulses but has a compact
design. To be able to meet the required surface temperature of 220°C, the manifold
is cooled with coolant from a closed loop system. The coolant is then cooled in a
heat-exchanger with seawater(See �gure 2.9). Coolant �owing into the manifold is
connected in series with the engine and, controlled with a water pump that varies
in speed with the engine rpm. When the engine is cold, the �ow of coolant is halted
by a thermostat that opens at around 85°C.
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2. Engine and Exhaust Manifold

The engine has two separate exhaust ports and one coolant channel per cylinder.
When the coolant enters the manifold, its pressed down and runs on the underside
of the manifold. The coolant "turns around" in the turbo, which is also watercooled.

The manifold is made in cast aluminum of AlSi10Mg. Its manufactured through
casting, using sand cores.

Figure 2.7: Exhaust manifold for the D6(Blue=coolant channel. Red=exhaust
gas channels)

Figure 2.8: End of manifold where turbo attaches. (Blue=coolant channels.
Red=exhaust gas channel)
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2. Engine and Exhaust Manifold

Figure 2.9: Coolant �ow in a D6-350

Exhaust temperatures and pressures ranges between engine con�gurations and load.
The D6 exhaust temperatures after the turbo ranges very roughly from 300°C to
around 500°C at full load. Roughly temperatures before the turbo are 100°C-150°C
higher than those after the turbo.

2.4.1 Cooling system

The cooling system consists of two circuits. The closed coolant circuit uses a 40�50%
glycol/water mixture that �ows through the engine block, cylinder head, exhaust
manifold, turbocharger housing and a heat exchanger. This circuit is sealed and
pressurized to prevent boiling and reduce the risk of corrosion inside the engine.
Seawater is corrosive and could contain sea life or other debris, therefore should be
avoided in the engine itself.

The second circuit runs cold seawater through the heat exchanger to cool the other
circuit and then is fed into the exhaust pipe after the turbo and mixed with exhaust
gases before being sent out.

Each circuit has its own mechanically driven pump. Pump speed increases with
engine rpm. The system is designed to meet cooling demands at maximum engine
load for each rpm, which means it often provides more cooling than needed at lower
engine loads.

2.4.2 EATS

The current D6 engine does not have any aftertreatment system. However, due to
the increased regulations on emissions, Volvo Penta thinks that its likely that regu-
lations will change in the future. Some costumers are also interested EATS (Exhaust
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2. Engine and Exhaust Manifold

Aftertreatment System) systems. Volvo Penta therefore want to keep EATS in mind
when designing a new manifold, as EATS systems have high demands on tempera-
ture, in order to preform optimally.

Due to marine diesel engines being required to be able to run on high sulfur diesel,
SCR (Selective Catalytic Reduction) is the only EATS system Volvo Penta wants to
consider. The SCR will be further discussed in the theory part, but in summary it
can operate at 210°C-512°C. However there is a risk of crystallization below 350°C
if the engine is run for a long time under that. The 512°C is so speci�c as its an
absolute limit, as temperatures exceeding that risks breaking down the Vanadinium
in the SCR, which can result in catalyst degradation and system damage. In other
marine diesel which have SCR systems, the engine output will be restricted if there
is a risk of exceeding 512°C.

Some of the current lower output versions of the D6 have very low exhaust gas
temperature at low/mid load/rpm. This means that the SCR can't dose any urea
and therefore not reduce NOx. Its therefore extra interesting to investigate the gain
of reducing exhaust gas cooling at those points. Its should however also be consid-
ered that some of the higher output versions of the engine at high load might get
too high exhaust gas temperatures for SCR, if the cooling is reduced, which is also
worth investigating.

2.5 Competitors

The competion has a wide range of di�erent engine sizes and con�gurations in the
around the same horsepower range as Volvo Pentas D6. When comparing Volvo
Pentas engine with other manufacturers, we try to take a similar engine in horse
power and size. This is done so it could be used in similar cases to the Volvo D6 en-
gine. As well as reaching similair emission strandards are reached which also would
allow them to be used in similair cases.

Finding detailed descriptions of the competitors engines and coolant system is not
easy since most of them don't want to give everything away. The information we
were able to �nd also di�ered in each source but the similarites we manged to �nd
will be covered below. The engine we will compare them with is Volvo Pentas D6
engine which is a six cylinder 5.5 L engine with between 300 and 480 hp.[11].
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Power(hp) engine size(L) Exhaust manifold cooling Turbo Cooling
Volvo Penta 300-480 5.5 water cooled water cooled
Cummins 230-550 6.7 water cooled water cooled
Yanmar 394-434 5.8 water cooled water cooled
Mercury 480-550 6.7 water cooled water cooled
Scania 220-400 9.3 water cooled dry

Table 2.2: Comparison of the competition sourced from:
([12])([13])([14])([15])([16])([17])([18])([19])

From the Table above we can clearly see that the competition mostly has water
cooled exhaust manifold and turbo with only Scania having a dry turbo. We can
also see that Volvo has the smallest engine but still being very competitive with
their power �gures.
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3
Theory

This chapter provides the theoretical background needed to better understand the
project. It covers topics and theory related to energy, heat transfer, EATS and
introduces multiple Insulation techniques that could be used to reduce temperatures.

3.1 1-D Simulations and 3D CFD

3D CFD and 1-D(one dimensional) simulations uses computer models to predict
and analyze �uid motion, heat transfer, and related transport phenomenons through
simulation. It does this by spiting geometries into a smaller mesh of �nite volumes,
and running numerical methods that solve the �ow equations in each volume. 3D
CFD follows variations in the x, y and z directions. It resolves vortices, separation,
wall e�ects etc in all three dimensions. This often require a very �ne mesh of
elements which needs lots of computational power and can take a long time to run.

1D simulations like those made in this thesis assumes each cross section is perfectly
mixed, so variables only change along the main �ow axis(x-axis) or 1 dimension. The
mesh have fewer elements than 3D CFD. A pipe can for example have one element
every 20mm. This reduced amount of elements allow for faster simulations and full
engine cycles can be simulated in minutes. The tradeo� is that phenomenons like
secondary �ows and swirl etc, can not be calculated and are instead approximated
with loss factors.

In practice, 1-D models are suitable for system-level simulations, such as engines,
where many di�erent parts work together, and there is a need for fast calculations.
3-D models are more often used where local details are important and a high degree
of accuracy is required, often in speci�c parts like a combustion chamber or a pro-
peller blade.

To achieve the goals of this thesis, simulations were done in the software GT-power.
GT-power is a 1D software developed by Gamma techonoligies. Volvo Penta have
been using this software for early development and system level changes for a long
time. Most of Pentas engines have GT-power models. Like previously mentioned,
CFD relies on the application of various numerical methods to calculate the dynam-
ics of a �uid. In GT-power the Naiver Stokes equations for continuity, momentum
and energy are main equations that are applied. These equations are applied in 1
dimension by averaging them around the direction of the �ow.[20]
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3. Theory

3.1.1 GT-power objects in Exhaust manifolds

A exhaust manifold is constructed through 3 di�erent GT-Power objects. Pipes,
�ow splits and ori�ces. Pipes are used when there is only one entry and exit, while
a �ow-split is needed when a �nite volume has multiple entry or exit port[20].

Figure 3.1: The three building-blocks of an exhaust manifold i GT-Power

Pipes are the preferred object type for accuracy as GT-SUITE turns every pipe into
a series of short control volumes according to set discretizations length while every
�owsplit (T-, Y-piece etc ) are treated as a single volume.

For a pipe the pressure, temperature and density is calculated for every slice along
its length, while the mass-�ow rate and velocity are calculated on the faces between
slices. Because the parameters are recalculated in every slice, a pipe can capture
pressure waves, temperature gradients and friction along the pipe.

A FlowSplit, on the other hand, is always one lumped control-volume no matter
how large the physical junction is. It stores just a single pressure, temperature and
density for the whole volume. Momentum is like a pipe also handled separately at
the faces, at each port using the port's orientation, expansion diameter and charac-
teristic length.

A ori�ce is a connection, not a part. An Ori�ceConn is a plane that joins two
�ow volumes. It has zero volume but is the place where the solver applies the one
dimensional momentum equation. GT-POWER inserts a default Ori�ceConn every
time you draw a line between �ow components, ensuring that the solver can always
apply this equation and include a boundary loss element. The ori�ce automatically
takes the smaller of the two port areas and assumes a simple sharp shape. If the
connecting geometries are di�erent or there is a �ow restriction, the ori�ces can be
changed to account for that.
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