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Fuel LFL [Vol.-%] UFL [Vol.-%] 

CH4 4.8 - 5.0 15.0 – 16.0 

C2H6 2.2 - 3.0 11.2 - 12.5 

C3H8 2.1 9.5 – 10.0 

n-C4H10 1.5 8.5 

n-C5H12 1.4 7.8 

n-C6H14 1.25 7.0 

n-C7H16 1.0 6.0 

n-C8H18 0.95 3.2 

CO 12.5 - 15.0 70.0 – 75.0 

H2 4.0 - 6.5 74.5 - 76.0 

Natural Gas  4.8  13.5 

Petrol 1.4 7.6 
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[⁡] 𝑘 
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𝑑[𝑁]/𝑑𝑡 = 0 [𝑁]

𝑘1,𝑓
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 TA-Luft 2002 CR EU No. 813/2013 

CO 300 mg/mN
3
 - 

THC - - 

NOx 

500 mg/mN
3
 

(equivalent to 

≈ 200 ppm at  = 1.6) 

240 mg/kWh in terms 
of higher heating value 
of total fuel input (HHV) 
(equivalent to slightly 

below ½ TA Luft) 

Formaldehyde 60 mg/mN
3
 - 
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Prechamber spark ignition

(PCSI)

Conventional J-gap

spark ignition (SI)

 CA BTDC K4x4Single-cylinder

Vd: 515 cm3

 = 10.5

 = 1

IMEP = 2.8 bar

n = 2000 1/min
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Vd = 652 cm3

Vpc/Vd ≈ 1 %

 = 10.5

 = 1.25
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volume, 
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𝑅𝑇𝑤
2 ∙ (

𝑑

𝑁𝑢
)
2

∙ 𝑘0 ∙ 𝑐1 ∙ 𝑐2 ∙ 𝑒
Θ

𝑑2Θ

𝑑ξ2
= −δ ∙ 𝑒Θ

δ =
𝐻𝑖
𝑘
∙
𝐸𝑎

𝑅𝑇𝑤
2 ∙ (

𝑑

𝑁𝑢
)
2

∙ 𝑘0 ∙ 𝑐1 ∙ 𝑐2

𝑒Θ =
𝑎

cosh2 (𝑏 + √𝑎δ
2 ⁡ξ)

𝑎 𝑏

ξ = 0:⁡⁡⁡⁡⁡Θ = 0

ξ = 1:⁡⁡⁡⁡⁡Θ = Θ0 =
𝐸𝑎

𝑅𝑇𝑤
2
(𝑇0 − 𝑇𝑤)

𝑏 = ±𝑎𝑟𝑐𝑜𝑠ℎ√𝑎

𝑒Θ0 =
𝑎

cosh2 (𝑏 + √𝑎δ
2 )

δ 𝑏

δ =
2

𝑎
∙ [𝑎𝑟𝑐𝑜𝑠ℎ√

𝑎

𝑒Θ0
⁡± 𝑎𝑟𝑐𝑜𝑠ℎ√𝑎]

2

δ Θ0 𝑎

𝛿𝑚𝑎𝑥 = 𝛿𝑐𝑟𝑖𝑡 𝑎

δ

𝑑𝛿 𝑑𝑎 = 0⁄ 𝑎



δ𝑐𝑟𝑖𝑡 Θ0

−Θ0

δ𝑐𝑟𝑖𝑡 = (−0.667 ∙ Θ0 + 1.5)2

𝐻𝑖
𝑘
∙
𝐸𝑎

𝑅𝑇𝑤
2 ∙ (

𝑑

𝑁𝑢
)
2

∙ 𝑘0 ∙ 𝑐1 ∙ 𝑐2 = (−0.667 ∙
𝐸𝑎

𝑅𝑇𝑤
2
(𝑇0 − 𝑇𝑤) + 1.5)

2

𝜹𝒄𝒓𝒊𝒕 𝚯𝟎

𝑻𝒄𝒓𝒊𝒕 𝜹𝒄𝒓𝒊𝒕

𝒅𝜹 𝒅𝒂 = 𝟎⁄ 𝒂

𝛿 = 𝛿𝑐𝑟𝑖𝑡

 𝐻𝑖 𝑟 𝐸𝑎

𝑘

 𝑐1 𝑐2

 𝑁𝑢

𝑑 𝑑 𝑁𝑢⁄

ℎ

 𝑇0 𝛿𝑐𝑟𝑖𝑡

d

Tw

left side of
Eq. (3-18)

dcrit

rigth side of
Eq. (3-18)
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   dcrit

   -0.667(-Q0) + 1.5



𝛿𝑐𝑟𝑖𝑡

 

𝑘0 𝐸𝑎

𝐸𝑎 𝑘0

𝑝  𝑇0

𝑁𝑢 ≈

𝑇𝑤 𝑘0

𝑟 =
𝑑[𝐶𝐻4]

𝑑𝑡
= 1.3 ∙ 109 ∙ [𝐶𝐻4]

−0.3 ∙ [𝑂2]
1.3 ∙ 𝑒

−𝐸𝑎
𝑅𝑇

𝐸𝑎

𝑇𝑟𝑒𝑓 = (𝑇𝑤 + 𝑇0)/2

𝑁𝑢 =
ℎ ∙ 𝑑

𝑘

𝑁𝑢 𝑅𝑒 𝑃𝑟

𝑃𝑟

𝑃𝑟 ≈ 𝑃𝑟 𝑁𝑢

𝑅𝑒

𝑁𝑢

𝑁𝑢 𝜑

𝑁𝑢



𝐶0 ⁡𝑟0

𝑁𝑢 = 𝐶0 ∙ 𝑅𝑒
𝑟0 ∙ 𝑃𝑟

1
3⁄

𝑵𝒖 𝝋

𝑅𝑒 𝐶0 𝑟0

𝑇𝑤

𝑇𝑐𝑟𝑖𝑡

𝑇𝑐𝑟𝑖𝑡

90 

-90 

180 0 

v

Heated element



𝜹 𝜹𝒄𝒓𝒊𝒕

𝑻𝒘 𝒑 𝑻𝟎 

𝑻𝒄𝒓𝒊𝒕

𝑑 𝑣

𝑇𝑐𝑟𝑖𝑡

𝑑 𝑁𝑢⁄

𝑁𝑢 𝑇𝑐𝑟𝑖𝑡

𝑁𝑢

𝑁𝑢
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reaction rate r
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Flow velocity v [m/s]
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Property Characteristic 

Fuel state gaseous liquid 

Mixture preparation premixed/homogeneous homogeneous with  

enrichment 

stratified/DI 

Compression ratio low (Otto type) high (Diesel type) 

Surface type reactive (catalytic) inert (purely thermal) 

Flow conditions unshielded shielded inside prechamber 

Control no control (self-sustained) voltage/current control temperature control 

Engine size small-bore medium-bore large-bore 
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 𝜼𝑽 𝒏
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 

 

𝑎.

Prechamber

Hot surface

Glow plug
Sub-prechamber

Channel to

main combution

chamber



𝑏. 𝑐.

a. b. c.



𝑻𝑯𝑺 𝑻𝒄𝒓𝒊𝒕

Detail X Detail Y

Nickel alloy

65 % ZrO2

+ 35 % SiO2

Pt filament

(D = 0.25 mm)

T
e
m

p
e
ra

tu
re

Crank angle a

TDCTDC

Crank angle a

TDC

Crank angle a

TDC

Scatter

range

Scatter

range

Scatter

range

a – Voltage control b – Temperature control c – Pulsed current control

T
H

S
ra

n
g
e

Tcrit

range



𝑇𝑐𝑟𝑖𝑡
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 = var.
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𝑉𝑝𝑐/𝑉𝑐 ≈



Igniter core
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(brass)

Thread

Heating element

with catalytic coatingConnecting

channels/bores

Feed-through
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  1
 > 2

Main Combustion

Chamber

Prechamber

Glow plug

(hot surface)

HP injection valve

Gas admission valve



 









 

Resistance 
Controller 

Development

Controller 
Optimisation

NG Operation
Engine: Dachs 5.5 

HSI Resistance 
Control
(20 Hz)

pman, λ and RHSI 
Sweeps  

Design Testing 
and

Preselection

Petrol Operation
Engine: ROTAX 2

HSI Voltage 
Control

NG Operation
Engine: Dachs 5.5 

HSI Voltage 
Control

Engine Start and 
Stationary 
Operation 

Testing

NG Operation
Engine: Dachs 5.5 

HSI Resistance 
Control

(200 Hz)

RSM for Entire 
HSI Operating 

Map

Adapter Design 

Freeze

Controller Design 

FreezePaper [98]

Paper 
[121,99,122]

Paper [123]



 

𝑙

Unshielded HSI Shielded HSI Prechamber HSI

HSI adapter

Steel 

glow plug

Pre-

chamberShield
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2

3

7

1

Type Beru CGP 5.4 V

Max. continuous temperature 1200  C

Max. peak temperature 1250  C

Max. current at cold start ≤ 60 A

Heating rate 550 K/s

Cold resistance at room 

temperature
ca. 210 mΩ

Life time engine life

Description Material

1: Push on connector (+) 11SMnPb30+C 

2: Insulating bush PA6.6

3: Metallic lead unknown

4: Glow plug body (-) 11SMnPb30+C 

5: Protective sleeve Inconel 601 (NiCr23Fe)

6: Ceramic leads Mostly Si3N4 + MoSi2

7: Glow plug pin (hot surface) Mostly Si3N4 + MoSi2

7

1

4
5

6

5
4

2



𝑈𝐻𝑆𝐼

𝐼𝐻𝑆𝐼

𝑅𝐻𝑆𝐼 =
𝑈𝐻𝑆𝐼
𝐼𝐻𝑆𝐼

𝑃𝐻𝑆𝐼 = 𝑈𝐻𝑆𝐼 ∙ 𝐼𝐻𝑆𝐼 = 𝐼𝐻𝑆𝐼
2 ∙ 𝑅𝐻𝑆𝐼

𝑃𝐻𝑆𝐼 𝑃𝐻𝐶

𝑃𝑙𝑜𝑠𝑠

𝑃𝐻𝑆𝐼 = 𝑃𝐻𝐶 + 𝑃𝑙𝑜𝑠𝑠

𝜂ℎ

heating cap

insulator

inner lead

outer lead

2 mm2 mmInsulator material Heating cap and

leads material



𝜂ℎ =
𝑃𝐻𝐶
𝑃𝐻𝑆𝐼

=
𝑅𝐻𝐶 ∙ 𝐼𝐻𝑆𝐼

2

𝑅𝐻𝑆𝐼 ∙ 𝐼𝐻𝑆𝐼
2 =

𝑅𝐻𝐶
𝑅𝐻𝑆𝐼

𝑑𝑈/𝑑𝑡

𝑑𝑈

𝑑𝑡
= 𝑃𝐻𝐶 + 𝑄̇𝑐𝑜𝑛𝑣 + 𝑄̇𝑐𝑜𝑛𝑑 + 𝑄̇𝑟𝑎𝑑

𝑃𝐻𝐶

𝑄̇𝑐𝑜𝑛𝑣

𝑄̇𝑐𝑜𝑛𝑑

𝑄̇𝑟𝑎𝑑

𝑇𝐻𝑆 𝑑𝑈/𝑑𝑡

𝑃𝐻𝑆𝐼

Rcabl e

Rcabl e

ROML

ROCL

RHC

RICL

RIM L

RCON

IHSI

Engine GND

UHSI

+V
+S

-S
-V

DC Power 
Supply

Uset

Umon

Imon

Sense

Glow plug

RHSI

CON: connector

IML: inner metallic lead

ICL: inner ceramic lead

HC: heating cap

OCL: outer ceramic lead

OML: outer metallic lead

RHC  f(THS)

ECU



𝑃𝐻𝐶 = −(𝑄̇𝑐𝑜𝑛𝑑 + 𝑄̇𝑐𝑜𝑛𝑣 + 𝑄̇𝑟𝑎𝑑)

𝑅0

𝑇0 𝛼𝐾

𝑇 = 𝑇0 +
(
𝑅
𝑅0

− 1)

𝛼𝐾

𝑇 = (𝑅 − 𝑅0) ∙ 𝑎 + 𝑇0

𝑎 = 1/(𝑅0 ∙ 𝛼𝐾)

𝑇0 𝑅0 𝑇1250°𝐶

𝑅1250°𝐶 𝛼𝐾 𝑎

𝑅0

𝑎

Piston

THS
Cylinder

head
HSI adapter

Glow plug

System 

boundary
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𝑻 𝑹

𝑎𝑚𝑒𝑎𝑛

𝑅0

𝑅0

𝑅0 𝑈

𝑅0

𝑅0

𝑅0
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 T
 [
°C

]

650

750

850

950

1050

1150

1250

1350

1450

Glow plug resistance R [mW]

550 600 650 700 750 800 850

Glow plugs No. 1 - 10
R0 = var.
a = var.

RHSI = 750 mΩ:

THS = 138 K

Min

Max

Mean values for R0 and a:

T = (R - 216.2 mΩ)∙2.066 K/mΩ + T0



 



Voltage Control
Resistance Control 

(20 Hz)

Power Source: 

Elektro-Automatik

EA-PS 3016-20 B

Control: 

Potentiometer

Communication:

none

Power Source:

Elektro-Automatik

EA-PSI 5040-20 A

Control: 

PI controller in LaBVIEW

Communication: 

Ethernet, VISA, Digital 

interface for monitoring and

programming

Resistance Control 

(200 Hz)

Power Source: 

Delta Elektronika

ES 030-11

High-speed progr. interface

Control: 

Adaptive PI controller in 

stand-alone ECU ADwin

Gold II

Communication:

Analogue interface, 0 – 5 V 

channels for monitoring and

programming
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𝑅𝐻𝑆𝐼

𝑒

𝑈𝑝𝑟𝑜𝑔

𝑈𝑠𝑒𝑡

𝑈𝐻𝑆𝐼

𝐼𝐻𝑆𝐼 𝑅𝐻𝑆𝐼

𝑅𝐻𝑆𝐼

𝑅𝐻𝑆𝐼



 

𝐾𝑝 𝐾𝑖

𝑅𝐻𝑆𝐼 𝐾𝑝

𝐾𝑖

|𝑒|

|𝑒|

𝑅𝐻𝑆𝐼

𝑓

𝑓 

ELECTRONIC CONTROL UNIT

Rset

error

e
DC Power 

Supply

Engine 

operation

Glow plug
Uprog Uset THS

Interaction

current value

-

Controller

Algorithm

D

A

D

A

UHSI (=Uset)

IHSIR = U / I
RHSI

…

ADwin Gold II



…

CCV

from

LabVIEW



𝑅𝐻𝑆𝐼

𝑅𝐻𝑆𝐼

𝑈𝑠𝑒𝑡 𝑈𝐻𝑆𝐼

𝑈𝐻𝑆𝐼 𝑈𝑠𝑒𝑡

𝑅𝐻𝑆𝐼 𝑅𝐻𝑆𝐼

𝑄̇𝑐𝑜𝑛𝑣

 𝑃𝐻𝐶 𝑄̇𝑐𝑜𝑛𝑣⁄

𝑄̇𝑐𝑜𝑛𝑣 𝑃𝐻𝐶 𝑄̇𝑐𝑜𝑛𝑣⁄

𝑃𝐻𝐶

𝑈𝐻𝑆𝐼,𝑚𝑒𝑎𝑛

𝑃𝐻𝑆𝐼 𝑅𝐻𝑆𝐼

𝑈𝐻𝑆𝐼

𝑅𝐻𝑆𝐼

∆𝑇𝐻𝑆 

𝑃𝐻𝑆𝐼
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Engine start (WOT)





 

 

 ≈ 





Engine type: SenerTec Dachs G5.5  

Nominal speed: 2450 1/min 

Rated electric power: 5.5 kW 

Nominal IMEP: ca. 6.3 bar 

Compression ratio (ge-

om.) 
13.2:1 

Stroke/Bore 91 mm / 90 mm 

Displacement volume 578 cm³ 

Number of valves  2 

Series ignition system prechamber spark plug 

NG gas pressure 
22 mbar rel. to amb. pres-

sure 

 

 

 

 

 

 



 

 

 

 

Generator
Exhaust gas 

heat exchanger

Gear step
Ignition coil

Valve cover



 

𝛾

𝑑𝑄𝐻
𝑑𝛼

=
𝛾

𝛾 − 1
∙ 𝑝

𝑑𝑉

𝑑𝛼
+

1

𝛾 − 1
∙ 𝑉

𝑑𝑝

𝑑𝛼

Δ





 



  
MEAN MIN MAX 

Methane Vol.-% 92.14 90.72 94.27 

Ethane Vol.-% 4.972 3.640 5.907 

Propane Vol.-% 0.408 0.015 0.605 

i-Butane Vol.-% 0.058 0.034 0.083 

n-Butane Vol.-% 0.051 0.034 0.083 

n-Pentane Vol.-% 0.000 0.000 0.000 

iso-Pentane Vol.-% 0.007 0.000 0.019 

n-Hexane Vol.-% 0.001 0.000 0.007 

CO2 Vol.-% 1.503 0.962 1.917 

N2 Vol.-% 0.853 0.658 1.336 

Hi MJ/kg 47.17 46.62 47.96 

ρN kg/mN
3
 0.780 0.762 0.792 

 

Indep. control. factors  Dep. non-control. factors  Indep. non-control. factors 
     

 

Intake manifold pressure 

Air-fuel ratio 

HSI resistance (CA50) 

Coolant temperature 

Intake temperature 

(External EGR rate) 

 

 
 

Hot surface temperature 

HSI adapter temperature 

Intake manifold temperature 

Oil temperature 

Casing temperature 

Residual gas fraction 

Engine speed 

Exhaust backpressure (partly) 

 
 

Fuel composition 

Humidity 

Glow plug ageing (see 7.2) 

Exhaust backpressure (partly) 



𝑝𝑖𝑛𝑡𝑎𝑘𝑒 𝑇𝑖𝑛𝑡𝑎𝑘𝑒 𝑝𝑚𝑎𝑛

𝑇𝑐𝑜𝑜𝑙𝑎𝑛𝑡

≈ 𝑇𝑐𝑜𝑜𝑙𝑎𝑛𝑡,𝑜𝑢𝑡

 

CHP casing

Insulated

suction/pressure

hose

Air filter Supercharger

Inverter

Heat

exchanger

Asynchronous

Motor

By-pass

Discharge side

Suction side

Tintake

pintake



Engine Block A Engine Block B

D18 M14x1.25
Sapphire

Optical fibre

Clamp

Sapphire

Thermocouple

IV EV

Pressure sensor

Outer

adapter

Protective

sleeve

Shield

Sapphire

Hot surface

Outer

adapter



 Type/Dimensions 
Optimal  

spectral range 
Transmission/ 

Sensitivity 
Admission  

angle 

Sapphire 
8 mm x Ø 1 mm  

(L x D) 
300 nm –  
4000 nm 

> 85 % 12.5 ° 

Silica fibre 
(UV/VIS) 

2 m x Ø 0.4 mm  
(L x D) 

300 nm –  
900 nm 

> 90 % 25.4 ° 

Photomultiplier Hamamatsu R7400U 
200 nm –  
600 nm 

10 mA/W (200 nm) 
66  mA/W (430 nm) 
5  mA/W (600 nm) 

- 

𝑇𝑎𝑑𝑎𝑝𝑡𝑒𝑟,𝑓𝑟𝑜𝑛𝑡 𝑇𝑎𝑑𝑎𝑝𝑡𝑒𝑟,𝑏𝑎𝑐𝑘 𝑇𝑠ℎ𝑖𝑒𝑙𝑑

 

Tshield

Tadapter,back

Optical

probe

Tadapter,front

Thermocouple

connectors

Optical fibre to

photomultiplier
Protective

sleeve



𝑥𝑖 𝑦

𝑒

𝑦

𝑦 = 𝑎0 +⋯ Intercept 1 

𝑎1 ∙ 𝑥1 + 𝑎2 ∙ 𝑥2 +⋯⁡⁡𝑎𝑝 ∙ 𝑥𝑝 +⋯ Main effects p 

𝑎12 ∙ 𝑥1 ∙ 𝑥2 + 𝑎13 ∙ 𝑥1 ∙ 𝑥3 +⋯
Double interactions p*(p-1)/2 

𝑎23 ∙ 𝑥2 ∙ 𝑥3 + 𝑎24 ∙ 𝑥2 ∙ 𝑥4 +⋯𝑎(𝑝−1)𝑝 ∙ 𝑥𝑝−1 ∙ 𝑥𝑝 +⋯

𝑎11 ∙ 𝑥1
2 + 𝑎22 ∙ 𝑥2

2 + 𝑎𝑝𝑝 ∙ 𝑥𝑝
2 +⋯ Quadratic effects p 

𝑎111 ∙ 𝑥1
3 +⋯𝑎123 ∙ 𝑥1 ∙ 𝑥2 ∙ 𝑥3 +⋯ Effects of higher order 

depending 

on order 

+𝑒 Error  

𝒚 = 𝑿𝒂 + 𝒆

𝑎

𝑒

2𝑘 𝑘

Response
OUTPUT

y = f(xi…p) + e

Noise
(known and

unknown source)

e

Measurement 

error

e

Factors
INPUTS

xi…p

Process



𝑿′𝑿

→

Design-Expert® Software

Factor Coding: Actual

T_oil (°C)

Actual Factors

*A: p_mixt = 762.046

*B: T_coolant = 45.1354

*C: Lambda = 1.3016

*D: CA50 = 7.7027

E: T_intake = 25

Factors not in Model

E

-1.0 -0.5 0.0 0.5 1.0

0

0.5

1 Warning! *Labels not drawn.

Perturbation

Deviation from Reference Point [Coded Units]

R
e
s
p
o
n
s
e
 y

 [
-]

Factor A

Factor B

Factor C

A A
B

B

C

C Intercept

Intercept:

All factors at 

coded 0



𝑦

𝑎

 

 Create detailed flow

volume from engine

geometry

 Export geometry as

STL file

1. CAD

2. STL IMPORT 3. SELECTIONS / REFINEMENTS

Vintake

Vexhaust

Vcyl

Vshield

Exhaust stroke

(-40 to -16  CA ATDC)

Valve overlap

(-16 to -3  CA ATDC)

Intake stroke

(-3 to 226  CA ATDC)

Comp./exp. stroke

(226 to 490  CA ATDC)

 Create edge meshes

 Define volumes for initialisation and

data evaluation

 Define selections for mesh

refinements

 Define selections for boundary

conditions

pintake

measured

Input data

• Normalised rate 

of heat release

• Engine geometry

• Component wall 

temperature

• …

Test bed engine Numerical Model

pintake

calculated
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 Experiment
 Simulation

IMEP = 0.6 %
ISFC = -1.4 %
NOx = 8.2 %
m = 0.0003 %

.

Open trottle 
at 2450 rev/min

IVO IVC

Crank angle [°CA]
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 Experiment
 Simulation

IMEP = 0.6 %
ISFC = -1.4 %
NOx = 8.2 %
m = 0.0003 %

.

Open trottle 
at 2450 1/min

pintake

measured

Input data

• Normalised rate 

of heat release
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temperature

• …
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IMEP = 0.6 %
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.

Open trottle 
at 2450 rev/min

IVO IVC

Crank angle [°CA]
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 Experiment
 Simulation

IMEP = 0.6 %
ISFC = -1.4 %
NOx = 8.2 %
m = 0.0003 %

.

Open trottle 
at 2450 1/min

4. MOVING MESH

 Import valve curves

 Define

piston/crankshaft/con-

necting rod geometry

 Create simulation meshes

using FEP (Fame Engine 

Plus)

5. SIMULATION
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 Definition of boundary

conditions (BC) and

initialisation values

 BC for intake and exhaust

from AVL Boost model

 Definition of fuel/λ/EGR

 Combustion settings

6. DATA EVALUATION

 2D data from case file

 2D/3D contour plots

 Streamlines



 

𝑉𝑠ℎ𝑖𝑒𝑙𝑑 𝑉𝑐𝑦𝑙

Number of cells 500k-1400k 

Cell size (refinement = 0) 2 mm 

Max. cell refinement 4 

Turbulence model k--f 

Combustion model ECFM-3z 

Calculation time ca. 108 h for 530 °CA 

 



𝑌𝑃

𝑑𝑌𝑃
𝑑𝑡

= 𝑌𝐹𝑀 ∙ 𝑓(𝑡𝑑𝑒𝑙𝑎𝑦)

𝑌𝐹𝑀 𝑓(𝑡𝑑𝑒𝑙𝑎𝑦)

𝑌𝑃

𝑐

 



 

𝑝𝑚𝑎𝑛 

𝜎𝑆𝑂𝐶 𝜎𝐶𝐷

 

DATA INPUT

pman

 

RHSI

Tcoolant

Tintake

(opt.: EGR, n)

DATA OUTPUT

HSI parameters

Combustion 

parameters

THERMO-

ELECTRIC 

GLOW PLUG 

MODEL

  IN-CYLINDER

  PRESSURE

  MODEL

CCV model

Combustion 

phasing (CA50) 

model

Heat release 

model

VIBE

Mixture 

composition and 

mass flow model

pIVC correction 

model

Tadapter model

HSI controller

Heat transfer 

model

WOSCHNI

Cyclic dispersion

C
y
lin

d
e
r

P
re

s
s
u
re

Crank angle [ CA]



𝑃𝐻𝐶

𝑇𝐻𝑆

𝑇𝑎𝑑𝑎𝑝𝑡𝑒𝑟 𝑇𝑎𝑑𝑎𝑝𝑡𝑒𝑟,𝑓𝑟𝑜𝑛𝑡

𝑇𝐻𝑆

𝑅𝐻𝑆𝐼 𝑅𝐻𝐶 𝑅𝑙𝑒𝑎𝑑𝑠 𝑅0

𝑅0 𝑅𝑙𝑒𝑎𝑑𝑠

𝑅𝐻𝐶

Tadapter

i

adiabatic

Ti = 6

Lumped element model:

 Segment A (heating cap) that

interacts with in-cylinder charge:

 Convection

 Radiation

and with segments B and C:

 Conduction

 12 segments (including B and C) for

convective heat transfer to engine

block

 ODE for each element

 Uniform temperature and thermal 

properties in each element

 Joule heating in each conducting

element proportional to its

temperature.

THS

A

B
C



 

 

 

𝜀

𝑄̇𝑐𝑜𝑛𝑣

𝑃𝐻𝐶

𝑑𝑈 𝑑𝑡⁄

𝑘

𝑃𝐻𝐶 𝑘

𝑃𝐻𝐶 𝑇𝐻𝑆

𝜀 𝑃𝐻𝐶 𝑇𝐻𝑆

𝑇𝐻𝑆 𝑃𝐻𝐶
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RHSI [Ω]
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Full load
n = 2450 1/min

Relative air-fuel ratio λ

Section 1 Section 2



 𝒏

𝑻𝑯𝑺⁡



𝑐𝑚𝑒𝑎𝑛

𝑇𝐻𝑆⁡

Premature

contact

Flow speed [m/s] Equivalence ratio [-] Temperature [K]

0 34 68 102 136 170 0 0.13 0.26 0.39 0.52 0.65 293 489 685 881 1077 1273
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𝒄𝒎𝒆𝒂𝒏 𝑽𝒄𝒚𝒍
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𝒄𝒎𝒆𝒂𝒏 𝑽𝒔𝒉𝒊𝒆𝒍𝒅

𝑻𝑯𝑺 
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𝑇𝐻𝑆 

𝑚̇𝑠ℎ𝑖𝑒𝑙𝑑 ≈

𝑇𝐻𝑆 

𝑉𝑐𝑦𝑙

𝑻𝑯𝑺 

𝑇𝐻𝑆 
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𝑅𝐻𝑆𝐼

 


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  

 

𝑅𝐻𝑆𝐼

 = 1.76
Individual cycles with
CA50 = CA50mean
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
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

𝑹𝑯𝑺𝑰 𝑹𝑯𝑺𝑰 
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𝜎CA50

𝜎CA50

𝒑𝒎𝒂𝒏  ≈ 𝑻𝒄𝒐𝒐𝒍𝒂𝒏𝒕 𝑻𝒊𝒏𝒕𝒂𝒌𝒆

 

IMEPmean = 3.35 bar
sIMEP = 0.15 bar
ISFC = 250 g/kWh
NOx = 48 ppm

Section 1
RHSI = 874 mW

Section 2

RHSI = 919 mW
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

𝑅𝐻𝑆𝐼 𝑃𝐻𝑆𝐼

𝑅𝐻𝑆𝐼

𝑅𝐻𝑆𝐼 𝑅𝐻𝑆𝐼 𝑇𝐻𝑆⁡

𝑎

𝑅0

𝑅0

𝑅𝑙𝑒𝑎𝑑𝑠

𝑅𝐻𝑆𝐼

pman

[mbar]



[-]
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Glow plug:  No. 3    No. 16    No. 23    No. 29    No. 31
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THS = const.

Increasing THS



𝑄̇𝑐𝑜𝑛𝑣 𝑄̇𝑟𝑎𝑑 𝑃𝐻𝑆𝐼

𝑃𝐻𝐶

𝑄̇𝑐𝑜𝑛𝑑

𝑅𝑙𝑒𝑎𝑑𝑠 𝑃𝐻𝑆𝐼

𝑄̇𝑐𝑜𝑛𝑑

𝑇𝐻𝑆

𝑅0

𝑻𝑯𝑺⁡

 

 

All glow plugs have same 
RT gradient:
a = 2.07 K/mW (amean of No. 1-10)

Individual cold resistance:
R0 = var.

Assumptions:
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 

𝑅0,9 𝑅0,10

 

𝜀

𝑇𝐻𝑆 

Measuring field

D = 1 mm
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S
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]
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Glow plug:
 No.9    No.10    No.19

Pyrometer:
IMPAC Infratherm ID 4
HS = 0.9

Ambient conditions
Natural convection

Ref9

Ref10

Sealing

surface

R [mΩ]



𝑻𝑯𝑺 ≈

𝑻𝒂𝒎𝒃

𝑅𝐻𝑆𝐼

𝑃𝐻𝑆𝐼 𝑇𝑎𝑑𝑎𝑝𝑡𝑒𝑟

𝑅𝐻𝑆𝐼

GLOW PLUG NO. 10 

at THS ≈ 1200  C

GLOW PLUG NO. 19 

at THS ≈ 1200  C

 = 0.95  = 0.95
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𝑅𝑙𝑒𝑎𝑑𝑠

𝑅𝐻𝑆𝐼

𝑇𝐻𝑆 =
1

𝑎𝐻𝐶
[𝑅𝐻𝑆𝐼 − 𝑅0 − 𝑎𝑙𝑒𝑎𝑑𝑠 ∙ (𝑇𝑎𝑑𝑎𝑝𝑡𝑒𝑟 − 𝑇0)] + 𝑇0

𝑎𝐻𝐶 𝑅𝐻𝐶 → 𝑓(𝑇𝐻𝑆) 𝑎𝑙𝑒𝑎𝑑𝑠

𝑅𝑙𝑒𝑎𝑑𝑠 → 𝑓(𝑇𝑎𝑑𝑎𝑝𝑡𝑒𝑟) 𝑎𝑙𝑒𝑎𝑑𝑠

𝑇𝑎𝑑𝑎𝑝𝑡𝑒𝑟,𝑓𝑟𝑜𝑛𝑡 𝑇𝑎𝑑𝑎𝑝𝑡𝑒𝑟,𝑏𝑎𝑐𝑘 𝑇𝑠ℎ𝑖𝑒𝑙𝑑

𝑇𝑎𝑑𝑎𝑝𝑡𝑒𝑟,𝑓𝑟𝑜𝑛𝑡

𝑅𝑙𝑒𝑎𝑑𝑠

𝑇𝑎𝑑𝑎𝑝𝑡𝑒𝑟,𝑏𝑎𝑐𝑘

𝑎𝑙𝑒𝑎𝑑𝑠

𝑅2

m

𝑎𝑙𝑒𝑎𝑑𝑠 𝑇𝐻𝑆

𝑻𝒂𝒅𝒂𝒑𝒕𝒆𝒓,𝒃𝒂𝒄𝒌 𝑻𝒂𝒅𝒂𝒑𝒕𝒆𝒓,𝒇𝒓𝒐𝒏𝒕

Inner metallic 

lead: 

Inner ceramic

lead: 

Heating

cap: 

Tadapter,back

Tadapter,front



𝑹𝒍𝒆𝒂𝒅𝒔 𝑻𝒂𝒅𝒂𝒑𝒕𝒆𝒓,𝒇𝒓𝒐𝒏𝒕

𝑻𝑯𝑺⁡ 𝑹𝑯𝑺𝑰

𝑑
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m
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]
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Tadapter,front [°C]
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R2 = 0.9999

Glow plug No. 6 / optical HSI adapter
Adapter positioned in even hot air flow
Steady-state conditions

T
H

S
 [
°C

]

400

600

800

1000

1200

1400

RHSI [mW]

600 650 700 750 800 850 900 950 1000

   Tadapter = 20 °C
   Tadapter = 100 °C
   Tadapter = 200 °C
   Tadapter = 300 °C



 

𝑅𝐻𝑆𝐼





 

 

 

 

 

 

 



 𝑝𝑚𝑎𝑛

 𝑇𝑐𝑜𝑜𝑙𝑎𝑛𝑡

 𝑇𝑖𝑛𝑡𝑎𝑘𝑒

 

 

OPERATION

LIMITS

Section 7.1

GLOW PLUG 

AGEING
Section 7.2

OFAT 

ANALYSIS
Section 7.3

RESPONSE

SURFACE 

METHOLOGY
Section 7.4

COMPARISON 

HSI – PCSI
Section 7.5

IMPROVE-

MENTS
Section 7.6

COMBUSTION-

RELATED LIMITS

 
2

3
 factorial screening

CA50
D-optimal screening

HSI OPERATING 

RANGE

pman

Tcoolant

Tintake

(xi)  
CA50(xi)

TEST BED LIMITS

pman

Tcoolant

Tintake

RSM Experiment

I-optimal design

pman

Tcoolant

Tintake

λ 
CA50

F
A

C
T

O
R

S

Determine possible 
causes

Adjust the
THS model

Determine factor- 
individual effects

Derive submodels 
for 0D HSI Model

Compare 
combustion 
parameters

Determine cause of 
differences

Comparative

engine trials

HSI & PCSI

Sensitivity analyses

Derive submodels 
for 0D HSI Model

Current pulse control

Prechamber HSI

Cooled HSI adapter

EGR +  = 1



 

𝑝𝑚𝑎𝑛 𝑇𝑐𝑜𝑜𝑙𝑎𝑛𝑡 𝑇𝑖𝑛𝑡𝑎𝑘𝑒

𝑝𝑚𝑎𝑛 𝑇𝑐𝑜𝑜𝑙𝑎𝑛𝑡 𝑇𝑖𝑛𝑡𝑎𝑘𝑒

𝑝𝑚𝑎𝑛

𝑝𝑚𝑎𝑛

𝑝𝑚𝑎𝑛

𝑝𝑎𝑚𝑏 ≈ 





𝑝𝑚𝑎𝑛 𝑇𝑐𝑜𝑜𝑙𝑎𝑛𝑡

𝑇𝑖𝑛𝑡𝑎𝑘𝑒

 



𝑝𝑚𝑎𝑛 𝑇𝑖𝑛𝑡𝑎𝑘𝑒 𝑇𝑐𝑜𝑜𝑙𝑎𝑛𝑡

𝑚𝑖𝑛 𝑚𝑎𝑥

𝑅𝐻𝑆𝐼

𝜎CA50

𝑅𝐻𝑆𝐼,𝑡𝑟𝑎𝑛𝑠

𝜆𝑚𝑖𝑛





Factor 
Low 

level (-1) 
High 

level (1) 

A: Tintake 25 °C 45 °C 

B: pman 500 mbar 950 mbar 

C: Tcoolant 25 °C 65 °C 



𝜆𝑚𝑎𝑥

𝑝𝑚𝑎𝑛

𝑇𝑐𝑜𝑜𝑙𝑎𝑛𝑡 𝑇𝑖𝑛𝑡𝑎𝑘𝑒

𝑇𝑖𝑛𝑡𝑎𝑘𝑒

𝑇𝑐𝑎𝑠𝑖𝑛𝑔

𝑇𝑖𝑛𝑡𝑎𝑘𝑒

𝑇𝑚𝑎𝑛 𝑇𝑚𝑎𝑛

𝑇𝑖𝑛𝑡𝑎𝑘𝑒

𝜆𝑚𝑎𝑥

Design-Expert® Software

Factor Coding: Actual

Lambda_max

X1 = B: p_mixt

X2 = A: T_intake

X3 = C: T_coolant

Lambda_max

B: p_mixt [mbar]

A
: 
T

_
in

ta
k
e

 [
°C

]

C: T_coolant [°C]

B-: 500 B+: 950

A-: 25

A+: 45

C-: 25

C+: 65

1.545

1.5745

1.545

1.5745

1.7505

1.78

1.7505

1.78

1.537

1.542

1.580

1.580

1.745

1.767

1.796

1.753

max

B: p_man [mbar]





Source Sum of Squares df Mean Square F-value p-value  
 

Model 0.087 3 0.029 118.99 0.0002 significant 

A-T_intake 4.500E-004 1 4.500E-004 1.85 0.2450 not significant 

B-p_man 0.084 1 0.084 347.93 < 0.0001 significant 

C-T_coolant 1.741E-003 1 1.741E-003 7.17 0.0554 slightly significant 

Residual 9.710E-004 4 2.428E-004 
   

Cor Total 0.088 7 
    

𝜆𝑚𝑎𝑥

𝜆𝑚𝑎𝑥 = 4.567 ∙ 10−4 ∙ 𝑝𝑚𝑎𝑛 + 7.375 ∙ 10−4 ∙ 𝑇𝑐𝑜𝑜𝑙𝑎𝑛𝑡 + 1.298

 𝒑𝒎𝒂𝒏

𝑻𝒄𝒐𝒐𝒍𝒂𝒏𝒕

 

𝜆𝑚𝑎𝑥

𝑝𝑚𝑎𝑛  𝑇𝑐𝑜𝑜𝑙𝑎𝑛𝑡

𝜆𝑚𝑎𝑥

≤

max [-]
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1.72

1.68

1.56

1.60

1.64
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1.56
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1.76
1.74
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1.6
1.58
1.56
1.55



𝑅𝐻𝑆𝐼

𝑅𝐻𝑆𝐼,𝑡𝑟𝑎𝑛𝑠



≈

𝑝𝑚𝑎𝑛 

𝑇𝑐𝑜𝑜𝑙𝑎𝑛𝑡

𝑇𝑖𝑛𝑡𝑎𝑘𝑒

 

𝑝𝑚𝑎𝑛

 

𝑅𝐻𝑆𝐼 𝑅𝐻𝑆𝐼 = 𝑅𝐻𝑆𝐼,𝑡𝑟𝑎𝑛𝑠

 

  𝑅𝐻𝑆𝐼 𝑅𝐻𝑆𝐼 = 𝑅𝐻𝑆𝐼,𝑡𝑟𝑎𝑛𝑠

 

 



𝑝𝑚𝑎𝑛 

𝑅𝑝𝑟𝑒𝑑
2



𝑝𝑚𝑎𝑛

CA50𝑚𝑖𝑛 = −5.628 ∙ 10−2 ∙ 𝑝𝑚𝑎𝑛 + 150.432 ∙ 𝜆 − 202.981



Source Sum of Squares df Mean Square F-value p-value  
 

Model 1036.79 5 207.36 617.73 < 0.0001 significant 

A-p_man 446.12 1 446.12 1329.02 < 0.0001 significant 

B-Lambda 618.43 1 618.43 1842.34 < 0.0001 significant 

AB 3.257E-003 1 3.257E-003 9.703E-003 0.9219 not significant 

A
2
 2.47 1 2.47 7.37 0.0092 significant 

B
2
 0.17 1 0.17 0.50 0.4833 not significant 

Residual 16.11 48 0.34 
   

Lack of Fit 15.98 47 0.34 2.63 0.4596 not significant 

Pure Error 0.13 1 0.13 
   

Cor Total 1052.90 53 
    

 

 

𝑅𝐻𝑆𝐼

𝑝𝑚𝑎𝑛


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All data points
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𝑝𝑚𝑎𝑛

𝑚̇𝑓𝑢𝑒𝑙

𝜌𝑚𝑎𝑛 𝑝𝑚𝑎𝑛

𝑝𝑚𝑎𝑛

𝑝𝐼𝑉𝐶 𝑝𝑚𝑎𝑛

𝒎̇𝒇𝒖𝒆𝒍

𝝆𝒎𝒂𝒏 𝒑𝒎𝒂𝒏

𝑝𝑚𝑎𝑛

𝑝𝑚𝑎𝑛
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𝑝𝑚𝑎𝑛

𝒑𝒎𝒂𝒏 𝒎̇𝒎𝒂𝒏

 𝑻𝒊𝒏𝒕𝒂𝒌𝒆

 

𝜆𝑚𝑎𝑥

 𝑝𝑚𝑎𝑛

𝑝𝑚𝑎𝑛  𝑇𝑖𝑛𝑡𝑎𝑘𝑒

𝑇𝑐𝑜𝑜𝑙𝑎𝑛𝑡
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𝑇𝑖𝑛𝑡𝑎𝑘𝑒 𝑇𝑐𝑜𝑜𝑙𝑎𝑛𝑡

𝑇𝑚𝑎𝑛 𝑇𝑖𝑛𝑡𝑎𝑘𝑒

𝑇𝑐𝑜𝑜𝑙𝑎𝑛𝑡 𝑇𝑡ℎ𝑟𝑜𝑡𝑡𝑙𝑒

𝑇𝑡ℎ𝑟𝑜𝑡𝑡𝑙𝑒 𝑇𝑚𝑎𝑛 𝑇𝑖𝑛𝑡𝑎𝑘𝑒

𝑇𝑐𝑜𝑜𝑙𝑎𝑛𝑡

𝑻𝒄𝒐𝒐𝒍𝒂𝒏𝒕

𝑻𝒊𝒏𝒕𝒂𝒌𝒆

Day
pmax

[mbar]


[-]
CA50 

[°CA ATDC]
Tcoolant

[°C]
Tintake

[°C]

    Tcoolant sweep 3
950 1.70 5.0

var. (25 - 65) 35

   Tintake sweep 4 45 var. (20 - 45)
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𝑇𝑐𝑜𝑜𝑙𝑎𝑛𝑡 𝑇𝑖𝑛𝑡𝑎𝑘𝑒

𝑻𝒄𝒐𝒐𝒍𝒂𝒏𝒕 𝑻𝒊𝒏𝒕𝒂𝒌𝒆

𝑇𝐻𝑆

𝑇𝑖𝑛𝑡𝑎𝑘𝑒 𝑇𝑐𝑜𝑜𝑙𝑎𝑛𝑡

𝑇𝐻𝑆

𝑅𝑎𝑔𝑒𝑖𝑛𝑔

𝑇𝐻𝑆

𝑇𝐻𝑆 𝑅𝐻𝑆𝐼

𝑇𝐻𝑆

𝑅𝑎𝑔𝑒𝑖𝑛𝑔

∆𝑅𝑎𝑔𝑒𝑖𝑛𝑔

𝑃𝐻𝑆𝐼

∆𝑇

𝑄̇𝑐𝑜𝑛𝑑 𝑃𝐻𝑆𝐼

𝑅𝑎𝑔𝑒𝑖𝑛𝑔
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Tman

Tthrottle

  Tcoolant sweep
   Tintake sweep

a = 0.31 K/K*

a = 0.25 K/K

* y = ax + c



 

 



𝑥1 ∙ 𝑥2 ∙ 𝑥3 𝑥1
2 ∙ 𝑥2

FACTOR Description Tadapter Tshield Tthrottle Tman Tcasing Toil IMEP PMEP CCV ISFC HC CO NOx

CA50 Combustion phasing - - - - - - +/- - ++ +/- + + - -
 Relative air-fuel ratio - - - - - - - - - - - - - - - - +/- ++ +/- - -

pman Intake manifold pressure ++ ++ + 0 ++ ++ ++ - - +/- - - - - +/- ++
Tcoolant Coolant temperature + 0 + + ++ ++ - - 0 - - 0 0

Tintake Intake temperature ≈ 0 0 ++ + ≈ 0 ≈ 0 - - 0 0 - ≈ 0 ≈ 0

Legend: 0  No change +  Minor increase -  Minor decrease

+/- ++  Major increase - -  Major decrease
Min/max across
the range



𝑥𝑝
3

Factor 
Low 

level (-1)* 
Intercept 

(0)* 
High 

level (1)* 

A – pman 

[mbar] 
500 725 950 

B – Tcoolant 

[°C] 
25 42.5 60 

C -  
[-] 

1.0 1.39 1.77 

D – CA50 
[°CA ATDC] 

0 7.5 15 

E – Tintake 

[°C] 
25 35 45 

     
                                                           * Coded factors

𝑅𝐻𝑆𝐼

𝑅𝑠𝑒𝑡

𝐼𝐻𝑆𝐼 = 0 𝑅𝐻𝑆𝐼

𝑈𝐻𝑆𝐼

Design-Expert® Software

Min Std Error Mean: 0.485

Avg Std Error Mean: 0.727

Max Std Error Mean: 1.420

Constrained

Points = 100000

t(0.05/2,11) = 2.20099
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FDS Graph
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I-optimal RSM

37 runs

42 runs



 

𝜎CA5

 

𝑎𝑖

𝑦

𝑐

𝑦 = 𝑎1𝑝𝑚𝑎𝑛 + 𝑎2𝑇𝑐𝑜𝑜𝑙𝑎𝑛𝑡 + 𝑎3𝜆 + 𝑎4CA50 + 𝑎5𝑇𝑖𝑛𝑡𝑎𝑘𝑒 + 𝑎1𝑎2𝑝𝑚𝑎𝑛𝑇𝑐𝑜𝑜𝑙𝑎𝑛𝑡 +

⁡⁡⁡⁡⁡⁡⁡⁡…⁡+ 𝑐

𝑇𝑡ℎ𝑟𝑜𝑡𝑡𝑙𝑒 = −2.8 ∙ 𝑝𝑚𝑎𝑛 + 1.7 ∙ 𝑇𝑐𝑜𝑜𝑙𝑎𝑛𝑡 − 1.1 ∙ 𝜆 + 3.4 ∙ 𝑇𝑖𝑛𝑡𝑎𝑘𝑒 −

⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡0.8 ∙ 𝑝𝑚𝑎𝑛𝑇𝑐𝑜𝑜𝑙𝑎𝑛𝑡 + 1.6 ∙ 𝑝𝑚𝑎𝑛𝑇𝑖𝑛𝑡𝑎𝑘𝑒 + 1.3 ∙ 𝑝𝑚𝑎𝑛
2 + 47.8

𝑅𝑝𝑟𝑒𝑑
2

𝑅𝑝𝑟𝑒𝑑
2 𝑅2

𝑅𝑝𝑟𝑒𝑑
2

𝑇𝑚𝑎𝑛 𝑇𝑐𝑜𝑜𝑙𝑎𝑛𝑡,𝑜𝑢𝑡 𝑇𝑐𝑎𝑠𝑖𝑛𝑔 𝑇𝑜𝑖𝑙

𝑇𝑎𝑑𝑎𝑝𝑡𝑒𝑟 𝑇𝑒𝑥ℎ 𝑇𝑠ℎ𝑖𝑒𝑙𝑑

𝑇𝑐𝑜𝑜𝑙𝑎𝑛𝑡  𝑇𝑚𝑎𝑛 𝑝𝑚𝑎𝑛



𝑝𝑚𝑎𝑛 𝑇𝑎𝑑𝑎𝑝𝑡𝑒𝑟 𝑇𝑠ℎ𝑖𝑒𝑙𝑑



𝑇𝑒𝑥ℎ

𝑇𝑚𝑎𝑛 𝑇𝑎𝑑𝑎𝑝𝑡𝑒𝑟

 

Response [°C] T_throttle T_man T_coolant_out T_casing T_oil T_adapter T_exh T_shield 

 
                  

 

Intercept 47.8 62.8 70.6 73.3 84.8 215.2 525.1 660.1 

M
A

IN
  

E
F

F
E

C
T

S
 A – p_man -2.8 0.6 3.7 3.7 3.1 24.8 24.4 48.7 

B – T_coolant 1.7 4.5 7.5 6.0 7.2 8.2 6.2 2.2 

C – Lambda -1.1 -2.5 -3.5 -4.6 -5.3 -29.6 -109.9 -53.7 

D – CA50       -0.1 -0.6 -17.1 13.7 -67.1 

E – T_intake 3.4 1.8 -0.2 0.2     1.6 -1.6 

 
                  

IN
T

E
R

A
C

T
IO

N
S

 

AB -0.8 -1.6 -1.7 -0.8 -0.7 -1.9     

AC       -1.1 -1.2 -8.3 -8.4 -16.9 

AD         -0.4 -5.8   -13.2 

AE 1.6 1.0             

BC   0.6 1.2 0.7 0.5 2.2 4.5   

BD               -2.8 

BE             -4.3   

CD           3.3   6.1 

CE                 

DE       -0.3         

 
                  

H
IG

H
E

R
 O

R
D

E
R

 E
F

F
E

C
T

S
 A2 1.3 1.1   1.1 0.9 8.0   7.2 

B2                 

C2           1.4 -21.4 40.1 

D2             5.5   

E2     -0.5           

A3   -1.2   1.7 2.1 10.6   8.1 

B3                 

C3           -5.9 -26.6   

D3                 

E3                 

 
                  

 

Pred. R^2 0.954 0.966 0.978 0.986 0.990 0.995 0.991 0.997 

𝑻𝒎𝒂𝒏

𝑝𝑚𝑎𝑛

𝑇𝑚𝑎𝑛

𝑇𝑚𝑎𝑛

𝑝𝑚𝑎𝑛



𝑚𝑎𝑥

𝑻𝒎𝒂𝒏

𝒑𝒎𝒂𝒏 𝑻𝒊𝒏𝒕𝒂𝒌𝒆

𝑝𝑚𝑎𝑛 𝑇𝑖𝑛𝑡𝑎𝑘𝑒 𝑇𝑐𝑜𝑜𝑙𝑎𝑛𝑡

𝑇𝑚𝑎𝑛

𝑇𝑐𝑎𝑠𝑖𝑛𝑔

𝑇𝑐𝑜𝑜𝑙𝑎𝑛𝑡 𝑝𝑚𝑎𝑛

∆𝑇𝑚𝑎𝑥 ≈ 𝑇𝑐𝑜𝑜𝑙𝑎𝑛𝑡

𝑇𝑚𝑎𝑛 𝑇𝑐𝑎𝑠𝑖𝑛𝑔

𝑇𝑖𝑛𝑡𝑎𝑘𝑒

𝑇𝑚𝑎𝑛

𝑇𝑐𝑜𝑜𝑙𝑎𝑛𝑡 

Design-Expert® Software

Factor Coding: Coded

T_mixt (°C)

Coded Factors

A: p_mixt = 0.000

B: T_coolant = 0.000

C: Lambda = 0.000

D: CA50 = 0.000

E: T_intake = 0.000

Factors not in Model
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Not in model: D max



𝒑𝒎𝒂𝒏 𝑻𝒄𝒐𝒐𝒍𝒂𝒏𝒕 𝒑𝒎𝒂𝒏 𝑻𝒊𝒏𝒕𝒂𝒌𝒆

𝑻𝒂𝒅𝒂𝒑𝒕𝒆𝒓

𝑻𝒂𝒅𝒂𝒑𝒕𝒆𝒓

𝒑𝒎𝒂𝒏 

Design-Expert® Software

Factor Coding: Coded

T_mixt (°C)

95% CI Bands

X1 = A: p_mixt

X2 = E: T_intake

Coded Factors

B: T_coolant = 0.000

C: Lambda = 0.000

D: CA50 = 0.000

E- -1

E+ 1

A: p_man [Coded Units]

E: T_intake [°C]

-1.0 -0.5 0.0 0.5 1.0

T
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]
54
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69

74

Interaction
Design-Expert® Software

Factor Coding: Coded

T_mixt (°C)

95% CI Bands

X1 = A: p_mixt

X2 = B: T_coolant

Coded Factors

C: Lambda = 0.000

D: CA50 = 0.000

E: T_intake = 0.000

B- -1

B+ 1

A: p_man [Coded Units]

B: T_coolant [°C]

-1.0 -0.5 0.0 0.5 1.0

T
_
m

a
n
 [
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]

54

59
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69

74

Interaction

B = -1 (25  C)

B = +1 (60  C)

E = -1 (25  C)

E = +1 (45  C)

95 % confidence

interval bands

AE: positive interaction

AB: negative interaction

Interaction AB Interaction AE

Mixture retention time ↑: 

heat input from casing ↑

Mass flow ↑

Mixture retention time ↓: 

heat input from casing ↓

Low heat input

from casing

heat transfer coefficient ↑ : 

heat input from casing ↑

Low effect of T_intake

at low mass flows

Cooling effect

is attenuated

B: T_coolant E: T_intake

500
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800
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A: p
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1.8 C: 
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Tadapter [°C]
B:  Tcoolant = 42.5 °C
D:  CA50 = 7.5 °CA ATDC 300
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Design-Expert® Software

Factor Coding: Coded

T_adapter (°C)

Coded Factors

A: p_mixt = 0.000

B: T_coolant = 0.000

C: Lambda = 0.000

D: CA50 = 0.000

E: T_intake = 0.000

Factors not in Model

E
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Not in model: E - Tintake

max



𝑇𝑎𝑑𝑎𝑝𝑡𝑒𝑟

𝑝𝑚𝑎𝑛

 

𝑝𝑚𝑎𝑛 

s𝐼𝑀𝐸𝑃

𝑇𝑎𝑑𝑎𝑝𝑡𝑒𝑟

𝑅2 𝑇𝑎𝑑𝑎𝑝𝑡𝑒𝑟

 

Response 
IMEP 
[bar] 

sIMEP 
[bar] 

PMEP 
[bar] 

sPMEP 
[bar] 

CA5 
[°CA ATDC] 

sCA5 
[°CA] 

sCA50 
[°CA] 

CD 
[°CA] 

sCD 
[°CA] 

 

                    

 
Intercept 2.86 0.07 -0.52 0.05 -6.29 6.43 6.58 43.78 4.96 

M
A

IN
  

E
F

F
E

C
T

S
 A – p_man 1.21 0.05 0.12 0.02 0.18 0.42   -1.07   

B – T_coolant -0.02 -0.01   0.00   -0.04 -0.05 0.33 -0.02 

C – Lambda -0.91 0.02 -0.02 -0.04 -4.67 -1.81 -1.70 6.27 -1.43 

D – CA50 0.02 0.05 -0.01 0.00 7.42 0.90 1.68 -5.32 -0.62 

E – T_intake -0.03 -0.01 0.00             

 
                    

IN
T

E
R

A
C

T
IO

N
S

 

AB                   

AC -0.34   0.01 -0.02       -0.60   

AD   0.03 -0.01   0.15         

AE -0.05                 

BC   -0.02   0.00         0.32 

BD       0.00   -0.47 -0.52     

BE 0.06                 

CD     0.01         1.41   

CE                   

DE                   

 
                    

H
IG

H
E

R
 O

R
D

E
R

 
E

F
F

E
C

T
S

 

A2 0.27   -0.04 0.01 -0.50         

B2 0.09                 

C2 -0.23 0.04   -0.01 -0.93 -1.54 -1.87 2.16 -1.32 

D2 -0.13 0.09     -0.38   0.72 2.16   

E2                   

A3 0.43                 

B3                   

C3 -0.26       1.06     -4.67   

D3                   

E3                   

 

                    

 
Pred. R^2 0.993 0.804 0.997 0.954 0.998 0.746 0.739 0.965 0.776 



s𝐼𝑀𝐸𝑃 𝑝𝑚𝑎𝑛
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

s𝐶𝐷



𝝈𝐂𝐀𝟓𝟎 

𝜎CA5 𝛼𝑆𝑂𝐶

s𝐶𝐷 𝛼𝐸𝑂𝐶

 

P
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950 var. var. 42.5 35
CA50
[°CA ATDC]

max

sCA50,min  3 °CA CA50min

CA50 = 0  CA

CA50 = 15  CA



 

Response 
ISFC 

[g/kWh] 
ln(NOx) 
[ppm] 

sqrt(HC) 
[ppm] 

ln(CO) 
[ppm] 

 
          

 
Intercept 241.56 6.57 51.01 6.89 

M
A

IN
 

E
F

F
E

C
T

S
 A – p_man -36.39 0.36 -5.90 -0.23 

B – T_coolant     -2.64 -0.03 

C – Lambda 23.04 -2.64 37.42 0.18 

D – CA50 -3.11 -0.65 -0.60 -0.03 

E – T_intake     4.84 -0.03 

 
          

IN
T

E
R

A
C

T
IO

N
S

 

AB       -0.09 

AC -18.99 0.28 -3.32 0.10 

AD 4.48   2.01   

AE       -0.14 

BC     -2.21   

BD         

BE     1.66   

CD   -0.39 2.16   

CE         

DE     2.09 0.10 

 

          

H
IG

H
E

R
 O

R
D

E
R

 

E
F

F
E

C
T

S
 

A2 22.20 -0.08 -2.57   

B2       -0.14 

C2 33.72 -1.11 24.22 0.55 

D2 8.86     0.11 

E2     -0.64 -0.15 

A3   0.27     

B3         

C3 14.05 0.36   -0.23 

D3         

E3     -6.38   

 
          

 
Pred. R^2 0.956 0.988 0.983 0.720 

𝑝𝑚𝑎𝑛 





𝑝𝑚𝑎𝑛

𝑝𝑚𝑎𝑛 ≤



𝑝𝑚𝑎𝑛
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𝒑𝒎𝒂𝒏 

 

𝑈𝐻𝑆𝐼 𝐼𝐻𝑆𝐼 𝑃𝐻𝑆𝐼

𝑅𝐻𝑆𝐼

𝑇𝐻𝑆 𝑈𝐻𝑆𝐼 𝐼𝐻𝑆𝐼 𝑃𝐻𝑆𝐼

𝑝𝑚𝑎𝑛

𝑇𝑐𝑜𝑜𝑙𝑎𝑛𝑡 



𝑇𝑐𝑜𝑜𝑙𝑎𝑛𝑡  𝑇𝑐𝑜𝑜𝑙𝑎𝑛𝑡

𝑃𝐻𝑆𝐼

𝑈𝐻𝑆𝐼

𝑈𝐻𝑆𝐼 𝑃𝐻𝑆𝐼

𝑈𝐻𝑆𝐼

𝑈𝐻𝑆𝐼
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𝑃𝐻𝑆𝐼 𝐼𝐻𝑆𝐼

𝑝𝑚𝑎𝑛 𝑄̇𝑐𝑜𝑛𝑣 𝑄̇𝑙𝑜𝑠𝑠 = 𝑄̇𝑐𝑜𝑛𝑑 + 𝑄̇𝑟𝑎𝑑

 

Response 
U_HSI 

[V] 
I_HSI 
[A] 

P_HSI 
[W] 

R_HSI 
[mΩ] 

T_HS 
[°C] 

T_HS (grad. ageing) 
[°C] 

 
              

 
Intercept 5.58 6.14 34.60 903.1 1048.7 1084.3 

M
A

IN
 

E
F

F
E

C
T

S
 A – p_man -0.35 -0.35 -3.87 -6.3 -67.7 -72.1 

B – T_coolant -0.05 -0.07 -0.69 1.2 -8.4 -16.7 

C – Lambda 0.65 0.67 7.48 9.5 67.0 90.4 

D – CA50 0.00 0.17 0.83 -25.8 -32.2 -49.5 

E – T_intake       -2.3     

 
             

IN
T

E
R

A
C

T
IO

N
S

 

AB       8.9 23.8   

AC 0.14 0.21 1.48      

AD 0.17 0.18 1.86      

AE       -8.4     

BC            

BD            

BE            

CD -0.14 -0.13 -1.31      

CE            

DE            

 
             

H
IG

H
E

R
 O

R
D

E
R

 

E
F

F
E

C
T

S
 

A2            

B2            

C2       14.9   69.5 

D2            

E2            

A3            

B3            

C3            

D3            

E3            

 
             

 
Pred. R^2 0.915 0.916 0.926 0,662 0.779 0.923 

𝑼𝑯𝑺𝑰 𝑰𝑯𝑺𝑰 𝑷𝑯𝑺𝑰

𝒑𝒎𝒂𝒏
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𝑅𝐻𝑆𝐼 𝑅2

𝑅𝑝𝑟𝑒𝑑
2

𝑅𝑎𝑔𝑒𝑖𝑛𝑔 𝑇𝐻𝑆

𝑅𝑎𝑔𝑒𝑖𝑛𝑔

𝑅𝑎𝑔𝑒𝑖𝑛𝑔

𝑅2 𝑅𝑝𝑟𝑒𝑑
2

𝑹𝑯𝑺𝑰 𝑹𝑯𝑺𝑰 𝑻𝑯𝑺

𝑻𝑯𝑺

 



𝑝𝑚𝑎𝑛


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   Rageing = f(t)
   Rageing = const.



 

  

RHSI [mΩ] PHSI [W] Tadapter [°C] ISFC [g/kWh] NOx [ppm] sCA50 

  

OP1 OP2 OP1 OP2 OP1 OP2 OP1 OP2 OP1 OP2 OP1 OP2 

RP 1 
OP1: Run 4 

962 877 33.5 34.1 221.5 229.9 231.3 226.2 329 429 10.6 9.2 
OP2: Run 35 

RP 2 
OP1: Run 5 

995 874 33.9 36.5 214.4 219.1 234.8 236.0 197 193 6.5 7.0 
OP2: Run 21 

RP 3 
OP1: Run 6 

1017 1101 26.8 27.0 248.7 247.5 231.8 231.5 2544 2499 6.0 6.3 
OP2: Run 12 

RP 4 
OP1: Run 17 

879 884 35.2 34.2 208.0 206.7 271.4 271.1 948 938 7.0 7.2 
OP2: Run 29 

RP 5 
OP1: Run 9 

1027 921 30.0 32.5 212.9 215.4 253.3 254.1 1464 1449 6.5 6.1 
OP2: Run 41 



 𝑅𝐻𝑆𝐼

𝑃𝐻𝑆𝐼

Filter  / :
IMEP > 6.0 bar
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 

 

 

𝑇𝑎𝑑𝑎𝑝𝑡𝑒𝑟 𝑇𝑚𝑎𝑛

𝑅𝑎𝑔𝑒𝑖𝑛𝑔

 







𝒑𝒎𝒂𝒏 𝑻𝒄𝒐𝒐𝒍𝒂𝒏𝒕



 

pman [mbar] Tcoolant [°C]  [-] CA50 [°CA ATDC] Tintake [°C] 

 

HSI PCSI HSI PCSI HSI PCSI HSI PCSI HSI PCSI 

Run 4 949.1 949.2 32.1 32.7 1.484 1.482 15.49 15.36 32.7 32.7 

Run 24 776.7 775.9 24.8 24.7 1.489 1.490 3.75 3.86 27.7 27.6 

Run 30 950.4 950.6 59.4 59.5 1.076 1.078 3.63 3.66 44.5 44.6 

Run 31 500.5 501.0 50.4 50.3 1.171 1.171 -0.03 -0.01 45.1 45.3 

Run 34 501.6 499.7 59.3 59.4 1.309 1.310 15.09 15.17 42.4 42.8 


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max = 5.4810-4pman + 4.7710-4Tcoolant + 1.12

HSI

PCSI
Tcoolant = 42.5 °C

   HSI lean-burn limit
   PCSI lean-burn limit



𝜎𝐼𝑀𝐸𝑃 𝜎CA5
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Satisfactory parameter adjustment for mean cycles

Unsatisfactory parameter adjustment for single overadvanced cycles



 

𝑅𝐻𝐶 = 𝑎𝐻𝐶 ∙ (𝑇𝐻𝑆 − 𝑇0)

𝑎𝐻𝐶 =
𝑅𝐻𝐶,𝑟𝑒𝑓

𝑇𝐻𝑆,𝑟𝑒𝑓 − 𝑇0

𝑅𝑙𝑒𝑎𝑑𝑠 = 𝑎𝑙𝑒𝑎𝑑𝑠 ∙ (𝑇𝑎𝑑𝑎𝑝𝑡𝑒𝑟 − 𝑇0)

𝑎𝑙𝑒𝑎𝑑𝑠 =
𝑅𝑙𝑒𝑎𝑑𝑠,𝑟𝑒𝑓

𝑇𝑙𝑒𝑎𝑑𝑠,𝑟𝑒𝑓 − 𝑇0

𝑅𝐻𝑆𝐼 = 𝑅0 + 𝑅𝐻𝐶 + 𝑅𝑙𝑒𝑎𝑑𝑠

𝑇𝑎𝑑𝑎𝑝𝑡𝑒𝑟 𝑇𝐻𝑆

𝑇𝐻𝑆 =
1

𝑎𝐻𝐶
[𝑅𝐻𝑆𝐼 − 𝑅0 − 𝑎𝑙𝑒𝑎𝑑𝑠 ∙ (𝑇𝑎𝑑𝑎𝑝𝑡𝑒𝑟 − 𝑇0)] + 𝑇0

𝑄̇𝑟𝑎𝑑 =
𝜎 ∙ (𝑇𝑠ℎ𝑖𝑒𝑙𝑑

4 − 𝑇𝐻𝑆
4)

1 − 𝜀𝐻𝑆
𝐴𝐻𝑆 ∙ 𝜀𝐻𝑆

+
1

𝐴𝐻𝑆 ∙ 𝐹1→2
+

1 − 𝜀𝑠ℎ𝑖𝑒𝑙𝑑
𝐴𝑠ℎ𝑖𝑒𝑙𝑑 ∙ 𝜀𝑠ℎ𝑖𝑒𝑙𝑑

𝜎

𝑠𝐻𝑆,



𝑄̇𝑐𝑜𝑛𝑑 =
𝑘

𝑠𝐻𝑆
∙ 𝐴𝑐𝑜𝑛𝑑 ∙ (𝑇𝑎𝑑𝑎𝑝𝑡𝑒𝑟 − 𝑇𝐻𝑆)

𝐹1→2 = 1

𝑄̇𝑐𝑜𝑛𝑣

Factor Description Low level (-1) High level (1) 

A - k Specific heat conductivity of glow plug 10 W/mK 80 W/mK 

B - F1→2 View factor between surface 1 and 2 0.6 1 

C - shield Emissivity of shield 0.2 1 

D - Tadapter Adapter temperature 423 K 573 K 

E - THS Hot surface temperature 1273 K 1523 K 

F - Tshield Shield temperature 673 K 873 K 

𝑘

𝑸̇𝒄𝒐𝒏𝒅 𝑸̇𝒓𝒂𝒅

𝑘

𝑄̇𝑐𝑜𝑛𝑑 𝑃𝐻𝐶

𝑇𝐻𝑆

𝜀 𝑃𝐻𝐶

𝑇𝐻𝑆



𝑇𝐻𝑆 𝑃𝐻𝐶

𝑸̇𝒄𝒐𝒏𝒅 𝑸̇𝒓𝒂𝒅

Factor Set value 
Approx. 

uncertainty 
Error in Q’cond Error in Q’rad 

A - k 30 W/mK +/- 5 W/mK +/- 3.63 W  

B - F1→2 1.0 0.1  - 0.81 W 

C - shield 0.3 0.1  +/- 0.84 W 

D - Tadapter 280 °C +/- 25 °C +/- 0.52 W  

E - THS 1200 °C +/- 25 °C +/- 0.53 W +/- 0.93 W 

F - Tshield 450 °C +/- 25 °C  +/- 0.11 W 

 

Run 
Glow 

plug No. 
Build Type A: p_man B: T_coolant C: Lambda D: CA50 E: T_intake 

[-] [-] [-] [mbar] [°C] [-] [°CA ATDC] [°C] 

1 5 Model 950.0 60.0 1.685 11.0 29.6 

2 5 Lack of Fit 752.0 55.6 1.000 0.0 36.0 

3 5 Lack of Fit 709.3 41.7 1.000 5.9 25.0 

4 5 Replicate 950.0 32.9 1.484 15.0 32.7 

5 5 Model 862.3 52.1 1.530 11.5 45.0 

6 5 Replicate 830.8 36.4 1.224 4.4 39.5 

7 5 Model 626.0 25.0 1.205 0.0 29.7 

8 5 Model 612.5 51.6 1.000 11.1 40.0 

9 5 Model 635.0 36.6 1.221 7.4 38.0 

10 5 Model 500.0 25.0 1.000 2.8 41.2 

11 5 Model 847.6 30.4 1.708 12.1 25.0 

12 5 Model 830.8 36.4 1.224 4.4 39.5 

13 6 Model 862.3 35.5 1.000 0.0 30.9 

14 6 Model 950.0 26.9 1.635 0.0 42.7 

15 6 Model 950.0 25.0 1.000 9.0 25.0 

16 6 Model 895.3 25.0 1.143 12.1 44.5 

17 6 Model 567.5 48.3 1.232 10.1 31.0 

18 6 Model 545.0 60.0 1.000 3.3 27.5 

19 6 Model 950.0 50.9 1.770 15.0 41.7 

20 6 Model 500.0 36.0 1.539 0.4 25.0 

21 6 Replicate 862.3 52.1 1.530 11.5 45.0 

22 6 Model 601.3 53.7 1.604 15.0 25.0 

23 6 Model 885.3 53.2 1.706 3.9 30.5 

24 6 Model 781.3 25.0 1.488 3.8 28.0 

25 6 Model 598.5 35.0 1.597 4.5 45.0 

26 6 Model 709.3 60.0 1.549 0.0 40.0 

27 6 Lack of Fit 583.3 60.0 1.584 4.1 25.0 

28 6 Model 500.0 31.0 1.077 14.6 26.7 

29 6 Replicate 567.5 48.3 1.232 10.1 31.0 

30 6 Model 950.0 60.0 1.077 3.6 44.5 

31 6 Model 500.0 51.1 1.170 0.0 45.0 

32 6 Model 500.0 25.0 1.545 12.6 38.4 

33 6 Model 891.5 52.1 1.000 15.0 33.1 



34 6 Model 500.0 60.0 1.310 15.0 42.3 

35 6 Model 950.0 32.9 1.484 15.0 32.7 

36 6 Model 614.8 31.1 1.000 15.0 45.0 

37 6 Model 826.3 60.0 1.155 13.5 25.0 

38 6 Lack of Fit 765.5 25.0 1.000 15.0 33.0 

39 6 Centre 762.0 45.1 1.452 8.1 35.0 

40 6 Model 950.0 52.0 1.329 1.1 25.0 

41 6 Replicate 635.0 36.6 1.221 7.4 38.0 

42 6 Lack of Fit 718.3 60.0 1.669 15.0 36.3 
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