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Abstract. The Engine Combustion Network (ECN) community has greatly contributed to improve the fundamental understanding of spray atomization and combustion at conditions relevant to internal combustion
engines. In this context, standardized spray experiments have been deﬁned to facilitate the comparison of
experimental and simulation studies performed in different facilities and with different models. This operating
mode promotes collaborations among research groups and accelerates the advancement of research on spray. In
efforts to improve the comparability of the ECN spray A experiments, it is of high importance to review the
boundary conditions of different devices used in the community. This work is issued from the collaboration
in the ECN France project, where two new experimental facilities from PPRIME (Poitiers) and PRISME
(Orleans) institutes are validated to perform spray A experiments. The two facilities, based on Rapid Compression Machine (RCM) design, have been investigated to characterize their boundary conditions (e.g., ﬂow
velocity as well as fuel and gas temperatures). A set of standardized spray experiments were performed to compare their results with those obtained in other facilities, in particular the Constant Volume Pre-burn (CVP)
vessel at IFPEN. It is noteworthy that it is the ﬁrst time that RCM type facilities are used in such a way within
the ECN. This paper (part 1) focuses on the facilities description and the ﬁne characterization of their boundary
conditions. A further paper (part 2) will present the results obtained with the same facilities performing ECN
standard spray A characterizations. The reported review of thermocouple thermometry highlights that it is
necessary to use thin-wires and bare-bead junction as small as possible. This would help to measure the
temperature ﬂuctuations with a minimal need for error corrections, which are highly dependent on the proper
estimation of the velocity through the junction, and therefore it may introduce important uncertainties.
Temperature heterogeneities are observed in all spray A devices. The standard deviation of the temperature
distribution at the time of injection is approximately 5%. We report time-resolved temperature measurement
from PPRIME RCM, performed in the near nozzle area during the injection. In inert condition, colder gases
from the boundary layer are entrained toward the mixing area of the spray causing a further deviation from
the target temperature. This emphasizes the importance of the temperature in the boundary (wall) layer. In
reacting condition, the temperature of these entrained gases increases by the effect of the increased pressure,
as the RCM has a relatively small volume. Generally, the velocity and turbulence levels are an order of magnitude higher in RCM and constant pressure ﬂow compared to CVP vessels. The boundary characterization
presented here will be the base for discussing spray behavior in the part 2 of this paper.

1 Introduction
The Engine Combustion Network (ECN) [1] has greatly
contributed to accelerate the research efforts focused on
* Corresponding author: moez.benhouidi@kaust.edu.sa

spray atomization and combustion in both Diesel and
direct injection engines. In this context, experimental and
simulation works are joined in a complementary way to
improve our understanding of the complex physical and
chemical phenomena taking place in fuel injection and combustion process. The efforts from the experimental side are
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intended to provide a robust and accurate database for
model validation, and therefore the boundary conditions
need to be accurately characterized. To this end, spray A
reference condition has been deﬁned to provide a detailed
list of boundary conditions. The conformity of the experimental apparatus employed to these boundary conditions
has been discussed in different publications for the ﬁrst
institutions participating to ECN [2–4]. The analysis of
the results indicated that some discrepancies in the spray
results are caused by different boundary conditions between
these facilities. Other effects related to injector nozzle geometry [5–7] and to aging [8] have been extensively studied.
The boundary conditions of Constant Pressure Flow
(CPF) and Constant Volume Pre-burn (CVP) vessels used
for spray A studies have been reviewed in [3]. The work
reported a detailed comparison of the following facilities:
the CPF of CMT [9], the CPF of Spray Combustion
Laboratory (SCL) in Caterpillar, the CVP of IFPEN,
Sandia National Laboratories (SNL) [2], Technical University of Eindhoven (TUE) [10], and Michigan Technological
University (MTU) [11, 12]. The review in [3] concluded that
the ambient gas was relatively homogeneous in CPF compared to CVP. Nevertheless, differences among the CVP
were highlighted through the comparison of the bulk
temperature Tbulk (deﬁned as the average homogeneous
temperature) with the actual measured temperature (called
Tcore). Different ratios of Tcore/Tbulk were observed in these
facilities and this demonstrated that the heat losses to the
walls were different from one vessel to another. These ratios
were easily correlated to the gas mixing intensity controlled
by the CVP fan speed. The injector nozzle temperature,
which is representative of the fuel temperature, was also
pointed out in [3] as an important boundary parameter. It
has been demonstrated that the liquid length and the soot
formation are highly sensitive to this parameter [3, 9, 13].
Thus, many efforts were dedicated in the ECN community
to standardize the measurement of the temperature in the
injector nozzle. A dummy injector instrumented with a sensitive thermocouple located in the sac area was proposed for
this purpose. This tool helped to optimize the cooling of the
injectors in the CPF and CVP vessels. As a result, the fuel
temperature in these facilities was on the target within
±15 K [3]. In CVP vessels, major and minor products are
generated in the post-burn stage. Several studies [3, 13,
14] pointed out the potential effects of these species on
the spray ignition, lift-off length and the soot oxidation.
Few studies [15–17] have reported ambient velocity
measurement in ECN facilities. In spray A target conditions, a near quiescent ambient gas is required and is
fulﬁlled if the global velocity in the vessel is lower than
1 m/s. This threshold has been chosen for two reasons:
(i) this value is signiﬁcantly lower than the velocities of
the spray entrained gases, (ii) lower values are hard to
achieve in CVP and CPF, otherwise the temperature homogeneity is too deteriorated. Still, recent studies [13, 18, 19]
have pointed the sensitivity of the spray to possible different turbulence levels.
ECN-France is an Agence Nationale de la Recherche
(ANR) founded project with the goal of involving French
research centers (PPRIME institute in Poitiers and

PRISME institute in Orleans) to contribute to ECN database. To this end, an extensive campaign has been
carried out to characterize their experimental facilities to
meet the ECN spray A conditions. IFPEN led this project
by providing assistance on the experimental methodologies and by characterizing all the injectors in their wellcharacterized CVP. Thus, the experimental data from
IFPEN have been used as reference data for comparison.
This work has been conducted in two phases: (i) characterize in details the boundary conditions and, (ii) perform
measurement at spray A conditions using the reference
diagnostics that are standardized in ECN community [4].
The present paper (part 1) presents the results obtained
in the ﬁrst phase, while the second is discussed in a further
publication (part 2) [20].
More in details, the current paper reviews the characterization of the boundary conditions in spray A experiments
with focus on the ambient temperature and velocity measurements. Particularly, it introduces two new vessels that
have been used to study spray A during the ECN France
project. The Rapid Compression Machine (RCM) of
PPRIME institute and the New One Shot Engine (NOSE)
of PRISME institute are presented and compared to the
CVP of IFPEN in which all the injectors used were ﬁrst
characterized. The target conditions tested are the reference
spray A conditions for inert (O2 0%) and reactive conditions (O2 15% vol) [1]. The boundary conditions characterization will be the base for the discussion of the spray results
that will be presented in the part 2 of this paper [20] in an
approach similar to that of [4].
In the ﬁrst part of this paper, we describe the new RCM
vessels used for the spray A experimental studies and we
compare them to the IFPEN CVP. In a second step, we
present Particle Image Velocimetry (PIV) measurements
focused on the Start Of Injection (SOI) and we compare
the results with the data available in the literature. Later,
we review the temperature measurements in ECN facilities
with a quick overview on optical methods that can be of
potential interest. We also review thin-wire thermocouple
thermometry, as it was widely used for the measurement
of ambient gas temperature in previous spray A studies.
We present the temperature distributions of current vessels
and compare them to those of CPF and CVP reported in
literature. We also report time-resolved temperature measurement in the near nozzle area during the injection. In
the remnant of this work, for the sake of simplicity, we
may refer to the experimental facility of each institution
by the name of the institution itself (e.g., instead of “in
the rapid compression machine at PPRIME ”, “in
PPRIME”).

2 Experimental setups
In this section, the speciﬁc features of the experimental
facilities employed by the different institutions are presented. Since the description of IFPEN facility can be found
in the literature [2, 3, 8], only a general description is presented in this work. On the other hand, more attention will
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(b)

Fig. 1. (a) 3D view and (b) cross section of IFPEN CVP.

be given to the PPRIME and PRISME facilities, being their
standardization the main objective of this paper.
2.1 IFPEN
The IFPEN CVP vessel has been previously presented and
compared to other CPF and CVP vessels in [2, 3]. The layout of the chamber is presented in Figure 1. The vessel operation has already been extensively described in [3] and it is
only brieﬂy summarized here. In a pre-burn constant volume vessel, the fuel is injected in a chamber whose pressure,
density, and temperature are representative of the thermodynamic conditions encountered in the combustion chamber of a real engine at the injection timing. This requires
the ability to reach high temperatures and density, which
are achieved by the combustion of a ﬂammable mixture,
generally referred as “pre-burn”. The experimental methodology can be summarized in four main phases:
(i) Sequential gas ﬁlling: the chamber is ﬁlled with the
pre-burn gases in precise proportions.
(ii) Pre-burn: a premixed combustion is triggered by a
spark plug to increase the temperature and the pressure of the gas. The product composition (e.g., O2
content) is the experiment target value.
(iii) Cool down: the heat ﬂux towards the walls decreases
progressively the gas temperature and pressure.
(iv) Injection: when the gases reach the target temperature, the fuel is injected.
It is important to underline that the time scale of the
injection (~1.5 ms) is short compared to the cool down time
scale (2–3 s). Therefore, the pressure and the temperature
can be assumed constant during the injection event. The
details of these phases are presented in [2, 8].
2.2. PPRIME
In PPRIME, a ﬂat piston RCM is used for the study of
ECN spray A. This device was previously used to study

auto-ignition phenomena. More details about its standard
conﬁguration can be found in [21–24]. The schematic of
the RCM is shown in Figure 2. PPRIME RCM performs
a single shot experiment in two steps:
(i) Rapid compression of approximately 35 ms (approximately 1050 cm3 displacement and a CR of 9:1).
(ii) Constant volume stage of approximately 500 ms.
When controlling the initial gas temperature, pressure
and composition, a wide range of conditions can be achieved
at the end of compression while the volume is kept
constant.
The RCM has optical access to the entire volume at
TDC without any distortion, thus facilitating the use of
optical diagnostics techniques. The ECN injector
(#306.14) is centrally mounted on the upper side of the
RCM. The same side is also equipped with: (i) a cartridge
heater having an integrated thermocouple, (ii) an intake/
exhaust valve and (iii) a Kistler 6125 piezoelectric pressure
sensor. Three of the four lateral sides are equipped with
Sapphire windows. The entire RCM cylinder body is
covered with Watlow Silicon rubber heaters. All heaters
are controlled to reach an initial gas temperature of
363 K. The injector is connected to a GM 97303659 rail
through a 24 cm length high-pressure tube while the fuel
return line is connected to a TESCOM 44-1700 backpressure regulator. A Kistler 4067E fuel pressure sensor is
installed at 7 cm from the injector inlet. The fuel is pressurized using a Maximator GSF300 hydro-pneumatic pump.
The RCM settings used to reach the ECN spray A test conditions are summarized later in Table 1. The ﬂat piston
used in the current RCM conﬁguration is known to generate substantial temperature heterogeneities caused by the
internal aerodynamics [23, 25]. The piston cylinder motion
generates roll-up vortices that mixe the cold boundary layer
with the warmer bulk gas. At the end of the compression,
the piston stops at the TDC and the vortices get smaller
by the effect of viscous dissipation, while making the gas
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Fig. 2. Schematic of PPRIME institute RCM. (a) General view: (1) hydraulic cylinder, (2) cam, (3) guiding wheel, (4) brake system,
(5) return pneumatic cylinder, (6) piston/cylinder, (7) combustion chamber. (b) Zoomed section view on the piston cylinder assembly.

Table 1. Comparison of IFPEN, PPRIME, and PRISME vessels when set for spray A experiments.

Vessel
3

Volume at SOI (cm )

IFPEN

PPRIME

PRISME

CVP

RCM

NOSE (RCM)

1400

131

Displacement

–

1050 cm

Compression ratio

–

9:1

Injector mounting

Center side window

~240
3354 cm3

3

15:1

Center upper window Center upper window

Injector tip protrusion from wall (mm)

3

4

4 and 6

Gas composition at SOI: inert (% mol)

N2/CO2/H2O: 88.5/9.3/2.2

N2/Ar: 58/42

N2: 100

O2/N2/CO2/H2O:
15/73.5/9.3/2.2

O2/N2/Ar: 15/40/45

O2/N2: 15/85

1.21

0.89

1.14

Sequential

Premixed

Premixed

473

363

373

Cylindrical

Square

80 mm diameter

50  50 mm

5

3

4

306.15

306.14

306.19

Gas composition at SOI: reactive (% mol)
Heat capacity Cp at SOI (kJ/kg K)
Gas ﬁll
Wall/body temperature (K)
Optical access
Window size
Number of optical access
Injector #

temperature more homogeneous. Thus, the injection is
placed later in the post-compression period (approximately
74 ms after TDC) to allow reaching a reasonably homogeneous and quiescent ﬂow as required for the ECN spray
A conditions. A typical RCM pressure proﬁle is illustrated in Figure 3. At inert conditions (O2 mol% = 0),
the comparison of cases with and without injections
shows how the evaporated spray cools down the temperature inside the chamber as the in-cylinder pressure

Rectangular
2

80  25 mm2

decreases after the injection. At reactive conditions
(O2 mol% = 15), the spray combustion induces a signiﬁcant
pressure rise of approximately 10 bar. The relatively small
volume of the RCM chamber (131 cm3 at TDC) explains
this pressure increase. The ambient gas temperature was
measured with thin wires (7.6 lm) type K thermocouples
and using a pre-calibrated acquisition system (QuickDAQ
DT9805). According to the hardware manufacturer, this
device is capable of recording the junction temperature at
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Fig. 3. Typical pressure proﬁle of inert and reactive conditions
at spray A conditions in PPRIME.

a sampling rate of 10 kHz with an accuracy of 0.2 K. The
thermocouple wires used have a high purity level that meet
the type K standard, which has an error level of ±1 K.
Further details about the measurement technique and the
calculation of the gas temperature are reported later in
Section 4.2.4.
2.3 PRISME
The experimental apparatus at PRISME is referred to as
New One Shot Engine (NOSE). It was developed based
on the Rapid Cycling Machine (RCYM) concept. This facility is designed to study the combustion at conditions
relevant to recent Compression Ignition (CI) engines. A
single-cylinder low-speed diesel engine (standard power:
13.4 kW at 750 rpm) is used as shown in Figure 4a. The
engine displacement volume is 3354 cm3 (the bore and
stroke are respectively 155 mm and 177.8 mm) and the
CR is 15:1. The original cylinder head is replaced with a
customized optical chamber equipped with four quartz
windows (25 mm thick, 25 mm wide, and 80 mm long).
Different cross-section views of this chamber are presented
in Figures 4b–4d. The chamber has a rectangular prism
shape of 44  44  90 mm length (240 cm3 total volume).
The ECN injector (#306.19 [8]) is centrally mounted on the
upper side. The piston head is designed to achieve a nearquiescent gas condition at the top dead center, by optimizing the roof angle, which is set to reduce the squish effect.
The engine coolant ﬂow and temperature are set to control
the initial temperature before compression. The optical
cylinder head is equipped with four cartridge heaters placed
in the four corners and a type K thermocouple is used
to monitor the wall temperature. This system allows
controlling the injector nozzle temperature. The NOSE
combustion chamber has four gas connections: intake, air,
vacuum and exhaust as illustrated in Figure 4. The intake
connection is used to supply the vessel with working gases.
Up to four gases (usually N2, O2, NO, and CO2) can be supplied while controlling the amount of each gas. Mass Flow
Controllers MFC (Brooks 5860S combined with 5850S)

5

are used for this purpose. A liquid MFC is also installed
on the same line, which allows injecting liquids in the chamber. At the end of the experiment, the gases are released
through the exhaust connection. Then, the chamber is
purged with air through a dedicated connection for at
least 10 s. Before starting a new experiment, the valves
are closed and a vacuum pump is used to empty the chamber from all residual gases. The optical cylinder head is
equipped with a piezoelectric pressure sensor (Kistler
7001). A National Instrument (NI) Compact RIO system
is used to control the setup and to acquire the parameters
of interest. Particularly, the in-cylinder pressure and
temperature, the injector current and the encoder crank
angle pulses are logged at 250 kHz. PRISME-NOSE is
driven by a brushless (permanent magnet rotor) DC electric
motor (Phase-AutomationÓ U31340). The torque and
engine speed are controlled with a dedicated electric driver
(Phase-AutomationÓ axM300-400) through the LabVIEW
interface of the NOSE setup. First, a reverse mode is activated and the piston is moved from 180 CAD before
TDC to 280 CAD before TDC. The system is then switched
to velocity feedback mode based on a closed loop control.
The high accuracy engine speed measured with the encoder
is used to impose an optimized piston velocity proﬁle (rapid
compression < 40 ms and steady state at TDC 10 ms). This
method reduced the piston static friction and smoothed the
piston motion. It also provides a satisfying repeatability of
the piston velocity proﬁles. A comparison of the target and
measured piston velocity is presented in Figure 5 demonstrating the effectiveness of the closed loop feedback control-mode. To reach the ECN spray A target conditions,
the PRISME-NOSE is operated with a coolant temperature
set at 356 K and an initial pressure of 1.8 bar (for inert
experiments with N2). The optical cylinder head is heated
up to reach 363 K in the injector nozzle region. Figure 6a
illustrates the pressure, temperature, and density proﬁles
obtained with these initial conditions. Figure 6b demonstrates the good repeatability of experiments at the SOI.
More details about the NOSE can be found in [26, 27].
The time-resolved gas temperature is measured with thin
wires (12.7 lm) type K thermocouples and using an
AD595CQ ampliﬁer coupled to NI Analog Input module.
Further details about the measurement technique are
reported later in Section 4.2.5.
2.4 Comparison
The main features of the experimental facilities together
with the settings for spray A experiments are compared
in Table 1. Unlike CVP, PPRIME, and PRISME RCM
reach the spray A target conditions through volumetric
compression without the need for a pre-burn event. Therefore, the gas composition is relatively simpler in these
devices. In PPRIME RCM, the lowest available CR is used
to maximize the volume at the SOI (131 cm3). A controlled
amount of Argon is added to N2 and O2 mixture to adjust
the gas density and the heat capacity ratio, which enable
reaching the target conditions. In PRISME NOSE, the
compression ratio has been adapted to reach these conditions by using only the target ratio of O2 and N2. For reference, the heat capacity Cp at spray A conditions is reported
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Fig. 4. The NOSE chamber: (a) the overview of real image, (b) the cross-section view in middle plane of chamber, (c) the top-view
without chamber head, and (d) the cross-section view A–A without chamber head.

in Table 1, since this parameter has a primary role in the
resulting temperature of the fuel-gas mixture and therefore
it might have a non-negligible impact on the spray liquid
length, ignition delay and lift off length. Similarly to
PPRIME RCM, the volume of PRISME NOSE chamber
at the time of injection (240 cm3) is signiﬁcantly smaller
than the one used in IFPEN CVP. The RCM devices have
an order of magnitude smaller volume and their wall/body
temperatures are 100 K lower compared to IFPEN, while
the injector nozzles are protruding similarly.
In the early ECN studies [2, 3], the spray experiments
are always performed after a proper characterization of
the boundary conditions. This step, often referred to as
the “standardization”, assures the accuracy of boundary
conditions by: (i) providing a detailed list of conditions,

which are not often considered in other studies (e.g., fuel
temperature, gas velocities, etc.), (ii) sharing and discussing
the characterization methodologies employed, together
with the related uncertainties. In this work, the attention
is focused on the characterization of three main boundary
conditions:
– The gas velocity (this will be detailed in Sect. 3).
– The injector nozzle temperature (this will be detailed in
Sect. 4.1).
– The gas temperature (this will be detailed in Sect. 4.2).
In the following, the results related to these characterizations will be presented and discussed.
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based on a time averaging of 198 velocity ﬁelds and following
the equations described in the next Section 3.2.
3.1.3 PRISME
In PRISME, similar high-speed PIV measurements
were performed using a dual Hawk-HP Nd–Yag laser
(9.4 mJ/pulse, 532 nm at 2.5 kHz) and a Phantom CMOS
camera. The NOSE chamber was also seeded with Silicon
oil droplets and the laser sheet was placed in the center
plane (an illustration is presented in Fig. 9). The velocity
vectors are calculated using again a time series pyramid
sum of correlation algorithm but using a decreasing window
size of 64  64 – 16  16 with 50% overlap.
3.2 Velocity and turbulence at spray A conditions
Fig. 5. NOSE operation: comparison of the feedback and
command velocities as a function of time referenced to the
initial position (280 CAD before TDC).

3 Characterization of the gas velocity
3.1 PIV optical setup
3.1.1 IFPEN
The PIV setup used in IFPEN is detailed in [28], where
inert experiments were performed. A 10 kHz dual cavity
YLF laser was used to illuminate the seeded combustion
chamber. A Photron SA1 CMOS camera equipped with a
Nikkor 50 mm f/1.2 lens was used to acquire the images
at 20 kHz. The laser pulses had a 2 ls time delay, thus this
time constant was used to calculate high velocity levels.
Lower velocities were calculated using the 100 ls time step.
The ROI was centered on the spray axis and has 56 mm
width and 74 mm long (image resolution 8 mm/pixel).
A sketch of the layout is presented in Figure 7.
3.1.2 PPRIME
In PPRIME, high-speed 2D PIV technique was performed
to study the ﬂow characteristics of the RCM at test conditions similar to those set for spray A experiments. A Mesa
PIV Nd-Yag laser has been used to generate laser pulses
at 10 kHz. The laser sheet was placed in the RCM center
plane (coplanar to spray axis) and the chamber was seeded
with Silicone oil droplets. A schematic of the PIV setup is
presented in Figure 8 (more details are reported in [24]).
The RCM settings are summarized in Table 2. The CR
and the target density are similar to those used for spray
A experiments (see Tab. 1). However, a lower target compression temperature is used to avoid the evaporation of
the seeded oil droplets. This has a minor inﬂuence on the
internal aerodynamics of the RCM. The characterization
of the ﬂow is focused on the injection period (tinj ± 10 ms).
The velocity vectors are calculated with a time series pyramid sum of correlation algorithm [29] and using a decreasing
window size of 128  128 – 32  32 with 50% overlap (vector
density 1.28 per mm). The turbulence level was estimated

In PPRIME RCM and PRISME NOSE, the 2D PIV measurements were used to estimate the turbulence levels at the
SOI. The calculations are based on time averaging in the
range SOI ± 10 ms (using 198 velocity ﬁelds in PPRIME
and 50 in PRISME). In IFPEN CVP, the 2D PIV measurements were more focused on the aerodynamics of the spray
[28]. Only a limited number of ﬂow ﬁelds are available without injection. Thus, the turbulence was estimated based on
the ensemble averaging and using 73 velocity ﬁelds measured at the SOI.
The following equations are used for the calculation of
the average velocity, the RMS and the turbulent kinetic
energy TKE:
V ðx; y Þ ¼

N
1 X
V ðx; y; tÞ;
N t¼1

vﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
u
N
u 1 X

2
V ðx; y; t Þ  V ðx; y Þ ;
rðx; y Þ ¼ t
N  1 t¼1

2 !
1
r
ð
x
Þ
þ
rðyÞ
rðxÞ2 þ rðyÞ2 þ
TKE ¼
:
2
2

ð1Þ

ð2Þ

ð3Þ

The PIV results from PPRIME RCM, PRISME NOSE, and
IFPEN CVP are presented in Figures 10–14 and
summarized in Table 3, where spatially averaged data are
compared to results reported in [30].
The data from all ECN facilities reported in Table 3
show that they comply with the spray A ambient gas
near-quiescent condition. The standard condition implies
that the maximum and average velocity at the SOI is lower
than 1 m/s. However, different levels of velocities and
turbulence are observed: the values in PPRIME RCM and
Caterpillar CPF are an order of magnitude higher than in
Sandia and IFPEN CVP. It is worth reminding that the
turbulence level is dependent on the fan speed in CVP
vessels. Higher fan speed would generate more temperature
homogeneity but too high turbulence. As it was highlighted
in [13], small differences in the turbulence level and the
nozzle diameter between different ECN facilities are
expected to cause a vapor distribution signiﬁcantly different.
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Fig. 6. Thermodynamic condition of NOSE operation: (a) an example of pressure, temperature and density temporal evolution,
(b) pressure and temperature evolutions from 20 ms to 20 ms after TDC for 10 repeated tests.

Fig. 7. Schematic of the PIV setup in IFPEN.

Fig. 8. Schematic of the PIV setup in PPRIME.

Thus, the early stages of the fuel-air mixing might be
affected and lead to different ignition behaviors. This will
be further investigated in [20], where spray behavior in
current facilities will be compared. Although all facilities

comply with the near quiescent condition, the estimated
TKE is signiﬁcantly different from one vessel to another.
This also encourages considering a more realistic velocity
and turbulence level when simulating the spray A.
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Table 2. RCM test conditions for PIV experiments.
Compression ratio CR
Wall temperature
Gas composition
Average density
Pressure at TDC
Temperature at TDC

9 (volume at TDC = 131 cm3)
291 K
CO2/N2/Ar 4.75/52.53/42.72% mol
23.5 kg/m3
51.6 bar
Tc = 767 K

Fig. 9. Schematic of PIV setup in PRISME.

Fig. 10. Average and standard deviation of velocity magnitude
at time of injection (IFPEN CVP using ensemble average).

Fig. 11. Average and turbulent kinetic energy at time of
injection (IFPEN CVP using ensemble average).

4 Characterization of temperature boundary
conditions

sac [3, 9]. Therefore, considering the long time between
two consecutive injections (>60 s) it can be considered that
the fuel and the injector nozzle reach the same temperature.
In current study, the injector nozzle temperature is measured with a dummy injector instrumented with a type K
thermocouple. The same device was used in previous
ECN characterizations [2, 3, 9]. At IFPEN, the CVP walls
are heated up to ~473 K and thus, the injector is water
cooled down to the reference 363 K. In PPRIME RCM
and PRISME NOSE, the walls are heated respectively to
363 K and 373 K. This ensures that the injector nozzle
temperature is on the target standard value. In Figure 15,

4.1 Injector nozzle temperature
The injector nozzle temperature is an important parameter for spray characterization. It is considered highly
representative of fuel temperature, which has a ﬁrst order
inﬂuence on spray evaporation and auto-ignition [9]. At
spray A reference conditions, it is estimated that all the
injected fuel, for injections up to 4 ms long, is originally
contained in a distance lower than 4 mm from the nozzle
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Fig. 12. (a) Average and (b) standard deviation of velocity magnitude at time of injection ±10 ms (PPRIME).

Fig. 13. (a) Average and (b) turbulent kinetic energy at time of injection ±10 ms (PPRIME).

the average nozzle temperatures measured with the dummy
injector during a spray A experiment in IFPEN CVP and
PPRIME RCM are compared. At the start of experiment,
the temperature is well set on the target value. However,
the pre-burn event in the CVP and the rapid compression
of the RCM induce an increase of the nozzle temperature.
At the instant of injection, the nozzle temperature on the

CVP increases, up to 10 K higher than at the start of
experiment. The increase is less pronounced on the RCM
(approximately 1 K). Considering also the measurement
performed in [2], it is reasonable to expect that the short
time scale of the pre-combustion event does not affect
signiﬁcantly the fuel and nozzle temperature (<20 K).
However, despite the small fuel volume interested by the
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Fig. 14. (a) Average velocity magnitude ﬁeld and (b) turbulent kinetic energy ﬁeld at SOI (PRISME).

Table 3. Comparison of turbulence characteristics: Sandia CVP and Caterpillar CPV reported in [17, 30].
Institution vessel
AVG velocity
TKE
*

Caterpillar CPF

Sandia CVP*

IFPEN CVP

PPRIME RCM

PRISME NOSE (RCM)

0.12 m/s
0.008 m2/s2

0.03 m/s
0.0005 m2/s2

0.024 m/s
0.0062 m2/s2

0.282 m/s
0.0125 m2/s2

0.043 m/s
0.00003 m2/s2

Fan speed = 1000 rpm.
injection, we cannot exclude some fuel temperature gradient during the injection. According to what is reported in
[9], 10 K difference in the fuel temperature could cause a difference in liquid length of ~0.3 mm and 0.1 mm in lift-off
length. The effects of boundary conditions on the spray
characteristics will be further discussed in [20].
4.2 Gas temperature measurements
4.2.1 General methodology

Fig. 15. Comparison of the injector nozzle temperature in
IFPEN CVP and PPRIME RCM. The time is referenced to the
SOI.

Many optical diagnostic techniques could be used for local
temperature measurements at ECN test conditions. A brief
review of these methods is presented in Table 4 [31].
In RCMs and CPFs, where oxygen free gases can be used,
Laser Induced Fluorescence (LIF) with different tracers
(acetone [32], toluene [33], or anisole [34]) could be considered. LIF methods can provide spatially resolved information, which would facilitate the characterization of the
combustion vessels used for ECN spray studies. However,
it could have limitation at relatively high temperature, as
the tracer pyrolysis should be considered when calculating
the temperature from the ﬂuorescence signal. In addition,
thermal quenching signiﬁcantly reduces ﬂorescence signal
at high temperatures (e.g., 900 K), increasing measurement uncertainties. Laser Rayleigh scattering [35–37] is
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Table 4. Summary of optical diagnostic techniques that could be used in ECN spray vessels [31].
Temperature
range
min/max
(°C)

Response/
transient
capability

Accuracy

Commercially
available/
relative cost

General
description

Rayleigh scattering

20/2500

Very fast/yes [43]

1%

No/very high

Non-intrusive.
Can be susceptible to
background interference.

Raman scattering

20/2227

Very fast/yes [44]

7%
2% [45]

No/very high

Non-intrusive.

Coherent Anti-Stokes
Raman Scattering
(CARS)

20/2000

Fast/NA

5%

Yes/very high

Non-intrusive.

Laser Induced
Fluorescence (LIF)

0/2700

Very fast/yes

10%

No/very high

Non-intrusive. Can be
limited by quenching
phenomena.

Laser absorption
spectroscopy

20/2500

Very fast/yes [40]

15%
5% [40]

Yes/low

Non-intrusive. Line of
sight averaging (limited
special resolution).

250/2000

Very fast/yes

0.1–5%

Yes/high

Semi-intrusive.

0/2300

Fast/yes

1.4–5% [41, 42]

No/high

Non-intrusive.

Method

Thermographic
phosphors
Interferometry
Laser Induced Grating
Spectroscopy (LIGS)

commonly used in gas phase thermometry. However, this
technique can be limited by the background interference,
which causes a too low signal to noise ratio. Laser absorption thermometry [38, 39] is relatively easy to install and
can be time-resolved [40]. The measurement is performed
in the line of sight, which makes the method not suitable
for the assessment of temperature gradients. Recently,
Laser Induced Grating Spectroscopy (LIGS) was successfully performed to measure temperature at ECN like conditions [41, 42]. This method measures local temperature with
a relatively good accuracy and can be time resolved. Thinwire thermocouples are easier to install and can perform
similar measurements. However, they are more intrusive
compared to LIGS.
4.2.2 Thin-wire thermocouple thermometry
Thermocouple thermometry is often used for the study of
temperature ﬂuctuations in turbulent ﬂows [46, 47]. The
proper design of these sensors and the use of extremely thin
wires enable fast response with a relatively good accuracy.
The study of their time response is usually performed based
on the theory of frequency response [48–51]. To have a fast
response thermocouple, the sensor should be bare-bead with
junction on wires as small as possible. It is recommended to
ground isolate the junction to reduce the noise potentially
caused by Electro-Magnetic Interference (EMI). The welding of the junction on extremely small wires can be achieved
using capacitive discharge technique after an optimization
of the discharge parameters. Recommended settings for

this method are described in [52]. Thermocouples measure
the temperature of the junction based on the Seebeck effect.
To measure gas temperature, the heat exchange around the
sensor must be modeled [47, 53]. Assuming energy conservation on the junction, the gas temperature Tg and the junction temperature Tj can be correlated. The main heat
exchanges on the junction are through: (i) convection
between gas and junction, (ii) radiation between walls
and junction, (iii) conduction between junction and the
prongs. The heat transfer by dissipation is often neglected
at relatively low ﬂow velocities. The radiation between
the junction and the gas is usually negligible compared to
the radiation to the wall. Catalytic reactions can occur
between the sensor wires and the gas. In such cases, the
heat transfer would depend on the main chemical reactions
involved in this phenomenon. Catalytic reactions make the
sensor more intrusive especially in unstable gas environments. This was the case when using type R thermocouples
in some ECN CVP vessels [2]. The sensor wires can be
coated to avoid their catalytic effect, as proposed in
[47, 54, 55]. However, this would modify the convective
and radiative heat transfers. Based on the previous assumptions, the gas temperature can be modeled as follows:
T g ¼ T j þ ð sh þ sc Þ


dT j re  4
T 1  T 4s ;
þ
h
dt

ð4Þ

where: r is the Stefan-Boltzmann constant, e is the
temperature dependent emissivity (typical value for thermocouple wire can be found in [56]), h is the convection
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Fig. 16. Schematic of the 7.6 lm thermocouple sensor (PPRIME institute): (a) sensor prongs mounting, (b) zoom on the
thermocouple junction welded successfully, (c) zoom on junction having a spherical shape.

heat-transfer coefﬁcient, Ts is the temperature of wall surfaces surrounding the junction, and sh and sc are respectively the time constant of the convective heat-transfer
contribution and the time constant of the conduction
heat-transfer contribution.
In the early studies on cold wires thermometry [57, 58], a
cooled length from conduction lc has been deﬁned to describe
the characteristic length of the conduction heat transfer in
these applications. Applying this theory to thin-wire thermocouples would imply a design condition that will reduce
substantially the errors from the conduction losses. It has
been demonstrated in [47] that conduction losses from the
junction to the prongs through thin-wires can be neglected
if L/lc > 10. Where L is the length of the wires between
the two prongs and lc is deﬁned as follows:
sﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
dw
kw
lc ¼
;
ð5Þ
2 kg Nu
where dw is the wire diameter, kw and kg are respectively
the wire and the gas thermal conductivity, Nu is the
Nusselt number. For typical sensors and gas ﬂow applications, this condition is equivalent to L/dw  400. With
this design condition, the gas temperature can be calculated as:

dT j re  4
T j  T 4s ;
þ
ð6Þ
T g ¼ T j þ sh
h
dt
where sh is:
sh ¼

qj C j d j
;
4h

ð7Þ

qj is the thermocouple junction density, cj is the junction
speciﬁc heat, dj is the junction diameter and h is the convective heat-transfer coefﬁcient, which can be calculated
from the Nusselt number:

Nu ¼

h dj
:
kg

ð8Þ

Many Nusselt correlations can be found in the literature.
Usually, the correlations depend on the ﬂow conﬁguration
and the Reynolds (Re) and Prandtl (Pr) numbers. Collis
and Williams [59] proposed for 0.02 < Re < 44:
 

 T f 0:17
0:45
;
ð9Þ
Nu ¼ 0:24 þ 0:51 Re
Tg
where Tf is the ﬁlm temperature deﬁned by Collis and
Williams [60] as (Tg + Tj)/2. Using the same deﬁnition
of the reference temperature for the ﬂuid physical properties, Kramers [61] proposed a generalized correlation:
Nu ¼ 2 þ 1:3 Pr0:15 þ 0:66 Pr0:31 Re0:5 ;

ð10Þ

and a speciﬁc one for the conﬁgurations where
0.01 < Re < 10 000 and 0.71 < Pr < 1000 [61]:
Nu ¼ 0:42 Pr0:2 þ 0:57 Pr0:33 Re0:5 :

ð11Þ

Churchill and Bernstein [62] proposed a generalized correlation for forced convection heat transfer across a cylinder,
which was validated on a wide range of conditions
(Re Pr > 0.2):
"

5=8 #4=5
0:62 Pr1=3 Re1=2
Re
Nu ¼ 0:3 þ h
:
i1=4 1 þ
282 000
2=3
1 þ ð0:4=PrÞ
ð12Þ
In the case of thin-wire thermocouples designed as described
above, Re and Pr numbers are deﬁned as follows:
Re ¼

U dj
;
mg

ð13Þ
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Fig. 17. Main parameters affecting the measured temperature correction: (a) effect of dw, (b) effect of dj/dw, (c) effect of the gas
velocity U (dw = 7.6 lm), (d) effect of the Nu correlation (dw = 7.6 lm). PPRIME RCM test at spray A target conditions (time axis is
referenced to the end of compression).

Pr ¼

lg C p
;
kg

ð14Þ

where U is the gas velocity, mg is the kinematic viscosity,
lg is the gas dynamic viscosity and Cp is the gas speciﬁc
heat capacity. Thus, the calculation of the gas temperature from the measured junction temperature is highly
affected by the wire diameter dw, the junction size dj/dw,
the local gas velocity U and the Nu correlation.
In PPRIME, the thermocouples used are bare-bead and
ground isolated. The junction is welded on a 7.6 lm type K
wires, which are mounted in a strained position between
similar wires of 200 lm diameter. An illustration of these
sensors is presented in Figure 16. The distance between
the two prongs is approximately 400 times greater than
the wire diameter. In most cases, the junction is perfectly
welded and its size is as small as the wires, as demonstrated
in Figure 16b. In few cases, the junction has a spherical
shape and is slightly bigger than the wires, as illustrated
in Figure 16c. A test run has been performed in PPRIME
at spray A target conditions, using simultaneously two
thermocouples with wires diameters of 7.6 lm and
12.7 lm and mounted in the center of the RCM chamber.
The comparison of the corrected temperature is presented

in Figure 17 to investigate the main parameters contributing in the measurement error. The effects of dw, dj, U, and
Nu correlations are highlighted here. In default error calculation, the velocity considered is time-resolved and estimated from PIV measurements and the Churchill
correlation for Nu (Eq. (12)) is used. The comparison of
the correction (Tg–Tj) in Figure 17a is focused on the compression step where it is demonstrated that the temperature
is homogeneous in both thermocouples locations [23, 25].
The correction is approximately twice higher when using
the 12.7 lm thermocouple. In applications where temperature ﬂuctuates signiﬁcantly, it is expected to have higher
corrections when using thicker wires. The use of smaller
thermocouples substantially reduces the need for correction
and improves the time response of the sensor. It is also
important to consider the effective size of the thermocouple
junction. For instance, this was the case for the welding
presented in Figure 16c. In Figure 17b, it is demonstrated
that an under-estimation of the junction size would result
in an under-estimation of the correction and thus a systematic error on the estimation of the temperature. One of the
difﬁculties of thermocouple thermometry is the proper
estimation of the ﬂuid velocity across the junction. In
Figure 17c, three estimations of the gas velocity have been
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Table 5. Summary of temperature measurement with thermocouples under spray A conditions [2, 3].
Institution Facility Thermocouple
type

Error corrections
Hypothesis

Convection Radiation Estimated
correction

Sandia

CVP

Bare bead
type-R (50 lm):
Pt/Pt+13Rh

Conduction error neglected


dT
4
4
T g ¼ T j þ s dt j þ re
T

T
j
s
h

Yes

Yes

4–10 K
(at 900 K)

TUE

CVP

Bare bead
type-R
(50 lm):
Pt/Pt+13Rh

s ¼ qt C4ht d t

Yes

Yes

4–10 K
(at 900 K)

IFPEN

CVP

Bare bead
type-K
(50 lm):
Ni/Cr

Yes

Yes

4–10 K
(at 900 K)

Caterpillar

CPF

No correction
(temperature
time
averaged)

Yes

–

CMT

CPF

No correction
(temperature
time
averaged)

Yes

–

0:45

KU
h ¼ 0:56
d 0:55 m0:45
j

Sheathed
– Temperature is homogeneous in
type-K
the small volume where the different
(1 and 3 mm): thermocouples with different
Ni/Cr
diameters are placed.
– Temperature is averaged over 10 s


4
4
rem0:45 d 0:55
T g ¼ T j þ 0:56
T

T
0:45
j
s .
kU
Sheathed
type-K :
Ni/Cr

– Temperature is homogeneous in
the small volume where the different
thermocouples with different diameters
are placed.
– Temperature is averaged over 20 s
T g ¼ T j þ kd 0:55 .

used for the calculation of temperature correction for a
7.6 lm thermocouple diameter: “U reference” a time
resolved estimation based on PIV measurements in the
location of the sensor; “U = 3.5 m/s” a constant velocity
whose level is representative of the maximum velocity in
the compression step; and “U = 0.2 m/s” a constant velocity
whose level is representative of average velocity in the
late post-compression step. It is demonstrated that an
over-estimation of the gas velocity would lead to an
under-estimation of the error correction. Conversely,
an under-estimation of the velocity would result in a substantial increase of the error correction and thus an overestimation of the temperature ﬂuctuations. It is then very
important to estimate properly the velocity across the
sensor wires as this parameter highly inﬂuences the convective heat transfer coefﬁcient h. The Nu correlation choice is
also important for the estimation of this coefﬁcient. The
error corrections from the commonly used correlations in
thermocouple thermometry are presented in Figure 17d.
It is demonstrated that the use of the Kramers generalized
correlation (Eq. (10)) would lead to the under-estimation
of the temperature ﬂuctuation in this case. All the other
correlations have similar temperature correction. In conﬁgurations where the junction size is as small as the
wires, it is more suitable to use the Churchill correlation
(Eq. (12)).

4.2.3 Previous gas temperature measurement
in ECN facilities
In most ECN studies, thin-wire thermocouples were used for
the measurement of ambient gas temperature. Mainly, two
types of thermocouples were used (R and K). Type R
thermocouples are easily available and are able to measure
high temperatures (up to 1873 K), which is particularly
needed in CVP vessels. Nevertheless, the catalytic effect of
type R wires (87% Pt/13% Rh–Pt) have limited their use
as uncontrolled pre-burn events may occur, particularly
when the reactant gases are introduced sequentially in the
CVP chamber [2]. Type K thermocouples, despite a lower
maximum measured temperature (approximately 1520 K),
are widely used in many applications and were suitable for
measuring gas temperature in RCM and CPF. Different
methods for “temperature correction” have been used in the
ECN community and many recommendations have been
highlighted to improve the measurement accuracy [2, 3].
Table 5 summarizes the different thermocouples and correction methods used in previous ECN studies. In CPF vessels,
sheathed thermocouples were used since this type of facility
provides steady thermodynamic conditions within the chamber. This conﬁguration of the sensors is not suitable for measuring fast temperature ﬂuctuation as the heat transfer by
conduction has a relatively long time constant. Covering
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Fig. 18. (a) Illustration of thermocouples positions, (b) picture of thermocouples mounted in the center plane of the PPRIME RCM,
(c) position of the thermocouple in the near nozzle measurement tests.

the thermocouple junction makes the sensor more robust,
while it deteriorates its spatial resolution and time response.
4.2.4 Gas temperature measurement in PPRIME
In PPRIME, the temperature is simultaneously measured at
three different locations downstream to the injector nozzle
as illustrated in Figures 18a and 18b (thermocouple 1–3).
Complementary measurements have been performed in
the near nozzle area using a further thermocouple
(thermocouple 4, Fig. 18c). All thermocouples have a
7.6 lm wires and have been designed as recommended in
Section 4.2.2. The temperature correction is calculated using
equation (6) with a time-resolved velocity from PIV measurements and the Nu correlation of equation (12). An
example of the corrected gas temperatures is presented in
Figure 19. The measured temperature is compared to the
adiabatic core temperature Tc, using the following equation:
 
Z Tc
c dT
Pc
¼ ln
;
ð15Þ
P0
T0 c  1 T
where T0 is the initial temperature before compression, c is
the heat capacity ratio, P0 and Pc are respectively the initial
and the compression pressures. This calculated temperature
is representative of the maximum temperature in the RCM
chamber [23, 25]. The local instantaneous measurements
show excellent agreement with this temperature during

Fig. 19. Illustration of the measured temperature from a single
test compared to adiabatic core temperature.

the early stage of compression. In this time range, all
sensors are located in the hot adiabatically compressed
gas region. This demonstrates that the thermocouples have
a relatively fast response and that the correction method is
suitable for the current application. At later stages, the cold
roll-up vortices generated by the piston motion move
toward the upper side of the chamber leading to substantial
temperature heterogeneities. As the piston is kept at TDC
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Fig. 20. Location of the temperature measurement in PRISME. Four thin-wire thermocouples of 13 lm nominal diameter are used:
(a) illustration of measurement positions, (b) picture of thermocouples mounted in the centerline of the NOSE chamber, and
(c) picture of the thermocouple junction.

at the end of the compression, the vortices motion dissipates
progressively while mixing the hot and colder gases. Thus,
the injection timing has been placed at 74 ms after TDC,
when the overall velocity level in the chamber is lower than
1 m/s and the temperature distribution is relatively homogeneous. The averaged gas temperature from ﬁve repeated
tests measured in 10 different locations is 925 K. The standard deviation of the average temperature through the different positions is 18 K.
4.2.5 Gas temperature measurement in PRISME
In PRISME, four type K thin-wire thermocouples have been
installed in the optical cylinder head of NOSE. The ambient
gas temperature is measured at different locations as illustrated in Figures 20a and 20b, where the spatial coordinates
are referenced to the injector tip position. The thermocouple
wires have a nominal diameter of 13 lm approximately. The
junction has a spherical shape of approximately 39 lm
diameter, a picture of the bead is reported in Figure 20c.
The temperature correction is calculated with equation (6)
and the Nu correlation of Kramers equation (10) using an
average constant velocity (U = 0.1 m/s, estimation based
on PIV measurements presented in the Sect. 3.2). An example of ambient temperature measurement with thermocouple no. 2 is illustrated in Figure 21. The correction of
measured temperature is signiﬁcantly higher during the
compression and later in the expansion stage. Most likely,
this is explained by the important temperature rise/decay
rate in these periods. The average and standard deviation
of the measured temperature from 10 tests is presented in
Figure 21b. Up to 5 ms after TDC, the temperature is stable.
As the temperature starts to decrease, more heterogeneities
are observed. In this period of interest (10 ms after TDC),
the pressure and density decrease slightly, from 59.8 bar to
59.3 bar and from 22.8 kg/m3 to 21.7 kg/m3. The temperature ﬂuctuation in this period is around 1.6% of the target
value.

4.2.6 Time resolved temperature measurement
in the near-nozzle area
The temperature heterogeneities observed in CVP and
RCM vessels are mainly generated by the heat transfer to
the walls. In most cases, the injector nozzle protrudes few
millimeters inside the vessels and this makes the temperature in the near wall area very important for the interpretation of the spray characterization results.
A thin-wire thermocouple, labeled thermocouple 4 in
Figure 18, was placed at 0.3 mm from the injector nozzle
in PPRIME. The temperature is measured during the injection under inert and reactive conditions and compared to
temperature measurement without injection (compression
test). In inert experiments, the exact position of thermocouple 4 is (0.3, 0.3) on the (x, y) coordinates illustrated in
Figure 18a. In reactive experiments, the exact position of
thermocouple 4 is (3.5, 0.3) as the sensor has been pulled
away from the nozzle to avoid damaging it during the combustion at the EOI. The comparison of these measurements
is presented in Figure 22, where the theoretical maximum
temperature (obtained from the pressure measurement
and the adiabatic core hypothesis) is also reported.
Figure 22a shows that, in the inert case, the temperature
signiﬁcantly decreases immediately after the start of the
injection (in average 50 K lower at the EOI). Considering
that the thermocouple is not directly faced to the spray ﬂow
and that the temperature decrease is signiﬁcantly larger
than the one indicated by the pressure-derived calculation,
it can be concluded that the thermocouple is measuring a
local effect. This effect is most likely caused by the colder
gases from the boundary layer, which move towards the
spray region following the gas-entrainment up to the EOI.
The increasing difference between the cases with and without injection observed 20–40 ms after SOI in inert cases is
related to the evaporated fuel, which mixes with the
compressed hot gases and generates further temperature
heterogeneities that are transported and diffused to the
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Fig. 21. Illustration of typical temperature proﬁle in PRISME (thermocouple 2): (a) example of density, pressure, and temperature
proﬁles around TDC, (b) average temperature proﬁle at 900 K target condition, shaded-error bar represents the standard deviation of
10 measurements.

Fig. 22. Temperature measurement in the near nozzle region: (a) at inert conditions, (b) at reactive conditions.

entire RCM chamber. The temperature of the fuel-air mixture after the complete mixing (~40 ms after SOI) is
approximately 200 K lower than the compression test case.
In reactive case, the fuel combustion induces a signiﬁcant increase of the in-cylinder pressure and temperature.
This is clearly demonstrated in Figure 22b where the measured temperature increases substantially after the spray
ignition. A similar variation is also observed on the pressure-derived temperature. Due to the short ignition delay
time and the position of thermocouple 4 in reactive cases,
it is not possible to observe the cooling effect of the spray
gas-entrainment. Conversely, the temperature of the
entrained air is increasing progressively caused by the combustion event up to approximately the EOI. The spray
combustion generates further temperature heterogeneities
as the hot combustion products are mixed with air and
are transported to the entire RCM chamber, which explains

measuring higher temperature ﬂuctuations at approximately 40 ms after SOI. These additional heterogeneities
have been observed on Schlieren images (see Fig. A1),
which consolidate the above interpretation and explain
why the maximum measured temperature is higher than
the pressure-derived adiabatic compression temperature at
these instants.
ECN vessels have shown different levels of temperature
heterogeneities. The standard deviation of the overall
measured temperature is around 5% [30]. These nonhomogeneitied are often not considered in the spray modeling and simulation. So far, more efforts have been spent by
the community on the development of adequate chemical
kinetic models for the spray. The above temperature
measurements during the injection demonstrate that the
entrained gas temperature is highly dependent on these
heterogeneities. This would inﬂuence the spray behavior,
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Fig. 23. Comparison of the averaged normalized temperature measured in different ECN facilities: (a) temperature heterogeneity
in the spray axis, (b) temperature heterogeneity in the transverse axis at 40 mm from the injector nozzle. IFPEN and Sandia data
from [3].

particularly the ignition delay and the lift-off length, which
are sensitive to ambient gas temperature [63]. Thus, it
would be more suitable to consider the speciﬁc temperature
distribution of a vessel in the simulation works aiming to
validate new models against experimental data.
4.2.7 Comparison of temperature homogeneity
in ECN spray A vessels
The characterization of the boundary conditions in different
ECN facilities has been reported in [2, 3]. The ambient gas
temperature was pointed out as one of the key parameters
that inﬂuences the spray behavior, particularly the ignition
delay and the lift-off length. The reported temperature
heterogeneities in [2, 3] is reviewed in Table 6 and compared
to RCM results from the present study. In CPF and CVP,
lower temperature levels are observed in the near nozzle
region. This is illustrated in Figure 23a for IFPEN and
Sandia CVP vessels; the temperature is approximately 6%
lower at the nozzle location compared to downstream in
the spray axis. RCMs data from PPRIME and PRISME
show relatively more homogeneous levels through the spray
axis. In PPRIME particular case, the combustion chamber
is small (the piston is located at approximately 45 mm from
the injector). Lower temperatures and higher heterogeneities (high test-to-test standard deviation) are observed
downstream of the spray axis. In the transverse direction
(Fig. 23b), signiﬁcant temperature gradients are observed
in CVP vessels and this is caused by the buoyancy effect
[2]. This phenomenon is not observed in RCM vessels as
the time constant needed to reach the spray A conditions
is an order of magnitude shorter. In addition, the injectors are mounted in the upper side of the RCM chambers.
Nevertheless, a small gradient is observed, as the temperature is lower near to the lateral walls, which are located at
approximately 25 mm from the spray axis. Thus, in RCM
devices, where the ﬂow pattern is usually axisymmetric,
the temperature is higher in the core region. The assessment of temperature heterogeneity through the standard

deviation of measured temperature at SOI shows higher
levels in the RCM of PPRIME. Most likely, the thermocouples used in PPRIME have a faster time response and thus
they are more sensitive to temperature ﬂuctuations. In
addition, PPRIME RCM has the lowest wall/body temperature, compared to the other ECN facilities presented in
Table 6.
In most ECN facilities used for spray A experiments, the
ambient temperature has been measured with thermocouples. The time response of these sensors is a key parameter
that reﬂects how good the temperature ﬂuctuations can be
detected. The sensors should be as fast as possible to capture properly the temperature heterogeneity level in each
vessel. Suitable thermocouples would be made of thin-wires
(as small as possible) and should have a bare junction. The
application of temperature correction is needed to estimate
the gas temperature from the junction temperature and
thus consider the time response of the sensor. In the current
work, it has been demonstrated that a careful design and a
proper calculation of the correction factors can provide a
relatively accurate measurement. Sheathed thermocouples
will not have a time response sufﬁciently short for temperature ﬂuctuation measurements. The corrected temperature from such sensors should consider the conduction of
heat through the sensor body and this reduces substantially
the spatial resolution of the measurement. Despite the use
of different sensors, all spray A vessels displayed a certain
temperature heterogeneity; in region occupied by the spray
axis, the temperature deviates of maximum 6% from the
average temperature as a consequence of thermal stratiﬁcation. Nevertheless, each facility has its own speciﬁc heterogeneity level and pattern. It can also be observed that RCM
facilities have smaller heterogeneities compared to CVP
vessels. This fact is probably related to the short time
elapsed between the gas compression and the injection
event and the lower maximum temperature. While in
CVP vessels, approximately 700 ms separate the pre-burn
event from the SOI. This delay is needed to cool the
pre-burn product gases down to the target temperature.
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Table 6. Temperature heterogeneities levels at spray A conditions.
Institution

Facility

Thermocouple type

Wall
temperature

Heterogeneity level

Sandia [2, 3]

CVP

Type-R (dw = 50 lm):
Pt/Pt + 13 Rh

461 K

Std at 40 mm downstream of spray axis: 11 K
45 K lower near the injector holder
±1% variation in spray axis
±4% variation in vertical axis ±15 mm

TUE [2, 3]

CVP

Type-R (dw = 50 lm):
Pt/Pt + 13 Rh

443 K

Std at 40 mm downstream of spray axis: 12 K

IFPEN [2, 3]

CVP

Type-K (dw = 50 lm):
Ni/Cr

473 K

Std at 40 mm downstream of spray axis: 14 K
±2% variation in spray axis
<±4% variation in vertical axis ±15 mm

Caterpillar
[2, 3]

CPF

Type-K (dw = 1 and 3 mm):
Ni/Cr

800 ± 5 K 14 K lower near the injector holder (892–906 K
within 3 mm from the injector)

CMT [2, 3]

CPF

Type-K: Ni/Cr

800 ± 5 K Std in center volume downstream of spray axis:
2.3 K (1 Hz logging)
10 K lower near the injector holder (895–905 K
within 3 mm from the injector)

PRISME
(Orleans)

NOSE
(RCM)

Type-K (dw = 13 lm,
dj = 38.9 lm)

373 K

Std at 30 mm downstream to the spray axis:
1K
±0.2% variation in spray axis
±0.3% variation in vertical axis (at ±12 mm
assuming symmetry)

PPRIME
(Poitiers)

RCM

Type-K (dw = 7.6 lm,
dj = ~7.6 lm)

363 K

Std at 40 mm downstream to the spray axis:
21 K
±1.7% variation in spray axis
±1.6% variation in vertical axis (at ±12 mm
assuming symmetry)

Table 7. Summary of the boundary conditions in IFPEN, PPRIME and PRISME vessels.
Institution
Vessel
Pressure at SOI

IFPEN

PPRIME

PRISME

CVP

RCM

NOSE (RCM)

60.1 ± 0.2 (inert)

47.9 ± 0.8 (inert)

60.9 ± 0.5 (inert)

58.6 ± 0.2 (reactive)

47.8 ± 0.4 (reactive)

59.8 ± 0.5 (reactive)

3

22.86 ± 0.01

21.1*

22.2*

3

24.46*

23 ± 0.2

24 ± 0.2

892 ± 9

925 ± 15

904 ± 5

Tcore/Tbulk

1.07

1.09

1.08

Maximum velocity at SOI (m/s)

<1

<0.7

<0.2

Core density at SOI (kg/m )
Bulk density at SOI (kg/m )
Tcore at SOI (K)

*

Symbol for values deduced from Tcore/Tbulk estimation.

In RCM, the cool down is an order of magnitude shorter,
thus the total wall heat-losses would be signiﬁcantly lower.
The measurement of the entrained gas temperature
during the injection demonstrates the importance of the
near wall gas temperature in the overall spray mixing pro-

cess and this highly encourages considering a more realistic
temperature ﬁeld when simulating spray A experiments.
The overall boundary conditions of IFPEN CVP,
PPRIME RCM, and PRISME NOSE vessels are
summarized in Table 7. The comparison of the measured
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temperature Tcore and the calculated average temperature
Tbulk conﬁrms that similar global temperature heterogeneities are expected in these devices. However, small differences in Tcore at SOI are observed, with PPRIME RCM
having the highest value. These differences, caused by both
spatial heterogeneity and test-to-test variation, make the
estimation of a density representative of the experiments
very challenging. The bulk and core densities reported in
Table 7 show signiﬁcantly different values because of the
differences between calculated and measured average temperatures. It is worth reminding that considering a constant
ambient pressure, the local gas density is expected to have a
distribution directly correlated to the local temperature.
Thus, it is more relevant to consider this local core density
for the deﬁnition of a standard target value. This implies
that the gas temperature should be characterized extensively in all the locations of the spray region. Particularly,
the current work highlights the necessity to measure temperature in the near nozzle and wall regions. The gases in
these areas may be entrained to the spray region during
the injection and are expected to have a signiﬁcant effect
on the spray behavior.
In addition, due to the difference in gas composition in
PPRIME, the target density was reached at pressures significantly lower than in IFPEN CVP and PRISME NOSE
vessels. It is worth reminding that the spray A experiments
have to be performed at target density, while the pressure
is adjusted according to the gas composition used in the
vessel. The effect of different pressures and densities on the
spray behavior will be investigated in part 2 of the paper [20].

5 Summary and Conclusion
In the current paper, the characterization of boundary
conditions in different ECN facilities at spray A conditions
is reviewed. Particularly, two new vessels based on rapid
compression are characterized in details and compared to
other facilities employed in ECN community.
The PPRIME RCM and PRISME NOSE have an order
of magnitude smaller volume and their body/wall temperatures are 100 K lower compared to IFPEN CVP. In these
rapid compression devices, the injector nozzle temperatures
at the time of injection are also lower (approximately 10 K
lower than CVP). The pre-burn event induces a more
pronounced increase of the nozzle temperature compared
to the rapid compression event of RCM.
The review of gas temperature measurement demonstrated that thermocouple thermometry is competitive
when compared to optical diagnostics, being comparatively
easier to use and having a very good accuracy. The use of
such sensors for the measurement of ambient gas temperature is also reviewed. It is recommended to use bare-bead
thermocouples with wires and junction as small as possible
to measure properly the temperature ﬂuctuations. Thicker
wires lead to a slower time response with the sensor, causing
a larger difference between the gas temperature and the
measured junction temperature. The methodology used to
correct for this deviation has been presented and it has
underlined the strong sensitivity of this correction to the
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characteristic value of the gas velocity through the junction.
The correct estimation or measure of this value is therefore
fundamental for the accuracy of the temperature
measurement.
The comparison of the temperature distribution in the
RCM and CVP showed different levels of heterogeneities
with different patterns in each vessel. In all facilities, the
standard deviation of the overall temperature distribution
at SOI is approximately 5%. The gas temperature has been
measured during the injection under inert and reactive
conditions in PPRIME using a fast response thermocouple.
In inert tests, the results demonstrated that colder gases are
entrained to the spray-mixing region. The gases in the
boundary (wall) layer are likely to inﬂuence the spray evaporation and mixing. In reactive tests, the spray combustion
induced signiﬁcant pressure rise and this increased the
ambient gas temperature. All these results emphasize the
necessity to consider the speciﬁc temperature distribution
of each vessel when simulating the spray A.
The gas velocity measurements in IFPEN CVP,
PPRIME RCM, and PRISME NOSE are presented. Different levels of velocity and turbulence are observed and this is
expected to generate differences in the spray behavior
between these vessels.
The second part of this work presented in [20], will
investigate spray A formation and combustion in the facilities described here. The boundary conditions characterization presented in this work will be the basis for the analysis
of the spray results.
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Appendix

Fig. A1. Raw Schlieren images showing thermocouple 4 position and the qualitative density gradients in the RCM chamber at
different instants: test condition of Figure 22b.

