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ABSTRACT
Abnormal combustion, in its various forms, has presented

a challenge to the design and operation of spark-ignited inter-
nal combustion engines for well over a century. During the last
decade the relative prevalence of low speed pre-ignition (LSPI)
in highly boosted and downsized engines has led to significant
research efforts directed at understanding its origins. Two key
mechanisms; oil droplet release from the piston top land crevice
region and the accumulation and release of in-cylinder deposits,
have both been shown to trigger LSPI. With respect to the oil re-
lease mechanism, multiple authors have reported a link between
LSPI propensity and the calcium treat rate as detergent in the
oil additive pack. It is, similarly, widely reported that magne-
sium based detergent packs do not promote LSPI in the same
way. However, no fundamental explanation as to why calcium
is ‘bad’ and why magnesium is ‘good’ has yet been presented in
the literature. This paper reports the preliminary results from a
series of fundamental shock tube experiments exploring the re-
actions between calcium and magnesium oxides, and a range of
gases in relation to their potential as a trigger for LSPI. Visi-
ble light emissions are shown from shock heated calcium oxide
particles in a 100% carbon dioxide environment at high tempera-
ture, T > 1173 K. Unexpectedly, light emitting reactions are also
shown for calcium oxide in a 100% nitrogen environment at tem-
peratures T > 773 K, suggesting that there may be a previously
unidentified LSPI trigger mechanism in which nitrogen plays a
key role. No visible emissions were seen from magnesium oxide
powders.
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1. INTRODUCTION
Despite over a century of development, there remains more

that can be done to improve the spark-ignited (SI) internal com-
bustion engine (ICE). In recent times, three main factors have
driven, and continue to drive, ICE development: (1) emissions
legislation, (2) customer demand for increased specific perfor-
mance, and (3) CO2 reduction. Increasingly, vehicle manufac-
turers are employing highly boosted turbocharged ‘downsized’
engines to simultaneously reduce fuel consumption and increase
specific performance [1–5]. However, the adoption of this new
technology is challenged by, and has renewed interest in, an old
problem. Abnormal combustion, in its various forms, has pre-
sented particular challenges to the design and operation of SI
engines for well over a century. While the problem had largely
been resolved for conventional naturally-aspirated and low-boost
engines through improvements in combustion system design and
fuel quality, it has been found that the combination of high brake
mean effective pressure (BMEP) and low-speed, wide-open throt-
tle operating conditions that can occur in these downsized engines
can cause stochastic pre-ignition [6, 7].

The relative prevalence of low speed pre-ignition (LSPI) in
this new generation of engines has led to significant research
efforts directed at understanding its origins [8–12]. Two key
mechanisms; oil droplet release from the piston top land crevice
region and the accumulation and release of in-cylinder deposits,
have both been shown to trigger LSPI [8, 13, 14]. Lubricating
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oils require detergents to maintain the oil quality, to resist deposit
formation and the acidification that results from exposure to com-
bustion. Detergent components tend to be alkaline metals, typi-
cally present as a hydroxide or carbonate particles, which form a
colloid with the base oil [15]. Calcium carbonate (CaCO3) is one
such detergent component that is commonly present in commer-
cial lubricants [16]. However, despite its many advantages as an
additive component, numerous researchers and research groups
have demonstrated a clear link between the use of calcium in a lu-
bricant’s detergent pack and LSPI [17–19]. However, the precise
mechanism by which calcium leads to increased LSPI tendency,
as opposed to the observed behaviour of magnesium (Mg) based
detergents for example [2, 18, 20], remains unknown. One poten-
tial mechanism, proposed by Moriyoshi and co-workers [21] and
referred to hereinafter as the ‘Chiba hypothesis’, is as follows:

• Oil, containing calcium carbonate (CaCO3) detergent, is
ejected as a droplet or droplets from the oil film built up
in the top land crevice region into the combustion chamber
due to the piston motion

• The oil droplet or droplets are heated to in excess of 900 K
during the combustion and exhaust processes and thermally
decompose into calcium oxide (CaO) particles and carbon
dioxide (CO2). Some of the CaO particles are retained in
the residual gas

• During the next compression stroke these retained particles
are heated to in excess of 1000 K in the presence of CO2
resulting in an exothermic carbonation reaction, Eq. (1), of
sufficient energy as to trigger pre-ignition

CaO(s)+CO2 (g) −−−→ CaCO3 (s) ΔH298K = −178 kJ/mol (1)

A similar reversible carbonation reaction exists for magne-
sium carbonate. It too is exothermic, albeit to a lesser extent –
Eq. (2)

MgO(s) + CO2 (g) −−−→ MgCO3 (s) ΔH298K = −118 kJ/mol
(2)

Although Moriyoshi and co-workers successfully demon-
strated the possibility of hot CaO particles triggering pre-ignition
events in locally rich mixtures through numerical simulation [21],
the Chiba hypothesis remains unproven in practice – not least due
to the complexity of performing appropriately targetted experi-
ments in the turbulent combustion environment of an ICE. The
objective of the present experimental work was then to move the
investigation of the Chiba hypothesis away from the ICE to a
more closely controlled environment where it could be investi-
gated at a more fundamental level. Accordingly, this paper will
present the preliminary results of a fundamental study on the
behaviour of metallic oil detergent derivatives, CaO and MgO,
under controlled quiescent high temperature and pressure condi-
tions provided by a reflected shock facility.

TABLE 1: CDST SPECIFICATIONS AND DESIGN CONDITIONS

Parameter Value

Driver section i.d. 250 mm
Driven section i.d. 100 mm
Overall length 10.9 m
Design pressure (nominal) 6 MPa
Design temperture (nominal) 900 K
Maximum working pressure 15 MPa
Maximum working temperature 1500 k
Optical windows (4 orthogonal) 70 x 30 mm

2. MATERIALS AND METHODS
2.1 Experimental facility

The experiments reported in this work were performed on
the University of Oxford Cold Driven Shock Tube (CDST). The
CDST is a bespoke, reflected shock facility – equipped with an
optically accessible working section – initially designed for char-
acterisation of fuel sprays and the investigation of chemical ki-
netics under controlled engine-representative conditions of tem-
perature and pressure. Full details of the facility’s capabilities,
design, optical access, instrumentation and operating character-
istics are given in [22]. Table 1 summarizes the CDST’s key
specifications and nominal design conditions.

The basic principle of CDST operation is to generate a shock
wave in the driven section of the tube using a relatively low cost,
unheated (hence cold driven) high pressure driver gas, typically
compressed air. The lower pressure (driven) gas is transiently
shock heated to a higher pressure and temperature by the inci-
dent shock which, when correctly reflected from the end wall of
the shock tube, brings the driven gas in the working section to
rest, creating a quiescent high pressure and temperature ‘slug’
of the driven gas in which experiments can be performed. The
temperature and pressure of the driven gas in the working section
are then a function of the initial gas composition and the experi-
mental setup. In this work, each ‘condition’ – driver and driven
gas compositions and their respective initial pressures – required
to produce the target conditions of temperature and pressure was
calculated using the open-source quasi-one-dimensional gas dy-
namics code, L1d3 [23, 24].

The characteristic spatial and temporal development of the
driven gas pressure is illustrated in Figs. 1 to 3, where Fig. 1
illustrates the initial state of the CDST prior to the diaphragm
rupture, Fig. 2 the state of the driven gas prior to the incident
shock reaching the end wall, and Fig. 3 the full spatio-temporal
pressure development of the driver and driven gases. The num-
bered states in the figures are as follows: state (1) is the initial
state of the driven gas, based on the L1d3 calculated initial con-
ditions, state (4) describes the initial condition of the driver gas
at the start of the experiment, state (3) is the result of the un-
steady expansion of gas following the rupture of the diaphragm
which causes gas to flow into the driven section, and state (2) is
the result of the ‘normal’ shock-wave leaving the driver and fol-
lowing the gas flowing into the driven section, which compresses
the upstream gas. Once the shock wave reaches the end of the
driven section it is reflected. As the reflected shock moves in the
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FIGURE 1: CDST INITIAL CONDITIONS, ADAPTED FROM [22]

FIGURE 2: CDST CONDITIONS AT TIME, T , AFTER DIAPHRAGM
RUPTURE, ADAPTED FROM [22]

direction of the driver, the gas behind the shock wave is brought
to rest and further compressed to state (5), the desired test condi-
tion. Under nominal conditions the effective test time available
in the facility is of the order of 3 ms.

Experimental runs are initiated by rupturing a pre-scored di-
aphragm or diaphragms initially separating the driver and driven
gases. The CDST can be operated in either single or double di-
aphragm modes. In single diaphragm mode, rupture is achieved
by increasing the pressure in the driver section until the di-
aphragm fails. In double diaphragm mode, two diaphragms,
separated by an intermediate pressure are held until it is time
to ‘fire’. Thereafter, the intermediate pressure is removed, in-
turn causing the first diaphragm, then the second diaphragm to
rupture. The CDST is equipped with 11 high-frequency piezo-
resistive pressure transducers (PCB 113 series ICP sensors) –
flush mounted with the bore of the tube along the full length
of the driven section – which record the generated shocks trav-
elling down the tube and measure the pressure in the reflected
shock region from which the bulk temperature can be inferred.
The final three of these transducers – denoted STS (Shock Tube
Station) 10, 11, and 12 respectively – are positioned within the
optical test section, spaced 75 mm apart, with the final transducer
at a nominal distance of 33 mm from the shock tube end wall.
Figure 4 provides a cross-sectional view of the optical section
and sensor placement. Two absolute pressure transducers (Kulite
XTL-190LM) mounted into wall of the driver and shock tube are

FIGURE 3: CDST X-T DIAGRAM, ADAPTED FROM [22]

used to monitor the driver and driven gas pressures during the
filling process. The Kulite transducers are powered by a Fylde
FE-379-TA modular amplifier, which also amplifies and condi-
tions the signals prior to logging. Signals from the piezo-resitive
sensors are recorded at a frequency of 2 MHz using a National
Instruments data acquisition system controlled via the LabVIEW
programming language program T4NIDAQ [25].

FIGURE 4: CROSS-SECTIONAL SCHEMATIC OF CDST OPTICAL
SECTION (NOT TO SCALE). ALL IMAGES PRESENTED IN THE RE-
SULTS SECTION HAVE BEEN CROPPED TO MATCH THE 70 MM X
30 MM WINDOW SIZE.

2.2 Methodology
As described in the introductory section, the aim of this

present work was to study aspects of the LSPI promoting mech-
anism proposed in the ‘Chiba hypothesis’ under carefully con-
trolled experimental conditions. This study then assumes that
the first stage of the proposed mechanism, the thermal decom-
position of the metal carbonates to oxide particles, has occurred.
Moriyoshi reported visible light discharge from particles in the
combustion chamber during LSPI [21], and bench-top experi-
ments performed by the authors [26] confirmed a significant
light emission when CaO powder was heated in a CO2 envi-
ronment. Accordingly, the metal oxide powders, CaO (Sigma
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TABLE 2: EXPERIMENTAL TEST MATRIX (NOMINAL CONDITIONS)

Temperature Pressure Powder Driven gases
[K] [MPa] 0.20g ± 0.025g

773 1.90 CaO, MgO CO2, N2
873 0.85 CaO N2
1058 0.62 CaO, MgO CO2, N2, Ar
1173 0.97 CaO, MgO CO2

Aldrich ReagentPlus© 99.9%, trace metal basis and MgO (Sigma
Aldrich ≥ 99.99%, trace metal basis) were dispersed and shock
heated in various 100% gas environments within the CDST while
the optical test was section monitored for visible light emissions
through the quartz-windows. Table 2 details the matrix of tests
performed.

The arrangements for powder dispersal within the CDST fol-
lows the work of Bayzn et al. [27] who used a simple knife-edge
arrangement as a means of dispersing aluminium and nanocom-
posite thermite powders in a reflected shock tube as per Fig. 5. A
similar plug/knife-edge arrangement was constructed and fitted
to the optical section of the CDST. Approximately 0.20g of metal
oxide powder was placed on the knife-edge at the start of each
test. The CDST was cleaned of all residual powder and purged
of gases using a vacuum pump between tests.

(a) Powder sample and in-
cident shock

(b) Dispersed powder and
reflected shock

FIGURE 5: KNIFE-EDGE METHOD FOR POWDER DISPERSAL IN
THE CDST, MODIFIED FROM [27]

2.3 Optical systems

The optical section of the CDST was monitored for visi-
ble light emissions from the dispersed powder by means of a
high speed video camera system and a photodiode (Thorlabs
DET36A2). Data capture from the camera was triggered by the
arrival of the incident shock at STS-9 (Shock Tube Station 9), the
pressure transducer located immediately before the optical sec-
tion of the facility. The results presented in this paper stem from
three separate experimental campaigns performed on the CDST
over a period of approximately 18 months. Two different cam-
era systems were used in this time. Table 3 details the camera
configurations (active sensor size and frame rates) used in each
campaign.

TABLE 3: OPTICAL SYSTEMS

Campaign(s) 1 2 & 3

Camera Photron Photron
FASTCAM FASTCAM
Mini UX100 Mini AX200

Sensor 1280 x 480 1024 x 672
Type CMOS CMOS
Pixel (`m) 10 x10 20 x 20
Range (ADC) 12-bit 12-bit
Speed (fps) 10,000 10,000
Lens NIKKOR Tamron

3. DATA POST-PROCESSING AND RESULTS
The data files collected by the DAQ contain temporal pres-

sure information logged from each pressure sensor at known po-
sitions along the shock tube. The incident and reflected shock
speeds were calculated by observing the pressure rise at differ-
ent transducer locations. From this, the gas temperature in the
working section of the CDST, T5, was calculated by solving 1-D
conservation equations for mass, momentum, and energy across
the shock wave. The CDST was operated in both single and
double diaphragm modes over the full course of the experimen-
tal study. Repeat tests under nominally identical operating con-
ditions (driver and driven gas compositions, temperatures and
pressures, targeting 1058 K and 0.62 MPa) were performed to
establish the repeatability of the test temperatures. For single
diaphragm operation (campaigns 1 & 2), the standard deviation
on the mean f ≈ 14 K. When switched to double diaphragm op-
eration in campaign 3 the uncertainty was reduced to f ≈ 7 K.
This level of uncertainty is consistent with results from similar
shock tube facilities published in the literature, e.g. [28]. The
captured 12-bit high-speed camera data were saved as .mraw im-
age sequences. Subsequently, representative individual images
for display in this work were extracted from selected sequences
and post-processed using Fiji (ImageJ) software [29]. The raw
images were first cropped to the limits of the optical window and
converted to 8-bit grey scale format prior to applying a conven-
tional histogram normalisation method to enhance contrast.

Figure 6 shows the results of a preliminary test performed to
confirm the efficacy of the powder dispersal via the knife blade
method. As the incident shock arrives, the powder, simply illu-
minated here by an external light source, is seen to be pushed to
the back of the knife blade, Fig. 6b. Subsequently, the reflected
shock disperses the powder into the field of view, Fig. 6c and
Fig. 6d. The powder is shown to be well dispersed in the CDST
approximately 5 ms after the arrival of the incident shock at the
timing point, Fig. 6d.

Initial experiments were performed with CaO powder in a
100% CO2 environment in order to directly examine the carbon-
ation reaction proposed by Moriyoshi [21]. Figure 7 shows a
representative set of images taken from the nominal 1173 K, 0.97
MPa test condition (the temperature and pressures given in the
figure caption detail the measured pressure and calculated tem-
perature for the individual test shown). These images show a
diffuse, but clearly visible, light emission from the reacting pow-
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(a) t = - 0.25 ms (b) t = 0.50 ms

(c) t = 3.00 ms (d) t = 5.00 ms

FIGURE 6: SHOCK INDUCED POWDER DISPERSAL, EXTERNAL
ILLUMINATION OF WORKING SECTION, TEST #34, FRAME SPEED
4,00 FPS (ALL TIMES REFERENCED TO THE FIRST ARRIVAL OF
SHOCK AT KNIFE EDGE)

der that is well dispersed across the majority of the field of view.
It is notable that no visible light emission from the CaO powder in
CO2 environments was captured by either the high speed camera
or photodiode at any of the lower test temperatures examined. It
is also significant that no visible light emissions were seen from
the MgO powder in CO2 at any of the examined temperatures.

Figures 8 and 9 show the experimental results for CaO pow-
der in an 100% N2 environment at temperatures of 1158 K and
1058 K respectively. In these cases, rather unexpectedly, a vig-
orous reaction with a bright light emission is seen – so much so
in fact that for the higher temperature case the CMOS camera
images become saturated, see Fig. 8d. In the early stages of
reaction the results from the higher temperature, 1158 K, case
appear similar in nature to those seen for the CaO powder in CO2
at the same test point, i.e. a relatively well distributed diffuse
reaction, cf. Figs 7a - 7c and Figs. 8b - 8c – note here that both of
these sets of images were collected during campaign 1 and were
therefore captured using the same camera and lens set-up and set-
tings. However in the latter stages of the visible light emission,
the N2 case images differ substantially from the CO2 case in that
there appears to be intense localised reactions, Figs 8e - 8h for
example.

A similar trend of almost discrete particle-like behaviour is
seen in the captured visible light emissions for the CaO powder
in 100% N2 at the temperature of 1058 K – Fig. 9. Note here that
the images shown in this figure were captured in campaign 3 and
that therefore the camera and lens set-ups and the image depth
of field differs from the images shown in Fig. 7 and 8. While it
may be that the camera/lens change have some influence over the
comparative appearance of the visible reaction, it is nonetheless
clear that there is still a strong, energetic, light emission from the
CaO powder in N2 at this temperature.

Figure 10 shows a series of representative images taken from
the testing of CaO in a 100% N2 environment at a target tempera-
ture of 873 K. In this case, the relatively low-intensity raw camera
images have been further post-processed in order to highlight the
behaviour that is clearly seen in the captured high-speed movie
sequences. The images were first despeckled using median filter
with a 3 x 3 kernel to remove noise, a Gaussian blur was then ap-

(a) t = 1.99 ms (b) t = 2.24 ms

(c) t = 2.49 ms (d) t = 2.74 ms

(e) t = 2.99 ms (f) t = 3.24 ms

(g) t = 3.49 ms (h) t = 3.74 ms

FIGURE 7: REPRESENTATIVE HIGH SPEED IMAGES, CaO + CO2,
T5 = 1185 K, P5 = 0.98 MPa, CAMPAIGN 1, TEST #37, FRAME SPEED
4,000 FPS (ALL TIMES RELATIVE TO FIRST VISIBLE LIGHT EMIS-
SION)

(a) t = 1.20 ms (b) t = 2.60 ms

(c) t = 3.00 ms (d) t = 6.10 ms

(e) t = 8.80 ms (f) t = 11.20 ms

(g) t = 15.90 ms (h) t = 17.70 ms

FIGURE 8: REPRESENTATIVE HIGH SPEED IMAGES, CaO + N2,
T5 = 1158 K, P5 = 0.62 MPa, CAMPAIGN 1, TEST #39, FRAME SPEED
10,000 FPS (ALL TIMES RELATIVE TO FIRST VISIBLE LIGHT EMIS-
SION)
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(a) t = -0.20 ms (b) t = 1.40 ms

(c) t = 2.90 ms (d) t = 3.50 ms

(e) t = 4.10 ms (f) t = 4.70 ms

(g) t = 5.50 ms (h) t = 8.10 ms

FIGURE 9: REPRESENTATIVE HIGH SPEED IMAGES, CaO + N2,
T5 = 1024 K, P5 = 0.62 MPa, CAMPAIGN 3, TEST #145, FRAME
SPEED 10,000 FPS (ALL TIMES RELATIVE TO FIRST VISIBLE LIGHT
EMISSION)

plied to smooth the results, and finally the images’ contrast was
enhanced by stretching the histogram with a saturated pixel limit
of 0.35%, thus the light intensity may not be directly compared
with the intensity of reaction shown in previous figures. Nonethe-
less, the resulting images shown in Fig. 10 do fairly represent the
behaviour of the CaO powder under these conditions. Visible
reactions, albeit with low level light emissions, are seem to oc-
cur in small localized regions randomly distributed through the
test section. The captured high-speed image sequences clearly
show these light-emitting reaction zones being transported about
the test section, thus confirming that despite their low intensity
within the raw images they may not be discounted as either arte-
facts of the imaging or post-processing processes.

As noted in Table 2, tests were also performed with the CaO
powder in N2 at the lower temperature of 773 K. At this tem-
perature, although the camera system did not capture any visible
light emissions the photodiode data did suggest some low level
emission. However, at the time of writing this particular result is
still to be confirmed. No visible light emissions from the MgO
powder in N2 were recorded by either the imaging system or pho-
todiode at any of the examined temperatures. Experiments were
also performed with both CaO and MgO powders in a 100% ar-
gon environment at 1058 K. No light emissions were recorded
in either case. Figure 11 presents a graphical summary of the
experimental results.

(a) t = 1.10 ms (b) t = 1.60 ms

(c) t = 3.10 ms (d) t = 3.50 ms

(e) t = 4.10 ms (f) t = 4.60 ms

(g) t = 8.30 ms (h) t = 10.20 ms

FIGURE 10: REPRESENTATIVE HIGH SPEED IMAGES, CaO + N2,
T5 = 869 K, P5 = 0.85 MPa, CAMPAIGN 3, TEST #154, FRAME SPEED
10,000 FPS, (ALL TIMES RELATIVE TO FIRST VISIBLE LIGHT EMIS-
SION)

4. DISCUSSION
This work set out to examine the hypothesis presented in

[21] that the carbonation reaction between calcium oxide parti-
cles and carbon dioxide, Eq.(1), could act as a trigger for LSPI
in spark-ignited engines. However, the results presented herein
neither unambiguously prove nor disprove the hypothesis. A vis-
ible light emission, attributed by the authors to this carbonation
reaction is shown – Fig.7 – at a nominal test temperature of 1173
K. However, no visible light emissions for CaO powder in 100%
CO2 environments were detected at any of the lower tempera-
tures examined. Moreover, the light emissions from CaO at the
nominal 1173 K test point were inconsistent. Of five repeat tests
at this test point, light emission was recorded in three cases. On
closer inspection of the test data, the two non-emitting test points
correspond to the two lowest calculated true test temperatures,
1164 and 1182 K respectively, while the three emitting case tem-
peratures range from 1185 to 1192 K.

The inconsistent nature of the CaO + CO2 carbonation re-
action perhaps suggests that these experimental conditions may
lie close to a threshold temperature level for the reaction. With
respect to the potential of the carbonation reaction as a trigger for
LSPI, the temperature required to stimulate a visible reaction in
the experiments reported herein – approximately 1185 K – is con-
siderably in excess of the typical in-cylinder bulk gas temperature
found in an SI engine during typical LSPI prone operating condi-
tions – expected to be in the region of 600 - 720 K depending on
combustion system. This of course does not preclude the reac-
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FIGURE 11: SUMMARY OF EXPERIMENTAL RESULTS (CROSS-
HATCHED BARS INDICATE LIGHT EMISSION, HORIZONTAL
HATCHING IMPLIES UNCONFIRMED LIGHT EMISSION, NO HATCH-
ING INDICATES NO LIGHT EMISSION)

tion being triggered in an engine by localised hot-spots of residual
CO2. It is also potentially significant that the numerical simula-
tions of Moriyoshi and co-workers identified a dependency on
particle size [21] which was not investigated in the current work.

While the results of the present study do not rule out the CaO
+ CO2 carbonation reaction as a potential trigger for LSPI, the
unexpected, vigorous, reaction of the CaO powder when shock
heated in a N2 environment does suggest the existence of an, as
yet unidentified, alternative reaction pathway for CaO to trigger
LSPI in which nitrogen play a key role. In contrast to the CaO
+ CO2 results, visible reactions were detected with CaO + N2 at
significantly lower temperatures. Moreover, these results were
highly repeatable with visible emissions occurring in every CaO
+ N2 test case examined over all three test campaigns where the
temperature was in excess of 773 K. That nitrogen is key to this
potential new pathway is confirmed by the absence of reaction
where the nitrogen was replaced by argon.

The results do show some potentially significant differences
between the visible light emissions that are captured from the
CO2 and N2 cases. The relatively diffuse, in the case of CO2, and
intense discrete particle like, in the case of the N2, appearance
of the images has already been mentioned. The duration of light
emission also differs substantially in each case. In the CaO + CO2
case, Fig. 7, the total duration of light emission is less than 2 ms
(the next image in the sequence shown is dark). For the CaO + N2
cases, Figs. 8, 9, and 10, detectable light emissions occur over
periods of approximately 47, 54, and 70 ms respectively, i.e. both
increasing with decreasing temperature and for a substantially
longer duration than the CO2 case and also, perhaps significantly,
for a period that is substantially longer than the nominal test time
of the shock tube facility.

The maximum test time of a shock tube, the period during
which the driven gas exists as a nominally quiescent slug at the
designed test temperature and pressure following the passing of
the reflected shock, is provided by careful tailoring of the gas

interface (contact surface) condition. The CDST does not pro-
vide perfectly tailored conditions in the present experiments, as
a result, the temperature in the optical section may, in the case
of over-tailoring, further increase following the nominal test time
with the interface between the driver and driven gases – in this
case air – moving further into the working section [30, 31]. Al-
ternatively, where conditions are under-tailored, the temperature
in working section will be decreased after the nominal test time.
In both cases, the available test time will be reduced from the
theoretical maximum - often substantially. Figure 12 shows an
example pressure trace from sensor STS-12 positioned in the op-
tical section of the CDST for an over-tailored condition.

FIGURE 12: STS-12 PRESSURE TRACE, TEST #145, CaO + N2,
T5 = 1024 K, P5 = 0.62 MPa, CAMPAIGN 3

The figure shows a relatively short test time at the design
conditions. Approximately half way through the test time there
was a small rise in pressure, consistent with other similar tests,
but not present when there was no powder on the knife blade.
Thereafter, the main rise in pressure in the test section (where
there is expected to be a corresponding rise in temperature in the
test section gases as illustrated by the simulations of Coombs and
Akih-Kumgeh [31]). These effects and their potential influence
on the interpretation of the results of this study are currently
marked for further investigation. Similarly, the potential effects
of non-ideal flow behaviour in the working section, such as shock
bifurcation caused by the interaction of the reflected shock with
the boundary layer generated by the incident shock [32] will be
considered in future work.

5. CONCLUSIONS
This work presents preliminary results from a fundamental

shock tube study into potential LSPI promoting mechanisms of
Ca and Mg based oil detergents, specifically potential reactions
between CaO and MgO powders and two gases that are com-
monly found in-cylinder, CO2 and N2. The results are consistent
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with the strong body of evidence in the literature indicating that
calcium-based detergents may act as potential triggers for LSPI
whereas Mg based detergents do not. No detectable light emis-
sions were noted from the MgO powder under any of the exam-
ined gas/temperature combinations considered in this study.

Light emission attributed to the exothermic carbonation reac-
tion, Eq.(1), proposed as a potential LSPI trigger by Moriyoshi et
al. [21], was observed at a temperature of 1185 K in a 100% CO2
environment. No detectable light emissions were found for this
powder/gas combination at lower temperatures. The in-cylinder
bulk gas temperature at the inception of LSPI is expected to be
below 1185 K, nevertheless, the possible presence of hot residual
gas pockets within the cylinder, and the particle size effects noted
by Moriyoshi, lead the authors to conclude that the ‘Chiba hy-
pothesis’ and the reactions described therein remain a plausible
trigger mechanism for LSPI.

A strong light emitting reaction was unexpectedly observed
when the CaO powder was shock heated in a 100% N2 envi-
ronment. These light emissions were found at all temperatures
examined above 773 K, i.e. at significantly lower temperatures
than for the CaO + CO2 case. The precise reaction mechanism
or pathway by which these light emissions are generated has not
been identified in this work and remains the subject of further
investigation. Nonetheless, the results of this study strongly sug-
gest the existence of a potential LSPI trigger mechanism from Ca
based detergent packs in which nitrogen plays a key role.
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