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Abstract
Gasoline sprays injected during cold-start and low-load conditions result in the formation of high levels of
soot and unburnt hydrocarbons. It is understood that these emissions are originating from piston and wall
wetting. Various technological advancements to date have helped mitigate these issues, but there remains
a lack of understanding related to the effects of fuel injection on the impinging surfaces’ transient thermal
characteristics leading to fuel film evaporation rate and pollutant formation. Analysing these aspects can
help refine the engine designs further to help reduce tailpipe emissions. In this work, we investigate the effects
of fuel injection impinging on a wall from spatially and temporally resolved temperature measurements. The
experiments were performed inside a constant-volume chamber, with the sprays impinging on a temperature-
controlled wall equipped with nine thermocouples. The facility can reproduce fuel, charge gas and wall
temperature conditions relevant to the cold start and warm-up period of gasoline engines. The results capture
the dynamic behaviour of the temperature field following initial spray impingement and film formation,
enabling temporally-resolved heat flux calculations. Surface cooling was observed when the hot fuel at
353K impinged on the heated wall (363K) 40mm downstream, with the highest reduction in the heat flux
magnitude observed in the plume center region. This was due to evaporative cooling as the mixture fraction
changed phases. Under the cold chamber conditions, the surface cooling or heating in the plume center
was dependant on the ambient density. Increasing the ambient density to 3 kg/m3 had resulted in surface
heating as measured by the probes located in the plume center and wall jet regions. This was due to the
high entrainment rate of the fuel upon injection, which resulted in convective heat transfer between the
surrounding hot mixture and the vapourising fuel.
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Introduction

While Gasoline Direct Injection (GDI) engines
have become the dominant mode of power-trains
for light duty applications, an ongoing challenge as-
sociated with GDI engines is achieving a suitable
homogeneous-stratified charge for the cold-start or
part-load operations. To enable the rapid activation
of the exhaust catalyst, one common strategy is to
implement a combination of late multiple injections
in the compression stroke and late ignition in the
expansion stroke within the first few cycles. This
increases the ambient temperature of the combus-
tion chamber during cold starts, progressively lead-
ing to the transient thermal loading on the cham-
ber’s surfaces. This technique, however, is often ac-
companied by incomplete and unstable combustion
[1]. This is due to the complex interactions between
the in-cylinder flow and direct fuel injections, along
with their impact on the ignition timing and initial
flame development.

The uneven distribution of the mixed gases in
the cylinder has a direct effect on the emissions lev-
els. A reduction in the lambda value from stoichio-
metric to 0.9 has been reported to result in an almost
threefold increase in the particulate number (PN)
[2, 3], which subsequently increases the formation of
carbon monoxide (CO) and smoke levels [4].

One way to reduce the PN levels formed un-
der cold-start conditions is to reduce fuel impinge-
ment on the chamber’s surfaces, which results in dif-
fusion flame combustion. This is especially crucial
when the surfaces are relatively cold, which inhibits
fuel vaporization. As such, an accelerated warm-
up of the piston, controlling the spray’s trajectory,
enabling a high rate of atomization, reducing the
penetration length, and optimizing the spray cone
angle all play crucial roles in alleviating the surface
impingement and fuel film formation [5, 6]. These re-
quirements can be achieved by employing carefully
designed multiple fuel injections within one cycle,
which can form temporally and spatially well ad-
justed fuel and air mixture.

The double injections strategy can help improve
the turbulence levels of the flow [7] and avoid a
high concentration of liquid spray piling up on the
sprays’ tips [8]. Kumar et al. [3] noted a reduc-
tion in soot levels when employing double injections.
This was due to reduced wall wetting and pool fire
when tested at engine conditions of 2000 rpm, wide-
open throttle conditions, and injection pressure of
20MPa. An early first injection provided the fuel
adequate time to evaporate, producing a favourable
homogeneous mixture prior to the second injection.

Raman et al. [4] studied the effects of double in-

jections and spark timings on the catalyst light-off.
A two-phase light-off process was recommended. In
phase 1, the spark timing should be advanced be-
fore top-dead center for the first few cycles of the
light-off period. The fuel injection timing can sub-
sequently be adjusted with the spark timing. This
is to avoid misfire and enable rapid engine warm-up,
reducing the hydrocarbon and CO emissions. Phase
2 consists of multiple injections and retarded spark
ignition which increases the exhaust temperature.
In this phase, the main focus is to generate high
exhaust enthalpy to enable catalyst light off. Throt-
tled stoichiometric operation with double injections
strategy can help generate a stratified mixture and
improve the combustion stability here.

The timings of the multiple injections are key in
controlling the mixture distribution in the cylinder.
An early first injection in the compression stroke re-
sults in high evaporation rate and improved mixture
homogeneity. The fuel in this case has sufficient time
to vaporize, disperse and is reported to be guided
in a counter-clockwise direction by the tumble flow.
This increase in the intensity of the tumble motion
enhances the mixture entrainment [9].

With late injections in the compression stroke,
high in-cylinder pressure and high turbulent kinetic
energy affect the mixture formation and distribu-
tion. As such, the influence of the in-cylinder flow
and charge density on the spray development should
be investigated when considering late injections [10].
Retardation of the second injection close to the
top-dead center (TDC) has led to high mixture in-
homogeneity [11, 12]. Increasing coefficient of vari-
ation of both the indicated mean effective pressure
and peak cylinder pressure were observed with de-
layed second injections, which had consequently in-
creased the cyclic variability as the mixture cloud
from the second injections approached TDC. In this
case, there was less time for fuel diffusion, resulting
in the termination of the combustion, as reported in
[1]. As a result of the high mean equivalence ratio
near the spark plug, slower and more fluctuated ini-
tial flame propagation had occurred, which can be
recovered if the local TKE levels are high. Addition-
ally, the multiple injections late in the compression
stroke causes heavy piston surface wetting, thereby
increasing soot and hydrocarbon emissions.

The injection pressure plays a key role in the at-
omization rates of the injected fuel and in the mix-
ture formation. Small Sauter mean diameter of the
fuel droplets and large spray angles were formed as
a result of the high injection pressure, as reported in
[13, 14] . As a result, the fuel droplets had spread
radially across the cylinder, improving the mixing

2



of the air and fuel. This helped in achieving a well-
mixed homogeneous charge. Although the main tip
penetration length increased with increasing fuel in-
jection pressure, the critical spray breakup had oc-
curred closer to the injector tip.

In a previous study on the injection pressures
ranging between 5MPa and 40MPa using a multi-
hole injector [15], it was observed that the PN levels
decreased with increasing injection pressure. The
reasons for this were twofold: the enhanced atom-
ization rate and air entrainment from high injection
pressure improved the mixture homogeneity; and the
coking deposit accumulation and diffusion combus-
tion had been alleviated, which was also reported in
[16][17].

Few studies have investigated the heat transfer
effects on chamber surfaces during cold starts. Yang
et al. [18] performed three-dimensonal simulations
of the transient engine flow, spray and combustion
over the first three consecutive engine cycles. This
was to enable accurate predictions of the in-cylinder
flow dynamics and transient wall temperatures dur-
ing cold starts. They implemented engine speed and
1D conjugate heat transfer model, and used mea-
sured data obtained from a production four-cylinder
spark-ignition direct-ignition engine for validation.
A 6-hole injector with a plume angle of 16.7° was
used, with fuel pressure of 10MPa. The combustion
chamber’s surface was observed to have a tempera-
ture rise of 2K per cycle, which is reported to have
limited effect on the mixing and combustion pro-
cesses in the first 3 cycles. The wall surface temper-
ature varied with the stroke, piston motion and the
combustion process, while the increase in the piston
surface temperature was found to be greater than
that of the cylinder head and liner.

Spatio-temporally resolved measurements of the
liquid fuel-film thickness after fuel impingement
were obtained using UV absorption imaging [19].
The measurements were performed using an 8-hole
“Spray G” injector from Engine Combustion Net-
work (ECN) inside a constant volume chamber, with
a transparent plate mounted 30mm from the nozzle
perpendicular to the injector axis. Here the ambient
pressure and temperature were 0.1MPa and 100 °C
respectively, with an injection pressure of 20MPa
and fuel temperature of 100 °C. The measurements
revealed that the evaporation rate was more promi-
nent at the upstream, inward edges of the fuel films,
where the film thickness was smaller than that mea-
sured downstream at the outer edges of the spray.
The fuel mass had decreased by 68% between 4ms
to 20ms aSOI. Of the total fuel impinged on the wall
30mm downstream, 7% of the initial fuel mass was

reported to have remained on the plate 30ms aSOI.
Schulz et al. [20], performed infrared thermog-

raphy to study the fuel deposits on the walls of
a combustion chamber using a heated Nickel alloy
plate to substitute the piston surface. They anal-
ysed the heat transfer effects of plume impingement
by varying four features: the impact angle of the
spray jet, the axial distance between the injector and
the heated plate to 15mm, 25mm and 50mm, the
wall temperature, and the injection pressure which
was set to 5MPa, 15MPa and 30MPa. A decrease in
the wall surface temperature at the spray impinge-
ment zone was measured. A high injection pressure
and plume’s impact angle adjustment were recom-
mended in order to reduce the mass of film accumu-
lated on the wall. Increasing the injection pressure
had raised the heat flux to the maximum and had
resulted in a reduction in the wall film mass. With
increasing axial distance between the nozzle and the
wall, the wall heat flux had decreased, which was
a consequence of increased impact area. The study
however, was not able to identify the initial temper-
ature of the fuel deposited on the wall using this
technique.

The aim of the current study is to therefore in-
vestigate the effects of fuel impingement on the spa-
tial and temporal temperature variations and the
heat flux characteristics of the surface of the wall
under different ambient conditions representing hot
chamber surfaces and cold-starts. The subsequent
part of the article describes the test setup and spec-
ifications of the hardware used to perform the mea-
surements, along with an overview of the test matrix.
This section is then followed by results and discus-
sions whereby three different conditions are investi-
gated. Key conclusions and an overview of future
works are presented in the final part of the article.
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Methodology

Fuel was injected into Sandia’s optically accessi-
ble high pressure and high-temperature combustion
vessel. The test injector used was a solenoid acti-
vated, 8-hole ECN “Spray G” injector by Delphi [21].
The key focus was to study the impact of a single
plume of the spray G injector on the surface of the
wall. In this case, the fundamentals of the free spray,
as presented in Figure 1, provides an overview of the
key mechanisms and features of the spray upon im-
pingement. The schematic shows the fuel film for-
mation upon impact along the free spray plume di-
rection. As the majority of the liquid film settles on
the surface, the low mixture fraction behind the head
of the free spray, labelled the ’main wall jet region’,
propagates parallel to the wall. The wall jet pro-
gressively experiences increasing resistance from the
surrounding gases, enabling the formation of wall jet
vortices around the edges of the film centre region
and the main wall jet region.

Figure 1. A conceptual model of a single plume
impinging on a solid surface. The schematic pro-
vides indication of the fuel film settling on the sur-
face upon impingement, and a portion of the mixture
fraction moving parallel to the wall in various direc-
tions, generating a wall jet and subsequently a wall
jet vortex as it experiences increasing drag caused
by the ambient gases.

The injector’s orifice drill angle is 37° relative to
the nozzle axis. It is worth noting however, that the
plume direction may not be the same as the drill
angle due to the complexities associated with the
internal nozzle flow as well as the plume to plume
variations. The injector was operated at 20MPa,
and the fuel mix used was 30% toluene and 70% iso-
octane by volume. This fuel mix was used due to a
parallel study performed on film thickness quantifi-
cation using optical diagnostics [19] which required

a tracer concentration in order to capture the sig-
nal. A double injection strategy was employed, with
the electronic injection duration of 0.78ms and dwell
time of 1ms. The injected mass was 10.3mg per in-
jection, resulting in total injection mass of 20.6mg
as a result of the double injection strategy.

Figure 2. A schematic of the spray chamber show-
ing the temperature controlled wall placed 40ms
downstream of the injector tip.

A temperature controlled wall was placed 40mm
away from the injector’s tip as shown in Figure 2.
This setup is representative of the piston’s axial dis-
tance from the injector tip in the compression stroke
undergoing multiple injections during cold starts.
The wall’s design is shown in Figure 3. The injector
was configured to have one of the 8 plumes imping-
ing directly onto the thermocouples.

The probe housed nine fast response, thin
surface, K-Type coaxial NiCr-Ni thermocouples,
mounted in the orientation shown in Figure 3. The
thermocouples’ design details and further specifica-
tions are reported in [22]. These thermocouples pos-
sess high thermal and mechanical resistance, along
with high signal-to-noise ratio. The resolution of
each thermocouple was 40 µV/K. The high tempo-
ral resolution required the thermocouples to have
response time in the range of a few microseconds.
To achieve such high resolution, the layer of coating
with small thickness is required, with less than 2 µm
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Figure 3. The design of the temperature controlled
wall with the thermocouples mounted and numbered
in the orientation shown. The wall also housed a
fused silica window which was used for optical diag-
nostics as a separate campaign.

at the surface of the thermocouple junction. To ac-
commodate this requirement, a Cr and Au coating of
0.3 µm was applied. These nine thermocouples were
installed inside a housing made of aluminium alloy.
The telemetry system consisted of the 9 thermocou-
ples, K type thermocouple conditioner AD595, and
5000 series Picoscope where the measured voltages
were sampled at 6MHz.

The top image in Figure 4 shows the probes’
positioning with respect to the plume’s impinge-
ment location and the plume direction for measure-
ments of the hot chamber conditions after the sec-
ond injection. The bottom image on the other hand,
shows the probes’ positions with respected to the
plume’s location for the cold chamber conditions af-
ter the second injection. These images are obtained
from parallel optical diagnostics (Laser Induced Flu-
orescence), imaged through the fused silica window.
As the thermocouple probes’ housing was not op-
tical, the authors used their knowledge of the the
8 plumes’ orientation with respect to each other
40mm downstream and rotated the plume that im-
pinged on the window to overlay it on the thermo-
couples. This was done to provide a representation
of the plume targeted directly on the thermocou-
ples. This was for visualisation purposes so that the
transient temperature trend can be analysed with re-
spect to the plume centre, the wall jet and plume’s
tail regions. As these images were obtained from the
camera looking through the fused silica window, the
rotated plume in that viewing direction resulted in
the vertical probe locations shown (probes 4, 8, 6

and 2) being inverted from the design position (Fig-
ure 3).

Figure 4. Probes’ locations with respect to the
plume’s footprint and its direction of travel (dashed
line across the image). The top image represents
plume impingement after second injection for the
hot chamber conditions.The bottom image repre-
sents impingement after the second injection for the
cold chamber conditions.

A cooling circulation pathway inside the wall en-
abled the coolant to circulate around the wall, which
allowed control of the wall temperature. In this case,
the wall could be cooled to a desired temperature to
simulate cold chamber surfaces during cold-starts.
To ensure that the thermocouple probe and the cor-
responding cables were operative under high ambi-
ent pressure with the coolant circulation enabled,
the probe and the cables were pressure sealed, with
the cables further sealed in an umbilical cord.

The three test cases studied are listed in Ta-
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Case Tamb Tfuel Twall ρamb

1 363 K 353 K 363 K 1 kg/m3

2 363 K 299 K 293 K 1 kg/m3

3 363 K 299 K 293 K 3 kg/m3

Table 1. Overview of the test cases. Tamb, Tfuel,
and Twall represent ambient, fuel and wall temper-
ature, respectively. ρamb represents the ambient
chamber density.

ble 1. Here ρamb represents the ambient density of
the chamber. Case 1 represents the hot chamber
conditions, where the spray dynamics and fuel film
evaporation rate were studied. Case 2 and 3 simu-
late the cold start with hot ambient chamber condi-
tions. The variations in densities are used to under-
stand the effects of varying load conditions on the
free spray jet, entrainment rate and the fuel film’s
characteristics .

The chosen sampling rate and the telemetry con-
figuration resulted in the high frequency noise being
measured along with the temperature trends, as seen
in Figure 5. In order to attenuate the noise without
compromising the detected temperature variations,
a low pass filter was applied, with an cut-off fre-
quency of 8 kHz. This led to some noise still being
present in the trends, affecting the heat flux calcu-
lations. To resolve this further, a moving average
of 100 samples per window was applied to the fil-
tered temperature traces. This not only helped re-
solve the heat flux magnitudes, but it also helped
in distinguishing small differences in the measured
temperature trends.

Three repetitions were obtained for each test
case, from which the average temperature trend was
measured. Due to the low sample number of the rep-
etitions, instead of reporting the uncertainties asso-
ciated with the averaged data, the average results
are plotted along with individual measurements to
provide an indication of the agreement between av-
eraged traces and the individual test cases. In order
to better interpret the temperature variations mea-
sured using each probe, we report the the temporal
trends of the temperature difference δT = T0 − Ti.

Cook-Felderman’s technique [23] was used to
calculate the wall heat flux (1). The classic heat
transfer solutions for a 1-D semi-infinite body, in-
cluding the Fourier series for heat flux calculation,
require the domain to initially be at a constant, uni-
form temperature. The current application does not
have a uniform wall temperature, but instead con-
sists of a startup transient whereby a steady-state

Figure 5. Raw and filtered temperature traces mea-
sured by probe No. 8 indicating the variations in the
filtered temperature as a result of applying a low
pass filter with an attenuation frequency of 8 kHz.
The corresponding heat flux trend is presented on
the right-hand side axis. The associated chamber
conditions are Tamb = 363K, Twall = 363K, Tfuel =
353K and ρamb = 1kg/m3.

wall profile is established [24].

q”ω(t) =
2b√
π

NX
n=1

Tj − Tj−1√
tn − tj +

√
tn − tj−1

(1)

The Cook-Felderman technique eliminates the
requirement of the uniform initial condition of the
wall. The technique uses a truncated summations
series to numerically calculate the surface heat flux.
In this case, b denotes the temperature dependant
thermal effusivity (b =

p
λρcp). The correct use of

the thermal effusivity for the heat flux calculation
is described in [22]. In summary, the thermal effu-
sivity should be determined for specific pairing of
materials. Emmrich [25] used a polynomial function
to calculate the thermal effusivity of an aluminium
alloy piston. The thermal properties used were re-
ported to match that of the pairing used in the cur-
rent work. As such, the temperature dependant
thermal effusivity used to calculate heat flux has
been determined from their measured relationship
between temperature and thermal effusivity. The
right-hand side axis presented in Figure 5 shows the
heat flux trend corresponding to the filtered temper-
ature trend.
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Results and Discussions

1 Hot Chamber Conditions

This section discusses the temperature differ-
ences, after injection of a double injection strat-
egy, for the hot chamber conditions whereby Tamb

= 363K, Tfuel = 353K, and Twall = 363K. Fig-
ure 6 shows the transient change in temperature as
recorded by the thermocouples. The trends show
that the initial δT is zero, until the plume arrives
0.6ms after the start of first injection. Upon the ar-
rival of the plume, a transient reduction in the sur-
face temperature is observed, measured by all the
thermocouples. This occurs in spite of the fuel be-
ing heated to 353K. The greatest cooling is observed
by probe No. 8, located in the plume center region
(top image in Figure 4) while probe No. 3, located
in the plume’s tail region, shows the least change in
temperature.

Figure 6. Transient change in temperature after
fuel impingement from a double injection strategy
measured using five thermocouples in the orientation
presented in the top image of Figure 4. The chamber
conditions are: Tamb = 363K, Twall = 363K, Tfuel

= 353K and ρamb = 1kg/m3. The red trends at the
top of the plot represent the double injection tim-
ings. The vertical dashed lines indicate the plume
center’s arrival on the wall, which are 0.6ms aSOI-1
and 0.3ms aSOI-2.

After the first fuel impingement, the tempera-
ture is observed to increase as a consequence of the
high thermal mass of the wall and progressive fuel
film vaporization. The rise in temperature is inter-
rupted by the impingement of the second injection.
This time, the impact of the second injection occurs
earlier (0.3ms after start of second injection), when
compared to the impact timing of the first injection.

The heat flux trend presented in Figure 7 shows
that the magnitude of the heat flux after each in-
jections are generally comparable, but the second
injection shows a slightly greater reduction in the
heat flux compared to the first injection, as consis-
tently measured by all the five thermocouples. This
occurs because of the low thermal inertia of the wall,
whereby the heat flux does not return to zero prior
to the start of the injection. This indicates that the
wall is cooled by the first injection. As such, the
mixture fraction from the second injection imping-
ing on the wall’s surface results in further cooling
of the wall. This effect is more predominant with
the probes located in plume center region and less
noticeable in the wall jet region.

Figure 7. Heat flux calculated using the Cook-
Felderman technique for the hot chamber conditions.

The probes located in the wall jet region show
δT returning to zero by 10ms. This is not the case
for the plume center region (probe No. 8). Shway
et al. [19] noted a 68% reduction in the fuel mass
between 4ms to 20ms aSOI. The current trend in
the plume center region indicates the presence of the
fuel film up to 10ms aSOI.

Figure 8 shows the relationship between the adi-
abatic mixture fraction of the fuel and its corre-
sponding temperature at the equilibrium state. The
equilibrium-state calculations are performed to pre-
dict liquid and vapor fraction for different mixtures.
These predictions are calculated using standard en-
ergy and fugacity balance equations for liquid fuel
and gas, which are set to initial set-point tempera-
tures during the experiments. The calculations pre-
dict mixture composition and temperature at the
equilibrium state. The solid black line in figure 8
represents the changing liquid/vapor mixture un-
der complete and incomplete evaporation conditions.
Here a mixture fraction of 1 indicates perfect liquid
at the injection temperature of 353K. The black

7



dashed line represents the fuel having transitioned
to a fully vapour phase, whose temperature increases
to match that of the chamber temperature as a re-
sult of convective heat transfer between the ambi-
ent hot gases and the fuel vapour. The transition
region between both these regions is a saturated
vapor-liquid equilibrium mixture. This means that
no liquid will exist below the mixture fraction lower
than the saturated vapor-liquid equilibrium mixture,
given that the fuel vapourisation is driven entirely by
the mixing process and perfect equilibrium mixtures
are formed.

The trend presented here indicates that as the
mixture fraction of the fuel reduces, the fuel under-
goes evaporative cooling as a result of heat absorp-
tion due to the phase change. This energy transfer
causes the fuel to cool, and at the point of impact
40mm downstream, the cooled fuel mixture subse-
quently causes conductive cooling on the wall’s sur-
face, as observed in Figure 6.

Figure 8. The relationship between adiabatic mix-
ture fraction and the equilibrium temperature for
the hot chamber conditions. Solid black line repre-
sents the mixture containing liquid and vapour mix-
ture, while the black dashed line represents the fuel
having transitioned to a fully vapour phase.

The plume center possesses a mixture fraction
of 0.35, 40mm downstream of the injector, as de-
termined using the Musculus-Kattke model. The
equilibrium temperature for this mixture fraction is
303K, 50K lower than the fuel injection tempera-
ture. This results in the wall cooling of 3K in the
plume center region (blue line in Figure 6) upon the
mixture’s impingement on the wall.

Furthermore, while the extent of cooling in the
plume’s centre region is the greatest, the extent of

cooling measured by the probes located in the wall
jet of the free spray (Figure 1) is relatively low.
The wall jet region and the wall jet vortices formed
upon fuel impingement would likely possess mostly
vapourised mixture. This is the point at which the
vapour would be undergoing convective heat trans-
fer from the surrounding hot gases. As a result of
the reduced temperature difference between the wall
temperature and the wall jet’s (equilibrium) tem-
perature, the extent of cooling is lower than that
observed in the plume center region.

Probe No. 6 is located parallel to the plume
centre region, which experiences greater extent of
wall cooling as opposed to the probes located along
the plume’s edges (probe No. 5 and No. 7). Probe
No. 6 experiences greater cooling compared to the
other probes located in the wall jet region potentially
due to the direction of the wall jet’s travel, as well as
the greater likelihood of the wall jet vortices between
the two adjacent plumes interacting in this region.

2 Cold Chamber Conditions, Low Ambient
Density

This section discusses the temperature differ-
ences for the cold chamber, with hot ambient condi-
tions whereby Tamb = 363K, Twall = 293K, Tfuel =
299K and ρamb = 1kg/m3. Figure 9 shows the tran-
sient change in temperature as recorded by the nine
thermocouples. The trends recorded in this case in-
dicate surface heating upon fuel impingement. The
fuel arrival times after both injections match those
reported for the hot chamber conditions, indicating
that the arrival time is not significantly affected by
the chamber temperature.

It can be noted that upon impact of the first in-
jection, majority of the probes measured an increase
in the surface temperature, with the exception of the
probes located in the plume center region. To better
represent the transient δT measured by each probe
with respect to the plume’s position and its direc-
tion of travel, Figure 10 shows the scattered (linear)
interpolant plots of δT for various time instances af-
ter start of injection. The red bullets indicate the
thermocouple positions. The overlaid plume in the
plots originates from LVF contours obtained through
Computer Tomography measurements 40mm down-
stream, reported in [26].

The plot at 1.5ms aSOI-1 indicates a signifi-
cant rise in temperature by the probes located in
the wall jet region, along the direction of the plume.
Meanwhile, the probes in the plume’s center and tail
regions indicate negligible heat transfer effect upon
fuel arrival. This indicates that the low mixture frac-
tion in the wall jet region causes the greatest heat
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Figure 9. Transient change in temperature after
fuel injection from a double injection strategy, mea-
sured using nine thermocouples. The test conditions
are: Tamb = 363K, Twall = 293K, Tfuel = 299K and
ρamb = 1kg/m3. The vertical dashed lines repre-
sent the plume center’s arrival on the wall, which
are 0.6ms aSOI-1 and 0.3ms aSOI-2.

transfer from the free spray to the wall’s surface.
The second injection at 3.1ms (or 1.3ms aSOI-2)
still results in the greatest rise in temperature in the
wall jet region, but this time we observe conductive
heating in the plume’s tail region. At 2.2ms aSOI-2,
the tail region sees a reduction in the wall heating,
while the probe located in front of the plume in the
plume’s direction, remain heated. In all this, the
heavily wetted region, which is the plume’s center
region, indicates no net heat transfer from the fuel
to the wall.

The plot in Figure 11 shows the trend of the
average mixture fraction along a plume’s radial lo-
cation. These plots indicate peak LVF located in
the plume’s center region, indicating heavy surface
surface wetting, which exhibits no heat transfer ef-
fects upon the plume center’s impact. The mixture
fraction under these conditions, as predicted by the
Musculus-Kattke model, is approximately 0.3 . Fig-
ure 12 shows the relationship between the adiabatic
mixture fraction of the fuel and its corresponding
equilibrium temperature.

The trend for the 1 kg/m3 ambient density indi-
cates that as the mixture fraction decreases, the fuel
is undergoing evaporative cooling, before fully va-
porising and undergoing convective heating from the
surrounding hot ambient fluid. It can be observed
that the overall change in temperature as the mix-
ture fraction reduces under the vapor/liquid phase

is 3K. This change is small. For the mixture frac-
tion of 0.3, 40mm downstream, the temperature of
the fuel is 294K. Since the wall is cooled to 293K,
the temperatures of both the impinging fuel and the
surface of the wall are comparable. This is why the
plume centre region experiences negligible effects of
heat transfer as the fuel impacts the wall.

Figure 12. The relationship between adiabatic mix-
ture fraction and the equilibrium temperature for
the cold chamber conditions. The solid lines repre-
sent the mixture containing liquid and vapour mix-
ture, while the dashed lines represent the the fuel
having transitioned to a fully vapour phase.

The vaporised mixture undergoes heating until
the temperature matches that of the ambient tem-
perature during complete vaporisation. The rise in
temperature measured by the probes located along
the wall jet is therefore the result of the high vapour
concentration fuel here undergoing convective heat
transfer with the ambient gases. This effect is more
pronounced after the second injection compared to
the first injection.

3 Cold Chamber Conditions, High Ambient
Density

The temperature differences for the cold cham-
ber, with hot ambient conditions whereby Tamb =
363K, Tfuel = 299K, Twall = 293K and ρamb =
3kg/m3 are discussed in this section. Figure
13 shows the transient change in temperature as
recorded by the thermocouples. The surface heat-
ing under the higher ambient density is observed to
greater when compared to the lower ambient density.
In this case, the probes located in the plume centre
region (probe Nos. 8 and 9) also show an increase
in temperature after both injections’ impact on the
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wall’s surface.
Furthermore, the higher ambient density is ob-

served to delay the fuel arrival time caused by in-
creased entrainment rates of the fuel mixture. The
arrival is delayed to 1.1ms after the start of first in-
jection, while the second injection’s arrival time is
delayed by 0.6ms after start of second injection.

Figure 14 shows the scattered interpolant plots
of δT for various time instances after start of injec-
tion. The plots show that the plume center region
experiences increase in temperature comparable to
the probes located in the wall jet region at 1.7ms.
At this time, the plume’s tail region experiences no
heat transfer effects upon impact. This region can
be observed to progressively heat up, especially af-
ter the second injection (the plot shown at 2.4ms).
This is again indicative of conductive heat transfer
from the heated plume center and wall jet region, to
the plume’s tail region, which is accelerated by the
impact of the second injection.

As the fuel travels 40mm downstream, the mix-
ture fraction in the plume’s center is calculated to
be 0.23 using the Musculus-kattke model. Observing
the temperature trend of the adiabatic mixture frac-
tion (Figure 12) for the ambient density of 3 kg/m3,
instead of evaporative cooling, we observe an in-
crease in temperature as the mixture fraction de-
creases. This is caused by the high ambient density,
which would increase the rate of droplets’ entrain-
ment upon injection. As a consequence of higher en-
trainment rate, the predicted liquid length decreases
[27] and the measured plume arrival time observed
by the time at which the temperature starts to rise
for all the probes, is delayed for the higher ambient
density case.

As a result, these droplets would be undergo-
ing phase change faster and experiencing convec-
tive heat transfer at a high rate between the hot
gases and the fuel mixture fraction. The tempera-
ture of the mixture fraction of 0.23 is calculated to be
311K. The plume center at the time of impingement
contains low mixture fraction at high temperature,
which upon fuel impingement, results in conductive
heat transfer from the plume centre region to the
wall’s surface.

Conclusions

The current work investigated the heat trans-
fer effects of a fuel spray impinging on a wall under
varying chamber conditions. The study was carried
out using a series of thermocouples installed on the
surface of the wall placed 40mm away from the in-
jector. One plume of an 8-hole ECN spray G injec-
tor was designed to impinge on the thermocouples.

This enabled spatial and temporal characterisation
of temperature variations upon the fuel’s impact on
the surface of the wall. A double injection strategy
was investigated with hot ambient chamber condi-
tions of 363K. Three different cases were analysed
which represented hot chamber conditions at am-
bient density of 1 kg/m3 and cold starts where the
surfaces were cooled under two difference ambient
densities.

Under the hot chamber conditions, the heated
fuel experienced evaporative cooling upon injection
due to the heat absorption effects during the phase
changes of the free spray. Upon impingement 40 mm
away from the injector, the fuel contained low mix-
ture fraction, comparable to saturated vapor-liquid
equilibrium mixture. The low equilibrium tempera-
ture of the mixture resulting from evaporative cool-
ing led to surface cooling upon impingement. The
plume center region resulted in the greatest wall
cooling.

Under the cold chamber conditions, conductive
cooling or heating of the wall upon fuel impingement
was dependent on the ambient density. For the low
ambient density of 1 kg/m3, the equilibrium tem-
perature decreased due to evaporative cooling as the
phase of the fuel changed from liquid to vapor/liquid
mixture. Under higher ambient density of 3 kg/m3

of on the other hand, the equilibrium temperature
increased as the mixture fraction decreased. This
was due to the increased entrainment effects which
resulted in convective heat transfer between the hot
chamber gases and the low mixture fraction of fuel
40mm downstream. This subsequently resulted in
the conductive heating of the wall, both in the plume
centre and the wall jet region.

The upcoming works will focus on the effects of
the combustion processes on the wall heat transfer.
Investigations will be carried out by applying the
existing understanding of the effects of the fuel film
impingement and its heat transfer effects at varying
chamber conditions, to investigate the effects of the
flame generation, arrival time, residence time and
soot generation on the measured temperature and
heat flux traces.
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Figure 10. Scattered interpolant plots indicating
the temperature distribution measured by the nine
thermocouples with respect to the plume centre re-
gion and its direction of travel. The test conditions
are: Tamb = 363K, Twall = 293K, Tfuel = 299K and
ρamb = 1kg/m3. The overlaid labelled contour of
the plume in the plots originate from the Musculus-
Kattke mixture fraction.

Figure 11. Tomographically reconstructed spray
and its liquid-volume fraction in the ’XY’ plane,
40mm downstream from the injector for ECN G3
cold conditions with the ambient density of 1 kg/m3.
The plot shows the LVF (averaged over 8 plume)
across the radial locations of a single plume [26].

Figure 13. Transient change in temperature after
fuel injection from a double injection strategy, mea-
sured using nine thermocouples. The test conditions
are: Tamb = 363K, Twall = 293K, Tfuel = 299K and
ρamb = 3kg/m3. The vertical dashed lines repre-
sent the plume center’s arrival on the wall, which
are 1.1ms aSOI-1 and 0.7mm aSOI-2.
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Figure 14. Scattered interpolant plots indicating
the temperature distribution measured by the nine
thermocouples with respect to the plume centre re-
gion and its direction of travel. The test conditions
are: Tamb = 363K, Twall = 293K, Tfuel = 299K
and ρamb = 3kg/m3.The overlaid labelled contour of
the plume in the plots originate from the Musculus-
Kattke mixture fraction.
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