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ABSTRACT

In this paper an experimental investigation on the heating experienced by the fuel when it expands through the
calibrated orifices of a diesel injector is carried out. Five different geometries corresponding to the control orifices of
two different commercial common-rail solenoid injectors were tested. An experimental facility was used to impose a
continuous flow through the orifices by controlling the pressures both upstream and downstream of the restriction. Fuel
temperature was controlled prior to the orifice inlet and measured after the outlet at a location where the flow is already
slowed down. Results were compared to the theoretical temperature increase under the assumption of adiabatic flow (i.e.
isenthalpic process). The comparison points out that this assumption allows to predict the fuel temperature change in a
reasonable way for four of the five geometries as long as the pressure difference across the orifice is high enough. The
deviations for low imposed pressure differences and the remaining orifice are explained due to the low Reynolds
numbers (i.e. flow velocities) induced in these cases, which significantly increase the residence time of a fuel particle in
the duct, thus enabling heat transfer with the surrounding atmosphere. A dimensionless parameter to quantify the
proneness of the flow through an orifice to exchange heat with the surroundings has been theoretically derived and
calculated for the different geometries tested, allowing to establish a boundary that defines beforehand the conditions

from which heat losses to the ambient can be neglected when dealing with the internal flow along a diesel injector.
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LIST OF NOTATION

A, outlet area

Ap area submitted to heat transfer
Ad adiabatic number

C, discharge coefficient

¢, fluid heat capacity at constant pressure
D; inlet diameter

D, outlet diameter

e  specific internal energy

h  specific enthalpy

k  thermal conductivity

L length

m  mass flow

myy, theoretical mass flow

Nu  Nusselt number

p  pressure

po reference pressure

Paw downstream pressure

Dy Upstream pressure

py  vapour pressure

P perimeter

Pr Prandtl number

g  heat flux

Re Reynolds number

Re,,; critical Reynolds number

St Stanton number

T  temperature
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Ty reference temperature

T,;, downstream temperature

T;  fluid temperature

T,, upstream temperature

T, wall temperature

u  flow velocity

u, mean flow velocity

uy, theoretical flow velocity

GREEK SYMBOLS:

a  convective heat transfer coefficient
B volumetric thermal expansion coefficient
Ap  pressure drop

AT temperature change

AT,,, experimental temperature change

ATy, theoretical temperature change

U

Mb

How

absolute viscosity
absolute viscosity evaluated at the bulk temperature
absolute viscosity evaluated at the wall

density

1. INTRODUCTION

Based on the attention it has been given by researchers in the diesel engine community, the direct injection system is
one of the key elements on the engine's outcome. It is directly related to the air-fuel mixture quality [1][2][3], which
results in a strong influence on the combustion phenomenon, thus affecting the fuel consumption and emissions
[4][5][6][7]. Advancements in the direct injection systems features have been used as a vehicle to reduce both soot and
NO, emissions in order to meet the restrictive requirements of the Euro 6 legislation and those to come. As a result, for
instance, the injection pressure realizable by the injection systems is growing at a fast rate, already reaching 250 or 300
MPa. This results in a higher complexity of the injection system, which highlights the need for advanced tools that
allow to predict its behaviour at the wide range of engine operating conditions [8].
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It is therefore important to develop computational tools to simulate the internal flow through injector systems.
Approaches have been made through one-dimensional modelling of the complete injector flow [9][10][11][12][13][14]
or three-dimensional modelling of the nozzle flow [4][15][16][17][18]. Some of these works assume that the flow is
isothermal [11][12][13][14]. Nevertheless, the raising injection pressures may also induce relevant fuel temperature
changes due to friction heating or due to important fuel depressurization across the injector control orifices or the nozzle
[15][16]. These fuel temperature changes, in turn, affect the fuel properties, which are strongly dependant on
temperature and pressure [19][20][21][22][23]. For this reason, some modellers prefer to assume the flow along the
injector as adiabatic [9][10]. However, attention has never been given to the validation of this hypothesis, which may
not be true under some real circumstances. Even though the temperature difference among the fuel and the injector
walls may be high, heat transfer to the surroundings is not expected to be relevant if the flow velocity is high enough to
lead to low residence times of a fuel particle within the injector. However, the adiabatic assumption may not hold if the

fuel velocity is too low and there is enough time for the fuel to interact with the ambient.

The purpose of this work is to shed light on the previous issues by having a look at the flow through the most important
restrictions in diesel injectors from an experimental point of view. Continuous flow through the two control orifices of a
Bosch CRI 2.20 injector (described in [23]) and the three control orifices of a Denso G4S (which uses a three-way valve
to hydraulically pilot the injector, as described in [24]) was established for different imposed pressure drops, making it
possible to measure the generated increase in temperature. Results were compared to the theoretical temperature
increase expected if the expansion through the orifice was isenthalpic, which includes the assumption of adiabatic flow.
An analysis of the deviations in temperature increase between the experiments and the theoretical isenthalpic process
was performed in order to establish the conditions under which the assumption of adiabatic flow through a diesel
injector is valid. In this regard, a dimensionless parameter was defined in order to condense the information of the five
tested orifices in a single parameter that quantifies the proneness of a certain orifice to exchange heat with the

surroundings when working under specific conditions.

2. THEORETICAL TEMPERATURE CHANGE FOR AN ISENTHALPIC PROCESS

As it has been stated, the experimental results of the temperature change across the orifice upon expansion will be
compared to the theoretical temperature change predicted under the assumption of adiabatic flow, with no heat transfer
to the surroundings. According to the first law and in the absence of external work, this assumption implies that the
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stagnation enthalpy is conserved along the orifice:

A(h+lu2) =0 M

2

Furthermore, if the reference locations upstream and downstream of the orifice at which the pressure is controlled are
placed far enough from the orifice (so as to assume that the flow velocity is similar at those locations), the specific
enthalpy of the flow is supposed to remain constant along the process carried out in the experiments. Then, under these
conditions, the flow may be regarded to as isenthalpic.

The relationship among the specific enthalpy of the flow and its internal energy is given by Eq. (2):
h=e+2 @
D

It is important to note that, due to the small diameters involved in the study, the heating induced by viscous dissipation
(i.e. friction) along the orifices, or by the fact that the flow is slowed down downstream of the orifices, is deemed to be
important [15][16][25][26][27][28]. Under the assumption of isenthalpic flow, this heat is supposed to remain within

the fluid, contributing to increase its internal energy and therefore its temperature while the fluid expands, according to

Eq. (2).

In order to calculate the temperature change in an isenthalpic expansion, let us consider the general formulation for the

specific enthalpy as a function of the fluid temperature and pressure:

dh—(ah) dT+(ah) dp = c,dT +
~\at/, ap), P

1—BT i 3)

where ¢, is the fluid heat capacity at constant pressure and § its volumetric thermal expansion coefficient, defined as:

33,38,

Note that the second term of the right hand side of Eq. (3) is null for an ideal gas (for which B7 = 1), but cannot be
neglected for a liquid. If the variation of the fluid properties (c,, 8 and p) with respect to the pressure and temperature is
known, Eq. (3) can be integrated taking into account that the final result is independent on the integration path [29].
This implies that it is possible to determine the fluid temperature after the expansion if the temperature upstream of the

orifice and the pressure both upstream and downstream of the orifice are controlled. The particular procedure applied to
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calculate the temperature increase for the tested fuel is explained in Section 3.3.
3. EXPERIMENTAL TOOLS

3.1 Setup and hardware

Electric motor Water
P ulation valve
Fuel filter A up %9

N\ AN
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Fuel pump
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Figure 1: Experimental setup for the mass flow rate measurements. The thermocouple and pressure sensor locations are
shown in the diagram.

Continuous flow was imposed through the restrictions under several conditions of controlled upstream and downstream
pressure thanks to the experimental setup shown in Fig. 1. A fuel pump driven by an electric motor extracted fuel from
a tank and rised its pressure after making it flow through a filter. The fuel was led to a commercial common-rail in
which both temperature and pressure were controlled upstream of the rail by means of a water heat exchanger and a
manual pressure relief valve, respectively. The orifice to be tested was fitted inside a test rig located downstream of the
rail. The purpose of this test rig, specifically designed for each orifice, was to isolate the corresponding restriction so
that fuel flowed in the adequate direction through the orifice and was not leaked through any other paths that could be
possible during the normal operation of the complete injector. The test rig designed for the Denso G4S Outlet orifice is
shown in Fig. 2 as a sample. The test rig for the measurements concerning the Bosch CRI 2.20 control orifices was
already presented by the authors [14]. After the orifice, the fuel entered a discharge chamber where the pressure was
controlled by means of another manual backpressure regulation valve placed downstream. The temperature jump across
the orifice was determined from fuel temperature measurements carried out by type K thermocouples inserted at two

locations of the high-pressure lines at which the flow was assumed to be develop and attain a similar velocity: right
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after the rail and before the discharge chamber (i.e., 16 cm upstream and downstream of the orifice). Finally, the fuel
was injected into a glass in which the mass flow rate m could be measured in real time thanks to a scale connected to a
computer. An air-conditioning unit was used in order to control the ambient temperature and keep it below the
temperature upstream of the orifice so that, in case that the heat transfer with the surroundings was relevant, it would
have taken place in the same direction (from the fluid to the surroundings) for all the tested operating conditions, thus
enabling comparability among tests. The mass flow measurement was recorded for each tested condition after a short
stabilization time by averaging it for a period of 80 seconds. This measurement allowed to determine the orifices

discharge coefficient for the tested operating conditions, as stated by Eq. (5):

L i )
Y A ,
e plotlen Ao Zp(pup - pdw)

where the theoretical flow velocity u,, is derived from Bernoulli's equation taking the assumption of negligible upstream

velocity. The discharge coefficient strongly depends on the Reynolds number [30], defined as:

_ PumDo (6)
u

Re

where u,, is the flow mean velocity, determined from the mass flow rate through the continuity equation:

m (7

As explained in Section 3.2, several values of upstream and downstream pressure were considered in order to ensure
that the experiments were performed on a wide range of Re, which led to the orifices being tested both in the laminar

and the turbulent regimes.

Values of fuel density and viscosity in Egs. (5) to (7) were taken at a mean temperature and a mean pressure by
averaging the values of these conditions upstream and downstream of the orifice. More details on the fuel used in the

investigation and its properties are given in Section 3.3.
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Figure 2: Orifice test rig for the Denso G4S Outlet orifice.

As already mentioned, the tests were carried out for five different control orifices belonging to two commercial
common-rail injectors. The geometry of the orifices was determined by means of the silicone moulding and
visualization technique explained by Macién et al. [31] and successfully applied in the literature [11][13]. A summary
on the relevant geometrical parameters for each orifice is given in Table 1. It is important to note that three of the
orifices (Bosch Outlet, Denso Inlet and Denso Control Valve) are cylindrical and therefore prone to cavitate [32]. This
could affect the fuel heating upon expansion due to the different thermal behaviour of the vapour bubbles or to the

enthalpy change associated to the phase change. The significance of this fact is analyzed in Section 4.

Injector Orifice D, [um] D, [um] L [mm]
Inlet 308 291 1.47
Bosch CRI 2.20 Outlet 256 258 1.48
Inlet 274 274 0.8
Denso G4S Outlet 110 102 0.84
Control Valve 199 198 0.75

Table 1: Tested orifices geometrical parameters.

3.2 Test Matrix

Table 2 depicts the operating conditions experimentally tested. Values of p,, range from 5 to 60 MPa. For each value of
Dy tested, a sweep of p,, was performed in order to ensure that each orifice worked for a wide range of Re values, so
that all flow regimes (laminar, transitional and turbulent) are considered in the study. The maximum p,, value tested

was 12 MPa due to mechanical limitations of the discharge chamber.
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207

208

Pu [MPa] Pav [MPa]
5 05-1-15-2-25-3-35-4-42-44-46-438
10 05-1-15-2-25-3-4-5-6-7-8-9
20, 30, 40, 50, 60 05-1-15-2-25-3-4-5-6-7-8-9-10-11-12

Table 2: Values of pg, tested for each p,, considered.

3.3 Fuel

A standard B20 biodiesel blend (80% diesel, 20% rapeseed methyl ester) was chosen for the study. Eq. (3) highlighted
the need of knowing the evolution of p, 8 and ¢, with respect to the pressure and temperature in order to determine the
theoretical temperature change after an isenthalpic expansion. Speed of sound measurements at different pressures and
temperatures were carried out in order to determine the density following the procedure already validated by the authors
[21][33]. The thermal expansion coefficient, 8, was then determined through Eq. (4). On the other hand, the evolution
of ¢, with respect to the temperature was estimated from data of pure alkanes [34], whereas its variation with respect to
the pressure was taken from similar hydrocarbons [35][36]. This assumption is not deemed to introduce a noticeable
error, given the low variation of ¢, for diesel fuels on the studied range of temperatures and pressures. With all, the map
of specific enthalpy for the tested fuel was determined by applying Eq. (3) taking small variations of pressure and
temperature instead of differentials (Fig. 3).

The specific enthalpy data were fitted to a polynomial equation:

h(T,p) = ho + hp(T = To) + hy(p — po) + hyo (T — To)? + hyy (T — To) (P — Do) + hpa (0 — po)*  (8)

The coefficients of Eq. (8) for the tested fuel are shown in Table 3, with a statistical R* value of 0.999967, which
confirms the reliability of this regression. Eq. (8) can then be used to determine the theoretical temperature change for

an isenthalpic expansion, solving the following expression for 7,

h(wa: pdw) = h(Tup: pup) (€

Fuel hy h, hpp10° hy,10° By 10°

B20 1.973502 0.913494 2.226358 7.336523 1.369723

Table 3: Eq. (8) correlation coefficients for the B20 fuel used in the experiments (7 =298 K and p, = 0.1 MPa).

A look at Fig. 3 clearly shows that the fuel warms upon expansion, since isenthalpic lines need to be followed. For
instance, it can be seen that an expansion from 60 MPa to atmospheric pressure with an inlet temperature of 280 K

would lead to an outlet temperature of 308 K (47 = 28 K), or an expansion from 100 MPa to atmospheric pressure with
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Figure 3: Fuel specific enthalpy evolution with respect to temperature and pressure. Reference: T; = 298 K; py = 0.1
MPa.

4. RESULTS AND DISCUSSION

4.1 Orifices hydraulic behaviour

The continuous mass flow measurements explained in Section 3.1 made it possible to characterize the hydraulic
behaviour of each of the tested orifices. Fig. 4 shows the C, as a function of Re for the five orifices. Focusing on a given
orifice, a theoretical asymptotic trend is clearly noticed, as expected according to the literature [30][37]. Fig. 4(a) shows
that the Bosch Inlet orifice does not cavitate for any condition, since increasing Re always leads to higher values of C,
(in this case, the mass flow was always found to grow linearly with the square root of Ap). The rest of orifices, however,
show branches of decreasing C,, associated to the mass flow rate collapse noticed for each value of p,, from a given
critical value of p,,, and below. This behaviour, attributed to cavitation [38], was expected for cylindrical orifices (recall
Table 1) as already reported by the authors in several works concerning diesel injectors internal flow
[T1][13][17][18][23]. Fig. 4(b) also shows that, among all the cavitating orifices, the cavitation intensity is lower for the
Denso Outlet orifice. This fact is also explained due to its geometry, since it is slightly conical (see Table 1). Table 4
shows details on some relevant parameters extracted from Fig. 4, such as the asymptotic C,,,. to which each orifice
tends and a Re,,;, defined as the Re for which the exhibited C, is 95% of Cy .- This value is presented due to its
importance in later sections, where it is used as the Re value that defines the transition from laminar to turbulent flow

regime.
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Figure 4: C, as a function of Re for the control orifices of the Bosch injector (a) and the Denso injector (b).

Injector Orifice Camas [-] Re i [-] Cavitation
Inlet 0.92 4600 No
Bosch CR12.20 Outlet 0.96 5000 Yes
Inlet 091 6800 Yes
Denso G4S Outlet 0.92 4100 Yes
Control Valve 0.84 3400 Yes

Table 4: Summary of the tested orifices hydraulic parameters.

Fig. 5(a) shows the experimental temperature increase (47) as a function of the pressure drop (4p) for two sample
orifices (Denso Outlet and Denso Control Valve). The theoretical AT corresponding to an isenthalpic expansion is also
shown in the figure. As it can be seen, the experimental AT registered was always lower than the theoretical one. Since
the fuel was considerably warmer than the ambient in all cases, this means that heat was being transferred to the
surroundings. However, deviations are low in the case of the Denso Control Valve orifice, where the flow practically
behaved as if it were isenthalpic. For each operating condition tested, the deviation among the theoretical AT for an

isenthalpic expansion and the experimentally registered A7 was quantified as:

ATy, — AT,
=—_" %P . 100 (9

(10)

The evolution of € against Ap for the three Denso injector orifices is shown in Fig. 5(b). Having a look at a given orifice,
a decreasing trend is observed when 4p increases. In addition, the differences are bounded for each orifice as long as 4p
is high enough. The most important differences in percentage terms take place for low values of 4p. In those cases, the

flow may be laminar (the associated Re could be lower than the critical one), which means that viscous dissipation
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effects become relevant. These effects, located at the boundary layer, result in a decrease of the fuel velocity close to the
wall (even though viscous heating induces higher fuel temperatures also close to the wall, which act in the sense of
reducing the fuel viscosity thus damping the mentioned effect), thus increasing the fuel residence times in the channel.

Hence, there may be enough time for the flow to lose heat to the surroundings.

In the case of the Denso Control Valve and Denso Inlet orifices, deviations are lower than 10% and 5%, respectively,
except for the points at low pressure drop. Thus, it seems that the adiabatic assumption for the flow could be accurate
enough for engineering purposes when dealing with these orifices as long as the pressure drop is not too low. On the
contrary, differences become more important in the case of the Denso Outlet orifice, never being lower than 13%. This
could be explained due to its lower diameter (102 pm): even though low diameters result in a lower effective surface for
heat exchange, the reduction in cross-sectional area leads to a higher portion of the flow being affected by the boundary
layer. The reduction of the flow velocity in this region results in higher fuel residence times that enhance heat transfer to

the surroundings.

30 - 35
]| @ Denso Outlet ] % ¢ <> Denso Inlet
25 4| ¢ Denso Control Valve 30 ERARE @ Denso Outlet
E Theoretical (Iso-h) 25 d % e Denso Control Valve
a3 T ] "0.0
2 = P
15— s a 4 M
~ n o . &
- . i 155 e o K \M~ .
10 4 l 1° ®e®, *
10 O(g};"" . of
] : P e o, * 20
0 _: 4 0 _: o < o0 S8 A .. S
LB I LI I LI | I LB | I LI I LI LB i L] LI B ) ' LELELL I LB | [ LA |
0 10 20 30 40 50 60 0 10 20 30 40 50 60
Ap [MPa] Ap [MPa]
(a) (b)

Figure 5: Temperature increase as a function of the pressure drop for two of the orifices tested (a). € against the pressure
drop for three of the orifices tested (b).

4.2 Derivation of a dimensionless parameter to quantify the proneness of an orifice to transfer heat with the
surroundings

From the findings of Fig. 5, it seems that several parameters (such as flow velocity, viscosity - both of them linked
through Re -, orifice diameter, etc.) are involved in the problem and it may be interesting to relate them in a single

parameter to qualitatively quantify their effects in a combined way. This task is performed in this section.
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Let us consider a fluid travelling through a channel of length L and perimeter P, as depicted in Fig. 6. The fluid enters
the channel at a certain 7,,, temperature and leaves with a different temperature, 7;,. At any location inside the channel,
the fluid is allowed to exchange heat with the surroundings since there may be a difference among its temperature, 7},
and the channel wall temperature, T,,. In these conditions, without any additional external work, the change in internal

energy of the fluid must equal the heat transferred, which yields:

mey(Taw — Tup) = aAp(Ty, — Tf) (11)

where « is the convective heat transfer coefficient and Ap is the heat transfer area of the channel surface. It is then
possible to define a dimensionless parameter (4d) as the ratio among temperature changes:

ad = (Tw = Tr) e, (12)

(wa - Tup) adp

Ad may be referred to as adiabatic number and it quantifies the temperature difference needed among the channel wall
and the fluid in order for the fluid to increase its temperature in 1 K at the channel outlet. In other words, Ad measures
the proneness of a flow to retain the heat within itself instead of transferring it to the surroundings. Thus, the higher the
value of 4d, the closer to the theoretical adiabatic condition the flow will behave. 4d may be expressed in terms of other
dimensionless groups:

me,  pAoumC, 1D puyc, 1D
aAp Pl 4L a @ 4L

(13)

Ad = St~!

where the concept of hydraulic diameter (equal to the channel diameter in a circular channel) as the ratio among the
cross-sectional area 4, and the perimeter P of the channel has been used. Hence, Ad is directly related to the diameter-

to-length ratio of the channel and to the Stanton number, S¢, which relates the heat transferred into a fluid through
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convection to its heat capacity. St can also be expressed as a function of Nu, Pr and Re so that:

1D 1D PrRe (14)
e T S
Ad_4LSt 41 Nu

4.3 Evaluation of the Ad number for the tested orifices

As pointed out by Eq. (14), the derivation of Ad is consistent with the findings reported in Section 4.1: heat transfer to
the surroundings is enhanced by low values of Re and low diameters for a given channel length. In this section, Ad is
evaluated for each of the tested conditions for all the orifices in order to assess its usefulness. Since the thermocouples
of the experimental setup described in Section 3.1 were located in the high pressure lines at a certain distance (16 cm)
upstream and downstream of the orifice (recall Fig. 1), and the diameter of these lines (5 mm) differs from the orifices
diameters, Ad has been evaluated taking into account three different sections (labelled in Fig. 1):

- Section A: from the thermocouple upstream of the orifice to the entrance of the orifice test rig.

- Section B: from the entrance of the orifice test rig to its outlet.

- Section C: from the orifices test rig outlet to the location of the thermocouple downstream of the orifice.

Attending to the two AT involved in the generic definition of Ad, its corresponding value among Sections A and C can

be established from the following expression:

1 (Taw—Twp) AT +ATp +AT, 1 N 1 N 1 (15)
Ad~ (1,-1;)  (T,-T;)  Ady Adg Adc
Therefore:
1 1 (16)
Ad:ZL:Z(L],ﬂ Nu; )
Ad; D; PriRe;

For each value of 4p tested, Re; can be evaluated from the continuous mass flow measurements. Pr;, in turn, can be
easily calculated from the fuel properties:

_ Hicy, (17)

Pri k.
i

where £ is the fuel thermal conductivity, which for the present investigation was taken from a generic diesel fuel as

reported in [29]. With regard to the Nusselt number, empirical correlations to relate it to Re and Pr are readily available
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in the literature. In the present work, the correlation introduced by Sieder & Tate [39] was used for laminar flow:

D 1/3 Uy 0.14 (18)
Nu = 1.86 (—RePr) <—)
L Hw

where the last term, relating the fluid bulk viscosity (u;) to the fuel viscosity at the wall (u,,), has been neglected. In the
case of turbulent flow, the correlation defined by Nusselt [40], valid for short tubes (10 < L/D < 400), was used instead:

1/18 19
Nu = 0.036Re®8pr1/3 (g) (19)

Egs. (17) to (19) highlight the relevance of the fuel properties in the evaluation of Ad through Re, Pr and Nu. Given the
important changes in fuel temperature and pressure through sections A to C in the experiments, the fuel properties
involved (p, u, ¢, and k) have been evaluated accordingly, as stated in Table 5. The criteria for the evaluation of Nu are
also shown in the table. As implied by the table, the flow has been assumed to be laminar along sections A and C for all
the orifices. This assumption is based on the low values of Re found from the measurements of these locations: Re <
400 for the Denso outlet orifice and Re < 2600 for the Bosch inlet orifice regardless the pressure conditions tested. In
the case of section B, some operating conditions lead to Re < Re,,;, (laminar flow) and some others to Re > Re,,;
(turbulent flow). Consequently, there may be cases in which the flow through sections A to C is a mixture of laminar
and turbulent flow. All the calculations concerning heat transfer parameters were carried out in accordance to this fact.

Mean values of Nu are thus considered for each section through the application of Egs. (18) or (19).

Section Fuel properties Nu correlation
A Evaluated for p,, and T, Laminar flow
B Evaluated for the average values of p and T upstream Laminar flow if Re < Re,,;;
and downstream of the orifice Turbulent flow if Re > Re,,;
C Evaluated for p,, and T, Laminar flow

Table 5: Criteria for the evaluation of the fuel properties and Nu at the different sections of the experimental setup.

Fig. 7 shows the evolution of € against Ad for all the tested points corresponding to the Bosch Outlet orifice and the
Denso Control Valve orifice. A distinction is made among the operating points leading to cavitating conditions and
those corresponding to non-cavitating conditions. Focusing on the behaviour for non-cavitating conditions, a decreasing
trend of the deviation with the Ad number is clearly observed for both cases. This fact agrees with the purpose of the Ad
number definition and is expected since the lowest values of Ad correspond to low values of Re (Eq. (14)), for which the
flow along the orifice is laminar (recall Fig. 4). In the experiments, these points are found for the lowest 4p values
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tested. In these conditions, the flow velocity is reduced, increasing the fuel residence time and allowing heat exchange
with the surroundings. On the other hand, Ad increases for higher values of Ap, for which the flow gets turbulent and its
velocity is increased, reducing the available time to transfer heat to the surroundings. With all, it can be seen that the
operating conditions leading to Ad values higher than 4 lead in both cases to relatively low deviations compared to the
theoretical AT corresponding to an isenthalpic expansion. Indeed, these deviations are bounded within a 10% margin,
making it possible to state that the flow nearly behaves as if it were adiabatic. In addition, ¢ is generally lower for the

Bosch Outlet orifice than for the Denso Control Valve orifice. This is consistent with the Ad definition since the former

generally leads to higher values of 4Ad than the latter due to its higher diameter.
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Figure 7: £ against the Ad number for the Bosch Outlet orifice (a) and the Denso Control Valve orifice (b). Points
corresponding to both cavitating and non-cavitating conditions are represented.

Having a look at the cavitating conditions in Fig. 7, the observed values of € are more scattered than those reported for
non-cavitating conditions. There seem to be groups of operating conditions that lead to the same value of Ad but
register different levels of deviation (for instance, for Ad = 5.2 in the case of the Bosch Outlet orifice, there are
operating conditions for which the deviation ranges among 2 and 15%). Each of these groups correspond to a given
value of upstream pressure. Hence, for a given group, the deviation depends on the cavitation intensity (i.e. the lower
the downstream pressure). In order to better analyse the role of cavitation in this matter, let us introduce the cavitation

number CN defined by Soteriou et al. [41]:
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where p, is the vapour pressure. This number quantifies the proneness of an orifice to cavitate. Once cavitation

conditions are achieved, the cavitation intensity is higher as CN grows.

Fig. 8 depicts € against CN for the Bosch Outlet orifice. As it may be seen, this magnitude generally grows the higher

the cavitation intensity. Therefore, the flow behaviour importantly departs from being nearly isenthalpic. This fact

should not be attributed to the local cooling associated to the enthalpy of phase change, since other authors have shown

its relatively low importance (in the order of tenths of a degree) [42]. However, it might be explained considering that

the heat transfer parameters associated to the vapour bubbles (specifically the convective heat transfer coefficient, @)

importantly differ from those of the liquid phase. Indeed, Bergman et al. [43] reported an increase in & with the

appearing vapour bubbles that would lead to lower effective Ad values, supporting the higher deviations observed in Fig.

7 for cavitating conditions. These considerations were not taken into account in the evaluation of Ad, given the

difficulty to quantify the dependency of @ with the cavitation intensity, but would act in the sense of collapsing the

points corresponding to cavitating conditions with the ones corresponding to non-cavitating conditions shown in Fig. 7.
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Figure 8: ¢ against the cavitation number CN for the Bosch Outlet orifice. Only the points corresponding to cavitating
conditions are represented.

In addition, for a given value of CN, the deviations are less important the higher the upstream pressure p,,. This is also

consistent with the commented findings regarding 4p and A4d.
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At this point, it is interesting to check the behaviour of all the orifices jointly. Fig. 9 shows ¢ plotted against Ad for all
the orifices tested. Given the remarks on cavitating conditions, only the points corresponding to non-cavitating
conditions are represented. The same decreasing trend that was reported for a given orifice is noticed. Given the Ad
number definition, the orifices are effectively sorted by their outlet diameters (recall Table 1): the Denso Outlet orifice
leads to lower values of Ad, followed by the Denso Control Valve orifice, Bosch Outlet, Denso Inlet and Bosch Inlet, in
this order. This scaling with the diameter was expected as explained in Section 4.1 in view of Fig. 5. Thus, orifices that
lead to low values of Ad, even for the higher 4p values tested, present high deviations with respect to the theoretical
isenthalpic expansion. Hence, the deviations found for the Denso Outlet orifice are higher than 13% even for its higher
values of Ad. On the contrary, since the conditions tested for the Bosch Inlet orifice never lead to low values of Ad, their
deviations are bounded. In addition, the points of Fig. 9 corresponding to different orifices tend to collapse for a given
value of Ad, which highlights the usefulness of this number. As it was found for a given orifice, it is possible to state in
a more general way that the flow through orifices leading to high average values of Ad behaves in a nearly adiabatic

manner (for instance, Ad values higher than 4 keep the deviations bounded within a 10% margin).
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Figure 9: ¢ against the Ad number for all orifices. Only the points corresponding to non-cavitating conditions are
represented.

With all, a dimensionless number to determine in a qualitative way the proneness of the flow through a diesel injector
internal orifice to exchange heat with the surroundings has been defined. It is important to state that the results here
presented in terms of Ad should not be relied on quantitatively, given the nature of the experiments. On the one hand,

these experiments were carried out at a certain ambient temperature. On the other hand, the temperatures upstream and
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downstream of the orifice were measured at a certain distance from the orifice itself. Thus, most of the heat transfer

effectively took place in the high pressure lines connecting the orifice to the rail and the discharge chamber. However,

the validity of the methodology of this study is yet not compromised since the flow through these lines was still

governed by the restriction imposed by each orifice.

5. CONCLUSIONS

In this work, the proneness of the flow through diesel injector internal orifices to resemble adiabatic flow was assessed

experimentally by carrying out measurements on 5 different orifices corresponding to 2 commercial injectors. The tests

consisted on measuring the flow rate and temperature established upon an expansion through the orifice, by controlling

the pressure conditions upstream and downstream of the orifices. The main conclusions of the study are summarized in

the following points:

In adiabatic conditions and among two locations where the changes in flow velocity are not relevant, diesel

fuel warms upon expansion through an injector internal orifice, as deduced from the null enthalpy change.

The proneness of an orifice to exchange heat with the surroundings is directly related to the Re and flow
regime. Low Re values imply relatively low flow velocities, which increase the fuel residence times in the duct,
thus allowing heat transfer to take place. On the contrary, high flow velocities are established for high values

of Re, making it possible to neglect the heat transfer and to assume that all the heat internally generated

remains within the fluid raising its temperature. Therefore, low pressure drops through an orifice induce a

higher interaction with the ambient than high pressure drops.

The diameter also influences the tendency of a given orifice to transfer heat to the surroundings, and not only
due to its impact through Re. This is explained since, for a given channel length, a lower diameter implies a
relatively higher proportion of the flow being in contact with the channel wall, which directly favours heat
losses to the ambient. In addition, these wall effects also imply the existence of a boundary layer where flow
effective velocity is importantly reduced by viscosity, also increasing the fuel residence times leading to heat

transfer.

It is possible to define a dimensionless parameter to qualitatively assess the proneness of the flow through an

orifice to exchange heat with the surroundings depending on the pressure drop driving the flow. The definition
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408 of such a parameter in this work (4d) comprises all the previously stated effects for non-cavitating flows, and

409 has made it possible to establish that heat transfer should not be neglected for orifices with small diameter,
410 regardless the flow conditions. On the contrary, the flow can be treated as nearly adiabatic for orifices with
411 high diameter, regardless the flow conditions. With all, any combination of orifice diameter and pressure

412 conditions can be assessed beforehand by means of the Ad number.

413 e  With regard to cavitating conditions, the difficulty in obtaining the variation of the heat transfer coefficient
414 with the appearing vapour bubbles does not enable the quantitative evaluation of the 4d number. However, it
415 has been checked that the flow gradually departs from being adiabatic as the cavitation intensity grows. This is
416 consistent with the definition of Ad since the heat transfer coefficient is deemed to increase as cavitation gets
417 more important. Therefore, the conclusions of the study may be generally extended to cavitating conditions.
418
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