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ABSTRACT 15 

The fuel flow along common-rail injectors is usually treated as isothermal, although the expansions across the injector 16 

orifices lead to variations in the fuel temperature that in turn modify the fuel properties influencing injector dynamics. 17 

This investigation introduces the hypothesis of adiabatic flow to account for local temperature variations in the 18 

computational model of a solenoid injector previously introduced by the authors in its isothermal variant. The main 19 

contribution of the study consists on the assessment of the validity of this hypothesis by qualitatively estimating the 20 

relative importance of the heat transfer processes during the injection event and in the time lapse among injections. Results 21 

of this tentative assessment for engine-like conditions imply that heat transfer is usually still occurring by the time of a 22 

new injection, meaning any initial temperature difference among the fuel and the injector wall is not expected to be 23 

completely mitigated before each injection event. The magnitude of reduction of this temperature difference depends on 24 

the injection frequency through engine speed and load. Anyway, the assumption of adiabatic flow seems to hold once the 25 

steady conditions of the injection are reached, meaning that any temperature change predictions considered with the 26 

adiabatic hypothesis may be valid as long as a certain temperature change is accounted for at the injector inlet. In a second 27 

part of the paper, the capabilities of this new model are validated against experimental data, allowing the use of the model 28 

to explore the influence of the thermal effects on the injection event. 29 
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LIST OF NOTATION 32 

Ao outlet area 33 

Ad adiabatic number 34 

Bs isentropic bulk modulus 35 

Ca area coefficient 36 

Cd discharge coefficient 37 

Ci coefficients for the fuel properties correlations 38 

Cv velocity coefficient 39 

cp fluid heat capacity at constant pressure  40 

D orifice diameter 41 

e specific internal energy 42 

Fi coefficients for the fuel dynamic viscosity expression 43 

Fo Fourier number 44 

f fuel properties correlation function 45 

h specific enthalpy 46 

ht stagnation specific enthalpy 47 

J0 Bessel function of first kind of order zero 48 

KAd constant for the transient radial heat conduction in an injector duct 49 

kf fuel thermal conductivity 50 

L orifice length 51 

mi total mass injected per cycle 52 

�̇�f fuel mass flow 53 

�̇�𝑡ℎ theoretical mass flow 54 

Nu Nusselt number 55 

ne engine speed 56 

p pressure 57 

p0 reference pressure 58 
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pb injector backpressure 59 

pdw downstream pressure 60 

pi injection pressure 61 

pup upstream pressure 62 

Pr Prandtl number 63 

r radial coordinate 64 

r0 cylinder diameter 65 

Re Reynolds number 66 

St Stanton number 67 

T temperature 68 

T0 reference temperature 69 

Tdw downstream temperature 70 

Ti fuel temperature at the injector inlet 71 

Tup upstream temperature 72 

Tw wall temperature 73 

t time 74 

tk characteristic time of heat transfer due to conduction 75 

tres fuel residence time in the injector 76 

u flow velocity  77 

uth theoretical flow velocity 78 

vf fuel specific volume 79 

GREEK SYMBOLS 80 

 fuel thermal diffusivity 81 

 volumetric thermal expansion coefficient 82 

εΔT percentual deviation among the theoretical temperature change across an orifice and the experimental one 83 

θ temperature difference among the fluid and the wall 84 

θi initial temperature difference among the fluid and the wall 85 

λn eigenvalues for the problem of transient radial heating by conduction through an infinite cylinder 86 

µf fuel absolute viscosity 87 
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µf,0 fuel absolute viscosity at atmospheric pressure 88 

ρf fuel density 89 

τAd ratio among residence time and conduction characteristic time 90 

ABBREVIATIONS 91 

BMEP Brake Mean Effective Pressure 92 

DI Direct Injection 93 

ET Energizing Time 94 

OA control volume outlet orifice 95 

OZ control volume inlet orifice 96 

ROI Rate of Injection 97 

 98 

1. INTRODUCTION 99 

The mixing process is key to the performance of direct-injection engines, due to its direct influence on the combustion 100 

phenomenon and therefore on the engine performance and the formation of emissions [1]. Some researchers have then 101 

focused on the fuel injection system, analysing the role of the injector topology [2,3], the nozzle geometrical features [4–102 

8] and the operating conditions [9–11] on the injector internal flow, spray formation and fuel-air mixing processes. In the 103 

common-rail diesel engines community the gathered knowledge led, for instance, to a generalized progressive increase 104 

in the fuel injection pressure. 105 

Most studies in the literature focus on the nozzle internal flow and spray development, whereas the injector upstream flow 106 

has not been paid so much attention. Given that the injection event is a transient process and considering the high flow 107 

velocities through the injector and the small dimensions of its ducts, experimental observations in this regard present 108 

several difficulties. Nevertheless, the internal flow through the injector rules its own dynamics, especially in non-direct 109 

acting injectors [12]. This justifies the need for computational models as an approach to carry out research in the topic. 110 

In this regard, 1D modelling has been widely employed, allowing the study of the whole injection process at a low 111 

computational cost. Most investigations take the assumption that the flow along the injector is isothermal [13–15], 112 

including past investigations carried out by the authors [16–18]. However, the ultra-high pressures reached by current 113 

diesel injection systems [19] (up to 300 MPa) imply that the thermal effects taking place within the injector become 114 

relevant. Thus, there may be important fuel temperature variations along the injector due to friction heating or due to the 115 

important fuel depressurization that takes place at the injector flow restrictions (i.e. control volume orifices or most 116 
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importantly the nozzle [20–22]). The local changes in fuel temperature and pressure influence the fuel thermophysical 117 

properties that are a function of these thermodynamic variables, such as the speed of sound, density or viscosity [23]. 118 

These properties, in turn, may impact the injected mass flow rate and spray development [24,25]. 119 

Due to the aforementioned reasons, several modellers started accounting for local temperature variations in their models, 120 

considering the injector internal flow to be adiabatic [26,27], even though they covered a short range of injector operating 121 

conditions. CFD modellers also explored the thermal effects in diesel injectors. Theodorakakos et al. [20] focused on the 122 

nozzle flow, reporting that the flow could be either heated or subcooled at the nozzle outlet depending on the nozzle 123 

discharge coefficient and the flow regime induced by the injector operating conditions. On the other hand, Yu et al. [28] 124 

extended the modelling of thermal effects to diesel sprays injected through convergent-divergent nozzles even in 125 

cavitating conditions. 126 

Despite these efforts, few attempts have been made to contrast the calculated local temperature variations along the 127 

injector against results obtained experimentally in order to assess the hypothesis of adiabatic flow. Even though this 128 

hypothesis is undoubtedly more accurate than the isothermal assumption, it may not hold if the fuel is slowly injected 129 

into the combustion chamber letting heat transfer to take place with the surrounding atmosphere across the injector walls. 130 

The authors tried to qualitatively assess the validity of the adiabatic flow assumption through experimental measurements 131 

on diesel injector calibrated orifices [29]. These orifices were submitted to controlled pressure drops and the measured 132 

temperature variations were compared to the theoretical ones given by isenthalpic expansions. It was found that the flow 133 

through a diesel injector orifice could be regarded to as adiabatic for the operating conditions that led to low fuel residence 134 

times within it (most conditions found during the steady-state stage of the injection were found to fall in this category). 135 

Later, the authors implemented the adiabatic flow hypothesis in a CFD code and modelled these same calibrated orifices 136 

[22], reporting good agreement among the temperature variations predicted by the model and the experimental results. 137 

Then, the model was applied to the flow through diesel injection nozzles. Nevertheless, these investigations aimed at the 138 

study of a single injection event, without taking into account the time lapse among injections. Depending on the injection 139 

frequency induced by the operating conditions, heat transfer may take place during this period modifying the inlet fuel 140 

temperature prior to each injection. 141 

This study deals with the implementation of the adiabatic flow assumption in a diesel injector 1D model, so that the model 142 

accounts for local temperature variations along the injector. The present paper describes the theoretical foundation for 143 

this implementation on an existing 1D model of a Bosch CRI 2.20 diesel injector previously presented by the authors in 144 

its isothermal variant [18]. Most importantly, a discussion on the validity of the adiabatic hypothesis for the injector 145 
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internal flow is presented. This consists on estimating, from a qualitative point of view, which operating conditions (both 146 

for a real engine and for the injection rate and visualization measurements typically performed for the study of the 147 

injection process in laboratory environments) could lead to accepting or refusing the adiabatic flow hypothesis with more 148 

confidence. 149 

A second part of the paper [30] shows a thorough practical validation of the adiabatic model covering the predictions of 150 

mass flow rate and temperature change through the orifices, the total injected mass per cycle and the pressure wave 151 

transmission along the injector. It then analyses the results purely provided by the validated model. This includes the fuel 152 

temperature variations along the injector ducts and orifices and the extent of their influence on the injection phenomenon, 153 

including the analysis of the impact of the fuel temperature on the effectiveness to split injections when using multiple 154 

injection strategies. 155 

 156 

2. DESCRIPTION OF THE INJECTOR 1D MODEL 157 

The computational investigation has been carried out based on a Bosch CRI 2.20 injector. This common-rail injector is 158 

driven by a solenoid valve and is ballistic (which means that the mechanical needle lift limit is not reached during the 159 

usual operation of the injector). As it has been said, the assumption of adiabatic flow has been implemented in a 1D model 160 

of this injector that was already introduced by the authors in previous investigations [18]. In the previous version of the 161 

model, the fuel flow was assumed to be isothermal. Therefore, the fuel temperature was considered to be constant along 162 

the injector ducts during the complete injection event. This meant that all the significant fuel properties (i.e. speed of 163 

sound, density and viscosity) remained unaltered both spatially and temporally. In the present investigation, local 164 

variations of the fuel temperature and its associated properties are considered during the injection by means of the 165 

adiabatic flow assumption introduced in the model. This model was implemented in AMESim, a commercial platform 166 

for multi-domain simulation [31]. 167 
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 168 

Figure 1. Bosch CRI 2.20 injector diagram and AMESim model sketch. 169 
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A complete sketch of the internal parts of the injector is shown in Figure 1, together with their equivalence in the adiabatic 170 

AMESim model. When the injector is energized, the fuel flowing along the injector is submitted to several hydraulic 171 

restrictions on its path from the injector inlet to any possible outlet: 172 

 Part of the flow from the injector inlet flows directly towards the nozzle orifices through the nozzle feeding line. 173 

 Part of the flow from the injector inlet enters the control volume through the OZ orifice (also known as control 174 

volume inlet orifice). This fuel flow can in turn follow 2 different paths: on the one hand, part of the fuel leaks 175 

through the gap among the needle and the control volume piece, lubricating the needle and feeding the nozzle 176 

orifices; on the other hand, part of the fuel flows through the OA orifice (also known as control volume outlet 177 

orifice) and leaves the injector through the fuel return line. 178 

The internal dimensions and relevant hydraulic parameters were introduced to the model after a thorough geometrical and 179 

hydraulic characterization. The geometrical characterization included a complete metrology of the internal parts of the 180 

injector carried out according to the techniques described in [32]. On the other hand, the hydraulic characterization 181 

consisted on experimentally determining the evolution of the discharge coefficient with Re for the most relevant flow 182 

restrictions. This included the characterization of the cavitation phenomenon, found for the control volume outlet orifice 183 

(OA). For more details on this characterization and the model parameters, please refer to the already mentioned previous 184 

work by the authors [18]. The main features of the model are summarized as follows: 185 

 The elastic deformations of the mechanical movable pieces are modelled, as a key factor to properly predict the 186 

injection delay (once the injector is energized, the elastic deformation of the needle must be recovered prior to 187 

the new injection event). 188 

 Pressure wave transmission is modelled through the injector internal lines. To do so, the deformation of the 189 

pieces shaping the injector ducts is considered by means of the material modulus of compressibility. These 190 

factors, together with an accurate description of the fuel speed of sound evolution with the pressure and 191 

temperature, are mandatory to properly predict the time among injections when using split injection strategies. 192 

 Friction among mechanical elements is accounted for, together with the friction among the fuel and the 193 

mechanical elements. Fuel leakage among elements is also considered. 194 

 The discharge coefficient of the orifices is computed at each time step as a function of the local Re established 195 

[33]. The effect of cavitation in the discharge coefficient behaviour is also considered. Possible reductions in 196 

area in the orifices due to the lift of mechanical valves are taken into account as well. 197 

 As it has been stated, the relevant fuel properties depend on the local temperature (thanks to the assumption of 198 
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adiabatic flow) and pressure and are also varied temporally. 199 

It is important to remark that the model accounts for the hydraulic, mechanical and electromagnetic phenomena relevant 200 

in the actuation of this solenoid diesel injector, but the local temperature changes are only included in the hydraulic 201 

components in what constitutes the assumption of adiabatic fuel flow here assessed. In Part II, these local changes in fuel 202 

temperature are shown to present an important influence on the hydraulics dominating the dynamics of the injector needle 203 

[30]. The assumption of adiabatic flow, on the other hand, implies that the temperature of the mechanical and 204 

electromagnetic metallic components is assumed to remain constant. This could have relevant implications in the case of 205 

the needle. As far as the solenoid valve is concerned, it only lifts to a maximum of around 20 µm [18], which is achieved 206 

almost instantaneously once the solenoid is energized (and almost instantaneously closed back towards its seat once de-207 

energized). The evolution of this valve in different families of solenoid injectors shows that its influence on the injection 208 

rate curve from one generation to another is limited [34], making it safe to assume that any variations of the 209 

electromagnetic properties of a given valve related to its possible metal temperature changes are small compared to the 210 

influence of the hydraulics in the control volume piloting the needle.  211 

3. IMPLEMENTATION OF THE ADIABATIC FLOW ASSUMPTION 212 

As stated previously, the implemented model accounts for local variations in fuel temperature and pressure during the 213 

injection event. All the fuel temperature changes along the injector are computed assuming adiabatic flow, with no 214 

interaction with the surroundings in terms of heat transfer. 215 

In absence of external work, the first law of thermodynamics establishes that the total enthalpy or stagnation enthalpy (ht) 216 

of a fluid is conserved during an adiabatic process, as shown in Eq. (1): 217 

∆ℎ𝑡 = ∆ (ℎ +
𝑢2

2
) = 0 

(1) 

where h is the fluid specific enthalpy and u its velocity. 218 

Along any hydraulic component (such as an orifice submitted to a pressure drop or a hydraulic line with an associated 219 

loss due to friction) within the injector, Eq. (1) may be rewritten as: 220 

ℎ(𝑇𝑑𝑤 , 𝑝𝑑𝑤) = ℎ(𝑇𝑢𝑝, 𝑝𝑢𝑝) −
1

2
∆𝑢2 

(2) 

Used by the model, Eq. (2) implies that the temperature downstream (i.e. at the outlet) of any hydraulic component may 221 

be computed if the upstream temperature (i.e. at the inlet), the pressure drop and the velocity change across the component 222 

are known, as long as the fuel specific enthalpy has been expressed as a function of the pressure and temperature (the 223 
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particular dependency used in this investigation is introduced in Section 3.1). This includes the flow through the small 224 

calibrated orifices (OZ, OA and nozzle orifices) and the flow through long ducts along which pressure losses are expected 225 

(for instance, the nozzle feeding line).  226 

It is interesting to analyse Eq. (2) in the view of the important restrictions to the flow along the injector, since this will 227 

allow understanding in Section 3.1 which locations and under which circumstances the fuel may heat up or cool down: 228 

 In the case of the particular components where the velocity change is not relevant (as it happens along the nozzle 229 

feeding line), Eq. (2) leads to the conservation of specific enthalpy in order to calculate the temperature change 230 

through them: 231 

ℎ(𝑇𝑑𝑤 , 𝑝𝑑𝑤) ≈ ℎ(𝑇𝑢𝑝, 𝑝𝑢𝑝) (3) 

 In the case of other hydraulic components, the established pressure drops are very high (such as the nozzle 232 

orifices and the OA orifice). Thus, the velocity upstream of them is small compared to the downstream velocity. 233 

Therefore, Eq. (2) can be approximated as follows: 234 

ℎ(𝑇𝑑𝑤 , 𝑝𝑑𝑤) ≈ ℎ(𝑇𝑢𝑝, 𝑝𝑢𝑝) −
1

2
𝑢𝑑𝑤

2  
(4) 

It is then possible to introduce a velocity coefficient [35] similar to the one defined by Siebers [36]: 235 

𝐶𝑣 =
𝑢

𝑢𝑡ℎ

 
(5) 

where uth is the theoretical velocity according to Bernoulli: 236 

𝑢𝑡ℎ = √
2(𝑝𝑢𝑝 − 𝑝𝑑𝑤)

𝜌𝑓

 

(6) 

According to these definitions, Eq. (4) can be rewritten to yield the downstream temperature in terms of the 237 

pressure drop and the velocity coefficient: 238 

ℎ(𝑇𝑑𝑤 , 𝑝𝑑𝑤) ≈ ℎ(𝑇𝑢𝑝, 𝑝𝑢𝑝) − 𝐶𝑣
2

(𝑝𝑢𝑝 − 𝑝𝑑𝑤)

𝜌𝑓

 
(7) 

Furthermore, the velocity coefficient can be expressed in terms of the discharge coefficient and the area 239 

coefficient [35]: 240 

𝐶𝑑 = 𝐶𝑣 ∙ 𝐶𝑎 (8) 

where the area coefficient is defined in an analogous manner to the velocity coefficient so that it takes into 241 

account the area contraction in an orifice (relevant when cavitation appears), whereas the discharge coefficient 242 

is defined as the ratio among the actual mass flow rate through an orifice and the theoretical one, as shown by 243 
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Eq. (9): 244 

𝐶𝑑 =
�̇�𝑓

𝐴0√2 𝜌𝑓 (𝑝𝑢𝑝 − 𝑝𝑑𝑤)

 
(9) 

Therefore, Eq. (7) can also be expressed in terms of the discharge coefficient and the area coefficient: 245 

ℎ(𝑇𝑑𝑤 , 𝑝𝑑𝑤) ≈ ℎ(𝑇𝑢𝑝, 𝑝𝑢𝑝) − (
𝐶𝑑

𝐶𝑎

)
2 (𝑝𝑢𝑝 − 𝑝𝑑𝑤)

𝜌𝑓

 
(10) 

In this investigation, the fuel density has been taken at a mean pressure and mean temperature among the ones 246 

found at the inlet and the outlet of the corresponding orifice. It is important to note that Eq. (1), upon which the 247 

adiabatic assumption has been implemented, applies with no work exchange among the hydraulic restriction and 248 

other components of the system. This statement is acceptable for most cases, but it may not be true in the case 249 

of the nozzle orifices for the transient stages. For the low values of needle lift of these stages, the needle might 250 

exchange mechanical work with the nozzle. Nevertheless, the interaction among needle and nozzle flow is only 251 

deemed to be relevant for values of needle lift lower than 75 µm [37], which are usually restricted to a time in 252 

the order of 0.1 ms for both the opening and the closing stages [18]. Thus, this phenomenon is restricted during 253 

the injection event and the assumption is not expected to importantly influence the results. In any case, the results 254 

reported in Part II [30] are restricted to the steady-state stage of the injection. 255 

3.1. Fuel model 256 

The equations derived in Section 3 highlight the need to express the fuel specific enthalpy as a function of temperature 257 

and pressure in order to compute the temperature variations across an injector hydraulic component with the adiabatic 258 

flow assumption. The fuel specific enthalpy may be related to its specific internal energy according to Eq. (11): 259 

ℎ = 𝑒 +
𝑝

𝜌𝑓

 
(11) 

Let us now evaluate the derivative of the fuel specific enthalpy as a function of temperature and pressure: 260 

dℎ = (
𝜕ℎ

𝜕𝑇
)

𝑝
d𝑇 + (

𝜕ℎ

𝜕𝑝
)

𝑇

d𝑝 = 𝑐𝑝 d𝑇 +
1

𝜌𝑓

[1 +
𝑇

𝜌𝑓

(
𝜕𝜌𝑓

𝜕𝑇
)

𝑝

] d𝑝 
(12) 

Introducing the volumetric thermal expansion coefficient: 261 

𝛽 =
1

𝑣𝑓

(
𝜕𝑣𝑓

𝜕𝑇
)

𝑝

= −
1

𝜌𝑓

(
𝜕𝜌𝑓

𝜕𝑇
)

𝑝

 
(13) 

https://www.researchgate.net/deref/http%3A%2F%2Fdx.doi.org%2F10.1016%2Fj.fuel.2019.116348?_sg%5B0%5D=Z3KjgAFzXdf76MLPQC8IJEfkfchmEa86ek78IQp02tFkG4e5s6WHZBUXbJyWOL1SAwuuHRH0eRssJYwa9q2ch5TH6g.lW4BncBwg6xkQBh6tzoB2uPcxlXPL6-gUdS8BZkDLNUvoXVHDgmfyJCijRrWQrphNPGyHrzHOYXYQFPVCwnKSg


Salvador, F.J., Gimeno, J., Martín, J., Carreres, M., “Thermal effects on the diesel injector performance through adiabatic 1D modelling. 
Part I: Model description and assessment of the adiabatic flow hypothesis”, Fuel 260:116348 (author version). 

doi: 10.1016/j.fuel.2019.116348 

Eq. (12) can then be written in terms of β: 262 

dℎ = 𝑐𝑝  d𝑇 +
(1 − 𝛽 𝑇)

𝜌𝑓

d𝑝 
(14) 

Please note that the second term of the right hand side of Eq. (14) would be zero for an ideal gas (for which β·T = 1), but 263 

cannot be neglected for a liquid. Eq. (14) can be integrated if the fuel properties evolution with the pressure and 264 

temperature is known. 265 

A winter diesel fuel has been considered for the computational study, replicating the fuel utilized in the experiments used 266 

for the model validation later explained in Section 5 [38]. Some of its properties (namely speed of sound, bulk modulus 267 

and density) were experimentally characterized by the authors for the range of pressures and temperatures of interest for 268 

common-rail systems [23]. As far as the heat capacity at constant pressure (cp) is concerned,  its evolution with the pressure 269 

was assimilated to the ISO 4113 test fluid one [39], whereas its dependency with the temperature was estimated from 270 

pure alkanes [40,41]. This assumption is not deemed to introduce a noticeable error, given the low variation of cp for 271 

diesel fuels on the relevant range of temperatures [42,43]. It is possible to use these data in Eq. (14): specific enthalpy 272 

variations (Δh) can be determined among conditions by taking small variations of temperature (ΔT) and pressure (Δp) 273 

instead of differentials. This allows to build the specific enthalpy map of the fuel, as shown in Figure 2. 274 

 275 

Figure 2. Lines of iso-specific enthalpy as a function of temperature and pressure for the winter diesel fuel. Reference 276 
conditions for h = 0 J/kg: T0 = 298 K; p0 = 0.1 MPa. 277 

As it has been commented, in the case of the hydraulic components of the injector through which the flow velocity change 278 

is not relevant, Eq. (3) practically leads to the conservation of specific enthalpy (Δh ≈ 0). Thus, across such a component 279 

(for instance, along the nozzle feeding line) the flow could be regarded to as isenthalpic and the temperature change due 280 
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to a pressure loss would be directly given by Figure 2. In these cases, Figure 2 illustrates that the fuel would warm upon 281 

expansion, as opposed to what happens to an ideal gas, due to the existence of the second term of right hand side of Eq. 282 

(14). Hence, for example, an isenthalpic expansion from 120 MPa to 60 MPa with an upstream temperature of 300 K 283 

would lead to a downstream temperature of 325 K (ΔT = 25 K), or an isenthalpic expansion from 180 MPa to 40 MPa 284 

with an upstream temperature of 325 K would lead to a downstream temperature of 375 K (ΔT = 50 K). This makes sense 285 

in the view of Eq. (11): under the assumption of adiabatic flow, the heating induced by viscous dissipation or a fuel 286 

depressurization is assumed to remain within the fluid, contributing to increase its internal energy. As a consequence, in 287 

the case of an isenthalpic expansion, the fluid temperature rises as it expands. In addition, the higher the fuel temperature 288 

is, the more accused the slope of the iso-enthalpy lines in Figure 2. This means that, for isenthalpic expansions with a 289 

given pressure drop, higher temperature rises will be achieved with a low upstream temperature. 290 

In the general case for which the stagnation enthalpy is preserved, the temperature change also depends on the flow 291 

velocity change along the process. As given by Eq. (2), an increase in fluid velocity due to a depressurization (for instance 292 

across the nozzle orifices) would lead to a reduction in specific enthalpy downstream of the orifice. According to Figure 293 

2, this reduction in specific enthalpy would imply a reduction in fluid temperature. Therefore, the net change in fluid 294 

temperature given by Eq. (2) could be positive or negative depending on the magnitude of the velocity change across the 295 

restriction. In the case of the nozzle orifices and the OA orifice, as developed in Eq. (10), this dependency of the fuel 296 

temperature on the velocity increase can also be expressed in terms of the pressure drop and the discharge coefficient. 297 

This reasoning is consistent with 3D CFD calculations by the authors in a previous work [22] concerning the flow along 298 

the orifices of a nozzle with a high discharge coefficient. In this work, a temperature increase was observed at the orifice 299 

walls (shear, low-velocity zones) with a temperature decrease at the centre of the orifice. Overall, the fuel bulk temperature 300 

decreased along the orifice, as the 1D computation would suggest through Eq. (9) for an orifice with a high discharge 301 

coefficient submitted to an important pressure drop. 302 

The evolution of each of the fuel properties with the temperature and pressure was provided to AMESim, so that their 303 

local variations are considered. Specifically, the fuel density, speed of sound and bulk modulus dependency with 304 

temperature and pressure were introduced in the form of the polynomial expressions given by Eq. (15), whose coefficients 305 

were fitted on the basis of experimental data, as shown in a previous work by the authors [23]: 306 

𝑓(𝑇, 𝑝) = 𝐶0 + 𝐶1(𝑇 − 𝑇0) + 𝐶2(𝑝 − 𝑝0) + 𝐶3(𝑇 − 𝑇0)(𝑝 − 𝑝0) + 𝐶4(𝑇 − 𝑇0)2 + 𝐶5(𝑝 − 𝑝0)2 (15) 

where f denotes either the fuel density, speed of sound or isentropic bulk modulus. 307 

As far as the fuel viscosity is concerned, experimental measurements were only available at atmospheric pressure [22]. 308 
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Thus, dynamic viscosity was introduced as a function of the temperature according to the correlation shown in Eq. (16): 309 

𝜇𝑓,0(𝑇) = 𝐹1𝑒𝐹2(𝑇−𝑇0) (16) 

The evolution of the dynamic viscosity with the pressure was estimated according to the Kouzel expression [44], 310 

reproduced in Eq. (17): 311 

𝜇𝑓(𝑝, 𝑇) =
𝜇𝑓,0

1000
∙ 10[(

𝑝−0.10133

1000
)(−1.48+5.86𝜇𝑓,0

0.181)]
 

(17) 

The coefficients Ci or Fi used for these correlations are summarized for each property in Table 1, together with the R2 312 

values reported. 313 

Property C0 [-] C1 [-] C2 [-] C3 [-] C4 [-] C5 [-] F1 [-] F2 [-] R2 [-] 

af [m/s] 1350.59 -3.1485 4.4928 0.0074 0 -0.0070 - - 0.9996 

ρf [kg/m3] 826.54 -1.021 0.603 0.0014 0.00125 -0.00083 - - 0.9995 

Bs [MPa] 1.489·109 -8.766·106 1.199·107 0 0 -7461.3 - - 0.9998 

μf,0 [Pa·s] - - - - - - 3.2158 -0.0263 0.9906 

Table 1. Coefficients for the fuel properties correlations of Eq. (15). Each fuel property is given in the referred units 314 
introducing T in K and p in MPa. Reference conditions: T0 = 298 K; p0 = 0.1 MPa. 315 

 316 

4. DISCUSSION: ON THE VALIDITY OF THE ASSUMPTION OF ADIABATIC FLOW 317 

Before applying the adiabatic assumption to the flow along the injector, it is key to assess the limits of the extension of 318 

this hypothesis. In the frame of the present work, this assessment can ensure the reliability of the simulations performed 319 

by the computational model, given that local changes in temperature and pressure are taken into account. More generally, 320 

this assessment can be a contribution of interest to both experimentalists and modellers in the field that usually require 321 

the injector outlet temperature as an input or boundary condition to their studies. It is thus interesting to evaluate the 322 

validity of this hypothesis considering the injector flow in both the typical engine-like operating conditions and the usual 323 

operating conditions reproduced in laboratory environments to conduct measurements such as the rate of injection curve 324 

or spray visualization by means of experimental test rigs. These kinds of measurements have become usual to evaluate 325 

the injector performance [45–48] and the spray development and mixing characteristics [49]. The rate of injection 326 

measurements have indeed been used to validate the computational model of this investigation in the second part of the 327 

paper [30]. In any case, it must be pointed out that the assessment here presented has been carried out in qualitative terms, 328 

comparing the relative importance among phenomena and providing with orders of magnitude for their relevance.  329 

The qualitative evaluation of the validity of this assumption has been divided into the analysis during the injection event 330 

itself (when the fuel is flowing, while the injector is energized) and the analysis of relevance of heat transfer to or from 331 
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the fuel during the time among successive injections (where the fuel is at rest). 332 

4.1. During the injection 333 

The validity of the hypothesis while the fuel is effectively flowing through the most important injector internal orifices 334 

was already qualitatively assessed experimentally by the authors [29], considering that the most important thermal effects 335 

will take place in these restrictions given the pressure drops induced by them. The most relevant features of that work are 336 

next summarized for continuity in the discussion presented in the present paper. Specifically, continuous flow was 337 

established along the control volume orifices of the Bosch CRI 2.20 injector and a Denso G4S injector. In the facility, a 338 

given single orifice could be isolated, with its inlet connected to an accumulating rail by a high-pressure hydraulic line 339 

and its outlet connected to a discharge volume through another high-pressure line with identical diameter. The flow could 340 

then be submitted to different controlled pressure drops across the orifices. Then, the temperature was measured at two 341 

different locations (one in the hydraulic line 16 cm upstream of the orifice and the other in the hydraulic line 16 cm 342 

downstream of the orifice) where the controlled flow was assumed to be developed and attained a similar velocity. Under 343 

these conditions, according to Eq. (2), the flow is forced to be virtually isenthalpic (Eq. (3)). This implies that the 344 

theoretical fuel temperature change across the orifice is given by an isenthalpic evolution as the ones depicted in Figure 345 

2 (always leading to heating among these 2 locations). Therefore, the temperature changes measured for different 346 

operating conditions could be compared to the theoretical ones predicted by Eq. (2). The deviations could then be 347 

attributed to heat exchange with the surroundings. The analysis of these deviations gave a hint on the conditions that led 348 

to heat exchange becoming more or less relevant to the problem. 349 

In this regard, the dimensionless parameter defined in Eq. (18) was theoretically derived to account for all the variables 350 

that influenced the proneness of the flow through an orifice to exchange heat with the surroundings: 351 

𝐴𝑑 =
1

4

𝐷

𝐿
𝑆𝑡−1 =

1

4

𝐷

𝐿

𝑃𝑟 𝑅𝑒

𝑁𝑢
 

(18) 

Please note that Ad is a corrected St number with a fourth of the D/L ratio of dimensions. For details on this derivation 352 

and the significance of the D/L factor, the reader may refer to the complete previous study [29]. 353 

The different diameter of the internal orifices and the different conditions (i.e. pressure drops) tested were associated to 354 

several values of Ad. Figure 3 shows how the percentual deviation (εΔT) among the theoretical temperature change and 355 

the experimental one were found to evolve with the Ad parameter for the non-cavitating conditions tested (the flow 356 

through the orifices of a Denso G4S injector was also studied in order to gather further data). It was observed that most 357 

points corresponding to the same Ad value collapse to similar values of εΔT regardless the combination of orifice and 358 
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condition tested. Thus, Ad can be considered as a good indicator of the proneness of the flow through an orifice to 359 

exchange heat with the surroundings. 360 

 361 

Figure 3. Percentual deviation εΔT among the theoretical temperature change and the experimentally determined one for 362 
the Ad values induced by each non-cavitating condition tested for each orifice (data for the Bosch CRI 2.20 and the Denso 363 
G4S injector orifices). Data from [29]. 364 

The main finding of the investigation was that low values of Ad lead to a high departure to the temperature change 365 

predicted by the theoretical adiabatic expansion, whereas these deviations are bounded for high Ad values: the deviations 366 

are generally lower than 10% for Ad > 4 and lower than 5% for Ad > 6. It may then be stated that: 367 

 For a given orifice, the tendency of the flow across it to exchange heat with the surroundings depends on the 368 

established value of Re/Nu and the flow regime. Empirical correlations in the literature relate Nu to Re (among 369 

other factors). These correlations depend on the flow regime, but generally establish 𝑁𝑢 = 𝑎 ∙ 𝑅𝑒𝑏, where b < 1 370 

[50,51]. Hence, Ad is higher the greater Re. The significance of this fact may be analysed as follows. Low values 371 

of Re yielding low values of Ad are associated to low flow velocities, implying high residence times for the fuel 372 

in the ducts. Hence, heat transfer is allowed to take place. Consequently, low pressure drops through an orifice 373 

induce a higher interaction with the ambient than high pressure drops. On the contrary, high flow velocities are 374 

induced for high pressure drops leading to high values of Re and Ad. In these conditions, it is possible to neglect 375 

the heat transfer and to assume that all the heat generated due to the fluid expansion remains within the fluid, 376 

being invested in raising its temperature. 377 

 For a given operating condition (associated to a particular pressure drop across the orifices), the orifice diameter 378 

also influences the proneness of the flow across it to exchange heat, not only due to its impact through Re and 379 

Nu. The term D/L is relevant in Ad since, for a particular channel length, a lower diameter implies greater wall 380 
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effects. On the one hand, this is explained by a higher proportion of the flow being in touch with the orifice 381 

surface, interacting with the surroundings. On the other hand, the boundary layer is also proportionally thicker, 382 

meaning that its viscous effects will reduce the flow velocity close to the orifice walls, increasing the fuel 383 

residence times and favouring heat transfer. 384 

In consequence, the flow established through the injector orifices with operating conditions leading to high average values 385 

of Ad behaves in a nearly adiabatic manner. In this regard, it was found that the diameter of the Bosch CRI 2.20 control 386 

volume orifices was large enough to obstruct the heat transfer process during a given expansion, unless the pressure drop 387 

was too low. It was checked that pressure drops in the order of the ones imposed during the steady stage of the injection 388 

lead to large enough values of Ad 1. During the transient stages of opening and closing this assumption could not be true, 389 

although the characteristic times of these stages are way lower than the time lapse among injections dealt with in the next 390 

subsection. 391 

4.2. During the time lapse among injections 392 

4.2.1. Theoretical approach 393 

Both in real engine-like operating conditions and controlled experimental environments, an important temperature 394 

difference may be established among the fuel (stored in a tank far from the injector) and the injector walls (located close 395 

to the engine head, significantly warmer during the engine operation). Injection in real engine conditions, with fuel being 396 

injected into the cylinder in a pulsed manner and remaining at rest during the lapse among injections, is a transient 397 

phenomenon. This transiency, together with the amount of varied operating conditions that may be achieved during an 398 

engine run, hinders the analysis. The approach taken in this study to qualitatively assess whether the heat transfer is 399 

relevant is to compare the fuel residence time in the injector (tres) to a characteristic time of heat transfer due to conduction 400 

from the injector walls to the fuel (tk). Hence, a dimensionless parameter τAd has been defined as the ratio among times, 401 

as given by Eq. (19): 402 

𝜏𝐴𝑑 =
𝑡𝑟𝑒𝑠

𝑡𝑘

 
(19) 

The parameter τAd allows evaluating the importance of heating among injections to establish the relative importance of 403 

the thermal effects during the injection, so that: 404 

                                                           
1As an example, Part II [30] shows that for a fairly low rail pressure of 40 MPa (a limiting case in terms of absolute 

pressure drop along the orifices, since the injector does not open properly for rail pressures below 30 MPa) the pressure 

drop along the Bosch CRI 2.20 OZ orifice is around 12 MPa. The associated Ad established along the OZ orifice is about 

6.2. 
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 If τAd  << 1, the fuel residence time in the injector is way lower than the characteristic time of heat transfer and 405 

the fuel does not significantly modify its temperature during the time lapse among injections. Once an injection 406 

starts, the fuel will modify its temperature due to its internal evolution along the injector (i.e. expansions across 407 

the orifices) or will exchange heat with the ambient depending on the related Ad value, as analysed earlier. 408 

Anyway, low values of Ad are not expected if tres << tk, since low fuel residence times imply either high injection 409 

frequencies (limited to 4000 rpm in diesel engines) or large pressure gradients that would lead to high Ad 410 

numbers by definition. Therefore, the assumption of adiabatic flow does not seem to be compromised at any 411 

stage for low values of τAd. 412 

 If τAd  ≈ 1, the fuel residence times are similar to the characteristic time of heat transfer and the fuel importantly 413 

changes its temperature during the lapse among injections. Hence, the temperature of the fuel inside the injector 414 

has enough time to get closer to the injection wall temperature prior to each injection event. At the same time, 415 

this means that the temperature difference between the wall and the fluid is minimized by the time an injection 416 

starts. For this reason, the ability of the fuel to modify its temperature upon its internal expansions (retaining the 417 

heat within itself in what would constitute an adiabatic process) or to transfer this heat to the ambient can be 418 

assumed to depend on the related values of the Ad number. 419 

 If τAd >> 1, the fuel residence times are much higher than the characteristic times of heat transfer. Thus, by the 420 

time of a new injection, the heat transfer process will be completed and the fuel temperature will already coincide 421 

with the injector wall temperature at all locations. During the injection itself, the assumption of adiabatic flow 422 

still depends on the Ad number: please note that the situation of tres >> tk could be generated either by very low 423 

injection frequencies (not usual in diesel engines) or by small pressure gradients piloting the injector. On the one 424 

hand, high Ad values could still be reached during the injection (for instance, for high values of rail pressure) 425 

regardless how low the injection frequency was. This fact, together with the non-existent temperature difference 426 

among the fuel and the wall by the time of a new injection would still support the assumption of adiabatic flow 427 

during the injection. On the other hand, as seen in Section 4.1, the case of low values of Ad could lead to the fuel 428 

not being able to retain the temperature changes produced by its internal evolution through the hydraulic 429 

restrictions even though the temperature difference between the wall and the fluid upstream of the restriction 430 

was negligible. In this latter case, the assumption of adiabatic flow during the injection would no longer be valid. 431 

The characteristic time of heat transfer due to conduction from the injector walls (tk) has been estimated considering the 432 

simplified problem of transient radial conduction in an infinitely long cylinder as the one shown in Figure 4, which will 433 
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then be assimilated to the injector nozzle feeding line (since it is the most relevant line in terms of fuel volume and where 434 

the effects of heat transfer both among injections and during the injection itself, if any, would be more noticeable). Even 435 

though the problem is not generic and the geometry of the infinitely long cylinder importantly departs from the reality 436 

present in the nozzle feeding line (recall Figure 1) of the Bosch CRI 2.20 diesel injector, this provides an analytical 437 

solution to be used as a reference. Additionally, the nozzle feeding line of most commercial solenoid-operated injectors 438 

is a cylindrical duct (2nd generation Bosch solenoid injectors [52] prior to the present Bosch CRI 2.20, Denso [53], Delphi 439 

[54], etc.). Thus, this analysis is assumed to give a representative order of magnitude of the heat transfer from the injector 440 

walls in the time lapse among injections that could be used for qualitative comparison with the fuel residence times in the 441 

injector. In any case, the impact of assuming a cylindrical duct instead of an annular one on the calculated values of tk and 442 

τAd is analysed in Section 4.2.2 through the results of a transient heat transfer simulation. 443 

Assuming the cylindrical shape, the fluid temperature at the centre of the cylinder initially takes a value Ti, whereas the 444 

wall remains at its own temperature Tw. The fluid is considered to be at rest so that convection is negligible. The 445 

assumption of infinite length ensures one-dimensional conduction in the radial direction. Once the fluid temperature is 446 

let to evolve freely, it will modify its value T(r) along the cylinder radial coordinate r, tending to approach the wall 447 

temperature. These hypotheses conform the scenario in which heat transfer takes place in an easier way (any heat flux 448 

among the fluid and the walls is only pointed in the radial direction), thus leading to the minimum possible characteristic 449 

times for heat transfer, tk. This results in a conservative estimation of τAd.  450 

 451 

Figure 4. Scheme of an infinitely long cylinder containing fuel at rest. 452 

Before an injection event, the fuel (which entered the injector at a certain temperature) remains at rest and is able to 453 

exchange heat with the injector walls (at a different temperature). For any radial position, the temperature difference may 454 

be defined in Eq. (20): 455 

𝜃(𝑟) = |𝑇(𝑟) − 𝑇𝑤| (20) 

Eq. (21) describes the problem in cylindrical coordinates: 456 

1

𝛼
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(21) 
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where α is the fuel thermal diffusivity. With the boundary conditions 𝜃(𝑟 = 𝑟0) = 0; (
𝜕𝜃

𝜕𝑟
)

𝑟=0
= 0; and 𝜃(𝑡 = 0) = 𝜃𝑖, 457 

the general solution for θ(r,t) is given by Eq. (22): 458 

𝜃(𝑟, 𝑡) = ∑ 𝜃𝑖  𝐽0(𝜆𝑛𝑟)𝑒−𝜆𝑛
2 𝛼𝑡

∞

𝑛=1

 
(22) 

where J0 is the Bessel function of first kind of order zero and λn are the problem eigenvalues, which are the roots of 459 

𝐽0(𝜆𝑛𝑟0) = 0. For instance, the first roots are 𝜆1𝑟0 = 2.4048; 𝜆2𝑟0 = 5.5201; and 𝜆3𝑟0 = 8.6537. Eq. (22) shows that 460 

the fluid temperature at the cylinder axis T(0,t) will exponentially tend to the wall temperature. It is then possible to 461 

determine a relaxation time (which can be assimilated to tk) for which T(0,t) has almost reached this asymptotic condition. 462 

The first root (𝜆1𝑟0 = 2.4048) leads to the longer relaxation time and must then be the one used in its determination. 463 

Focusing at the cylinder axis (r = 0) where J0 = 1, the first particular solution from Eq. (22) yields: 464 

𝜃(0, 𝑡)

𝜃𝑖

= 𝑒−𝜆1
2𝛼𝑡𝑘 

(23) 

From where the time may be isolated: 465 

𝑡𝑘 = − ln [
𝜃(0, 𝑡𝑘)

𝜃𝑖

]
𝑟0

2

2.40482𝛼
 

(24) 

The characteristic time tk defined in Eq. (24) is the time at which the temperature difference among the fluid at the cylinder 466 

axis and the wall, 𝜃(0, 𝑡𝑘), has been reduced to a certain ratio of the initial difference. 467 

Please note that, from the definition of Eq. (19), the τAd ratio defined to assess the problem is proportional to the Fourier 468 

number: 469 

𝜏𝐴𝑑 =
𝑡𝑟𝑒𝑠

𝑡𝑘

= 𝐾𝐴𝑑

𝛼 𝑡𝑟𝑒𝑠

𝑟0
2 = 𝐾𝐴𝑑  𝐹𝑜 

(25) 

where KAd is a constant for the transient radial heat conduction through an injector duct that depends on the problem 470 

eigenvalue and the considered ratio among the wall temperature and the fuel temperature at the duct axis. As a remark, 471 

the appearance of Fo is aligned with the interpretation of τAd given earlier, since low values of Fo imply that the heat 472 

transfer is still at its transient stage, whereas high values of Fo imply that steady temperatures are reached and the heat 473 

transfer process has been completed. 474 

4.2.2. Estimation for engine-like and laboratory characteristic conditions 475 
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Once the parameter τAd has been theoretically defined to qualitatively assess the relevance of heat transfer during the 476 

injection process, it is interesting to evaluate it for realistic operating conditions for which experimental data are available: 477 

 Characteristic operating points of a typical passenger car diesel engine are considered. The main characteristics 478 

of this 4 cylinder and 1.9 l engine summarized in Table 2. Combinations of engine speeds (ne) from 1250 to 479 

4000 rpm and BMEPs from 3 to 21 bar (representative of the engine load) are taken into account, for a total 480 

sweep of 28 engine points. This engine was tested at these operating conditions in different previous works [55–481 

57]. 482 

 The conditions reproduced in a laboratory environment to measure the rate of injection (ROI) of the Bosch CRI 483 

2.20 injector (which are part of the data used for the model validation described in the second part of the paper 484 

[30]) are evaluated as well. Experimental data of rate of injection are available from a previous work by the 485 

authors for a wide range of operating conditions [38]. These include injection pressures (pi) from 40 to 180 MPa, 486 

values of fuel temperature at the injector inlet (Ti) from 253 to 373 K and energizing times (ET) from 0.25 ms 487 

to 2 ms. A total of 16 operating conditions were considered for each value of Ti tested. 488 

 Similarly, conditions typically used to gather spray visualization data are also taken into account. This kind of 489 

measurements are usually performed in constant-pressure flow or constant-volume preburn vessels and include 490 

the determination of liquid-phase and vapor-phase penetration, lift-off length and ignition delay [58]. The same 491 

thermodynamic conditions stated for the ROI measurements are considered, with energizing times (ET) ranging 492 

from 0.5 to 2 ms in this case, since steady-state conditions are usually sought in the visualization studies.  493 

Engine type 4-cylinder, 4-stroke 

Displaced volume 1.9 l 

Number of valves/cylinder 4 

Stroke 90.4 mm 

Bore 82 mm 

Geometric compression ratio 17.5:1 

Air management Turbocharged 

Maximum power 110 kW @ 4000 rpm 

Maximum torque 315 Nm @ 2000 rpm 

Injection Common-rail DI 

Table 2. Engine technical data. 494 

As a reference for the fuel residence time (tres), the time needed for the injector to fully evacuate a fuel volume equivalent 495 

to the one of its internal lines has been considered. In the case of the Bosch CRI 2.20 injector, the dimensional 496 

characterization carried out to build the previous isothermal version of the model provided an approximate value of 6 cm3 497 

[18] for this volume. For each of the operating conditions tested, the mass injected per stroke (mi) is known, leading to a 498 

certain number of injections being necessary to evacuate the injector volume. If the injection frequency is known, tres can 499 
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be easily estimated. In a four-stroke diesel engine, the injection frequency is half of the engine speed. In the case of the 500 

ROI measurements used as a basis for the study, the injection frequency was set to 10 Hz, which is standard in laboratory 501 

environments to avoid the influence of one injection on the next one. In the case of the spray visualization measurements, 502 

lower injection frequencies are used so that the optical accesses are clear prior to each injection event. An injection 503 

frequency of 0.25 Hz has been chosen as representative of this kind of measurement, since it has been used by the authors 504 

[59] in the frame of the Engine Combustion Network group (ECN [60]) baseline measurements. For illustrating purposes, 505 

Table 3 shows a sample of the determination of tres for 3 of the characteristic operating conditions that have been assessed 506 

for each type of usage given to the injector. 507 

Engine-like conditions 

Condition ne [rpm] BMEP 

[bar] 

mi [mg/st] No. injections [-] tres [s] 

Low speed and load 1250 3.2 11.04 463 44.4 

Maximum torque 2000 20.7 59.69 86 5.2 

Maximum power 4000 15.4 48.22 106 3.2 

Laboratory measurements conditions ROI Spray visualization 

Condition pi [MPa] ET [ms] mi [mg/st] No. injections [-] tres [s] tres [s] 

Low pressure, short 40 0.5 5.25 972 97.2 3888 

Medium pressure, long 120 1.0 44.33 116 11.6 464 

High pressure, long 180 2.0 116.14 44 4.4 176 

Table 3. Sample of tres (time needed for the injector to evacuate a fuel volume equivalent to its own internal volume) for 508 
different engine and laboratory characteristic conditions (Ti = 303 K). 509 

As far as the characteristic time of heat transfer due to conduction (tk) is concerned, it has been seen through the theoretical 510 

analysis on the cylindrical duct that it depends on the fuel thermal diffusivity (α) and a characteristic diameter (r0). α has 511 

been evaluated from ρf, cp (see Section 3.1) and kf  (extracted from the literature for a standard diesel fuel [61]) for each 512 

operating condition considered in the study. The duct feeding the injector nozzle and surrounding the needle has been 513 

taken as a reference for the cylinder r0 due to its high volume (it accounts for most of the injector volume) and its influence 514 

on the internal nozzle flow. The hydraulic diameter of the actual annular duct changes progressively (see Figure 1). The 515 

section with an average hydraulic diameter (3.84 mm) has been considered representative of the problem for the 516 

qualitative evaluation of tk, leading to r0 ≈ 1.9 mm. As shown in Eq. (24), the value of tk depends on the reduction in the 517 

initial difference among the wall temperature and the fluid temperature at the centre of the nozzle feeding line that is 518 

considered as a reference. 519 

Table 4 shows the evaluation of tk from Eq. (24) for several values of reduction of the temperature difference between 520 

the fuel centreline and the wall (θ) non-dimensionalized with the initial temperature difference (θi). As stated earlier, it is 521 

important to note that tk has also been evaluated through a specific simulation of the transient heat transfer on the actual 522 

annular geometry of the Bosch CRI 2.20 injector nozzle feeding line. In the simulation, both the inner and the outer walls 523 
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of the duct are set to a constant temperature Tw different from the initial fuel temperature Ti. Results in this case are also 524 

shown in Table 4, with θ evaluated at the location where the fuel temperature difference is maximum (analogous to the 525 

cylindrical case, where the maximum temperature difference occurs at the centreline). The comparison among the studied 526 

geometries shows that the characteristic times always differ by a factor lower than 1.5, implying that the geometry chosen 527 

to compute τAd will not impact the order of magnitude of the estimations and the validity of the associated qualitative 528 

analysis. The cylindrical duct case is then considered hereinafter. A ratio 𝜃 𝜃𝑖 = 0.3678⁄  (corresponding to the number 529 

𝑒−1) has been selected as a reference for tk since it leads to the logarithm in Eq. (24) being cancelled, which is a standard 530 

in the definition of relaxation times. Please note that, in the view of the values shown in Table 4, this arbitrary choice of 531 

tk = 7.34 s is not expected to modify the order of magnitude of τAd and the conclusions stated in this section either. 532 

 tk [s] 

θ/θi (%) [-] Cylindrical duct (Eq. 24) Annular duct (simulated) 

75 2.24 2.35 

50 5.41 4.22 

36.78 7.34 5.61 

20 11.82 8.37 

10 16.91 11.5 

5 22.0 14.63 

Table 4. Estimation of tk for several values of the ratio among θ and θi, both for the cylindrical duct theoretical case and 533 
the simulated annular duct case. 534 

According to Eq. (19), τAd can now be evaluated from the estimations of tres and tk. This parameter is depicted in Figure 535 

5(a) as a function of the engine-like operating conditions (engine speed and load), whereas it is shown for the conditions 536 

of the ROI and visualization measurements (injection pressure and energizing time) corresponding to a reference value 537 

of Ti = 303 K in Figure 5(b). 538 
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 539 

Figure 5. Estimation of τAd for engine-like conditions corresponding to different values of engine speed and load (a) and 540 
for typical conditions of laboratory measurements including different values of injection pressure and ET (b). 541 

Results of Figure 5(a) show that τAd is higher than 1 for the lowest engine speeds and lowest engine loads, being lower 542 

than 1 for all engine speeds in the case of medium to high engine loads. For the low to medium engine loads, τAd also gets 543 

lower than 1 from a certain intermediate value of engine speed. In any case, τAd always remains within the orders of 544 

magnitude closer to 1 (0.1 < τAd < 10). Therefore, the order of magnitude of the fuel residence time within the injector is 545 

similar to the one for the characteristic time of heat transfer with the surroundings by conduction. As stated earlier this 546 

implies that, in these conditions, heat transfer seems to be relevant to a certain extent. Thus, the temperature of the fuel 547 

inside the injector has enough time to get closer to the injector wall temperature prior to each injection event, departing 548 

from the initial fuel temperature right at the injector inlet. In any case, the heat transfer process among injections will still 549 

be at its transient stage by the time of a new injection and the fuel temperature is not expected to have reached the wall 550 

temperature completely. Prior to each injection, the fuel temperature will be more similar to the wall temperature for the 551 

lowest engine speeds and loads (1 < τAd < 10), whereas its change from the fuel initial temperature will be less accused 552 

(but existent) the higher the engine speed and the engine load (0.1 < τAd < 1). During a given injection, however, since the 553 

wall temperature and the fuel temperature will already be closer to each other, the considerations previously given about 554 

the adiabatic assumption with the Ad number are valid: if the Ad number (established by both the geometry of each injector 555 

restriction and the induced operating conditions) is high (as it has been shown for the Bosch CRI 2.20 injector orifices in 556 

steady-state conditions), the already low temperature difference among fluid and wall will prevent the fuel from further 557 
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changing its temperature due to heat exchange. Only its own internal evolution due to the strong pressure drops established 558 

across the orifices will be able to modify the fuel temperature. Hence, the assumption of adiabatic flow during an injection 559 

may still hold with the particularity that a certain temperature gap should be initially considered for Ti prior to each 560 

injection (again, this gap is more accused for the lowest engine speeds and loads). This finding is particularly useful to 561 

set up computational simulations or to adjust correlations of certain variables based on experimental measurements. On 562 

the contrary, if the Ad number is low (as it may happen during the transient operation of the injector where the pressure 563 

gradients in the orifice are still low), the temperature changes along the injector cannot be solely explained by the pressure 564 

drops across the injector internal orifices and will be partially due to heat exchange with the surroundings. Moreover, for 565 

low values of Ad, the flow regime across the injector ducts would probably be laminar, with the laminar boundary layer 566 

additionally slowing down the flow close to the injector walls and reinforcing the heat exchange relevance. 567 

As far as the laboratory measurements conditions depicted in Figure 5(b) are concerned, τAd decreases with the injection 568 

pressure and the injector energizing time, as expected. Focusing on the ROI measurements conditions, similar conclusions 569 

to the ones found for the engine-like conditions can be extracted in the view of the results. Nevertheless, some operating 570 

conditions lead to a different order of magnitude for τAd (10 < τAd < 100). In particular, the shortest injections fall in this 571 

regime. This means that, under these conditions, the heat transfer process is practically completed by the time of a new 572 

injection. In these cases, it is accurate to assume that the fuel temperature already matches the wall temperature prior to 573 

each injection. During the injection itself, the low temperature difference among the wall and the fluid could lead again 574 

to heat exchange being negligible. The magnitude of the temperature change across the internal restrictions of the injector 575 

would depend on the induced Ad values, as explained earlier. In any case, it is important to note that the results presented 576 

correspond to an injection frequency of 10 Hz. The conclusions could differ if a different injection frequency was selected. 577 

In fact, τAd is an order of magnitude larger for the laboratory conditions sought in spray visualization measurements, with 578 

an injection frequency of 0.25 Hz. Several conditions fall in the regime corresponding to 100 < τAd < 1000. In these 579 

conditions, it is accurate to assume that the initial fuel temperature at the injector inlet completely matches the wall 580 

temperature. This result will be of interest to experimentalists that insulate the injector holder for their measurements 581 

seeking to control the fuel injection temperature. Again, no relevant heat transfer would take place during the injection as 582 

long as the induced values of Ad were high, so that the fuel temperature evolution from the injector inlet to the nozzle 583 

outlet could be estimated with the adiabatic flow hypothesis as introduced in Section 3. These results are analysed with 584 

the implemented computational model in the second part of the paper [30]. 585 

Therefore, from the results of Figure 5(b) it follows that several options are available if the influence of heat transfer 586 
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wanted to be isolated when designing a laboratory experiment. On the one hand, the laboratory user may directly control 587 

the relative importance of heat transfer in the injection process through the injection frequency. On the other hand, this 588 

issue can also be manipulated by properly selecting the ET of the injections. 589 

It is important to give some remarks about the limitations of this study. The proposed limiting case behaviour (with the 590 

implications of tAd being lower, equal or greater than 1) can only give an idea on the qualitative importance of the different 591 

phenomena involved in the process, being reliable only in terms of orders of magnitude. Some relevant phenomena cannot 592 

be captured by a single time tk to account for conduction from injector walls to fuel. For instance, in the real application, 593 

important temperature gradients may be present along the injector walls given the higher temperatures at which the nozzle 594 

tip is submitted, as opposed to the rest of the injector body. These temperature gradients may differ depending on the 595 

duration of the engine run. However, this could only be accounted for through a model with yet more uncertainties that 596 

would hinder the analysis of results. In any case, this fact is not deemed to condition the order of magnitude of the results 597 

here presented and their qualitative interpretation. 598 

5. CONCLUSIONS 599 

The introduction of the hypothesis of adiabatic flow to account for local temperature variations in the computational 600 

model of a common-rail solenoid diesel injector has been dealt with in this work. The main features of the model have 601 

been described, focusing on the implementation of the hypothesis on a previous version of the model (which employed 602 

the isothermal flow assumption) and the qualitative assessment of its validity. To do so, two non-dimensional parameters 603 

have been analysed to estimate the importance of the heat transfer processes both during the injection and in the time 604 

lapse among injections. The main findings of the present work are summarized as follows: 605 

 The adiabatic flow hypothesis implies that the fuel temperature change along an injector hydraulic restriction 606 

(such as an orifice) depends on the pressure drop and the velocity change (which in the end is related to the 607 

discharge coefficient) through the restriction. If the flow velocity remained constant along an adiabatic process, 608 

the conservation of fuel specific enthalpy would imply a heating upon expansion. 609 

 During the injection, the proneness of the flow along the injector to exchange heat with the surroundings depends 610 

on a non-dimensional quantity (Ad) that is a function of the orifice diameter-to-length ratio, Re and Nu. 611 

Consequently, for the injector of study it was found that heat transfer may be relevant when low values of Re are 612 

induced. This is the case of the transient stages (opening and closing), for which large pressure drops along the 613 

injector orifices are still not established. 614 

 The heat exchange process existing in the time lapse among injections has been analysed by means of a non-615 
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dimensional parameter (τAd) proportional to Fo that compares the fuel residence times within the injector to a 616 

characteristic time of heat transfer. This characteristic time has been assessed with the simplified case of transient 617 

radial conduction in an infinitely long cylinder (although its assessment through a simulation conducted for a 618 

more realistic injector duct proved to lead to the same qualitative conclusions). The evaluation of τAd for typical 619 

engine operating conditions shows that the heat transfer process is generally still at its transient stage prior to 620 

each injection. Thus, heat transfer is relevant to a certain extent and, by the time of a new injection, the fuel 621 

temperature is not expected to have reached the injector wall temperature completely. In any case, the lower the 622 

engine speed and load, the closer these two temperatures will get to each other before each injection. The findings 623 

were similar when evaluating τAd for the usual operating conditions of the ROI measurements typically performed 624 

in a laboratory environment, with the exception of the short injections. In this case, as it also happens with the 625 

usual conditions of visualization experiments, the high residence times associated to the injections imply that the 626 

heat transfer process will be completed prior to each injection, resulting in the fuel temperature at the injector 627 

inlet being equal to the injector wall temperature. 628 

 In the case of laboratory measurements, the injection frequency and the injection energizing time play a key role 629 

on the heat transfer processes. This fact may be used to the advantage of the researcher when designing a new 630 

experiment, since these conditions may be selected so that heat transfer only occurs either during the injection 631 

or in the time lapse among injections and its influence is isolated from the study. On the one hand, using high 632 

injection frequencies (or large energizing times) reduces the fuel residence time within the injector, so that the 633 

heat transfer in the lapse among injections becomes negligible. In this case, any heat transfer would take place 634 

during the injector opening and closing (where low values of Ad are present), whose relative importance in the 635 

injection event is lower the higher the energizing time. On the other hand, using low injection frequencies (or 636 

short energizing times) leads to the heat transfer process among injections being completed so that by the time 637 

of a new injection the fuel temperature already matches the wall temperature. In this case, no relevant heat 638 

transfer would take place during the injection as long as the induced values of Ad were high. 639 

 The previous conclusion implies that the fuel temperature changes along the injector in steady-state conditions 640 

could be reasonably predicted through the use of the adiabatic flow hypothesis. Even if heat transfer was relevant 641 

during the time lapse among injections, the assumption of adiabatic flow could hold during the injection. This 642 

means that a computational model (or an experimental correlation depending on fuel properties) can be reliable 643 

if a certain temperature gap is considered for the fuel temperature and its associated properties at the injector 644 
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inlet prior to each injection.   645 
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