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Abstract

This paper describes preliminary results of non-isothermal CFD simulations of both single phase steady state flow at
5um axial needle lift and two phase cavitating transient flow during a full injection cycle for three different diesel
fuel injector designs. The CFD simulations are carried out under typical engine operating boundary conditions with
variable fuel injector inlet pressure ranging from about 160 to 190MPa, a constant inlet temperature of 80°C and a
typical constant outlet pressure of 10MPa. The non-isothermal CFD simulations, carried out using the in-house CFD
code from City University in London (GFS), employ variable properties for diesel liquid as functions of both pres-
sure and temperature. Additionally, the effects of viscous heating were taken into account in order to further im-
prove the accuracy of the physics of the flow field within such fuel injectors. The paper provides a comparison of
the variations of the coefficient of discharge and the temperature rise across each of the fuel injector designs during
one full injection cycle. Furthermore the geometrical locations within the fuel injector, where the predicted cavita-
tion might lead to erosion, are examined, while at the same time providing the novelty of outlining the likelihood of
the occurrence of the flow boiling under the boundary conditions used.
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Introduction

Although the modern diesel engines requirement of
operating at fuel injection pressures of up to 300MPa
has placed less demand on the aftertreatment systems in
meeting the legislative Tier IV emission requirements,
it has made the fuel injection systems more vulnerable
to cavitation and boiling phenomena and their conse-
quent erosion damage [1], [2]. Cavitation occurs when
the liquid pressure at a given temperature falls below its
saturation vapour pressure and as a result a change of
phase occurs from liquid to gaseous phase. Furthermore
bubbles may arise from flow boiling phenomena when
the liquid temperature at a given pressure rises above its
saturation temperature.

It is now well known that cavitation formation often
leads to the process of violent collapse of gaseous bub-
bles and strong shock waves that eventually lead to sur-
face erosion [3]. A huge effort has been underway in
various educational and research establishments over
the last decade in trying to better predict the onset of
cavitation in fuel injectors. The ultimate aim of the cur-
rent research study is to achieve optimized designs of
fuel injectors, where cavitation and flow boiling, to-
gether with their consequent erosion damage are mini-
mized or even eliminated. In fuel injectors, cavitation
and erosion damage have been known to occur mainly
inside the injection nozzle holes and on the tip of the
injector needle. Cavitation reduces the nozzle efficien-
cy, affects the diesel spray pattern inside the engine cyl-
inder and causes surface erosion phenomena which re-
duce the durability and performance of fuel injectors
[1], [2].

Due to the difficulties of obtaining real time meas-
urements of flow patterns inside the fuel injectors, sig-
nificant effort has been put into the development of
more accurate Computational Fluid Dynamics (CFD)
cavitation models by various academic and industrial
research teams around the world.

In this study, the latest non-isothermal version of the
leading academic code GFS (Version 11) developed by
the City University in London has been used to predict
the onset of cavitation on three early development de-
signs (Designs 1, 2 and 3) of a typical fuel injector.

In order to improve the accuracy of the predictions,
the non-isothermal numerical model of diesel flow
through the fuel injectors in GFS, now includes the ef-
fects of the variations of the properties of the diesel lig-
uid as functions of both pressure and temperature as de-
scribed by Kolev [4]. Furthermore by choosing the op-
tion of including the effect of viscous heating (generat-
ed by the viscous friction phenomena) within the en-
thalpy equation, the non-isothermal simulation results
presented here are correctly taking into account the lo-
cal temperature changes associated with the viscous
heating and Joule-Thomson throttling effect [5] within
the flow field.

In order to predict the fluid flow distributions of all
variables under realistic transient conditions during one
full injection cycle (encompassing the associated needle
movement) and, more importantly, in order to avoid
convergence difficulties during the transient CFD simu-
lations, two preliminary sets of results are first obtained
under steady state conditions:

1) The overall simulation strategy starts with the liquid
phase (only) isothermal and hence constant property
diesel flow under steady state conditions at the mini-
mum axial needle lift position of 5um (i.e. 5um above
the fully closed needle position).

2) The results from isothermal simulations are then
used as initial conditions for the liquid phase (only)
non-isothermal flow with variable properties as func-
tions of both temperature and pressure, thus incorporat-
ing the correct enthalpy variation of the liquid phase as
well as the viscous heating phenomena but once again
under steady state conditions and at the same minimum
axial needle lift position of 5um.

3) The results from the non-isothermal steady state
simulations are then used as initial conditions for the
third and final stage of the calculations representing the
fully transient cavitating diesel flow simulations span-
ning one full injection cycle. This cycle encompasses
the actual needle movement and the associated compu-
tational grid change.

The simulation results presented here concentrate on
those obtained during the second and third stages of the
analyses.

A full description of the relationships between the
saturation pressure and temperature of diesel liquid and
the full set of equations outlining the variations of its
variables properties as functions of both pressure and
temperature as provided by Kolev [4], are given in Ap-
pendix A.

Definition of Geometry

Fig. 1 shows the 180 degree model geometry of De-
sign 1 with its plane of symmetry passing through the
centre of the fuel injector and Fig. 2 provides a
zoomed-in view of the same half model geometry com-
prising of two and a half nozzles and showing the max-
imum axial lift position of the fuel injector needle with
respect to its opposite needle seat surface. The full fuel
injector geometry has 5 orifices, each set at a 72 de-
grees angle relative to each other.

Although some steady state CFD simulations of the
diesel flow for this injector were originally started with
this half model geometry, it soon became apparent that
much faster turnaround time with almost no loss of ac-
curacy could be achieved on a 72 degree section of the
same fuel injector (encompassing just one nozzle ori-
fice). Furthermore, by referring to Fig. 1, the high fuel
pressure at the two actual inlet entries into the fuel in-
jector geometry remains almost unchanged well past
the spring mechanism.



Figure 1. The half model giéometry of Design 1, show-
ing the two inlet flow paths, the spring mechanism and
the needle.
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Figure 2. A zoomed-in view of the half model geome-
try of Design 1 showing the fuel injector needle at its
maximum axial lift position.

Consequently, all CFD simulation results presented
here correspond to this 72 degree section of the fuel in-
jector geometry which has also been limited to a short
axial distance upstream of the narrowest gap between
the needle and its seat.

Fig. 3 shows the 72 degree section of the Design-1
geometry, while Fig. 4 provides a second view of the
same geometry showing the fuel injector needle at its
minimum axial lift position of 5um above its fully
closed position.

The non-isothermal CFD simulations of the diesel
flow carried out in this study are based on the 72 degree
sections of three different designs of the same fuel in-
jector while it was going through its early stages of de-
sign and development phase. Figure 5 below present a
zoomed-in view of the geometry profile on a cut plane
through the centre of the fuel injector nozzle (at 5um
axial needle lift) for each of these three different de-
signs 1 to 3.
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Figure 3. The 72 degree section of the Design 1 ge-
ometry, showing the pressure-inlet boundary and the
pressure-outlet boundary downstream of the injector
nozzle.

Figure 4. A second view of the 72 degree section of the
Design-1 geometry showing the fuel injector needle at

its minimum lift position and the two symmetry planes
on either side of it.

1) The Design 1 geometry has sharp edge entries into
the injector nozzle (Fig. 5 blue)

2) The Design 2 geometry has some minor differences
in sac volume, needle profiles and nozzle outlet diame-
ter with respect to Design 1, but more importantly has
smooth entries into the injector nozzle (Fig. 5 red)

3) The Design 3 geometry also has smooth entries into
the injector nozzle (Fig. 5 green). However, the major
difference between Design 3 and Designs 1 and 2 is
the shape and size of the “sac volume” just upstream of
the flow entry into the nozzle orifice. Fig. 5 clearly
shows that the sac volume is in fact substantially
smaller in Design 3 in comparison with Designs 1 and
2.



Figure 5. A zoomed-in view of the geometry profile on
a cut plane through the centre of the fuel injector nozzle
for all three designs; Design 1 is blue, Design 2 is red
and Design 3 is green.

Numerical Modeling Approach

The cavitation model in GFS is based on an Eulerian
Lagrangian approach. The numerical model uses the
typical flow conservation equations in the Eulerian
frame of reference for the continuous phase (liquid)
while taking into account the effect of the dispersed
phase volume fraction and employing a momentum
exchange source term between the liquid and vapour
phase [6]. For the dispersed (vapour) phase, cavitation
is initiated through artificially created nuclei assumed
to exist within the bulk of the flow, which subsequently
grow into bubbles. The size of the initial nuclei is sam-
pled from a probability density function. Once the pres-
sure of the liquid phase falls below its saturation vapour
pressure, the volume under tension is identified and the
most probable locations for bubble nuclei formation are
calculated randomly from a distribution function. The
nuclei growing into bubbles undergo various physical
processes which are taken into account by integrating
the full Rayleigh Plesset equation and utilizing a sto-
chastic Monte-Carlo approximation. In this cavitation
model, the bubble coalescence and bubble to bubble
interaction with momentum exchange during both bub-
ble growth and collapse are all taken into account [6].

For the non-isothermal simulations, the most general
form of enthalpy equation which includes the viscous
heat dissipation term is solved iteratively where the
values of p, k, Cp, v and h at every computational cell
are updated from the equations given in Appendix A

using the latest calculated values of local p and T at any
given iteration [7].

Flow and Thermal Boundary Conditions

In order to carry out a transient CFD analysis of die-
sel fuel flow within any fuel injector one needs to de-
fine the “axial needle lift profile” indicating how the
axial needle lift changes with time during an injection
cycle. This needle profile is then used to set up an ap-
propriate dynamic mesh reflecting the actual location of
the needle and thus the geometry of the flow domain at
a given instance in time. The axial needle lift profiles
for Design 1, 2 and 3 are shown in Fig. 6 below.
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Figure 6. Axial needle lift profile for Designs 1, 2 and
3 during one injection cycle.

Fig. 6 clearly shows some differences in axial needle
lift profiles for Design 3 in comparison with the other
two designs. Designs 1 and 2 have a maximum lift of
about 311.3um and injection span time of about 3.14ms
between a starting and ending axial needle lifts of 5pum.
However, Design 3 has a maximum lift of about
346.8um and injection span time of about 3.01ms be-
tween the same starting and ending axial needle lifts.

The experimental variations of the fuel rail pressure
(i.e. the fuel injector inlet pressure) for Designs 1, 2 and
3 during the above injection span times are shown in
Fig. 7 which confirms that there are indeed significant
inlet fuel pressure variations during one injection cycle.
For Designs 1 and 2, the maximum and minimum inlet
fuel pressures are 162.91 and 189.75MPa respectively.
Similarly, the maximum and minimum inlet fuel pres-
sures for Design 3 are 160.70 and 189.84MPa respec-
tively.

In order to provide the initial conditions for the tran-
sient cavitating diesel flow simulations the non-
isothermal single phase steady state simulations were
carried out at the minimum axial needle lift of 5um,
with a typical fuel inlet temperature of 80°C, a typical
outlet (cylinder) pressure of 10MPa and an inlet fuel
pressure corresponding to the minimum lift of 5um ex-
tracted from the above inlet pressure profiles as shown
in Table 1.




Flow Boundary Conditions Thermal Boundary Conditions
Pressure- Absolute pressure = 178.27MPa (Designs 1 & 2) | Static temperature = 353.15K = 80°C
inlet Absolute pressure = 178.01MPa (Design 3)

Turbulent velocity = 0.05m/s

¢ = 0.2E-03m?/s®
Pressure- Absolute (cylinder) pressure = 10MPa No reverse airflow was detected at this
outlet boundary. The temperature set at this

boundary was therefore obsolete

Symmetry | Symmetry Symmetry
Walls No slip walls Adiabatic external walls

Tahle 1. A full list of the steadv state houndarv conditions used for Desians 1. 2 and 3.
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Figure 7. Inlet pressure profile for Designs 1, 2 and 3
during one injection cycle.

For the transient cavitating flow simulations, the
pressure inlet boundary condition was made to vary ac-
cording to Fig. 7. All other boundary conditions re-
mained the same as those for steady state simulations
and thus remained unchanged with respect to time (as
shown in Table 1).

During these simulations, cavitation or change of
phase from diesel liquid to diesel vapour was assumed
to occur when the diesel liquid pressure fell below a
constant saturation pressure of 610Pa. GFS code devel-
opers, suggested that a variable saturation pressure as a
function of temperature may hinder stability and con-
vergence with very little improvement on the accuracy
of the cavitation predictions. Therefore in order to im-
prove the stability of the analysis, the relationship be-
tween the saturation pressure and temperature given by
equation (A.1) in Appendix A was not incorporated into
the transient cavitation CFD simulations here. Instead,
in order to bring about the onset of cavitation within the
flow field a constant saturation pressure of 610Pa was
used.

Grid/Mesh Structure
The computational mesh for Design 1 with sharp
edge entries into the injector nozzle was fully hexahe-

dral and at minimum axial needle lift consisted of
534,436 cells with six (6) mesh layers in the minimum
gap between the needle and its opposite wall (giving a
minimum cell size of 0.83um). On the other hand, the
computational mesh for Designs 2 and 3 with smooth
entries into the injector nozzle was a hybrid consisting
of tetrahedral computational cells within the inner sac
volume and hexahedral ones elsewhere. The total num-
ber of computational cells for Designs 2 and 3 at mini-
mum axial needle lift were 594,043 and 539,174 re-
spectively but this time with ten (10) hexahedral mesh
layers in the minimum gap region (for a minimum cell
size of 0.5um).

For the transient CFD simulation a dynamic mesh
strategy was developed. For each fuel injector design, a
set of five different mesh at five different axial needle
lifts ranging from near minimum to near maximum lift
positions were created. Each mesh is stretched within a
specified range of axial needle lifts, before it being re-
placed with the next mesh corresponding to the next
range of axial needle lifts, while at the same time the
CFD solution data is interpolated from the current mesh
to the next.

Since GFS is not parallelized, computations were
limited to the use of a single CPU (on a Windows 7
platform) and hence rather long solution times. For the
initial isothermal and the following non-isothermal
steady state runs, the solution times were less than one
(1) and four (4) days respectively. However for the
transient simulations, the computational run time was
substantially longer i.e. between 3 to 4 weeks.

Solution Method

As explained above, Kolev’s equations of variable
material properties for diesel liquid and the implemen-
tation of the enthalpy equation are already available
within GFS and can be turned on by appropriately mod-
ifying the input file of the GFS solver. The turbulence
model was based on their default standard k-¢ model



with standard wall functions. The solution method was
based on their “PISO” pressure correction scheme.

For the steady state simulations it was possible to
use more accurate discretization schemes (“JASAK”
discretization scheme for the momentum equation and
“HYBRID” discretization scheme for each of the turbu-
lent kinetic energy k, the turbulent dissipation rate ¢ and
the energy equation).

However for the transient simulations only the
“FOU” (First Order Upwind) discretization scheme was
possible for the momentum, turbulent kinetic energy k,
and turbulent dissipation rate ¢ equations while still be-
ing able to use the more accurate “HYBRID” conver-
gence scheme for the energy equation. The switch from
more accurate discretization schemes to the first order
upwind scheme for momentum and turbulence equa-
tions became necessary due to convergence difficulties
with the higher order schemes.

The time step for transient simulations started from
2.5us at the start of the analyses and during the needle
opening period. The time step was then increased to
8.0us during the period when the needle was near its
maximum axial lift. For the needle closing period, it
became necessary for the time step to be decreased first
to 6.0 then to 2.0 and finally to 1.0us in order to
achieve converged solutions. The number of inner itera-
tions (per time step) was set to 100 at all time steps ex-
cept for the final stages of the transient run, when the
time step had been reduced to 1.0us. For these time
steps, the number of inner iterations was set to 200, in
order to achieve convergence.

Steady State Non-lIsothermal Single Phase Flow Re-
sults

Figs. 8 to 10 present zoomed-in views of the pres-
sure, velocity and temperature distributions for the
steady state non-isothermal simulations (at minimum
axial needle lift of 5um) on a cut plane through the cen-
tre of the fuel injector nozzle for Design 2 as obtained
with City University’s GFS code. Similar contour and
vector plots were obtained for Designs 1 and 3.

The colour contour plots in Figs. 8 and 10 clearly
show how the fuel pressure and temperature change
rapidly across the minimum gap between the needle and
its seat from the upstream high pressure and low tem-
perature region to the downstream low pressure and
high temperature region.

Tables 2 and 3 summarize some of the key results of
the steady state non-isothermal single phase flow
through Designs 1, 2 and 3. Table 2 includes the mini-
mum pressure, maximum velocity, minimum and max-
imum temperature for the flow field together with the

mass weighted average outlet temperature and hence
the temperature rise AT between the inlet and outlet
boundaries. Table 3 shows a comparison of the predict-
ed mass flow rate m through the nozzle orifice and the
associated coefficient of discharge C, calculated from
the following equation;

Ch=— @

Asutn| 2P5uAP

Where A, is the nozzle orifice outlet cross sectional
area, Dq is the nozzle orifice outlet diameter, pq is the
diesel fuel density at the outlet boundary and 4p is tak-
en as the pressure difference between the inlet and out-
let boundaries.

These results indicate that at minimum axial needle
lift of 5um and based on the steady state single phase
flow assumption, Design 1 shows the highest mass flow
rate and hence the highest coefficient of discharge.
However the minimum pressure value within the gap
between the needle and the seat is negative only for De-
sign 1, indicating that this design is the most susceptible
one for the cavitation phenomena to occur in the mini-
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Figure 8. A zoomed-in view of the steady state pres-
sure distribution on a cut plane through the centre of the
fuel injector nozzle at minimum axial needle lift of
5um; Design 2.




Injector De- | Minimum p MaximumV | Maximum T | Minimum T | Average Outlet | AT (K)
sign (Pa) (m/s) (K) (K) T (K)

Design 1 -6.38E+06 322.6 431.8 353.0 427.2 74.0
Design 2 9.39E+06 180.1 427.3 353.1 427.0 73.8
Design 3 9.55E+06 175.8 427.1 353.1 427.0 73.8

signs 1, 2 and 3

Table 2. A comparison of the first set of key CFD results — Steady State, non-isothermal single phase flow for De-

InjeCtor Design m (kg/s) Aout (mz) Dout (le) Pout (kg/mB) Ap (Pa) cd

Design 1 9.97E-04 9.34E-08 344.89 719.5 1682.7E+05 | 0.0217
Design 2 9.11E-04 10.74E-08 369.83 719.6 1682.7E+05 | 0.0172
Design 3 8.78E-04 10.14E-08 359.42 719.7 1680.1E+05 | 0.0176

Table 3. A comparison of the second set of key CFD results — Steady State, non-isothermal single phase flow for

Designs 1, 2 and 3
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Figure 9. A zoomed-in view of the steady state velocity
contours and vectors (uniformly located throughout the
mesh and not scaled by magnitude) on a cut plane
through the centre of the fuel injector nozzle at mini-
mum axial needle lift of 5um; Design 2.
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Figure 10. A zoomed-in view of the steady state tem-
perature distribution on a cut plane through the centre
of the fuel injector nozzle at minimum axial needle lift
of 5um; Design 2.

Transient Non-lIsothermal Cavitating Flow Results

Figs. 11 and 12 present the variations of the diesel
mass flow rate through the outlet cross section of the
fuel injector nozzle and the variations of the coefficient
of discharge during one injection cycle for Designs 1, 2
and 3.

Fig. 11 clearly indicates substantially lower mass
flow rates at or around the maximum axial needle lift
for Design 1 in comparison with Designs 2 and 3. Bear-
ing in mind that despite of the fact that the maximum
axial needle lift is substantially higher for Design 3,
Fig. 11 also confirms that the highest mass flow rate at
or around the corresponding maximum axial needle lift



is through Design 2. Furthermore it is worth noting that
the oscillations observed on the mass flow rate values at
and around the maximum axial needle lift are mainly
due the variations of the inlet fuel pressure.

Fig. 12 confirms that while the maximum value of
the coefficient of discharge C4 corresponding to the
maximum axial needle lift position is about 0.806 and
0.814 for Designs 2 and 3 respectively, the correspond-
ing maximum value for the Design 1 is only about
0.716. This implies that the fuel delivery into the engine
cylinder by Design 1 is not as efficient as the other two
designs at and around the maximum axial needle lift.

Figs. 13 and 14 present the variations of the mass
weighted average temperature through the outlet cross
section of the fuel injector nozzle and the variations of
the temperature rise A7 across the fuel injector during
one injection cycle for Designs 1, 2 and 3.

Variations of Mass Flow Rate Vs Injection Time
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Figure 11. Mass flow rate variations through the outlet
cross section of the fuel injector nozzle during one in-
jection cycle; Designs 1, 2 and 3.
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Figure 12. Variations of the coefficient of discharge for
the fuel injector during one injection cycle; Designs 1, 2
and 3.
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Figure 13. Variations of the mass weighted average
nozzle outlet temperature during one injection cycle;
Designs 1, 2 and 3.

Fig. 13 suggests that for a short duration after the
start of the transient analysis, there is a further limited
rise followed by a sharp decrease in the outlet tempera-
ture, as the axial needle lift increases towards its maxi-
mum value. The outlet temperature then remains almost
constant depending on the value of the fuel inlet pres-
sure (to within a few degrees) while the axial needle
position is at or close to its maximum lift. However
during the closing stages of the needle motion and as
the axial needle lift decreases sharply with time, there is
a sharp rise in the outlet temperature due to viscous
heating effects. But it is worth noting that at a given ax-
ial needle lift position, the viscous heating effects re-
flected by the temperature rise across the fuel injector is
less during the final needle closing stages in compari-
son with that during the early needle opening stages at
the start of the transient analysis where the results of the
steady state single phase flow were used as initial con-
ditions. This discrepancy in temperature rise across the
fuel injector suggests that the temperature distributions
used as the initial conditions for the transient analysis
based on the assumption of the needle remaining at its
minimum axial lift under steady state conditions is un-
realistic due to unrealistically high viscous heating ef-
fects predicted during the steady state analysis. This can
also be confirmed by comparing the steady state tem-
perature distributions within the sac volume and the
fuel injector nozzle at the minimum axial needle lift of
5 um (Fig. 10) with the corresponding temperature con-
tour plots from the final time step of the transient simu-
lations corresponding to the same axial needle lift (Fig.
25 below). As a result it is thought that the values of the
temperature rise across the fuel injector obtained during
the early needle opening stages are still affected by the
initial conditions and should not be taken into consider-
ations. Obviously as time increases, the effects of these
unrealistic initial conditions are reduced [8]. For this
reason and since additionally the steady state results
also suffer from the unrealistic single phase flow as-
sumptions, it is thought that the temperature and vol-
ume fraction results obtained during the closing needle



stages (i.e. from the maximum down to the minimum 5
pum needle lift positions) are more accurate for future
comparison with experimental data.

Furthermore Fig. 13 also confirms that Design 3
shows the lowest nozzle outlet temperature at or around
the maximum axial needle lift position and the greatest
rise in the outlet temperature during the closing stages
of the needle motion. Design 1 however has the highest
nozzle outlet temperature at or around the maximum
axial needle lift position but in comparison with the
other two designs the rise in its outlet temperature dur-
ing the closing stages is less pronounced and most im-
portantly there is some minor cooling phenomena ob-
served just before the axial needle lift is reduced down
to the minimum 5um position.

Variations of Temperature Rise across the Fuel Injector
Vs Injection Time
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Figure 14. Variations of the temperature rise across the
fuel injector during one injection cycle; Designs 1, 2
and 3.

Fig. 14 shows that the temperature rise across the
fuel injector, as the needle closes and the axial needle
lift is reduced to 5um, is about 30.4, 36.5 and 40.9°C
for Designs 1, 2 and 3 respectively. Furthermore the
minimum temperature rise across the fuel injector cor-
responding to the maximum needle lift position is about
17.2, 7.6 and 4.1°C for Designs 1, 2 and 3 respectively.

Interestingly by referring to Figs. 11 to 12 and equa-
tion (1) and by considering the overall results at around
the maximum axial needle position, the smaller nozzle
outlet diameter in Design 3 has in fact brought about a
slight increase in its coefficient of discharge in compar-
ison with that of Design 2. This is despite of the fact
that Design 3 is showing lower mass flow rate and at
times higher diesel liquid density (at the outlet cross
section) and higher pressure drop (across the fuel injec-
tor) at around the maximum needle lift position.

Furthermore by using numerical integration (trapezi-
um rule) the areas under the curves shown in Fig. 11
provided the total mass of fuel delivered in one injec-
tion cycle which were 0.100, 0.129 and 0.120 g for De-
signs 1, 2 and 3 respectively. This confirmed that
among the three designs considered here, Design 2 pro-
vides the largest fuel delivery in one injection cycle.

Figs. 15 to 17 show the temperature contour plots
and Figs. 20 to 22 show the vapour volume fraction dis-
tributions at round the maximum axial needle lift for
Designs 1, 2 and 3 respectively.
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Figure 15. A zoomed-in view of the temperature distri-
bution on a cut plane through the centre of the fuel in-
jector nozzle at around the maximum axial needle lift of
310.5um (closing stage); Design 1.
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Figure 16. A zoomed-in view of the temperature distri-
bution on a cut plane through the centre of the fuel in-
jector nozzle at around the maximum axial needle lift of
310.5um (closing stage); Design 2.
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Figure 17. A zoomed-in view of the temperature distri-
bution on a cut plane through the centre of the fuel in-
jector nozzle at around the maximum axial needle lift of
346.4um (closing stage); Design 3.
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Figure 18. A zoomed-in view of the vapour volume
fraction distribution on a cut plane through the centre of
the fuel injector nozzle at around the maximum axial
needle lift of 310.5um (closing stage); Design 1.
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Figure 19. A zoomed-in view of the vapour volume
fraction distribution on a cut plane through the centre of
the fuel injector nozzle at around the maximum axial
needle lift of 310.5um (closing stage); Design 2.
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Figure 20. A zoomed-in view of the vapour volume
fraction distribution on a cut plane through the centre of
the fuel injector nozzle at around the maximum axial
needle lift of 346.4um (closing stage); Design 3.



The higher diesel temperature values observed in
Figs. 15 to 17 close to the nozzle wall surfaces high-
light the effects of viscous heating as diesel flows
through such a narrow passage with very high veloci-
ties. Furthermore the distribution of the vapor volume
fraction observed in Figs. 18 to 20 show how cavitation
is formed at the fuel injector nozzle entry as very high
diesel fuel pressure suddenly drops below its saturation
vapour pressure value.

Figs. 21 to 23 show the amount of superheat A7g
and thus the potential regions of heterogeneous boiling
at round the maximum axial needle lift for Designs 1, 2
and 3 respectively. They reveal that Design 3 has the
smallest flow boiling region at the top entry into the
fuel injector nozzle and the lowest maximum amount of
superheat of just under 112°C. Here it is important to
emphasize that in the absence of a flow boiling model
during the actual CFD simulations, the results presented
in Figs. 21 to 23 do not take into account of any interac-
tions that might exist between cavitation and flow boil-
ing within the same computational cell. Furthermore it
is also important to realize that the amount of superheat
could be significantly different under actual engine op-
erating conditions where the adiabatic wall boundary
conditions need to be replaced with more realistic val-
ues obtained from conjugate heat transfer analyses.
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Figure 21. A zoomed-in view of the potential regions
of flow boiling on a cut plane through the centre of the
fuel injector nozzle at around the maximum axial nee-
dle lift of 310.5um (closing stage); Design 1.
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Figure 22. A zoomed-in view of the potential regions
of flow boiling on a cut plane through the centre of the
fuel injector nozzle at around the maximum axial nee-
dle lift of 310.5um (closing stage); Design 2.
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Figure 23. A zoomed-in view of the potential regions
of mainly heterogeneous boiling on a cut plane through
the centre of the fuel injector nozzle at around the max-
imum axial needle lift of 346.4um (closing stage); De-
sign 3.

Figs. 24 to 26 show the temperature contour plots
and Figs. 27 to 29 show the vapour volume fraction dis-
tributions on a cut plane through the centre of the fuel
injector nozzle at the closing minimum axial needle lift
of 5um for Designs 1, 2 and 3 respectively.
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Figure 24. A zoomed-in view of the temperature distri-
bution on a cut plane through the centre of the fuel in-
jector nozzle at the minimum axial needle lift of 5um
(closing stage); Design 1.

Figure 26. A zoomed-in view of the temperature distri-
bution on a cut plane through the centre of the fuel in-
jector nozzle at the minimum axial needle lift of S5pm
(closing stage); Design 3.
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Figure 25. A zoomed-in view of the temperature distri-
bution on a cut plane through the centre of the fuel in-
jector nozzle at the minimum axial needle lift of 5 pm
(closing stage); Design 2.
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Figure 27. A zoomed-in view of the vapour volume
fraction distribution on a cut plane through the centre of
the fuel injector nozzle at the minimum axial needle lift
of 5pum (closing stage); Design 1.
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Figure 28. A zoomed-in view of the vapour volume
fraction distribution on a cut plane through the centre of
the fuel injector nozzle at the minimum axial needle lift
of 5um (closing stage); Design 2.
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Figure 29. A zoomed-in view of the vapour volume
fraction distribution on a cut plane through the centre of
the fuel injector nozzle at the minimum axial needle lift
of 5um (closing stage); Design 3.

The higher diesel temperature values observed in
Figures 24 to 26 within the minimum gap region be-
tween the needle and its seat once again highlight the
effects of viscous heating as diesel flows through this
narrow passage with very high velocities. This has sub-

sequently resulted in higher temperature values (in
comparison with the inlet fuel temperature) both within
the sac volume and the nozzle too. Furthermore the dis-
tribution of the vapor volume fraction observed in Figs.
27 to 29 show how cavitation is formed both within the
minimum gap region and at the fuel injector nozzle en-
try as diesel fuel pressure drops below its saturation va-
pour pressure value.

Finally Figs. 30 to 32 show the corresponding
amount of superheat 4Tz, and thus the potential re-
gions of mainly heterogeneous boiling on a cut plane
through the centre of the fuel injector nozzle at the clos-
ing minimum axial needle lift of 5um for Designs 1, 2
and 3 respectively.

Pseudocolor
Var: T_BOIL
230.

— 1725

r——w{—HS.O

—57.50

0.0000
Max: 178.2
Min: 0.0000

Figure 30. A zoomed-in view of the potential regions
of flow boiling on a cut plane through the centre of the
fuel injector nozzle at the minimum axial needle lift of
5um (closing stage); Design 1.

The results in Figs. 30 to 32 reveal that apart from
the minimum gap region between the needle and its seat
where flow boiling is potentially predicted for all three
designs, Design 2 shows the largest region of flow boil-
ing but the lowest amount of maximum superheat at the
bottom entry into the fuel injector nozzle. Interestingly
Design 1 shows an isolated region of potential flow
boiling in the middle of the sac volume.
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Figure 31. A zoomed-in view of the potential regions'

of flow boiling on a cut plane through the centre of the
fuel injector nozzle at the minimum axial needle lift of
5um (closing stage); Design 2.
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Figure 32. A zoomed-in view of the potential regions
of mainly heterogeneous boiling on a cut plane through
the centre of the fuel injector nozzle | at the minimum
axial needle lift of 5pum (closing stage); Design 3.

Conclusions

The results of a non-isothermal and cavitating (two
phase) transient simulation of diesel flow within each of
the three development phase designs of a fuel injector
has been obtained during one injection cycle starting

from the minimum axial needle lift position of 5um, up
to the maximum lift position and back down to the
same minimum lift location. The simulations have been
carried out using the leading academic CFD code for
cavitation (City University’s GFS). The transient simu-
lations were based on the use of variable properties for
diesel liquid (as functions of both pressure and tempera-
ture) as provided by Kolev [4]. Additionally, the effects
of viscous heating were also included in order to further
improve the accuracy of the physics of the flow field
within such fuel injectors.

The main objective of this part of the overall research
study presented here, was to better understand the ef-
fects of viscous heating and variable properties, on the
extent of the diesel vapour formation (and its subse-
quent distribution) as a result of cavitation within the
three fuel injector designs considered here and to have
an initial evaluation of the likelihood of the occurrence
of heterogeneous and homogenous flow boiling within
the flow field.

The initial conditions used for the transient cavitating
diesel flow simulations were based on the results of the
non-isothermal single phase steady state simulations
carried out at the minimum axial needle lift of 5um,
with a typical fuel inlet temperature of 80°C, a typical
outlet pressure boundary condition of 10MPa and an
inlet pressure boundary condition corresponding to the
minimum lift of 5um extracted from the inlet pressure
profiles Fig. 7.

The overall mass flow rate results of the transient
simulations (Fig. 11) clearly indicate that in comparison
with Designs 2 and 3, there is substantially lower mass
flow rate at or around maximum axial needle lift for
Design 1, while at around the same maximum axial
needle position they show 4.3% higher maximum mass
flow rate through Design 2 (45.5g/s) in comparison
with that through Design 3 (43.6g/s). This is thought to
be mainly due to about 2.9% larger nozzle diameter in
Design 2. Furthermore the amounts of total fuel mass
delivered in one injection cycle were 0.100, 0.129 and
0.120g for Designs 1, 2 and 3 respectively.

In non-dimensional terms, the maximum Reynolds
number (Re) values calculated at the outlet cross sec-
tional area of the fuel injector nozzle at or around the
maximum axial needle lift position were 1.3610°
1.5110° and 1.47-10° for Designs 1, 2 and 3 respective-
ly.

Similarly by comparing the variations of the coeffi-
cient of discharge, shown in Fig. 12 one finds that the
maximum value of this coefficient at around the maxi-
mum axial needle lift position is substantially lower for
Design 1 (C4=0.716) in comparison with the corre-
sponding values for Design 2 (C4=0.806) and Design 3
(C4=0.815), thus implying that the fuel delivery into the
engine cylinder is not as efficient for Design 1 as it is
for the other two designs. The smaller nozzle outlet di-
ameter for Design 3 has in fact brought about a slight



increase in its coefficient of discharge in comparison
with that of Design 2, despite of the latter showing
higher mass flow rate and at times lower diesel liquid
density (at the outlet cross section) and lower pressure
drop (across the fuel injector) at around the maximum
needle lift position.

The variations of the nozzle orifice outlet tempera-
ture during the injection cycle (Fig. 13), for all three
designs, show a limited rise for a short duration after
the start of the transient analysis, followed by a sharp
decrease, as the axial needle lift increases towards its
maximum value. The outlet temperature then remains
almost constant (to within a few degrees) while the axi-
al needle position is at or around its maximum axial lift
position. However during the closing stages of the nee-
dle motion and as the axial needle lift decreases sharply
with time, there is a sharp rise in the outlet temperature
due to viscous heating effects. But at a given axial nee-
dle lift position; the viscous heating effects observed
during the closing stages of the needle motion reflected
by the sac volume and nozzle orifice temperature is less
than that observed at the start of the analysis where the
results of an unrealistic steady state single phase flow
analysis was used as initial conditions. For this reason it
is thought that temperature and volume fraction results
obtained during the opening needle stages (i.e. from the
minimum 5um up to the maximum needle lift posi-
tions) are not accurate enough for future comparisons
with experimental data. Thus by focusing on the results
of the transient analysis over the second half of the in-
jection cycle, one can see that the temperature rise
across the fuel injector as the needle closes and as the
axial needle lift is reduced to 5um, is about 30.4, 36.5
and 40.9°C for Designs 1, 2 and 3 respectively. Fur-
thermore the minimum temperature rise across the fuel
injector corresponding to the maximum needle lift posi-
tion is about 17.2, 7.6 and 4.1°C for Designs 1, 2 and 3
respectively.

As a result of the inaccurate nature of the initial con-
ditions, it is thought that ideally a further injection cycle
should be simulated, this time based on the results of
the final time step from the current transient simulations
(i.e. at the 5um minimum axial needle lift obtained at
the end of the closing stage of the needle motion) and
used as the initial conditions for the following second
injection cycle. However in the simulation scenarios
considered in this research study, the implementation of
such approach may face some further difficulties be-
cause the measured inlet pressure boundary values at
the start and the end of the injection cycles are quite
different. But for the forthcoming planned transient
simulations based on a constant inlet pressure boundary
value of 300MPa, such difficulties do not exist and this
approach could be implemented more easily.

The overall results of the transient cavitation simula-
tions presented here, show that at low axial needle lifts
and in all three designs, cavitation occur not only within

the narrow gap between the needle and the seat but also
on both the top and bottom surfaces of the nozzle ori-
fice. However by comparing the amount of diesel va-
pour volume produced (as a result of cavitation) and its
distribution within the flow field close to the the top
and bottom surfaces of the fuel injector nozzle in De-
signs 2 and 3, the risk of erosion (as a result of diesel
vapour bubble collapse) on the bottom nozzle surface is
higher for Design 2 and lower for Design 3. Overall at
low axial needle lifts, among the three designs consid-
ered here, Design 1 shows the highest erosion risk on
the surfaces of the needle and the needle seat while De-
signs 1 and 3 show higher erosion risk on the top nozzle
surface in comparison with Design 2.

On the other hand at high axial needle lifts diesel va-
pour formation and distribution occur mainly on the top
surface of the fuel injector nozzle, and among the three
designs, Design 2 is showing the lowest amount of va-
pour volume fraction in that region.

By isolating the relevant local pressure regions with-
in the flow field corresponding to the known and appli-
cable range of approximately 9 to 3000kPa for the satu-
ration vapour pressure of diesel, and using the known
relationship between the saturation temperature and
saturation vapour pressure of diesel, the regions where
the local temperature exceeds the saturation tempera-
ture were identified. The positive difference between
the local temperature and saturation temperature in the-
se regions identified the amount of superheat and hence
the potential regions of heterogeneous boiling close to
the fuel injector wall surfaces and homogeneous boiling
in the bulk of liquid.

The maximum amount of superheat obtained at
around the maximum axial needle lift was about 129,
121 and 112°C for Designs 1, 2 and 3 respectively
where all potential regions of heterogeneous boiling
were on the top surface of the fuel injector nozzle.
However at the minimum axial needle lift of 5um, the
amount of superheat was significantly higher at about
178, 162 and 173°C for Designs 1, 2 and 3 respectively
where the potential regions of heterogeneous boiling
were both within the minimum gap between the needle
and its seat and either at the bottom (Design 1 and 2) or
top (Design 3) entry region into the fuel injector nozzle.

Here it is important to emphasize that since we are
considering adiabatic wall boundary conditions, the
heat flux to and from the walls (which would naturally
affect the amount of superheat) have been neglected.
For this reason further follow up analyses with constant
wall temperature and conjugate heat transfer are
planned to further enhance the qualitative hint provided
in this paper about the presence of flow boiling in fuel
injectors under actual engine operating conditions.

It is thought that in order to better predict the onset of
erosion on the fuel injector walls, attention should be
paid to the locations of not only the cavitation regions
but also the potential heterogeneous boiling regions.



The collapsing locations of diesel vapour bubbles gen-
erated by both phenomena identified by a combination
of negative volume fraction gradients and positive pres-
sure gradients within the flow field [3] should provide a
more accurate prediction of erosion locations. This will
be the subject of the next stage of the current research
study.

Overall, based on the current three sets of transient
non-isothermal cavitating flow results carried out for
the three development phase designs of the fuel injector
used in this study, Design 2 shows the highest mass
flow rate and the lowest amount of diesel vapour vol-
ume (produced as a result of cavitation) at its maximum
axial needle lift of 310.5um and the highest amount of
fuel delivery into the engine cylinder over one injection
cycle. However Design 3 shows the lowest viscous
heating and the smallest region of possible heterogene-
ous boiling at its maximum axial needle lift of
346.4um. Furthermore Design 3 shows slightly higher
coefficient of discharge at its maximum axial needle lift
in comparison with Design 2. At the minimum axial
needle lift of 5um, Design 2 shows the smallest region
of high vapour volume fraction developed as a result of
cavitation and the lowest viscous heating effects within
the nozzle orifice while Design 3 is still showing the
smallest region of possible heterogeneous boiling. In
summary, while Designs 2 and 3 are generally superior
to Design 1 in terms of higher and more efficient fuel
delivery, more confined volumes of diesel vapour with-
in the flow field and smaller flow boiling regions, be-
tween them there is no clear cut winner.

Therefore although the present results should be con-
sidered as preliminary and the transient simulation runs
should ideally be extended for another injection cycle to
minimize the impact of the steady state initial condi-
tions, by capturing the locations of both cavitation and,
for the first time, the heterogeneous flow boiling within
the fuel injector tip and nozzle holes, the CFD is prov-
ing to be a valuable design tool in supporting the selec-
tion of the most appropriate fuel injector design. Alt-
hough GFS predictions have been validated for a varie-
ty of different experimental set ups, an experimental
validation for the very critical conditions examined in
this paper has not yet been carried out.

The follow on work that has already been completed
and will be published soon includes a further second set
of transient simulation runs, where the constant 10MPa
pressure outlet boundary will be replaced with a time
variable one based on the measured cylinder pressure
data available during the injection cycle, while at the
same time replacing the adiabatic boundary walls with
at least a more realistic constant injector boundary wall
temperature of 180°C. These boundary wall tempera-
tures will in turn be later replaced by those obtained
from the results of the conjugate heat transfer simula-
tions currently underway within this overall research
project.

There is also a third set of transient simulation runs,
where the time variable pressure inlet boundary will be
replaced with a much higher but constant fuel pressure
inlet boundary value of 300MPa in order to investigate
the impact of higher fuel pressure on the temporal vari-
ations of the mass flow rates, temperature distributions,
the amount of diesel vapour volume produced and dis-
tributed within the flow field (as a result of cavitation)
and the locations of heterogeneous boiling regions. This
work has also been completed and results will be pub-
lished soon.
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Nomenclature

Symbol Physical meaning

Aout Nozzle outlet cross sectional area (m?)

Co Specific heat capacity (J/kg K)
(at constant pressure)

Cq Coefficient of discharge

Doyt Nozzle outlet diameter (um)

k Thermal conductivity (W/m K)

h Specific enthalpy (J/kg)

M Molecular weight (kg/mole)

p Absolute pressure (Pa)

Dref Kolev’s reference pressure (Pa)

Psat Saturation pressure (Pa)

R Ideal gas constant (J/kg K)

Re Reynolds number

S Specific entropy (J/kg K)

T Static temperature (K)

Tref Kolev’s reference temperature (K)

Tsat Saturation temperature (K)

AT Temperature rise across the fuel injector
(K)

ATgoil Temperature rise over saturation temper-
ature (K)

v Kinematic viscosity (m?/s)

n Dynamic viscosity (Pa s)

D Density (kg/m°)
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APPENDIX A

Diesel Fuel Saturation Pressure and Temperature

The variations of diesel liquid saturation vapour
pressure and saturation temperature are provided by
equation (A.1) below [4]. Based on this relationship at a
given local temperature, cavitation would occur if the
local pressure falls below the saturation vapour pressure
given by the following equation:

p... = —1.1510*10° + 14.339T,, —
6.9960%10°2T,, 2 +1.6928*10°*T, ° —

sat

2.1708*107'T,, ' +1.4186*10°T°

sat

(A1)
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Figure Al. Variations of diesel liquid saturation pres-
sure with saturation temperature.

Based on the same set of data, a corresponding equa-
tion (A.2) has been derived to provide the variations of
the saturation temperature with saturation vapour pres-
sure. According to this equation at a given local pres-
sure, flow boiling could potentially occur if the local
temperature rises above the saturation temperature giv-
en by equation (A.2) and the higher the temperature ris-
es above the saturation temperature (i.e. the higher the
amount of superheat) the higher is the chance of flow
boiling to occur.

T, = Xp(6.352410-6.41213*10" In( p,,,) +
1.480561*10°*(In( p,,,))* ~1.597815*10"2(In(p,,,))° +
9.443721*10" (In( p,,,))* — 2.710023*10°°(In( p,,))° +
2.766986*107 (In(p,,))°)

(A2)
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Figure A2. Variations of In(Tg,) against In(pss)-

The nucleation process in flow boiling can in general
be divided into two categories of homogeneous and
heterogeneous boiling [9]. The homogeneous boiling
refers to the formation of bubbles in superheated liquid
in the absence of any pre existing gas or vapour nuclei
and away from any solid surfaces. The heterogeneous
boiling is the process in which bubbles form discretely
on the pits, scratches and grooves on a heated surface
submerged in a pool of liquid. According to the work of




Bankoff [10], the superheats associated with heteroge-
neous boiling are much smaller than those associated
with the homogenous boiling.

In this study and in the absence of a fully developed
flow boiling model for diesel liquid, by post processing
the two phase flow transient CFD simulation results at a
given time step, the local diesel pressure values at any
given location within the CFD model which correspond
to the range of the saturation pressure values (9.036 to
3000kPa) corresponding to Fig. Al are isolated from
the pressure domain field as shown below:

P, = max( p,9036) (A3)

Psat = max( pA’3EO6) (A4)

For these isolated pressure values, the corresponding
saturation temperature values are calculated from equa-
tion (A.2) above. The positive difference between the
local temperature and saturation temperature values at
the same geometrical location (as defined in equation
(A.5) below) would provide us with the amount of su-
perheat ATgq; and hence potential regions of flow boil-
ing within the CFD model.

ATBoiI = maX( 0! (T _Tsat)) (A5)
Variable Diesel Liquid Properties

The most detailed and comprehensive set of material
properties for the light diesel fuel is provided in Multi-
phase Flow Dynamics 3 by N.I. Kolev [4].

In this study, the diesel fuel is assumed to be the light
diesel with molecular weight of 170 kg/mol.

M =170kg/mol (A.6)

The variations of diesel liquid density p, thermal
conductivity k, specific heat capacity C, and kinematic
viscosity v (in SI units) as functions of both temperature
T and pressure p are given by the following seven equa-
tions [4].

3 3

pP= Z (Z aijT j_l) pi_l

i=l  j=1

(A7)

Where a;; are the components of the matrix A shown
below

8.285974E+02 6.39930E-01 —2.16000E -03
A=| 8.65679E-07 —-5.93672E-09 1.56678E -11
—7.59052E-16  8.99915E-18 —2.77890E-20

(A.8)
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Figure A3. Variations of diesel liquid density with both
pressure and temperature.

3 3

k= Z(Z bijT H) piil

-1 j=1

(A.9)

Where by; are the components of the matrix B shown
below

1.39240E-01 3.78253E-05 —2.89732E-07
B=| 6.27425E -11 6.08052E —13 3.64777E -16
—-1.38756E -19 -2.57608E—-22 —2.70893E 24
(A.10)

The density and thermal conductivity equations
(A.7), (A.8), (A.9) and (A.10) are valid for the pressure
range from O to 250MPa and the temperature range
from 0 to 400°C. Although local pressure and tempera-
ture values encountered in this study are not outside the
above ranges, Figs. A3 and A4 provide the variations of
these properties up to 300MPa as given within GFS and
based on the assumption that at any given temperature,
there is no further variation for each property with re-
spect to pressure for values between 250 and 300MPa.
Similarly at any given pressure, no further variation is
assumed for each property with respect to temperature
for temperature values outside 0 to 400°C range.

Variations of Diesel Liquid Thermal Conductivity
with both Pressure and Temperature

Diesel Liquid Thermal Conductivity
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Figure A4. Variations of diesel liquid thermal conduc-
tivity with both pressure and temperature.
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Co= 24T )

=l j=1

(A11)

Where d;; are the components of the matrix D shown
below

—-9.771619E+02 1.40251E+01 -1.37400E-02

2.22361E-04 —1.62143E-04 2.23214E —09

D=| -1.96181E -09 2.03748E-07 -1.78571E-14

4,15000E -14 —7.54100E-11 4.03897E —28

—3.48714E -18 1.00688E —-14 —-1.47911E -31
(A.12)

log,,(10°v) =8.67271-0.04287T +5.31710*10°°T?

+(0.00538 - 2.78208*10°°T +3.74529*10°°T 2)(%)
(A13)

Variations of Diesel Liquid Specific Heat Capacity
with both Pressure and Temperature
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Figure A5. Variations of diesel liquid specific heat ca-
pacity with both pressure and temperature.

The specific heat capacity and kinematic viscosity
equations (A.6), (A.7) and (A.8) are however valid for
the full pressure range from 0 to 300MPa while the va-
lidity of their temperature range is from 0 to 400°C and
0 to 120°C respectively. Figs. A5 and A6 show the
variations of these properties with respect to both tem-
perature and pressure values of up to 300MPa. How-
ever once again at any given pressure, GFS assumes no
further variation for each property with respect to tem-
perature for temperature values outside their corre-
sponding range of validity. In the context of the current
study, the main significance of this assumption is only
on the kinematic viscosity results where local tempera-
tures in excess of 120°C (but less than 400°C) were
predicted within the flow field.

Variations of Diesel Liquid Kinematic Viscosity
with both Pressure and Temperature
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Figure A6. Variations of diesel liquid kinematic viscos-
ity with both pressure and temperature.

Additionally Kolev [4] also provides the variations of
the derivative of specific enthalpy with respect to pres-
sure at constant temperature, which is then used to de-
rive the overall variations of enthalpy again as functions
of both temperature and pressure as shown below.

(A.14)

oh s -1y i1
(a_p)T=Z(ZCijT )P

=L j=1

Where c;; are the components of the matrix C shown
below

4.04000E —03 —1.54245E 05 2.20238E 08
C=|-7.34229E-11 4.84276E-13 —8.79805E —16
2.23501E -19 —1.60598E —21 3.17966E — 24
(A.15)

Based on equations (A.11), (A.12), (A.14) and
(A.15) and using the same reference temperature and
pressure as that provided by Kolev [4], and shown be-
low, one can derive the variations of enthalpy and en-
tropy as functions of pressure and temperature assum-
ing reference enthalpy and entropy of zero at the fol-
lowing reference pressure and temperatures.

P, =101325Pa (A.16)

T, =288.15K (A17)

h = (~144.2589124 +1.42408*10° p
—3.46468*102p? +8.27879*10 %' p°) +
(~1.91102*10° —977.161T +

7.01247T? —4.58000*10°T?)
(A.18)



s =(~7.90013*10% +7.80789*10" p
~1.09258*10 p? +2.78281*10 % p*) +
(2.04656*10° —976.724InT

+14.0737T —6.86780*10°°T 2)
(A.19)



