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The rapid phase change and heat transfer obtained by direct contact heat exchange between a cryogen
and water can generate high rates of pressurisation, which is of interest to a number of applications. A
visualization study of liquid nitrogen injection into water is conducted in this work, with synchronized
pressure and temperature measurement, to obtain insight into this complex phenomenon. High speed
imaging reveals a four-stage evolution of liquid nitrogen jet structure upon injection into water, with a
thick vapour blanket forming around a liquid nitrogen core and break-up brought on predominantly
through impact with the vessel wall. Maximum pressurisation rate occurs in the third stage of injection
due to a combination of heat and mass transfer. Pressurisation rates in excess of 350 bar/s are recorded
and found to vary proportionally with injection pressure. The scenario of gaseous nitrogen injection is
also investigated, and compared with liquid nitrogen injection. A clear advantage of liquid nitrogen injec-
tion is elucidated from the point of heat transfer and pressurisation, and implications for use in a cryo-
genic engine are discussed.

� 2010 Elsevier Ltd. All rights reserved.
1. Introduction

Direct contact heat exchange between two fluids with different
temperatures occurs in many industrial and natural processes. The
large interfacial area between two interpenetrating mass streams
allows rapid heat exchange. Phase change may occur in one or both
streams, which can enhance the mixing process even to the extent
of potentially violent vapour explosions (Khabeev, 1999). This is of
some concern for safety analyses in the nuclear industry and for
storage and transport of cryogenic fluids such as liquefied natural
gas. Fuel–coolant interactions (FCI) for example, can occur during
the course of an accident in a light water reactor, where high tem-
perature molten metal is in contact with an ambient temperature
coolant, resulting in film boiling of the coolant fluid around the
jet and subsequent fragmentation of the melt (Dinh et al., 1998).
However such a rapid heat and mass transfer process is not always
deleterious. The concept of rapid boiling and expansion of a cryo-
gen, such as liquid air, in a warmant fluid has been proposed for
the development of a zero-emission cryogenic engine (Clarke
et al., 2009; Ordonez et al., 2001). The concept relies on a con-
trolled injection of cryogen into a pool of warm liquid, in a similar
way to FCIs, to induce a heat transfer process that results in a rapid
internal pressure increase.
ll rights reserved.

: +44 20 89831007.
Few experimental studies have been conducted for the injection
of cryogen into water. Dahlsveen et al. (2001) investigated such a
process for accident analysis in the transportation of liquefied nat-
ural gas. With the phase change occurring in the injected medium,
experiments showed a much thicker vapour blanket and larger jet
spreading angle. Wen et al. (2006a) conducted a number of injec-
tions of liquid nitrogen into water to establish heat transfer and
pressurisation rates for application to a cryogenic engine. Using a
large enough pressure vessel to neglect changes in free volume
space, pressurisation rates of up to 5 bar/s were recorded but with-
out observation of the break-up dynamics. Injection was from the
saturation temperature and therefore unavoidably in the multi-
phase region, and detailed information as to the thermodynamic
state of pre-injection was not available. Heat transfer coefficients
approximated for the latent heat transfer with assumed surface
area were comparable to values found in other works on boiling
heat transfer over very rough surfaces.

Conversely, the injection of water into a cryogen pool has been
studied as a cost effective substitute to full scale FCI tests. A series
of experiments were aimed at determining the conditions under
which a vapour explosion might take place, involving injection at
different pressures and volumetric ratios of water/nitrogen (Archa-
kositt et al., 2004). Given the large free volume of the pressure ves-
sel, rates of pressure rise were impressively high at 25 bar/s. These
were an order of magnitude greater than those recorded when va-
pour explosion did not occur, and with generally less than half the
inception time.

http://dx.doi.org/10.1016/j.ijmultiphaseflow.2010.07.005
mailto:d.wen@qmul.ac.uk
http://dx.doi.org/10.1016/j.ijmultiphaseflow.2010.07.005
http://www.sciencedirect.com/science/journal/03019322
http://www.elsevier.com/locate/ijmulflow


H. Clarke et al. / International Journal of Multiphase Flow 36 (2010) 940–949 941
Some numerical studies have been conducted to understand the
two-fluid injection process. An attempt to analyse the thermody-
namics of similar experiments using the MELCOR systems code
was made with a view to accident analysis for cryogenically cooled
magnets (Duckworth et al., 2000). This was not a simulation of the
injection, but a method to calculate the interfacial area from exper-
imental pressure curves, based on an established empirical heat
transfer coefficient for film boiling over a vertical surface. The re-
sults are of limited wider use however, due to a lack of observation
of the structure of the water–nitrogen interface on injection. In
particular this makes it difficult to verify the suitability of the heat
transfer coefficient correlation. The analysis was also limited to
have constant surface area and temperature, obliging a fudge to
be performed in which the heat transfer coefficient is linearly re-
duced to zero at a pre-determined time to allow convergence to
equilibrium. For a simplified incompressible and isothermal case,
a numerical code written along similar lines to MELT-3D (Nourga-
liev et al., 2003), a Lagrangian FCI code, was developed allowing the
injection structure to be approximately simulated (Dahlsveen
et al., 2001). It is unclear however, to what extent pressure curves
could be predicted for injection into a closed vessel or with the
inclusion of sensible heat transfer.

To advance our understanding of this injection process, a visu-
alization study of liquid nitrogen injection into water is conducted
in this work. A small vessel volume, relative to previous experi-
ments (Wen et al., 2006a), is used to more accurately reflect the
confined scale of injection into a reciprocating engine cylinder.
Careful design allows the thermo-physical state of the pre-injec-
tion nitrogen to be known, i.e. pure liquid nitrogen vs. vapour–li-
quid mixture. Through the use of high speed imaging equipment,
the break-up of the nitrogen jet is characterised, with a view to
establishing the most appropriate modelling solution for the
process. Pressure and temperature profiles are obtained and syn-
chronized with images in an attempt to obtain insight into the
complex heat transfer mechanisms involved. The effect of injection
pressure on the pressurisation rate and jet dynamics are investi-
gated, as are the implications of these results on the cryogenic
engine performance.
2. Experimental setup

The experimental rig (Fig. 1) consists of a single shot injector, a
cooling system, and a small pressure vessel with viewing windows
so that high speed imaging of the injection process is possible.

Nitrogen is delivered through an insulated hose from a high
pressure Dewar, in liquid or gas phase at up to 16 bar. A manual
valve allows the feed line to be purged before testing, cooling the
hose and delivering a fresh charge of nitrogen to the inlet. A pres-
sure transducer and thermocouple feed-through seal are mounted
upstream of the injector. A T-type thermocouple runs through the
compressed Teflon seal and down the cooling pipe to a point just
upstream of the valve. Thus the thermodynamic state of the nitro-
gen may be known prior to injection, providing it is of single phase.

The injector is made of a 50 mm length of aluminium alloy pipe
with an inside diameter of 8 mm. The opening and close of the
injection is controlled by an off-the-shelf, seat type cryogenic sole-
noid valve. Both pipe and valve are built into a cooling bath so that
the nitrogen can be subcooled to the desired temperature prior to
injection. A secondary flow of liquid nitrogen at lower pressure is
used as the cooling fluid. A valve at the bath exit is used to manu-
ally regulate this secondary flow, allowing some control over the
cooling rate. An identical cryogenic solenoid valve is placed be-
tween the injector and pressure vessel, orientated to operate in
the opposite direction to the flow. Upon injection it is opened
simultaneously with the primary solenoid valve and prevents leak-
age upstream if the post injection vessel pressure exceeds the feed
pressure.

The pressure vessel is an aluminium alloy cylinder of radius
65 mm and depth 40 mm with Perspex windows clamped onto
each end. A rapid response quartz crystal pressure transducer
and two T-type thermocouples are used to measure the pressure
and temperatures within the vessel. These thermocouples are posi-
tioned to be above and below the waterline under quiescent condi-
tions, measuring gas and water temperatures respectively. Ball
valves in the bottom and side of the vessel are opened to allow
water to be pumped through the vessel, preventing misleading
measurements caused by a temperature gradient developing in
the water as the nitrogen is subcooled pre-injection. These are
shut-off manually immediately prior to injection. A relief valve is
fitted to the vessel to prevent pressurisation above 30 bar.

Between tests, water is circulated through the vessel to re-heat
it to ambient temperature. Warm nitrogen gas is also circulated
through the injector assembly to remove moisture which can cause
the valves to freeze in subsequent experiments.

A high speed camera positioned at one end of the vessel is used
for imaging at rates up to 8000 frames per second. A powerful stea-
dy state light source equipped with a diffuser is positioned at the
opposite end. A low power light source is directed through the
front viewing window via fibre optics. The camera is triggered by
the leading edge of a 5 V pulse generated within the LabVIEW pro-
gram, initiated by the operator. The same pulse triggers a solid
state relay switch which powers up the solenoid valves, hence syn-
chronising the data acquisition with the image acquisition. The
period of injection is dependent on the trigger pulse width, which
is set manually within the program. However valve closing is dri-
ven by the valve springs and pressure gradients, making determi-
nation of the exact closing time difficult. All run data is acquired
and stored through National Instruments Data-Acquisition hard-
ware and LabVIEW, at a rate of 1000 samples per second.
3. Results and discussion

By controlling the secondary liquid nitrogen flow around the
cooling bath, different thermodynamic states of nitrogen prior to
injection can be established. A number of nitrogen injections are
conducted, of gaseous or liquid phase, into a pool of either ambient
water or air. All experiments involve injection vertically down-
wards through a 2 mm diameter nozzle with L/D ratio of 5. The
parameters for each test are shown in Table 1. Where injection is
into water, a volume of approximately 90 ml is used, leaving
50 ml free volume in the vessel.
3.1. Liquid nitrogen injection into water

In the injection run 3 liquid nitrogen is injected into water at a
feed pressure of �7 bar and with a temperature just below satura-
tion. The vessel pressure is shown in Fig. 2a over a 6 s timescale
and additionally in Fig. 2b for the first 300 ms only. Data is aligned
so that time 0 s corresponds to the trigger signal, with mass injec-
tion beginning about 10 ms later. Initially, pressurisation is extre-
mely rapid at �190 bar/s up to 6 bar. At this point the pressure
profile rounds off smoothly, to a plateau of �14 bar some 5 s after
injection.

Temperature profiles for the gaseous and liquid volumes in the
vessel are shown in Fig. 3. The pre-injection gas temperature is a
few degrees below that of the water, as the air volume is cooled
by inadvertent conduction through the apparatus to the liquid
nitrogen bath as the feed nitrogen is cooled. On injection the tem-
perature rises briefly, as the thermocouple comes into contact
with the warmer water during the turbulent mixing process that



Fig. 1. Nitrogen injection setup and apparatus: (a) schematic of experimental rig; (b) picture of injectors and pressure vessel.

Table 1
Injection run parameters.

Run Injection phase Pressure/bar Temperature/K Mass N2/g Mass water/g

1 Gaseous 7.00 273.7 0.105 100.9
2 Gaseous 6.92 273.3 0.295 100.2
3 Liquid 6.51 99.3 0.750 96.2
4 Gaseous 6.81 149.7 0.135 92.2
5 Liquid 6.73 94.2 0.856 90.4
6 Gaseous 6.93 150.3 0.138 93.7
7 Liquid 8.92 96.4 0.839 91.2
8 Liquid 14.09 101.2 1.158 85.6
9 Liquid 14.06 101.4 1.445 0

10 Liquid 14.13 106.9 1.349 0
11 Liquid 14.21 101.3 1.390 0
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follows. Gas temperature falls about 10 K before rising to a plateau.
This relatively low drop in temperature as cold nitrogen is added is
a consequence of the majority of heat transfer occurring before li-
quid and gas volumes in the vessel have separated. At less than



Fig. 2. Vessel pressure for liquid nitrogen injection into water (run 3). Shown over 6 s (a) and enlarged in (b) over the 300 ms timescale identified by the shaded region. The
dotted line shows the trigger signal at time = 0.

Fig. 3. Temperature profiles for liquid nitrogen injection into water (run 3). Shown over a 25 s timescale for the gaseous (a) and liquid volumes (b) of the pressure vessel.
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0.5 K, the drop in water temperature over the injection is low due
to the large ratio of water to nitrogen mass involved in the process.

The image sequence for injection run 3 is displayed in Fig. 4,
with the elapsed time from the trigger signal and vessel pressure
given below each image. By 30 ms, the presence of a liquid phase
core is noticeable, surrounded by a thick vapour blanket as charac-
terised in earlier studies (Dahlsveen et al., 2001; Harstad, 1992),
and from this point the rate of pressurisation accelerates. However
these early studies were more concerned with the behaviour of the
jet in quasi-steady state.

From these images the injection and break-up can be character-
ised in four stages:



Fig. 4. High speed images of the liquid injection into water (run 3). Time from injection trigger signal, and vessel pressure are given below each image.

Fig. 5. Pressure curve correspondent to images of injection run 3, with the four
stages of jet evolution marked.
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(1) Gaseous pre-injection stage: liquid nitrogen flashes as it
exits the nozzle and the column of nitrogen gas impinges
on and propagates through the water pool.

(2) Liquid injection: the liquid begins to be injected into the
void created by the nitrogen gas. The jet sets up a liquid core
within a blanket of its own vapour. A velocity gradient forms
across the vapour blanket due to viscous effects, as the water
on the outside is almost static, while the liquid nitrogen on
the inside is moving at a higher speed. Despite this there is
still no significant break-up into droplets from the vapour
blanket into the water, although the formation of ligaments
due to Kelvin–Helmholtz instability is observed.

(3) Impact with the opposing wall: upon impact the jet widens
and is deflected, filling the bottom part of the vessel. The top
half of the jet narrows as pressure increases, and begins to
break-up, forming ligaments and bubbles as the injection
finishes. The break-up here is caused mainly by inertial
impact rather than by Kelvin–Helmholtz instability and frag-
mentation as we might expect to see in a larger vessel.

(4) Buoyancy driven break-up: the nitrogen in the bottom half
of the vessel breaks up into large, and then smaller bubbles
as buoyancy forces take over and drive the nitrogen
upwards.

These four stages are marked on the pressure profile in Fig. 5 for
clarity. Stages (1) and (2) are short transient stages, in which the jet
is established and pressure rise is low, whereas stage (3) is associ-
ated with the rapid pressure rise and is more steady state. Based on
the image sequences, and order of magnitude calculations for valve
open time, the injection is thought to end at the ‘corner’ of the
pressure curve, shortly before the end of stage (3). The very high
initial pressurisation rate is thus a result of both mass transfer of
nitrogen into the free volume and heat transfer to the nitrogen.
Some degree of this heat transfer results from the contact between
the nitrogen jet and vessel wall as observed in stage (3). However,
this is likely to be small relative to heat transfer from the water due
to the large heat transfer coefficient between liquid nitrogen and
water, and far greater area of the irregular and turbulent water–
nitrogen interface. Stage (4) is also associated with a large pressure
increase, based solely on heat transfer, but over a much longer
timeframe.

It is not possible to closely observe the behaviour of the liquid
core in these experiments, as this part of the injection is obscured
by the uneven liquid–gas interface. This liquid behaviour is how-
ever vital to fully understanding the steady stage (3) of this injec-
tion. One possible method for studying the core is to reduce the



Fig. 6. Liquid nitrogen injection at different pressures into water. Profiles of
pressure as a ratio of peak pressure displayed for injections at 7, 9 and 14 bar (runs
5, 7 and 8 respectively).
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depth of the pressure vessel sufficiently so that the jet is sand-
wiched between the two Perspex plates, allowing the jet to be
viewed as a cross-section. This seems to have been a successful
technique in some other works where interface propagation has
been studied (Reinke and Yadigaroglu, 2001), although it is possi-
ble that some of the 3D effects may be lost, changing the overall
behaviour of the jet.

Liquid nitrogen is injected at pressures of 7, 9 and 14 bar to al-
low comparison of pressurisation rates. The different injection
temperatures (Table 2: runs 5, 7 and 8) reflect similar degrees of
subcooling below the saturation point, which is a function of pres-
sure. The level of subcooling is quantified here as the ratio of injec-
tion temperature to saturation temperature, and is held constant at
Tinj/Tsat � 0.93 for these injections. Pressure profiles are shown as a
ratio of local pressure to the peak pressure (Fig. 6) to highlight the
speed with which maximum pressure is approached. Because the
peak pressure is approximately proportional to the injected mass,
this allows comparison of pressurisation of the inherently different
masses injected at different pressures for a fixed nozzle size and
vessel volume. Gradients taken from three sections (Fig. 7) during,
immediately after injection, and prior to plateau are shown in Ta-
ble 2. While the rate during the injection is bound to be greater for
higher injection pressure due to higher mass flow, it is clear that
enhanced heat transfer continues post injection. The gradients
nearer to the plateau level show lower rates for the higher injec-
tion pressures, suggesting that temperature equilibrium is reached
more rapidly. This is also evident from Fig. 6, and simply shows
that a larger proportion of the energy transfer occurs near the
beginning of the pressurisation, due to a higher heat transfer
coefficient.

These rates of pressurisation during the liquid injection are ex-
tremely high. In similar injection tests of cryogen into water (Wen
et al., 2006a) with larger free volume, far lower rates of the order of
5 bar/s were observed. Plotting all the injection gradients, adjusted
for marginal differences in the vessel free volume (90 ml water vol-
ume is used ±8% in all runs), against injection pressure (Fig. 8), a
linear fit is seen. Interpolation for the injection pressure of
3.5 bar used by Wen et al. gives a pressurisation rate of 53 bar/s:
the factor of 10 difference is about what we would expect from
the difference in free volume space between the experiments.
3.2. Gaseous nitrogen injection into water

The rapid boiling of injected liquid nitrogen is expected to in-
crease interfacial area and dramatically enhance the heat transfer
rate between the cryogen and water, resulting in an increased
pressure time derivative. The extent to which this occurs can be
seen in Figs. 9 and 10, showing data from injection runs 1, 5 and
6. Run 1 is the injection of nitrogen at atmospheric temperature,
thus without major heat transfer. Run 5 is liquid nitrogen injection
with the associated boiling heat transfer. Run 6 is the injection of
cold gaseous nitrogen at 150 K, involving sensible heat transfer
only. Out of necessity liquid nitrogen injection must occur below
the saturation point (i.e. in the subcooled state) and cold gaseous
injection at a temperature above which no multiphase behaviour
is observed in the injectors. High speed images for injection run
Table 2
Comparison of pressure increase rates.

Injection pressure/bar Pressure time derivative/bar/s

Section 1 Section 2 Section 3

14 367 23.6 1.14
9 213 13.3 1.72
7 173 8.7 1.82
6 are shown in Fig. 11. The gaseous nitrogen jet clearly propagates
through the water pool more rapidly than the liquid jet during
stage (1): a higher injection velocity is expected due to lower den-
sity and higher compressibility. This causes a quicker initial pres-
sure rise in the gaseous injection. Subsequently a larger
spreading angle of the jet can be seen in the 30 ms image, and bet-
ter mixing of liquid–gas phases 100 ms post injection.

The gaseous injections have a very different pressure profile to
liquid injections. After the initial rise the pressure profile flattens
sharply at the 50 ms mark, where the injection valves are assumed
to close, and remains constant. This plateau level is much lower
than that of liquid injection: mass transfer is reduced since the
lower fluid density results in lesser mass flow rate through the
nozzle for a given pressure ratio. Interestingly, there is only a min-
or difference between the injection profiles of gas at 150 K and at
274 K. This is probably due to the slightly larger free volume in
run 6; with the same water level the difference would be more pro-
nounced. It is clear that nearly all heat transfer occurs during the
injection stage as there is no pressurisation after the valve shut-off.

Pressure time derivatives measured using a line of best fit are
�76 bar/s for gaseous injection, and more than double that for li-
quid injection at �190 bar/s. Because of the difference in injection
temperature driving the heat transfer of �50 K, this is not an en-
tirely fair comparison. Assuming that the pressure time derivative
is proportional to the rate of heat transfer, which is calculated by
Eq. (1), it is more appropriate to compare the values of the product
1/DT dp/dt. This is then proportional to the product of the heat
transfer coefficient, h and interfacial area, A. This gives values of
0.97 and 0.54 bar/s K for liquid and gas injections respectively.
The heat transfer enhancement from the boiling process is only
79% by this measure. Such a low increase may be due to the boiling
of the injected nitrogen within a blanket of its own vapour, rather
than by direct contact with the water, as noted previously.

dp
dt
/ dQ

dt
¼ hADT ð1Þ

The benefit of using water as a heat transfer fluid is elucidated
by comparison of injection runs 8 and 9. Liquid nitrogen is injected
at 14 bar into water and gas respectively (Fig. 12). Injection into
ambient gas utilises the whole vessel as free volume (140 ml)
whereas the vessel is filled with 86 ml of water for run 8, leaving
54 ml free volume. The free volume into which the nitrogen ex-
pands affects the final pressure and rate of pressurisation for a gi-
ven injection mass. It will also affect the injected mass as the



Fig. 7. Position of pressure time derivative calculation for sections I (left), II and III (right).

Fig. 8. Pressurisation rate dependence on injection pressure.

Fig. 9. Liquid, cold gaseous and ambient nitrogen injection shown over a 6 s
timescale.

Fig. 10. Liquid, cold gaseous and ambient nitrogen injection shown over the first
200 ms after the trigger signal.
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pressure differential across the solenoid valves drives the mass
flow and affects the closing time. To compare these injections,
the pressure values are normalised by peak pressure, which is
approximately linear with injected mass/free volume. With pres-
sure time derivatives of 367 and 52 bar/s respectively, the rate at
which peak pressure is approached during injection is 3.3 times
higher with water than with gas. Immediately post injection this
factor is reduced to 1.5.

3.3. Heat transfer analysis

The dual requirements on temperature measurement apparatus
of sturdiness and fast response make quantification of heat transfer
during the injection difficult. The multi-constituent nature of the
process obscures temperature measurement further. However as
a first-step analysis, steady-state pressure and temperature read-
ings pre- and post injection allow some estimation of the heat
transfer involved. Considering the injection process to involve the
interaction of three closed systems, where system A comprises of
the injected nitrogen, system B the ambient nitrogen in the vessel
prior to injection, and system C the water in the vessel, the energy
balance can be written from the first law as the following equation.

U2
A � U1

A ¼ Q B�A þ Q C�A þ Qother �WA�B �WA�C

U2
B � U1

B ¼ �Q B�A þ QC�B þWA�B �WB�C

U2
C � U1

C ¼ �Q C�A � QC�B þWA�C þWB�C

ð2Þ



Fig. 11. High speed images of the cold gaseous nitrogen injection into water (run 6). Time from injection trigger signal, and vessel pressure are given below each image.

Fig. 12. Liquid nitrogen injection into a liquid (water) and gaseous (air) heat
exchange fluid. Pressure shown as a ratio to peak pressure.
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Here the subscripts denote an interaction between the systems,
and superscripts 1 and 2 the time points before and after the injec-
tion respectively. The heat transfer between system A and the
apparatus is shown under the term of Qother, whereas the heat
transfers between systems B and C and the experimental apparatus
is not included in Eq. (2) due to the low temperature difference. For
the same reason, the heat transfer between water and ambient
nitrogen in the vessel can be neglected, i.e. QC–B = 0. As water is vir-
tually incompressible, the work WA–C and WB–C becomes negligible.
With such simplifications, the energy balance of the system can be
expressed in terms of the internal energies of each constituent, Eq.
(3), which are readily available from property tables for known
temperatures.
Qother ¼ ðU2
A � U1

AÞ þ ðU
2
B � U1

BÞ þ ðU
2
C � U1

CÞ ð3Þ

The relative heat distribution among different systems can be
estimated if the work WA–B is known. Considering the small tem-
perature change of the nitrogen in the apparatus before and after
injection, the work, WA–B, can be estimated by considering an iso-
thermal compression process, i.e. compressing the nitrogen gas in
the vessel prior to injection to the peak pressure post injection
where experimental data are available. Applied to experimental
run 3, this analysis shows that the total heat transfer to the in-
jected nitrogen is 224 J, of which about 82% is from the water,
and 5% from the ambient temperature nitrogen in the vessel prior
to injection. The remaining 13% (29 J) is the energy conducted to
the nitrogen flow by the apparatus, which is predominately from
the vessel walls when the nitrogen jet impinges upon them plus
a small portion from the nozzle during the injection. Of all the
experimental runs for liquid nitrogen injection into water, the
average value for Qother is estimated as �19% with a standard devi-
ation of 14%.

In addition, estimation of the heat transfer with the vessel walls
is also undertaken with some empirical correlations, for instance
the one proposed by Liu and Wang (2001) Eq. (4). This equation
was found to give good results for the boiling of an impinging
water jet on a stainless steel plate.

NuD ¼ 2Re1=2
D Pr1=6 kv

kl

DTsub

DTsat

� �1=2

ð4Þ

Here, NuD and ReD are the Nussel number and Reynolds number
with jet diameter as the characteristic length, kv and kl are the ther-
mal conductivity of the gaseous and liquid phase, and DTsub DTsat

represents the initial jet subcooling and superheat at saturation
condition. The jet entry conditions for experimental run 3 are esti-
mated using the average mass flow rate and vessel pressure during
injection, which gives a jet velocity of �20 m/s. Based on Eq. (4)
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and an approximate contact area, the heat transfer from a pure li-
quid nitrogen jet impingement onto the wall is estimated as �32 J.
While this figure is remarkably similar to the 29 J calculated
through the energy balance above, it should be noted that the cor-
relation makes no account for the separation of nozzle and plate or
interaction with an ambient fluid.

It should be emphasised that these simple analysis only gives a
rough idea of energy distribution under very simplified assump-
tions. Detailed calculation requires accurate control of liquid nitro-
gen injection mass, fully determined thermodynamic status prior
and post injection, known jet dynamics and instability under hydro-
dynamic and thermal imbalance conditions, as well as accurate
determination of the liquid temperature profile to know internal en-
ergy change in the liquid phase. Detailed modelling based on the
computational fluid dynamic (CFD) approach is currently ongoing.

3.4. Implications on the performance of a cryogenic engine

The experimental conditions in this study have been designed
to simulate as closely as possible those of a cryogenic engine. How-
ever there are some discrepancies in the volumetric and time
scales involved. The dead volume within the engine cylinder is of
the order of 15 ml, a tenth of that used here. This must also accom-
modate enough heat exchange fluid to maintain a near atmo-
spheric final temperature. While it is clear that high cylinder
pressures can be attained, it is less clear whether they can be
reached rapidly enough. Extrapolating for the smaller volume, we
might expect a 10-fold increase in pressure and rate of pressure
rise. Taking data from run 3, this would result in 1500 bar pressure
at a rate of 1750 bar/s. A realistic injection time period may be
about 10 ms, the first 36� of an expansion stroke at 600 rpm engine
speed. This would allow a peak pressure of 17.5 bar, and an iso-
thermal specific work output of 243 kJ/kg of liquid nitrogen. Unfor-
tunately this does not account for energy expended in injecting the
nitrogen into the cylinder at this rate, the high pressures needed to
do so, and frictional losses. It is also likely that the rate of pressuri-
sation will not increase monotonically with injection pressure past
a certain point. Above this pressure the relation of nozzle flow
velocity with pressure will be dominated by cavitation and choking
effects and the rate of heat transfer may be limited by fluid prop-
erties. The pressure at which this maximum is reached is above
the injection pressures tested here, but is certain to be below the
1500 bar used in the example above.

Maximum pressurisation rate is not the only consideration for
injections in a cryogen engine: efficient use of all available energy
is perhaps more important given the low energy density of nitrogen
as a fuel. A significant feature of gaseous injections compared to li-
quid injections is the attainment of maximum pressure in a shorter
time period, albeit a much lower maximum. Total pressure rise time
is typically of the order of 100 ms for gaseous injection, compared
with 5 s for liquid injections. On this basis it would not be possible
to fully expand nitrogen in an engine cylinder if it were injected in
liquid form. Either heat transfer during and immediately following
injection must be increased dramatically or the load of heat transfer
reduced through injection in the multiphase regime.

Further improvements to the heat transfer rate may be achieved
through increasing the mixing and hence interface area of the jet
on injection. This may be done using higher feed pressures and dif-
ferent nozzles to produce a fine spray or atomisation. Refinements
in the injection conditions could enable further gains in peak pres-
sure to be made by increased subcooling allowing greater mass to
be injected more rapidly. The vapour explosion interactions dis-
cussed by Archakositt et al. (2004) produced very high pressure
time derivatives. If it were possible to create the appropriate con-
ditions to induce such an interaction, this could be very beneficial
to pressure time derivatives during and after injection. It may not
be possible however, as the propagation of a vapour explosion usu-
ally requires a significant mass of cryogen. If the relation between
injection pressure and volumetric ratio (of water to nitrogen) re-
mains linear outside the boundaries investigated (by Archakositt
et al.) then extrapolation suggests an unfeasibly high pressure of
400 bar would be needed for injection at a volumetric ratio of 10.
Alternatively, improving thermo-physical properties of the war-
ment fluid, i.e., choose alternative heat transfer fluids or modify
heat transfer properties by some additives, can increase heat trans-
fer process further. For instance, many studies have reported in the
last decades that some introduction of nanoparticles could increase
the thermal conductivities of the base fluids (Buongiorno et al.,
2009; Wen et al., 2009); and some reported big increases in boiling
heat transfer (Wen et al., 2006b; Park and Jung, 2007). If properly
engineered, such a fluid can be introduced that improve the cryo-
gen injection process further. Currently such work is ongoing. In
addition, heat transfer with the engine cylinder could be improved.
Although heat exchange with the vessel is relatively minor com-
pared to that of the liquid–liquid interaction in these experiments,
for the smaller confines of an engine cylinder, this mode of heat
transfer may be more significant. Modifications such as internal
fins in the cylinder head could therefore be beneficial.
4. Conclusions

A fundamental study of liquid nitrogen injection into water is
conducted in this work. A proper design of the experiment allows
controlled injection of nitrogen at different thermodynamic states
to be established, and the evolution of jet structure to be visualised
with synchronized pressure and temperature measurement. A
number of interesting phenomena are observed that can be sum-
marized as:

� A four-stage evolution of jet structure is established for liquid
nitrogen injection into water through the visualization study,
and characterised by different pressurisation rates.
� The largest pressure time derivative occurs during the injection

stage (3) in which the structure of the nitrogen jet is stable, with
a thick vapour blanket separating its liquid phase and the sur-
rounding water. Jet break-up is primarily a result of impact with
the confining walls of the pressure vessel.
� An approximately linear correlation between pressurisation

rate in stage (3) and injection pressure is confirmed, and the
maximum pressurisation rate of 367 bar/s is recorded at an
injection pressure of 14 bar.
� The liquid nitrogen–water injection (L–L) results are compared

with other injection experiments, including gaseous nitrogen
injection into water (G–L) and liquid nitrogen injection into
ambient air (L–G), which allows the contributions of pressurisa-
tion from mass transfer, latent heat transfer and sensible heat
transfer to be differentiated.
� The benefits of latent heat transfer of liquid nitrogen and the

use of water as the heat transfer fluid are characterised, which
are affected significantly by the jet structure, especially the
interface area of direct contact between liquid nitrogen and
the warmant fluid.
� The implication of current experimental result on the perfor-

mance of a cryogenic engine is illustrated, and future work is
identified where a focus will be on the modelling of jet dynam-
ics to form a deeper mechanistic understanding.
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