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Gas entrainment in an evaporating spray jet
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Abstract

Gas entrainment induced by a spray jet can be significantly affected by the spray evaporation rate. In this study, we have directly
measured the air entrainment induced by a liquid nitrogen spray jet into an unbounded and stagnant room air. It is realized that the
air entrainment is proportional to the axial gradient of oxygen mass flow in a pure nitrogen spray jet. Hence, the air entrainment can
be determined by a combined measurement of local cross-sectional distributions of oxygen concentration, gas temperature and gas veloc-
ity along the jet path. These measurements are directly obtained using an in situ oxygen concentration analyzer, a thermocouple system,
and a Laser Doppler Velocimeter. In order to evaluate the effect of evaporation rate, direct measurements and numerical simulations of
the air entrainment by a cold gaseous jet of nitrogen (at a temperature slightly above that of liquid nitrogen) into room air are also per-
formed. Measurements of the entrainment rate and flow similarity of the gaseous jets without droplets compared very well against those
from the single-phase jet theories and numerical simulation, which validates our experimental approach and analysis method. Our exper-
imental results indicate rough flow similarities exist in evaporating spray jets with round nozzles. Although the air entrainment by the
liquid nitrogen spray is found significantly increased, as compared to that by the cold gaseous jet of nitrogen from the same nozzle and at
the same jetting velocity, the increased ratio is far less than the equivalent momentum ratio of the liquid nitrogen spray to the gas nitro-
gen jet. This experimental finding suggests that the evaporation of spray markedly weakens the gas entrainment. In this study, a para-
metric model is also developed to provide a theoretical basis of the data analysis for the cross-section averaged spray evaporation rate
within the spray jet region.
� 2006 Elsevier Ltd. All rights reserved.
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1. Introduction

Evaporating spray jets are used in many industrial appli-
cations such as feed oil sprays in the petroleum refinery,
spray drying, liquid fuel sprays in engine combustion,
and spray-assisted coal gasification. Spray with a rapid
evaporation can have a strong influence on the jet entrain-
ment that in turn affects the evaporation rate and hence
spray penetration. Hence, it is interesting to investigate
the interacting effects of the spray jet entrainment and the
spray evaporation rate.

The entrainment characteristics and flow similarity of
single-phase jets have been extensively studied [1]. For
0017-9310/$ - see front matter � 2006 Elsevier Ltd. All rights reserved.
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non-conventional single-phase jets such as a plunging jet
to a liquid surface and plasma jets, the air entrainment,
temperature and velocity similarities have also been inves-
tigated [2–4]. For two-phase non-evaporating swirling jets,
the entrainment is greatly suppressed for a two-phase jet as
compared to single-phase jets [5]. For a cross-flow spray jet
without evaporation, the ratio of the cross-wind speed to
the induced air speed governs the movements of the spray
droplets. The flow at a high ratio may even diminish the
entrainment [6]. The entrainment rates of reacting/non-
reacting jets were compared using the mass balance
technique as well as by a velocity field measurement using
particle image velocimeter (PIV) [7]. However, neither tem-
perature nor concentration measurements were reported in
their study. Studies on the entrainment of two-phase (gas–
solid) surrounding media by a gas jet have been reported
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Nomenclature

A cross-sectional area, m2

b boundary of the jet based on concentration, m
C concentration of oxygen, %
cp specific heat at constant pressure, kJ/kg K
D diameter of the nozzle, m
E energy flux, kJ/s
J mass flux, kg/s
Jmj total jetting mass flow rate, kg/s
Jdj liquid jetting mass flow rate, kg/s
L specific latent heat, kJ/kg
Le evaporation length, m
P pressure, Pa
R gas constant, kJ/kg K
r radial distance from the center of the jet, m
T temperature, K
U gas velocity, m/s
z axial distance from the nozzle exit, m

Greek symbols

q density of the air, kg/m3

C evaporation rate per unit volume, kg/s m3

Subscripts

0 centerline value
1 ambient condition
e entrained quantity
O2 oxygen based quantity
d cross-section averaged droplet quantity
j quantity value at the jet exit

Superscript

* dimensionless quantity
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[8–10]. The entrainment velocity is found to decrease with
the distance from nozzle, increase with the nozzle velocity
and decrease with the solid loadings. Our literature survey
shows that there appears no previous study reported on the
coupling nature of spray vaporization and spray-jet
induced gas entrainment.

This paper aims to address the important subject that
has never been studied before: evaporation effect of drop-
lets on gas entrainment of a spray jet. In this study, we
have performed an experimental study of a liquid nitrogen
spray into the room air. Direct measurements of the oxy-
gen concentration and droplet velocity in the spray region
are obtained, based on which the air entrainment and
spray evaporation rate are calculated. Due to the difficul-
ties in premixing tracer particles into the liquid nitrogen
system and from the direct contact of droplets with ther-
mocouples, the direct measurements of gas velocity and
gas temperature in the liquid nitrogen spray region cannot
be obtained via LDV and thermocouple measurements.
The limited size of spray nozzle also prevents an accurate
measurement of radial profile in the near field of the liquid
nitrogen spray jet. Alternatively we assume that the
dimensionless distribution of gas temperature in the spray
region is the same as that of concentration; and the dimen-
sionless gas velocity can be represented by that in the
absence of spray. These assumptions have been partially
validated from the comparison of direct measurements
of oxygen concentration with and without spray, from
the numerical simulation of liquid nitrogen spray in a
co-axial gas–solid flow [11], and from the comparison of
temperature and concentration measurements in the
absence of spray.

Besides the measurements, a parametric model has been
developed to provide the theoretical basis of data analysis,
which is to solve for three coupled unknowns: gas entrain-
ment velocity, spray evaporation rate, and centerline gas
velocity. The measurement and modeling methodology,
in principle, do not require the use of any similarity laws.
However, to simplify the data analysis, as suggested from
our measurements and previous numerical simulations
[11] within the tolerance range, we used the similarity as
an engineering approximation.

2. Experimental approaches

There are two experimental setups in this study. One is
for the gas entrainment with a cold nitrogen gas jet, which
is to provide a comparison base for the study with spray,
and the other is for the gas entrainment with a liquid nitro-
gen spray. Fig. 1(a) shows a combined schematic diagram
of both experimental setups. When valve A is open and
valve B is closed, a very cold jet of nitrogen gas (at approx-
imately the temperature of liquid nitrogen) is generated
from a compressed nitrogen gas container by passing
through a heat exchanger submerged in liquid nitrogen.
The cold gas jet is then injected into the stagnant room
air. Conversely, if valve A is closed and valve B is open,
Fig. 1(a) then represents the schematics of the experimental
apparatus for evaporating spray jets, where the sprays of
liquid nitrogen are generated from a pressure-controlled
spray generation system (25-l, Brymill Cryogenic). This
system hence is capable of producing a sustained spray
jet of liquid nitrogen. The sustainability depends on the size
of nozzle and the operation pressure inside the liquid nitro-
gen tank. In this study, a sustained liquid nitrogen spray
with a constant flow rate is obtained for approximately
40 min. Fig. 1 (b) shows the detailed structure of the spray
nozzle, which consists of a small centerline tube (1 mm in



5.6 % 

N2 gas LN2 Tank

Processor 

Computer

Oxygen Sensor

2-D Stage 

Flow
Meter

P

A B

LN2

N2 (gas)

Laser Doppler 
Velocimeter 

(a)

D = 5 mmd = 1 mm

10 mm 

  (b) 

Fig. 1. Experimental setup: (a) schematic for cold nitrogen gas jet (near LN2 temperature) or for LN2 spray jet and (b) nozzle structure for a LN2 spray jet.
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diameter) for atomization and a coaxial and thermally-
insulated tube (5 mm in diameter) for spray confinement
and smoothing. This nozzle structure helps to generate a
liquid nitrogen spray with a reasonably large initial spray
diameter, which is needed for our measurements of spray
radial profiles near the spray nozzle.

An in situ oxygen concentration analyzer (CE0123,
Oxigraf) with a thermal compensation and control mecha-
nism is specially designed for measurements of oxygen con-
centration at extremely low temperatures. The oxygen
sensor probe (1.25 mm orifice) is mounted on a precision
3-D stage. This oxygen analyzer is capable of measuring
the oxygen concentration with an accuracy of 0.1%, and
the measurements are independent of sample pressure,
gas temperature and other gases such as CO2 or H2O.
The temperature profiles are obtained using a tiny Type-J
thermocouple (0.5 mm O.D.) connected to a PC-based
temperature measurement system. A Laser Doppler Velo-
cimeter (Flowlite 1-D, Dantec) is used for the measurement
of spray jetting velocity as well as axial distributions of
droplet velocity along the spray jet. The interrogation
region in the LDV measurement is an intersection of two
laser beams of waist diameter of 1 mm each. A PC-based
precision balance (SV-30, Acculab) is employed to measure
the mass flow rate of the spray injection. For nitrogen gas
jet, the jetting velocity is obtained from the flow rate mea-
surement using a rotary flow meter.
3. Theoretical basis and methodology

Our modeling approach takes the advantages of the fact
that, in a free spray jet of liquid nitrogen injected into the
air, liquid nitrogen evaporation does not contribute to the
amount of oxygen in the spray region, and all oxygen
found in the spray region is solely from the jet-induced
entrainment. Hence, the air entrainment between any two
jet cross-sections is proportional to the difference of oxygen
mass flows at these two cross-sections. The proportionality
depends on the ambient oxygen concentration. In the room
air with the oxygen concentration of 21%, this proportion-
ality is 4.76. In the following we first describe the general
equations and methodology of this model, and then we
extend our discussion to special applications where jet flow
similarities hold. The introduction of flow similarity can
greatly reduce both the complicity in equation solution
processes and the demand of extensive measurements in
the spray region. As shown from measurements in the sec-
tion of results and discussion, it is reasonable to assume
flow similarities in this study.

3.1. Governing equations

Consider an arbitrary jet cross-section segment shown in
Fig. 2. The oxygen mass flow rate J O2

across any jet cross-
section is given by
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Fig. 2. Gas entrainment (oxygen) from mass flow balance.
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J O2
¼
Z 1

0

2prqCU dr ð1Þ

where q is the overall density of all gaseous species, C is the
oxygen concentration, and U is the gas velocity. Assuming
that the overall gas follows the ideal gas law and the ambi-
ent pressure and the gas constant remain unchanged with
the liquid nitrogen evaporation, we have

q ¼ P
RT

ð2Þ

where P is the ambient pressure, R is the gas constant and
T is the temperature of ambient air.

Hence, the oxygen mass flow rate, which is a function of
axial location itself, depends solely on the radial distribu-
tion of the velocity, concentration and temperature. From
the mass balance of oxygen, the radial component of the
air entrainment velocity Ue is thus given by

U e �
1

2pbC1q1

dJ O2

dz

� �
ð3Þ

where z is the distance from the nozzle exit and b is the jet
width.

The heat convection of gas phase _E at any jet cross-sec-
tion is calculated by

_E ¼
Z 1

0

2prqUcpT dr ð4Þ

where cp is the specific heat at constant pressure of nitro-
gen. Thus, assuming infinite-fast heat and mass transfer,
the energy balance over a jet spray segment with a thick-
ness of Dz can be expressed by

_E þ 2pbU eq1cpT1Dz� L
Z

_cdA
� �

Dz � _E þ d _E
dz

Dz ð5Þ
where L is the specific latent heat, and _c is the local mass
evaporation rate per unit volume. It is convenient to define
the cross-section-averaged rate of mass evaporated of li-
quid nitrogen per unit volume, C, as

C ¼ 1

A

Z
_cdA ð5aÞ

so that Eq. (5) is simplified into an equation for the estima-
tion of C:

C � 1

Lpb2
2pbU eq1cpT1 �

d _E
dz

� �
ð6Þ

Another important physical law is the momentum con-
servation. For a horizontal spray jet, the total momentum
along the jet direction is conserved at any jet cross-section.
For simplicity, we neglect the Archimedean effect on the jet
deflection and jet asymmetry, as observed and partially val-
idated from our experiments. We further assume that the
droplet velocity only varies along the jetting direction.
Hence, the jet-directional momentum conservation of this
two-phase flow at any jet cross-section is given by

J mjU j ¼
Z 1

0

2prqU 2 dr þ J dUd ð7Þ

where Jmj is the total jetting mass flow rate at the nozzle
exit; Uj is the jetting velocity at the nozzle exit; Ud is the
cross-section averaged droplet velocity; and Jd is the
cross-section averaged droplet mass flow rate, which can
be linked to the spray evaporation rate per unit volume by

J d � J dj �
Z z

0

pb2Cdz ð8Þ

where Jdj is the jetting liquid mass flow rate at the nozzle
exit. Based on Eq. (8), the evaporation length Le can be
defined and calculated from the mass balance of liquid
nitrogen as

J dj �
Z Le

0

pb2Cdz ð9Þ

Based on the three independent governing equations (3),
(6) and (7), respectively representing the mass, heat and
momentum conservation, three independent variables can
be solved. In this study, the distributions of oxygen concen-
tration, droplet velocity, and gas temperature in the spray
region can be determined, either from the direct measure-
ments or based on the analogy between temperature and
concentration profiles. Thus, in principle, the three
unknowns, namely the gas entrainment velocity Ue, spray
evaporation rate C, and the averaged gas velocity U, can
be obtained by solving the coupled governing equations.

3.2. Solution procedures with flow similarity

In jet flow applications, when flow similarities exist, the
introduction of flow similarity can significantly simplify the
equation solution processes as well as reduce the demand
of extensive measurements in spray region. With the flow
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similarity, it is convenient to express the governing equa-
tions with dimensionless variables. Here, we define

r� ¼ r
b
; C� ¼ C1 � C

C1 � C0

U � ¼ U1 � U
U1 � U 0

; T � ¼ T1 � T
T1 � T 0

ð10Þ

where b is the jet width, r is the radial distance from the
center of the jet, T is the temperature inside the jet and
the subscripts of 0 and 1 denote, respectively, the center-
line and ambient locations, and superscript * stands for
the dimensionless quantity.

Conceptually, the jet boundaries of velocity, tempera-
ture and concentration are different [1]. There exists an
analogy between the profiles of temperature and concentra-
tion so that the jet widths of temperature profile and con-
centration profile are about the same whereas the jet width
of velocity profile is narrower than those of temperature
and concentration profiles [1]. In a spray jet with strong
vaporization of droplets, the effect of droplet vaporization
minimizes the difference of these jet widths [12]. To simplify
our analysis of spray jets with strong vaporization, the jet
boundary is assumed to be the same for the gas velocity,
temperature and concentration. This assumption is par-
tially validated in our measurements, as shown in Fig. 5.

Substituting Eqs. (2) and (10) into Eq. (1) and noting
that, for a free jet, U1 = 0, we have

J O2
� 2pb2 P

R
U 0

Z
r�U �fC1 � ðC1 � C0ÞC�g

T1 � ðT1 � T 0ÞT �
� �

dr� ð11Þ

where P, R, U0, C0, C1, T0 or T1 is either a constant or a
function of axial location (z) only; and the jet boundary b is
defined based on the dimensionless radial profiles of con-
centration. Specifically, the jet widths are measured using
the interpolation on the dimensionless concentration pro-
files using the 5% cut-off criterion. Theoretically, a more
stringent criterion of 1% can be applied to better define
the jet boundary. However, considering the jet-induced
fluctuations and uncertainties in the concentration mea-
surements, the 5% cut-off criterion is preferred and used
throughout this study.

Similarly, the heat convection of gas phase _E at any jet
cross-section is expressed, according to Eqs. (4) and (3), by

_E � 2pb2cp
P
R

U 0

Z 1

0

r�U � dr� ð12Þ

In this study, the jet boundary b and oxygen concentra-
tion distributions are directly obtained from the oxygen
concentration measurements, which yield both r* and C*.
Due to the collision of liquid nitrogen droplets with the
thermocouple, the gas temperature is difficult to be directly
measured in the spray region [13]. The dimensionless pro-
file of gas temperature in the spray region is assumed to
be the same as that of oxygen concentration, i.e.,
T* = C*. This assumption is based on the analogy of simi-
lar concentration and temperature profiles for single-phase
gas jets. This analogy has been proved for many single-
phase jets [1] as well as for a cold nitrogen jet (at a jetting
temperature slightly above the liquid nitrogen temperature)
into the room air, based on our direct measurements of
oxygen concentration and temperature in the jet region as
shown in Fig. 6. In a spray region, the effect of strong evap-
oration of liquid nitrogen droplets leads to a lowered gas
temperature as well as a diluted oxygen concentration
simultaneously. Hence, the assumption of similar gas tem-
perature and gas concentration profiles in the presence of
strong evaporation is reasonable. This assumption is par-
tially validated by a numerical study of the liquid nitrogen
spray jets in concurrent dilute gas–solid flows [12]. The cen-
terline gas temperature in the liquid nitrogen spray is found
to be very close to that of liquid nitrogen temperature [12],
so that T0 � Td. The droplet velocity Ud is determined
directly from the LDV measurements.

Difficulty also rises to the determination of gas velocity
profiles in the spray region. Firstly, the only naturally-
available ‘‘tracers’’ in a liquid nitrogen spray are the drop-
lets of liquid nitrogen. It is difficult to add or premix other
tracers into the liquid nitrogen spray, due to the extremely-
low temperature of liquid nitrogen as well as the limited
size of liquid nitrogen nozzle system. Secondly, the dense
population of droplets in the near field of spray jet and
the poly-atomization in liquid nitrogen droplets make the
LDV measurements inapplicable to the determination of
gas velocity in the spray region. In addition, the limited size
of spray nozzle also prevents an accurate measurement of
radial profile in the near field of the liquid nitrogen spray
jet. Hence, in this study, we assume that the dimensionless
profile of gas velocity in the spray jet is the same as that in
the cold gas jet, as partially validated by our previous
numerical investigation of liquids nitrogen sprays in gas–
solids suspensions [11]. However, the centerline gas velocity
is still unknown, which is to be solved along with the gas
entrainment velocity and the evaporation rate from the
governing equations.

4. Results and discussion

Table 1 lists the parameters of nitrogen gas jets and
liquid nitrogen spray jet with a round nozzle in this study.
All jets are injected into the stagnant room air. The room
air temperature is maintained at 297 K.

4.1. Validation of the experimental system and
measurement methods

It is important to validate our experimental approaches
on the jet measurements. In order to do that, we have first
studied gaseous jets of nitrogen in the stagnant air. Fig. 3
illustrates the concentration profiles at different axial loca-
tions. It shows that the centerline concentration oxygen
increases while the jet boundary expands along the jet path
as more air is entrained. The dimensionless concentrations
are plotted against the well-known correlation C* = 1 �
r*3/2 [1], as shown in Fig. 4. The ‘‘negative’’ r* in Fig. 4 only



Table 1
Parameters of gas and spray jets

Jet type Jet temperature
(K)

Nozzle
diameter (mm)

Jetting
velocity (m/s)

Jetting mass
flow rate (g/s)

Jet Reynolds
number

Nitrogen gas jet (isothermal) 291 5 30 0.64 10,700
Nitrogen gas jet (non-isothermal) 118 5 26 1.76 49,000
Liquid nitrogen spray 74 5 23 3.64 570,000
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Fig. 3. Oxygen concentration radial profiles in an isothermal nitrogen gas jet.
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indicates the measured profile in the opposite side of a
complete radial traverse, which is intended to show the
symmetric nature of the profile. When a correlation is
applied, only positive value of r* should be used through-
out this study. The experimental data matches the above
mentioned curve very well. The comparison of measured
jet boundary expansion and predictions from Abramo-
vich’s jet model [1] b/z = 0.11(1 + q1/qj) is shown in
Fig. 5. The difference can be caused by several different fac-
tors, including the effect of turbulence and the effect of noz-
zle structure (such as shape of nozzle tip). Another factor is
the difference in definition of b. In the Abramovich’s
model, b is defined with 1% cut-off whereas in this study
it is defined from the dimensionless concentration profiles
with 5% cut-off. Given the influence of these factors, the
experimental data for the boundary expansion of both iso-
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thermal and cold nitrogen jets are regarded quite close to
the Abramovich’s relation. Hence, the comparison between
the measurements and well-known correlations in Figs. 4
and 5 validates our experimental system and measurement
methods.

4.2. Radial distributions and similarity

According to Eqs. (3) and (6), in order to obtain the air
entrainment and spray evaporation rate, one must prede-
termine the oxygen mass flow, which calls for the informa-
tion on the radial distributions of oxygen concentration,
gas velocity and gas temperature at any spray jet cross-
sections. While the oxygen concentration profile can be
directly measured using the oxygen probe and analyzer,
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Fig. 6. Temperature and concentration
the direct measurements of local gas temperature and
velocity in the presence of fast-moving and evaporating
droplets turn out to be extremely difficult, if not impossible,
by use of the thermocouple and LDV measurement tech-
niques. The difficulties arise from the interference with
the second phase, i.e., the droplet phase. Due to the direct
collision of droplets with the thermocouple in the spray
region, the measured temperature represents only a mixed
temperature of gas and liquids rather than the temperature
of gas [13]. In the particle-free spray region where there are
no tracing particles representing the gas phase, LDV mea-
sures only the velocities of droplets but not the velocity of
the gas. Hence, an alternative means for determining the
radial distributions of gas temperature and velocity is
adapted in this study.
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According to turbulent jet theory [1], the radial distribu-
tion of dimensionless temperature is analogous to that of
dimensionless concentration, which means the overlap of
the dimensionless concentration and the temperature pro-
files. This analogy is validated in our experimental study,
as shown in Fig. 6. It may be reasonable to assume that,
in a spray jet, the radial distribution of the dimensionless
temperature is still the same as that of the dimensionless
concentration in a spray jet. Therefore, based on the direct
measurements of oxygen concentration with a liquid nitro-
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gen spray, both concentration and temperature radial pro-
files can be determined.

A recent numerical study of a liquid nitrogen spray in a
dilute gas–solid suspension pipe flow suggested that the jet
similarities, in the presence of evaporating liquid nitrogen
droplets and dilute solid particles, is still quite similar to
those of single-phase jets [11]. This result strongly supports
our assumption that the dimensionless radial distribution
of gas velocity in the liquid spray jet is the same as the
dimensionless profile of gas velocity in the cold gas jet.
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4.3. Air entrainment rate

The difference in entrainment capability of gas jets and
spray jets can be qualitatively analyzed from a direct com-
parison of the oxygen concentration profiles at the same
axial location (z = 20 mm), as shown in Fig. 7. At the cen-
ter of jets, while the isothermal gas jet shows almost no
oxygen and the cold gas jet yields a very limited amount
of oxygen, the liquid nitrogen spray jet entrains a signifi-
cant amount of oxygen. As the jets used in this study are
of pure nitrogen, the oxygen presented inside the jets is
solely due to the jet-induced entrainment. Fig. 8 shows
the dimensionless profiles of oxygen concentration for a
two-phase spray jet, which can be expressed by a simple
semi-empirical correlation C* = exp(�5r*2). The similarity
curve in Fig. 8 appears somewhat skewed towards the cen-
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ter of the jet as compared to that of single-phase jets. This
difference may be caused by the effect of radial profiles of
droplet momentum and droplet evaporation rate that are
not necessarily following the flow similarities. In our study,
the similarity holds valid for a jet axial distance range up to
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4.4. Effect of evaporation on jet expansion

Fig. 9 shows the axial distribution of centerline oxygen
concentration, which indicates that the oxygen concentra-
tion at the centerline of the spray jet increases much slower
than those of gas jets. Fig. 10 shows the corresponding jet
boundary that is determined based on oxygen concentra-
tion profiles. The results suggest that the isothermal gas
jet has the least boundary expansion while the spray jet
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has the maximum jet boundary expansion, especially in the
initial stage of jetting where the most evaporation occurs.

4.5. Entrainment velocity

The comparison of gas centerline velocity of a spray jet
and the theoretical curve of a gas jet at the same injection
velocity is shown in Fig. 11. The quick decay of the center-
line velocity in the initial part of the gas jet shows that the
jet momentum is not able to maintain the velocity for a
longer distance after exiting from the nozzle. For the spray
jet, however, the decrease in the centerline gas velocity is
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Fig. 12. Comparison of entrainment velo
slower. This slower decay is due to the greater inertia of
droplets as well as due to the vapor generation from drop-
let evaporation that not only helps to sustain the gas phase
velocity but also expand the jet boundary. The air entrain-
ment velocities of gas jet and spray jet at the same jet veloc-
ity are found to be comparable, as shown in Fig. 12.
However, due to the different injecting momenta between
the two jets at the same jetting velocity, a more meaningful
comparison should be based on the entrainment per unit
injecting momentum, Due to the much higher density of
droplets than the air density, entrainment per unit injecting
momentum in the spray jets is at least one order of magni-
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tude less than that in gas jets, as shown in Fig. 13, which
indicates that the rapidly evaporating spray jets have less
capabilities of air entrainment than the gas jets at the same
jet velocity.

4.6. Evaporation rate of spray jet

One of the objectives of this study is to estimate the
evaporation rate. This is achieved by checking the energy
balance at any segment of the spray jet, as expressed by
Eq. (6). The axial distribution of the evaporating rate is
shown in Fig. 14. A higher evaporation rate in the initial
region of the spray jet is due to the higher air entrainment
that brings in more thermal energy for the droplet evapora-
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Fig. 14. Axial distribution of evaporatio
tion. For the case in our study, as much as 80% of the
injected liquid is evaporated within the range of z/d of 6.
However, due to the non-uniform droplet size distribution
and non-uniform jetting velocity distribution, some liquid
nitrogen droplets are found to travel much further along
the jet. On the average, a spray penetration length (or evap-
oration length) can be defined in a way that the integrated
evaporation rate over that length equals the injected liquid
mass flow rate, as shown in Eq. (9).

In summary, this study provides a basic methodology
for the analysis on the parametric effect of spray vaporiza-
tion on the gas entrainment. However, due to the simplifi-
cations we have introduced in our model, some effects have
been excluded, such as effects of droplet size distribution,
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radial distribution of droplet phases, different atomizer
design, possible solidification of droplets, finite rates of
heat and mass transfer, as well as local turbulence intensity
and turbulence modulation by evaporating sprays. Further
investigations on these effects may be desired.

5. Conclusions

A direct measurement technique of gas entrainment in
an evaporating jet has been developed. A parametric model
has been developed to provide the theoretical basis of data
analysis for the gas entrainment. The air entrainment char-
acteristics of the liquid nitrogen spray jet injected into the
stagnant room air is found to be quite different from those
of the nitrogen gas jets at the same jet velocity from the
same nozzle. The measurements of gas concentration distri-
butions in the liquid nitrogen spray jets suggest the exis-
tence of jet similarity within most of the spray jet region.
The measurements further shows that the concentration-
based jet boundary is wider for the spray jets than that
for the gas jets whereas the entrainment per unit injecting
momentum in spray jet is much less than those in the gas
jets. In addition, distributions of gas velocity on the center-
line and evaporation rate are also obtained.
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