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Abstract: The low temperature plume exhausted from a cryogenic wind tunnel may sink down, posing a severe threat to public
health and safety. Quantitative risk assessment of cryogenic plume flow behavior therefore plays an important role in the design
and optimization of a cryogenic wind tunnel. A numerical model with a modified Hertz-Knudsen relation considering the phase
change physics of the small quantity of water involved is applied to analyze the dispersion of the low temperature nitrogen plume
exhausted from a 0.3 m cryogenic wind tunnel. The homogeneous multiphase flow is modeled using the single-fluid mixture
model. A model validation is presented for the exhaust plume from the US National Transonic Facility (NTF). The predicted
results are found to be better than those predicted by National Aeronautics and Space Administration (NASA)’s two-stage ana-
lytical model. The influences of the environmental wind speed, the environmental wind temperature, the relative humidity, and the
exhaust flow rate, on low temperature nitrogen plume dispersion are obtained. In particular, the parametric sensitivities of different
influence factors are analyzed. The environmental wind temperature and the exhaust flow rate of the nitrogen gas have greater
impact on the temperature of the plume near the ground than do the environmental wind speed and the relative humidity. The
exhaust flow rate of the nitrogen gas has greater impact on the oxygen concentration near the ground than does the environmental
wind speed, while the environmental wind temperature and the relative humidity have negligible impacts. The results provide
guidance on the operation and design improvement of a cryogenic gaseous nitrogen discharge system to avoid its potential
hazards.
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1 Introduction tigation by Smelt (1945), the US National Transonic

Facility (NTF) combines a modern wind tunnel with a

A cryogenic wind tunnel is essential for the high
Reynolds number and low energy-consumption tests
in the research and development of large aircraft
(Kilgore, 1994, 2005). Based on a theoretical inves-
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large-scale cryogenic engineering system which can
inject liquid nitrogen at rates up to 450 kg/s to main-
tain the required low temperature test environment
(Kilgore, 2005). This leads to a large quantity of ni-
trogen gas being discharged into the environment.
While a cryogenic wind tunnel is running, a large
amount of low temperature nitrogen gas, denser than
the ambient air, may sink down (Ivey, 1979), posing
potential hazards to the public such as frostbite
damage and oxygen deficiency. Therefore, the quan-
titative risk of the cryogenic plume flow behavior for
a cryogenic wind tunnel cannot be ignored and should
be assessed.
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There is much experimental research on con-
ventional dense gases (natural gas, ammonia gas,
chlorine gas etc.). Liquid natural gas (LNG) spill
tests, the Burro series (Koopman et al., 1982), and the
Coyote series (Goldwire et al., 1983), were carried
out by Lawrence Livermore National Laboratory
supported by the US Department of Energy, and the
concentration and temperature changes during dis-
persion in different emission conditions were rec-
orded. Different from the Burro series and the Coyote
series in the open environment with flat terrain, the
Falcon series (Brown et al., 1990) focused on the
impacts of buildings and walls on natural gas disper-
sion after LNG spilling in a square pond with walls
and a barrier. Another strategy is the wind tunnel test
with a scaled model, for example, chlorine gas dis-
persion in complex terrain (McBride et al., 2001) and
LNG leaking from a tank (Ohba et al., 2004). For all
the experimental methods mentioned above, specific
equipment is necessary, and the pre-preparation, as
well as the operation itself, requires a lot of manpower
and time. Likewise, the design and operation of an
experiment on the plume dispersion of a specific
cryogenic tunnel involve a huge cost of resources,
time, and labor.

Compared to the experimental study, a simula-
tion study based on computational fluid dynamics
(CFD) can be a good alternative for risk analysis
because of its high efficiency and low cost. In recent
years, CFD has become the favoured method for the
study of cryogenic gas dispersion. CFD codes based
on the Navier-Stokes equations for species, mass,
momentum, and energy conservation, have the ability
to solve 3D plume problems taking into account tur-
bulent mixing, variable fluid physical properties,
complex terrain and obstacles in the path of a dis-
persing fluid (McBride et al., 2001; Sklavounos and
Rigas, 2006; Luketa-Hanlin et al., 2007; Tauseef et
al., 2011). To avoid the potential hazards of a cryo-
genic plume, National Aeronautics and Space Ad-
ministration (NASA) focused on research into the
gaseous nitrogen vent system (Kilgore, 1976; Ivey,
1979; Bruce et al., 1984) and developed a two-stage
analytical model (Lassiter, 1987) to simulate the
process of cryogenic plume dispersion. However, the
agreement between the simulation by the two-stage
analytical model and the experimental data needs to

be improved. In our previous work, a numerical
model considering the phase change physics of the
small quantity of water involved was developed,
leading to calculations more consistent with experi-
ments than those ignoring the phase change (Zhang et
al., 2015). It is far from enough just to predict the
cryogenic plume flow behavior in some certain con-
ditions. The influences of some important parameters
on the plume dispersion of the exhaust from a cryo-
genic wind tunnel also need to be analyzed.

As shown in Fig. 1, the low temperature envi-
ronment in the 0.3 m cryogenic wind tunnel is
achieved by injecting liquid nitrogen through small
nozzles positioned in the wind tunnel circuit upstream
of the driven fan. Then the liquid sprayed into the
tunnel is vaporized and the cold nitrogen gas is ac-
celerated as the test gas. On the other hand, in order to
keep steady thermodynamic conditions for testing, it
is necessary to exhaust the cold nitrogen gas from the
tunnel through an exhaust stack, at the same mass
flow rate as that of the liquid nitrogen which is con-
tinuously injected.

«— LN, Control valve
‘ LN,
tank
‘ —Fiow N Nz plume
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injectign Test section LN, pump
Exhaust
Lpand stack
G% Pressurel
Driv — control
motor Fan valve

Fig. 1 Sketch of the 0.3-m cryogenic wind tunnel

In this study, the model developed by consider-
ing the phase change (Zhang et al., 2015) is applied to
simulate the dispersion of the low temperature nitro-
gen gas exhausted from a 0.3-m cryogenic wind
tunnel. Solutions are obtained based on the sin-
gle-fluid homogenous mixture model. The experi-
ment of the plume exhausting from the US NTF is
modeled, and the developed model is validated as
more accurate than the two-stage analytical model.
The purpose of this study is to quantitatively analyze
the parametric effects, including the environmental
wind speed, the environmental wind temperature, the
relative humidity, and the exhaust flow rate, on the
pure nitrogen plume (at 110 K) dispersion of the
0.3-m cryogenic wind tunnel.
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2 Mathematical model

The discharge and dispersion of the low tem-
perature nitrogen plume are modeled using the 3D,
transient, compressible conservation equations gov-
erning two-phase flows.

The continuity, momentum, and energy equa-
tions are given below:
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where ¢ is the time, p is the density, # is the mean
velocity, u is the viscosity, g is the gravitational ac-
celeration, a is the volume fraction, p is the pres-
sure, E is the energy, and 7 is the temperature. The
superscript t indicates turbulence, the subscript &
denotes liquid phase or gas phase, and the subscript
m represents phase mixture. Sg includes the volu-
metric heat source due to the phase change. In our
case, energy E; equals the enthalpy /. The effective

thermal conductivity is k., = z;[ak (kk +k, )]
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The realizable x-¢ model (McBride et al., 2001)
used in our simulations is presented as follows in the
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where « is the turbulence kinetic energy and ¢ is the
dissipation. o, and o, are respectively the inverse

effective Prandtl numbers of x and ¢ equations. v is
the kinematic viscosity, G, represents the generation
of turbulence kinetic energy due to the mean velocity
gradients, and G} is the generation of turbulence ki-

netic energy due to buoyancy. 77=S£,
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relation:
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The definitions of C, can be found in (ANSYS,

2011).
From the continuity equation for liquid phase,
the volume fraction equation can be obtained:
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where rig and rin, are respectively the mass transfer
rate from the gas to the liquid phase, and vice versa.
The subscript 1 represents liquid phase, and g repre-
sents the gas phase.

The local mass fraction of each species Y, in the
gas mixture can be solved through the solution of a
convection-diffusion equation for the sth species:
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T

lowing form in turbulent flows:

the diffusion flux of species s, has the fol-

t
- U
Jg,s = _(ng,x + g]VYg,x’ (9)

where Sc' is the effective Schmidt number for the tur-
t

bulent flow, Sc' = ”D and D' is the turbulent diffu-
Y2,

t 2

sion coefficient. Dy is the mass diffusion coefficient
due to the molecular diffusion for laminar flow.

The evaporation-condensation flux F based on
kinetic theory for a flat interface can be given by the
Hertz-Knudsen formula (Marek and Straub, 2001):

M
F=C /— -
27'CRT (psat pv)’

where M is the mass per mole, R is the universal gas
constant, p, represents the vapor partial pressure at
the interface on the gas side, and pg, is the saturation
pressure corresponding to the current temperature
T The coefficient C is the vaporization or conden-
sation coefficient.

Using the Clausius—Clapeyron equation to
modify the Hertz-Knudsen relation, for a gas mixture
with two or more components, the volume mass
transfer rate per unit of the species in Eq. (8) is given
as follows (Zhang et al., 2015):
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where y; is the molar fraction of condensation species
in the gas mixture, A, is the mass transfer area, and
Veen 1s the cell volume. The condensation coefficient
Ceon 18 generally higher than the evaporation coeffi-
cient C,, (Marek and Straub, 2001), and it is rea-
sonable to assume that C.,,=1.2C,, (Rubel and Gen-
try, 1984). Consistent with our previous study
(Zhang et al., 2015), the coefficients C.,=100 and
Ceon=120 are used in all the following simulations.

3 Modeling approach
3.1 Problem description and boundary condition

The cold nitrogen gas is discharged from the
wind tunnel through a vent stack of 0.75 m in diam-
eter (d=0.75 m) and 13 m in height (A=13 m). The
lowest temperature of the exhausted nitrogen gas is
110 K, while the mass flow rate varies from 0.06 kg/s
to 5.60 kg/s. As the low temperature nitrogen gas is
denser than the ambient air, the plume may sink
down and pose a severe threat to public health and
safety through the hazards of frostbite and oxygen
deficiency. In addition, a water mist will reduce local
visibility within the descent of the plume.

Fig. 2 shows the corresponding computation
domain for the CFD simulation. The computational
domain is large enough to capture the features of the
plume dispersion. The dimensions of the model are
80 mx80 mx150 m in the x, y, z directions, respec-
tively. The center of the bottom of the vent stack is set
as the origin of the coordinates.

Y 150 m
O [Symmetry Symmeiry
L
[Symmetry|
Air
Air N -
E| — A
£ — 1 Wall
730m || 0=0.75m, h=13m
JL 7 40m
z
X

Fig. 2 Computation domain for the CFD simulation

The boundary types of the simulation domain are
presented in Table 1. The constant inlet air velocity
(Table 2) is applied at the left surface; the constant
inlet N, velocity (Table 2) with a given temperature of
110 K is specified at the top surface of the exhaust
stack; the constant pressure is applied at the right
surface; the front and the rear surfaces, as well as the
top surface, which presumably are far enough from
the plume, are specified as the symmetry condition
(Chan et al., 1982); the ground is specified as a heat
insulated wall (Ermak et al., 1989; Luketa-Hanlin et
al., 2007).

3.2 Grid independency

The time series data simulated with different
types of grids, i.e. 2945049 (thin mesh), 5298146
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(original mesh), and 6750824 (refined mesh) of two
positions at L=2 m (H=10 m above ground) and
L=5m (H=0.5 m above ground) downwind of the
tunnel exhaust ejector center are monitored. In this
simulation for mesh independence analysis, the ni-
trogen gas exhaust flow rate is 5.6 kg/s and the exit
temperature is 110 K, while the environmental wind
speed is 0.4 m/s, the environmental wind temperature
is 296 K, and the relative humidity is 50%. The
temperature and the oxygen molar concentration at
L=2 m (H=10 m) are presented in Fig. 3 and Fig. 4,
respectively. Considering the grid independency and
the computation efficiency, the mesh with 5298 146
cells is adopted in the following simulation.

Table 1 Boundary types of the simulation domain

Boundary name
Air-inlet (left)
N,-inlet (top of the stack)
Air-outlet (right)

Boundary type

Velocity-inlet
Velocity-inlet
Pressure-outlet

Top Symmetry
Front/Rear Symmetry
Ground Wall

3.3 Solution methods

The pressure-based unsteady calculations for
complex species transport in multiphase flows with
mass transfer between the phases are solved numeri-
cally using Fluent. The pressure implicit split operator
(PISO) algorithm is applied to implement the multi-
phase formulation, solving the governing equations of
continuity, momentum, and energy in sequence. The
convective terms and the diffusive terms are discre-
tized using the second-order accurate upwind scheme
and the second-order accurate central scheme, re-
spectively. The vapor fraction equation, the species
transfer equations, and the two turbulent equations are
discretized using the first-order upwind scheme. The
convergence criteria in the present study are at least a
drop of three orders of magnitude in the mass, mo-
mentum, and vapor transfer equations, and of six
orders in the energy equation, which are deemed
sufficient for the present flow solutions.

3.4 Physical properties

It is assumed that the environmental air is a
mixture of Ny, O, and H,O. The thermodynamic

Table 2 Primary simulated conditions in different cases

Wind Wind  Exhaust gas  Exhaust flow Exhaust Relative  Initial air components
Case speed  tempera- component (in rate (m/s)/ temperature  humidity (mole fraction:
(m/s) ture (K) weight) N, flow rate (kg/s) (K) (%) N»/0,/H,0)
Validation ~ 2.68 281.9  Njair=1:1.5; 42.30/207.70; 238 94 78.11/20.76/1.13
Ny:air=1:1.2  49.20/270.70 232
Section 5.1 1; 296 Pure N, 4.12/5.60 110 50 77.84/20.69/1.47
3;
6;
9
Section 5.2 1 280; Pure N, 4.12/5.60 110 50 77.84/20.69/1.47
290;
296;
310
Section 5.3 1 296 Pure N, 4.12/5.60 110 10; 78.77/20.94/0.29;
30; 78.30/20.81/0.88,;
50; 77.84/20.69/1.47,
70; 77.37/20.57/2.06;
90 76.90/20.44/2.65
Section 5.4 1 296 Pure N, 0.04/0.06; 110 50 77.84/20.69/1.47
0.07/0.10;
0.15/0.20;
0.37/0.50;
0.74/1.00;
1.47/2.00;
2.94/4.00;

4.12/5.60
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Fig. 3 Simulated temperature time series with different
meshes at L=2 m, H=10 m
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Fig. 4 Simulated oxygen concentration time series with
different meshes at L=2 m, H=10 m

properties of all the pure components are acquired
from the databank software REFPROP issued by
National Institute of Standards and Technology
(NIST, 2007). Specifically, the specific heats of all
gas species, as well as the viscosities and the thermal
conductivities of the oxygen and the nitrogen, are
specified as temperature-dependent. All the physical
properties of the water vapor or the condensed water
are given as constant in view of its small volume
fraction in the mixture.

The thermal conductivity, viscosity, and specific
heat of the gas mixture are calculated by the mixing
law as

p=> Yo, (12)

where Y is the mass fraction of species s.

4 Model validation

The experimental records of the plume ex-
hausting from the US NTF (Lassiter, 1987) are used

for validating the model. Low temperature nitrogen
gas was discharged from the top of the vent stack
which is 3.35 m in diameter, 36.6 m in height. Las-
siter (1987) developed a two-stage analytical model
to predict the behavior of the plume exhausting from
the US NTF. The first stage of the model was solved
based on the Gaussian dispersion model, while the
second stage during the descent of the plume was
solved by describing the crosswind displacements by
vorticity and numerically integrating in the crosswind
and downwind directions. Two cases of the plume
during tunnel nitrogen exhaust flows of 207.7 kg/s
(~238 K) and 270.7 kg/s (~232 K) are simulated using
Fluent. For the two cases, the environmental wind
temperature is 281.9 K, the environmental wind speed
is 2.68 m/s, and the relative humidity is 94%. The
simulated results by Fluent are compared with the test
results and with the behaviors predicted by Lassiter’s
model.

To validate the model, two key parameters of the
plume’s centerline in the experiment and the simula-
tion results by Lassiter’s model and by Fluent (the
present work) are listed in Table 3. Fig. 5 presents the
contour of the liquid water concentration of the cry-
ogenic plume calculated by Fluent for the case with
nitrogen flow rate 270.7 kg/s. Fig. 6 presents the
contours of the temperature and the oxygen concen-
tration in the same case. It can be seen from Table 3,
for the centerline maximum height, that the deviations
by Fluent are relatively smaller than those by Lassit-
er’s, while the deviations in Fluent are significantly
smaller for the distance downwind of centerline at
maximum height in both cases. The comparisons
indicate that the numerical model in this work is
much more accurate, which is more reliable for risk
assessment.

Table 3 Comparisons of simulated centerline parameters
with experimental data

Centerline Distance downwind of
maximum centerline at
Method height (m) maximum height (m)
a b a b
Experiment  105.9 119.0 59.7 973
Lassiter’s 116.7 135.0 120.5 148.8
model (+10.2%) (+13.4%) (+101.8%) (+52.9%)
Present 107.3 127.0 77.7 106.3
model (+1.3%) (+6.7%) (+30.2%) (+9.3%)

a: 207.7 kg/s nitrogen flow rate; b: 270.7 kg/s nitrogen flow rate. The
relative errors are inside the brackets
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Fig. 5 Contour of the liquid water concentration of the
plume calculated by Fluent for the case with a nitrogen
flow rate 270.7 kg/s
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Fig. 6 Contours of the oxygen concentration (a) and the
temperature (b)

5 Results and analyses

The dispersion of a cryogenic wind tunnel ex-
haust plume is a complex physical process of heat and
mass transfer. The exhaust nitrogen gas has an up-
ward movement trend due to the initial velocity after
jetting from the vent stack. At the same time, the

ambient air is entrained in the low temperature ni-
trogen gas, leading to the formation of a visible water
mist. The water vapor in the air is condensed as a
result of the intensive turbulent mixing of the cold and
the hot gases. The nitrogen component is continu-
ously diluted and the temperature of the cloud gets
higher as the cloud spreads downwind at roughly
environmental wind speed or less since the hot air is
continually mixed in. Eventually, the temperature of
the cloud will increase until it is equal to the temper-
ature of the ambient air, and the formed droplets will
vaporize.

Many factors affect the low temperature nitrogen
plume dispersion. For the cryogenic plume with a
certain exhaust temperature (110 K), the most obvi-
ous factors include the velocity, the temperature, and
the relative humidity of the environmental wind, as
well as the flow rate of the exhaust gas; their effects
on the cryogenic plume dispersion will be analyzed.
This study focuses on the impact of different values of
the influence factors on the plume descent, while the
horizontal dispersion range is out of its scope.

5.1 Effect of environmental wind speed

The environmental wind is always a key factor in
enhancing the local mixing of the plume gas and the
ambient air. Cases with different environmental wind
speeds (i.e. 1 m/s, 3 m/s, 6 m/s, and 9 m/s) are simu-
lated to investigate the effect of environmental wind
speed on the cryogenic plume dispersion. In these
cases, the other parameters are consistent: the envi-
ronmental wind temperature is 296 K; the relative
humidity is 50%; the exhaust flow rate of the low
temperature (110 K) nitrogen gas is 5.6 kg/s.

The predicted minimal temperatures and mini-
mal oxygen concentrations at A=1.5 m with phase
change are always greater than those without phase
change (Fig. 7). That is because the water condensa-
tion process releases additional heat and the smaller
local temperature difference leads to a slower descent
due to the smaller local density difference. With in-
creased environmental wind speed, both the minimal
temperatures and the minimal oxygen concentrations
rise as a result of local mixing enhancement, since the
raising environmental wind speed causes more plume
gas to be dispersed and propelled forward in the am-
bient air (Mousavi and Parvini, 2016). When the
environmental wind speed reaches 9 m/s, as a
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consequence of sufficient mixing, both the minimal
temperature and the minimal oxygen concentration at
H=1.5 m regardless of modeling the phase change are
almost the same as those of the ambient air. The pre-
dicted maximum liquid water concentrations in the
whole domain and at A=1.5 m under different envi-
ronmental wind speed conditions are presented in
Table 4. Inconsistent with the trends of the minimal
temperature and the minimal oxygen concentration,
the maximum liquid water concentration at H=1.5 m
decreases as the environmental wind speed increases,
while the maximum liquid water concentration in the
whole domain increases. The possible reason for
these outcomes is that the liquid water in the plume
has the physical process from generation to dissipa-
tion. In the early stage of the plume dispersion, more
vapor water is condensed with the local mixing en-
hancement by raising environmental wind speed. As a
result, the maximum liquid water concentration in the
whole domain increases. However, the mist dissipa-
tion is enhanced as the environmental wind velocity
increases, leading to lower maximum liquid water
concentration at H=1.5 m after the descent process.

0.24 310
— = — O,-with condensation
- -=--O,-without condensation )
5 — = — T-with condensation T—w\m‘d 1300
® 022 --u-- Twithout condensation  —-=-= L <
= (9]
@ 5
2 4290 &
3 g
§ 0201 g
< 280 +
(@]
0.18 L L L L 270
0 2 4 6 8 10

Environmental wind speed (m/s)

Fig. 7 Simulated minimal oxygen concentrations and
minimal temperatures at H=1.5 m with different envi-
ronmental wind speeds

Table 4 Simulated results of water concentration with
different environmental wind speeds

Environmental = Max liquid water ~ Max liquid water
wind speed  concentration in the  concentration at
(m/s) whole domain (g/m3) H=1.5m (g/m3)
1 10.42 2.44
3 11.17 1.98
6 12.84 0.36
9 14.99 0

According to the simulated minimal oxygen
concentrations and minimal temperatures near the
ground, the sink down phenomenon is more signifi-
cant with the environmental wind speed 1 m/s than
the others. The typical environmental wind speed on
the site is 1 m/s. Thus, in the study of the other pa-
rameters, 1 m/s is chosen as the standard environ-
mental wind speed to guarantee sufficiently variable
ranges of the minimal oxygen concentrations and the
minimal temperatures near the ground.

5.2 Effect of environmental wind temperature

The environmental wind temperature signifi-
cantly affects the heat exchange between the plume
gas and the ambient air. Cases with different envi-
ronmental wind temperatures (i.e., 280 K, 290 K,
296 K, and 310 K) are simulated to investigate the
effect of environmental wind temperature on the
cryogenic plume dispersion. In these cases, the other
parameters are constant: the environmental wind
speed is 1 m/s; the relative humidity is 50%; the ex-
haust flow rate of the low temperature (110 K) ni-
trogen gas is 5.6 kg/s.

The simulated minimal oxygen concentration
and minimal temperature at /=1.5 m with different
environmental wind temperatures are presented in
Fig. 8. It is obvious that raising environmental wind
temperature has a positive effect on the plume tem-
perature as a large temperature difference enhances
the heat exchange and accelerates heating. It is known
that a smaller local temperature difference leads to
slower descent due to a smaller local density differ-
ence. However, the minimal oxygen concentration at
H=1.5 m fluctuates, which seems contrary to our
ordinary intuition. A reasonable explanation for the
result is that the oxygen concentration in the envi-
ronment drops down as the environmental tempera-
ture increases with the constant relative humidity, due
to the growing ratio of water vapor in the environ-
mental air. Under the interaction of the two opposite
trends, the minimal oxygen concentration at H/=1.5 m
slightly waves. The fluctuation of the maximum lig-
uid water concentration at HA=1.5 m, as shown in
Table 5, can also be interpreted on the same basis.

5.3 Effect of relative humidity

Cases with different relative humidity (i.e. 10%,
30%, 50%, 70%, and 90%) are simulated to
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Fig. 8 Simulated minimal oxygen concentrations and
minimal temperatures at H=1.5 m with different envi-
ronmental wind temperatures

Table 5 Simulated results of water concentration with
different environmental wind temperatures
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Fig. 9 Simulated minimal oxygen concentrations and
minimal temperatures at H=1.5 m with different relative
humidity

Table 6 Simulated results of water concentration with
different relative humidity

Environmental Max liquid water ~ Max liquid water Relative ~ Max liquid water con- ~ Max liquid water
wind tempera- concentration in the ~ concentration at humidity centration in the whole  concentration at
ture (K)  whole domain (g/m®) H=1.5 m (g/m°) (%) domain (g/m°) H=1.5 m (g/m’)

280 4.29 3.12 10 2.30 0.86

290 8.19 2.97 30 6.97 1.86

50 10.42 2.44

296 10.42 2.44 70 15.08 350

310 19.95 3.27 90 17.04 3.70

investigate the effect of relative humidity on the
cryogenic plume dispersion. In these cases, the other
parameters are constant: the environmental wind
temperature is 296 K; the environmental wind speed
is 1 m/s; the exhaust flow rate of the low temperature
(110 K) nitrogen gas is 5.6 kg/s.

Fig. 9 depicts the simulated minimal oxygen
concentrations and minimal temperatures at H=1.5 m
with different relative humidities. As shown in Fig. 9,
the relative humidity is a significant influence on the
plume temperature near the ground. Higher relative
humidity leads more water vapor to interact with the
plume gas while the water condensation process will
release additional heat exchange between the plume
gas and the ambient air. Similar to the content men-
tioned in Section 5.2, the oxygen concentration in the
environment decreases as the relative humidity in-
creases with the constant environmental temperature,
since the ratio of water vapor in the environmental air
grows. Though the enhanced heat transfer with higher
humidity results in a smaller temperature difference,
this effect on the oxygen concentration after descent
is negligible. As presented in Table 6, the relative
humidity has a significant positive impact on the
water concentration.

5.4 Effect of exhaust flow rate

The effect of exhaust flow rate on plume dis-
persion can be divided into two opposite aspects. It is
obvious that more nitrogen released per unit time
leads to higher nitrogen concentration near the vent
stack, which is not conducive to the dissipation of the
plume gas. On the other hand, it should be noticed
that a higher exhaust flow rate means larger initial
kinetic energy. Therefore, more ambient air is en-
trained in the plume near the vent stack. Meanwhile,
the low temperature nitrogen gas will go higher, and
thus have a longer distance for descent which is
conducive to plume dissipation. Cases with different
exhaust flow rates (i.e. 0.06 kg/s, 0.10 kg/s, 0.20 kg/s,
0.50 kg/s, 1.00 kg/s, 2.00 kg/s, 4.00 kg/s, and
5.60 g/s, with an exhaust temperature of 110 K) are
simulated to investigate the effect of exhaust flow rate
on the dispersion of the cryogenic plume. In these
cases, the other parameters are consistent: the envi-
ronmental wind temperature is 296 K; the environ-
mental wind speed is 1 m/s; the relative humidity is
50%.

As shown in Fig. 10, the minimal oxygen con-
centration and the minimal temperature at H=1.5 m
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first decrease and then increase as the nitrogen
exhaust flow rate is increased. These trends result
from the interaction of the two opposite effects of the
exhaust flow rate on the plume dissipation. At flow
rates less than 2 kg/s, the gas accumulation effect
from the increasing flow rate dominates, leading to a
negative effect on the plume dissipation. When the
flow rate is higher than 2 kg/s, the increased flow rate
has a positive effect on the plume dissipation, since
the larger initial kinetic energy results in a longer
distance for descent. As presented in Table 7, the
trend of the maximum liquid water concentration at
H=1.5 m is similar to those of the minimal oxygen
concentration and the minimal temperature at H=
1.5 m, and it also results from the interaction of the
two opposite effects. The maximum liquid water
concentration in the whole domain monotonically
rises with raising flow rate because of the increasing
entrained ambient air.
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Fig. 10 Simulated minimal oxygen concentrations and
minimal temperatures at H=1.5 m with different exhaust
flow rates

Table 7 Simulated results of water concentration with
different exhaust flow rates

Exhaust Max liquid water Max liquid water

flow rate concentration in the concentration at

(kg/s) whole domain (g/m®) H=1.5 m (g/m’)
0.06 5.81 0.06
0.10 7.38 0.34
0.20 7.64 1.02
0.50 8.85 5.47
1.00 8.88 5.89
2.00 9.73 8.34
4.00 9.63 3.08
5.60 10.42 2.44

5.5 Summary of parametric sensitivities of dif-
ferent influence factors

The influences of the environmental wind speed,
the environmental wind temperature, the relative
humidity, and the exhaust flow rate on the low tem-
perature nitrogen plume dispersion have been simu-
lated and analyzed. In Fig. 11, the effect sensitivities
of different influence factors are summarized. The
case with the environmental wind speed of 1 m/s, an
exhaust flow rate of 5.6 kg/s (@110 K), an environ-
mental wind temperature of 296 K, and a relative
humidity of 50%, is set as the reference. The values of
the minimal oxygen concentration and the minimal
temperature at H=1.5 m for the reference case are
both set as 0 in Fig. 11, while the maximum value of
the minimal oxygen concentration or the minimal
temperature at H=1.5 m with other environmental
wind speeds analyzed in this study is set as 1. In other
words, the amplitude of variation in the comparison
with different environmental wind speeds is set as one
reference unit. The amplitude of variation of the
minimal oxygen concentration and the minimal
temperature at H=1.5 m with the other influence
factors are compared with the one with different en-
vironmental wind speeds.

In summary, on the temperature of the plume
near the ground, the environmental wind temperature
and the exhaust flow rate of the nitrogen gas have a
greater impact than the environmental wind speed and
the relative humidity. On the oxygen concentration
near the ground, the exhaust flow rate of the nitrogen
gas has greater impact than the environmental wind
speed, while the environmental wind temperature and
the relative humidity have negligible impacts.
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Fig. 11 Effect sensitivities of different influence factors
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From the above analyses, the operation of cry-
ogenic wind tunnels should be avoided in harsh
weather conditions (i.e. low environmental wind
speed, low environmental wind temperature, and high
relative humidity). Furthermore, if the weather con-
ditions are unstable and the test is urgent, a low
temperature hazard requires attention. If the envi-
ronmental wind speed fluctuates, prevention of oxy-
gen deficiency should be emphasized. However,
variations in the environmental wind temperature and
the relative humidity have little impact on oxygen
deficiency. Last, but not least, whether prevention of
oxygen deficiency and of a low temperature hazard
should be taken also depends on the exhaust flow rate
of the low temperature nitrogen gas.

6 Conclusions

A numerical model considering the phase
change physics of the small quantity of water in-
volved is used to analyze the dispersion of the low
temperature nitrogen plume exhausted from a 0.3 m
cryogenic wind tunnel. The experiment of the plume
exhausting from the US NTF is modeled to validate
the numerical model. The CFD calculations with this
model are more consistent with the experimental data
than those of Lassiter’s two-stage analytical model. It
can provide acceptable accurate quantitative risk
assessments of the cryogenic plume flow behavior to
avoid the potential hazards.

Higher environmental wind speeds are condu-
cive to the plume dissipation in respect of oxygen and
temperature. Higher environmental wind temperature
and relative humidity have a positive impact on plume
temperature near the ground, while the oxygen con-
centration near the ground slightly fluctuates with
higher environmental wind temperature and slightly
decreases with higher relative humidity. At a flow
rate less than 2 kg/s, the gas accumulation effect
brought by rising flow rate leads to a negative effect
on plume dissipation. When the flow rate is higher
than 2 kg/s, increasing flow rates have a positive
effect on plume dissipation, since a larger initial ki-
netic energy results in a longer distance for descent.

The quantitative risk assessment of the cryo-
genic plume flow behavior is of great significance to
avoid potential hazards, and provides a reference for

future improvement of the cryogenic gaseous nitro-
gen discharge systems.
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