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Orbital maneuvers of upper-stage rockets may generate propellant slosh waves and propellant breakup into

droplets within the oxidizer and fuel tanks. When many droplets are created, increased propellant evaporation may

occur and lead to a significant reduction in ullage gas temperature and pressure, known as ullage collapse. This work

presents a newmethod that uses a numerical tool to predict the droplet distribution created during a maneuver, and

subsequently uses an analytical model to calculate the droplet evaporation and consequent change in tank

temperature and pressure. This new hybridmethod uses less computational time than a detailed computational fluid

dynamicsmodel and is capable of providingmission plannerswith an improved tool to assess the impact of propellant

evaporation on the requirements of additional helium mass for tank repressurization. The new method is applied to

predict evaporation and the consequent ullage collapse in an upper-stage propellant tank undergoing simulated

orbital maneuvers at microgravity levels.

Nomenclature

a = acceleration, m∕s2
Bi = Biot number, ratio of heat transfer resistances inside

and outside the surface of a substance, hLs∕k
cp = specific heat, kJ∕kg · K
D = droplet diameter, m
DAB = binary mass diffusion coefficient, m2∕s
G = dimensionless gravity, a∕g
g = acceleration of Earth’s gravity, 9.81 m∕s2
hfg = latent heat of vaporization, kJ∕kg
k = thermal conductivity of gas,W∕m · K
KM = Maxwell D2 model rate of change of droplet diameter

squared per second, m2∕s
KS = Stephan model rate of change of liquid height per

second, m∕s
L = distance between liquid surface and location of farfield

mass fraction, m
Ls = length scale for nondimensional numbers, m
Le = Lewis Number— Ratio of thermal diffusivity to mass

diffusivity, α∕DAB
_m 0 0 = mass flux, kg∕m2 · s
MWi = molecular weight of substance i, kg∕kmol
P = absolute pressure, Pa
Psat = saturation pressure, Pa
r = radial distance of far field location from origin in

modified D2 model, m
rs = radius of droplet, m
R = universal gas constant, 8.314 J∕mol · K
tres = residence time of droplet in ullage, s
ttrans = transient time for droplet to reach final temperature, s
T = temperature, K
v = velocity, m∕s
x = distance of far field location from origin in Stefan

model, m
xs = height of liquid in Stefan model, m

YA�x� = mass fraction of substance A at location x
YA�r� = mass fraction of substance A at location r
YA;s = mass fraction of substance A at surface of droplet
YA;∞ = mass fraction of substanceA far from surface of droplet
α = thermal diffusivity, m2∕s
ρ = density, kg∕m3

σ = surface tension, N∕m
χ = Clausius–Clapyeron, ratio of saturated pressure to

surrounding pressure

Subscripts

A = substance A
B = substance B
b = boiling temperature of the liquid
f = final condition
g = gas
l = liquid
0 = initial condition

I. Introduction

O RBITAL maneuvers may create slosh waves and sprays of
liquid propellant droplets within the oxidizer and fuel tanks of

an upper-stage vehicle [1]. The low gravity (acceleration) levels
associated with the maneuvers lead to long droplet residence times
within the tank’s ullage gas. Solar heating warms the ullage gas in
which the droplets evaporate and, depending on the amount of
evaporation taking place, a rapid change in the thermal state of the gas
may occur resulting in a phenomenon known as ullage collapse [2].
Uncertainty regarding the magnitude of the ullage collapse leads to a
mass penalty associated with carrying extra helium to re-pressurize
the tank to levels that are used for nominal engine operation.
Modern computational fluid dynamics (CFD) tools can simulate

droplet formation and evaporation during a slosh event at the reduced
gravity levels typical of upper-stage operating environments [3–6].
However, theCFDdroplet evaporation calculation is time consuming
because it requires simultaneous computation of the energy,
evaporation, and condensation equations at each time step for each of
the droplets created. Furthermore, the grid must be fine enough to
capture the changes in droplet sizes (or dynamic/adaptive grid
techniques must be used), which further increases the computational
time. The method proposed in this paper uses CFD to predict the
number and size distributions of droplets that are created during an
orbital maneuver. Although there are many statistical models used to
describe droplet distributions resulting from sprays (the Nukiyama–
Tamasawa, the Rosin–Rammler, and the log–normal distributions,
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[7]) as well as the evaporation of droplets from a steady, swirling
stream [8], these do not accurately replicate the transient droplet
distributions created during typical orbital maneuvers and CFDmust
be used. The computationally intensive droplet evaporation and
resulting change in thermal state of the ullage gas are then computed
using analytical models.
Previous work focused on improving mission planning

capabilities and modeling of orbital maneuver scenarios for rockets
has demonstrated a need to accurately model the dynamics and
thermodynamics of the fluids inside propellant tanks. Lopez et al. [9]
developed a CFD model to determine the pressure within an
ellipsoidal tank under external heating.Majumdar and Steadman [10]
created models to describe the pressure of a tank as propellant leaves
the tank. Zilliac and Karabeyoglu [11] were also concerned with
steady evaporation of liquid propellants. De Quay and Hodge [12]
describe ullage collapse and provide a summary of ullage collapse
data. Baeten [13] highlighted a scheme used to predict the motion of
fluids in microgravity.
Thework described in this paper builds on these previous efforts in

order to develop a comprehensive framework to evaluate the potential
of an orbital maneuver to lead to an ullage collapse. Specifically, this
work proposes a new methodology for utilizing CFD and analytical
modeling in tandem to predict propellant evaporation and ullage gas
thermal state changes during orbitalmaneuvers. Themodel is capable
of providing mission planners with an improved set of tools to assess
the impact of propellant evaporation on the requirements of
additional helium mass for tank re-pressurization. To demonstrate
and evaluate the utility of the proposed method, this paper considers
two common orbital maneuver scenarios that may lead to slosh or
droplet formation within a propellant tank. The first scenario is a
settling thrust, which is an accelerationmaneuver intended to actively
force the propellant to the sump-end of the tank [1]. The second
scenario is an orbital maneuver in which liquid propellant strikes an
anti-slosh baffle. Either of these scenarios may produce a distribution
of liquid propellant droplets that may reside in the warm ullage long
enough to evaporate and rapidly change the thermal state of the
ullage gas.
Section II of this paper compares several established analytical

models for liquid evaporation into a gaseous medium and discusses
which model is most appropriate for droplet evaporation within
propellant tanks. The models examined include the Stefan,
Maxwell’s D2, and Cole models. Section III describes how to apply
the evaporation models to distributions of droplets. Methods to
extract data fromCFDmodels are described in Sec. IV. The analytical
droplet evaporationmodels useCFD-generated histograms of droplet
volumes, surface areas, and diameters to determine the total amount
of evaporation and change in thermal state of the ullage gas, leading
to a possible ullage collapse. Application of the new method is
demonstrated in Sec. V. The method developed in this paper is also
useful when generalized to other situations requiring determination
of evaporated mass resulting from droplets without a well-defined
statistical representation.

II. Droplet Evaporation Modeling

Existing analytical models are able to predict liquid droplet
evaporation in a gaseous medium. This section introduces existing
analytical models for droplet evaporation and demonstrates the
appropriate usage of themodels by showing examples of evaporation
in relevant situations.

A. Description of Evaporation Models

Under nominal coast conditions of an upper stage, the liquid
propellant resides at the sump end of the tank and ullage gas occupies
the remaining volume. Figure 1 shows an idealized representation of
this situation, including the relevant modeling variables used to
estimate evaporation of the liquid into the ullage. In this scenario, the
liquid propellant evaporates when there is a thermal or mass gradient
between the phases, which causes temperature changes of both the
liquid propellant and the ullage and a pressure change of the ullage.

A one-dimensional (1-D) Stefan model, Eq. (1), can be used to
predict themass flux of the liquid, substanceA, evaporating into a gas
above it [14]. The mass fraction of a substance A is given by YA. The
mass fraction of A at the liquid/ullage interface YA;S is determined
using Eq. (2), which is the ratio of saturation pressure to the
surrounding pressure χ [14]. Equation (3) is the ratio of pressures,
also known as Clausius–Clapyeron equation. Initially, the mass
fraction of substance A at the farfield distance is set to zero, YA�xs �
L� � 0 and, at subsequent times, this value is updated with a mixed
tank average value.

_m 0 0 �
�
ρgDAB
L

�
ln

�
1 − YA�x�
1 − YA;s

�
(1)

YA;s �
�
1�

�
1

χ
− 1

��
MWB

MWA

��−1
(2)

χ � Psat

P
� exp

�
−hfg

R∕MWA

�
1

Tl
−

1

Tb

��
(3)

The decrease in the height of the liquid column can be found from
Eq. (4),

xs�t� � x0 − Kst (4)

whereKS is the slope of the rate of change height of the liquid column
per second:

KS �
�
1

L

��
ρgDAB
ρl

�
ln

�
1 − YA�x�
1 − YA;s

�
(5)

This paper is concerned with modeling of orbital maneuvers that
generate liquid droplets and the enhanced propellant evaporation that
may occur within the tank. By deriving the Stefan model in a
spherical geometry and specifying the mass fraction of the vaporized
liquid at the boundary of the spherical tank, L � �D −Ds�∕2, an
expression for the evaporation of a spherical droplet can be
developed. Figure 2 depicts the geometry of a droplet in a spherical
tank, where the droplet is located at the center of the tank, equidistant
from the tank walls.
Equation (6) is the mass flux of Maxwell’s D2 model for a finite

farfield distance.

_m 0 0 �
�
D

Ds

��
ρgDAB
L

�
ln

�
1 − YA�r�
1 − YA;s

�
(6)

The result is similar to thewell-knownMaxwell’sD2 model, which is
most commonly derived with the mass fraction of the vaporized

Fig. 1 Cylindrical geometry for the one-dimensional unsteady Stefan
model.
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liquid specified at an infinite farfield distance (L �∞) [14].
Maxwell’s D2 model for any boundary condition demonstrates that
the square of the droplet’s diameter D2

s will evaporate linearly with
time:

D2
s�t� � D2

0 − KMt (7)

KM is rate of change of droplet diameter squared per second:

KM �
�

1

�1 −Ds∕D�

��
8ρgDAB

ρl

�
ln

�
1 − YA�r�
1 − YA;s

�
(8)

In Eq. (6), the diameter of the tank is always greater than the droplet
diameter; thus, the ratio of these diameters is always greater than one.
Comparing the finite-boundary Maxwell D2 model with the 1-D
Stefanmodel, it can be seen that the evaporation of a spherical droplet
inMaxwell’sD2 model will occur at a more rapid rate than the Stefan
model due to the diameter ratio term in Eq. (6). The rate of
evaporation of a spherical droplet is always greater in Maxwell’sD2

model than the evaporation mass flux in Stefan’s model given in
Eq. (1) because of higher evaporation mass flux due to the diameter
ratio term in Eq. (6), which is always greater than unity. AsD (andL)
approaches infinity, Eq. (8) approaches Maxwell’s D2 law at an
infinite farfield distance.
To use Maxwell’sD2 model to predict the evaporation of a droplet,

the steady-state temperature of the droplet needs to be determined. A
model developedbyCole [15] can predict the change in droplet surface
temperature as the droplet evaporates. The Cole model calculates the
change in temperature of the liquid droplet by directly incorporating
theLewis number todetermine the amount of evaporatedmassduring a
time step, and the subsequent change in temperature of the droplet at
the surface. The Cole model simultaneously calculates the new
temperatures, surface mass fractions, and subsequent evaporation
rates [15].
The Lewis number Le is a nondimensional number that relates the

thermal diffusivity to the mass diffusivity of a substance [16]. For
Le≪ 1, mass diffusivity drives the evaporation process and for
Le≫ 1, thermal diffusivity drives evaporation. Both the Cole and
Maxwell’s D2 models use Eqs. (2) and (3) to determine the mass
fraction at the droplet surface based on the droplet and ullage
properties. The temperature of the droplet changes as it forms and
separates from the bulk liquid, and the Cole model determines this
change in temperature of the droplet. The temperature of a droplet is a
significant parameter that dictates the rate at which a droplet
evaporates. The change in temperature of the droplet also causes a
change in the rate of evaporation. The temperature of the droplet
eventually converges to a final temperature. Once the droplet

converges to this final temperature, it remains at that temperature for
the duration of its evaporation.
Evaporation of a droplet using Maxwell’s D2 law has been

benchmarked against experimental data [17] in which water droplets
of differing initial diameters were allowed to evaporate in a furnace
with ambient temperature at 893 K. Maxwell’sD2 law prediction for
the change in droplet diameter is in excellent agreement with
experimental data, except for the initial heating phase where no
evaporation occurs in the droplet but the droplet is undergoing
internal transient temperature changes. This inability of Maxwell’s
D2 law to capture the physics of the initial heating phase is addressed
by using the model proposed by Cole [15], which takes into account
the transient conduction heat transfer occurring within the droplet
during the initial transient phase prior to evaporation.When using the
Cole model, the droplet evaporation time history, including the initial
transient phase, has better agreement with the experimental data in
[17]. This paper adopts the Cole model for the initial heating phase
and the slope of the square of the droplets diameter from Maxwell’s
D2 law using the new droplet temperature from the Cole model after
the initial transient. This approach is computationally efficient and
leads to adequate accuracy in predicting the evaporation history of
individual droplets.
Figure 3 shows three plots that reflect the combined effects of

Lewis number and subsequent evaporation rates to the diameter of the
droplets. Figure 3 shows eight curves representing evaporation of
eight droplets with varying parameters. At the beginning of the
simulation, a subset of four droplets (solid lines) is at an initial
temperature of 293 K, whereas the other subset of four droplets
(dashed line) is at an initial temperature of 363 K. The water droplets
are evaporating into air with a temperature of Tg;0 � 473 K and a
pressure of Pg;0 � 1 atm. Six droplets (red dots, blue squares, and
green up-triangles shown in Fig. 3) have an initial diameter of 1 mm,
whereas two droplets (black down-triangles) have an initial diameter
of 0.5mm. Three different Lewis numbers define all of the droplets in
this simulation. Curves with red circles denote droplets with a Lewis
number of 20, whereas curves in blue squares denote droplets with a
Lewis number of 1. Curves in black and green triangles denote
droplets with a Lewis number of 0.5, even though they have different
initial diameters. The top plot in Fig. 3 shows the impact of the
evaporation rate on the change in the squared diameter of the droplets,
which, apart from the initial phase, is mostly linear with respect to
time for the duration of the droplet. The middle plot in Fig. 3 shows a
zoomed-inviewof the impact of the evaporation rate. The bottomplot
shows the overall effects of Lewis number on the droplet temperature.
The third plot of Fig. 3 shows that a droplet of smaller diameter (black
down-triangle) reaches the converged temperature at a faster rate than
the bigger-diameter droplets regardless of the initial temperature of
the droplet. The next droplets to reach a converged temperature are
the bigger droplets (green up-triangles) with a lower Lewis number.
The 0.5 mm (black down-triangles) and 1 mm (green up-triangles)
diameter droplets with Lewis number of 0.5 both converge to the
same temperature of 308 K, but take different amounts of time for
convergence. Droplets of 1 mm diameter with Lewis number of 1
converge to a temperature of 319 K regardless of the initial starting
temperature and, similarly, the droplet with Lewis number of 20
converges to a temperature of 358 K. Once the droplets reach their
converged temperature, the rate of evaporation becomes constant, as
shown in the second and third plots of Fig. 3. The transient time is
dependent on droplet size and the difference between initial and final
temperatures.
The preceding examples were performed with water droplets

evaporating into a gaseous air environment. Liquid water Tl;0 �
363 K evaporating into airTg;0 � 400 K (this is a similar situation in
that the temperatures are also near the boiling temperature) has a
Lewis number of Le � 1.2. For cryogenic propellants, the Lewis
numbers can have a wider range. For example, cryogenic liquid
hydrogen, Tl;0 � 19 K, evaporating into 2 atm of gaseous hydrogen,
Tg;0 � 30 K, has Le � 11.5, and the same cryogenic liquid
hydrogen evaporating into gaseous helium, Tg;0 � 30 K, has
Le � 7.3. Because the Lewis number is greater than unity, the
temperature of the liquid droplet approaches the liquid hydrogen’s

Fig. 2 Maxwell’s D2 model for spherical geometry with finite farfield
distance.
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boiling temperature Tb � 23 K. By comparison, cryogenic liquid
oxygen, Tl;0 � 90 K, evaporating into 2 atm of gaseous oxygen,
Tg;0 � 150 K, has Le � 0.017, and the same cryogenic liquid
oxygen evaporating into gaseous helium, Tg;0 � 150 K, has
Le � 23.5. There is a large range of Lewis numbers between liquid
oxygen that is evaporating into gaseous oxygen or into gaseous
helium, which is attributable to the large difference in mass
diffusion rates.
Although the Lewis number is an important parameter in

establishing the converged temperature of the droplet during
evaporation, it is also important to determine whether a temperature
gradient exists inside the droplet due to the balance between the
convective heat transfer from the ullage gas surrounding the droplet
and conduction within the droplet. The Biot number Bi is a

nondimensional ratio of gaseous heat convection to liquid heat
conduction in a droplet [16] (Bi≫ 1 signifies a gradient in the
temperature profile between the surface and center of a droplet,
Bi≪ 1 signifies a uniform temperature profile everywhere in the
droplet). In reduced-gravity environments, convective heat transfer is
significantly lower and, for typical propellants of liquid hydrogen and
oxygen, conductive heat transfer dominates within the droplet.
Assuming natural, unforced convection over a sphere yields
appropriate values for the Nusselt number and, therefore, also the
convective heat transfer in the Biot number [18]. All of the droplet
cases analyzed in this paper have low Biot numbers in the range of
0.0022–0.4 (for droplets in 0.001–1G and diameters of 1–100 mm),
and so the surface temperature calculated by the Cole model is
prescribed to be the temperature throughout the entire droplet.
TheColemodel uses the Lewis number and themass fraction at the

surface to determine the rate at which a liquid droplet evaporates. The
Cole model then also uses the rate at which the liquid evaporates to
find the temperature of the liquid. The Lewis number dictates the
temperature of the droplet during the transient time.When the droplet
reaches a converged temperature, there is a change in saturated
pressure ratio, Eq. (3), and therefore a different mass fraction at the
surface. The change in mass fractions at the surface also causes a
change in evaporation rates. The Colemodel takes these changes into
account, but Maxwell’s D2 model only calculates steady-state
evaporation. The temperature of the droplet in Maxwell’s D2 model
stays constant because the droplet surface temperature is prescribed
in the model. Figure 4 shows a comparison between the Cole model
and Maxwell’s D2 model for liquid water evaporating into air
(Le � 0.621) and the importance of using the convergence
temperature from the Cole model as the initial temperature for
Maxwell’s D2 model.
An initial temperature of Tl;0 � 363 K for Maxwell’s D2 model

yields a curve shown in Fig. 4, which is shown to evaporate over four
times as fast as the same droplet as calculated by the Cole model. An
initial temperature of Tl;0 � 329 K for Maxwell’s D2 model, which
is the converged temperature from the Cole model, has a 3%
difference in complete evaporation time from the Cole model, and
this difference is due to the transient time of the Colemodel. TheCole
model is inherently the more precise model because it uses an
iterative process to determine the convergence temperature. As the
Colemodel’s temperature decreases during the transient time, the rate
at which it evaporates also decreases during that time, leading to a
longer evaporation time. Because Maxwell’s D2 model uses the
convergence temperature from the Cole model, the rates of
evaporation of both models are identical. The Cole model is more
computationally intensive thanMaxwell’sD2 model. For example, in
Fig. 4, computation of the transient time (the time it takes for the
droplet to reach its convergence temperature) with the Cole model
requires about 1000 time steps, whereas the complete evaporation

Fig. 3 Lewis number effects on droplet’s temperature and its
evaporation rates.

Fig. 4 Cole and Maxwell’s D2 model comparison.
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with the Cole model requires approximately 30,000 time steps. In a
scenario involving propellant fuel slosh with a large number of
different droplet diameters, the computation time increases
tremendously. Maxwell’s D2 model is adequate for treatment of
multiple droplets because it is well equipped to calculate the
evaporation rates of the droplets when using the initial temperature
from the Colemodel and requires no iterations. In this paper, the Cole
model’s convergence temperature is the initial temperature for
Maxwell’s D2 model for all of the calculations.
As the droplets evaporate, there is a concurrent reduction in the

ullage gas temperature and pressure. To keep track of changes in the
ullage gas temperature and pressure, a combination of energy balance
and ideal gas law equations is used. An energy balance on a
propellant tank with adiabatic tank walls shows the resulting
temperature change of the gas when the droplets evaporate. The
change in temperature of the ullage gas due to evaporation of mass of
liquid is given in Eq. (9):

ΔTg �
Δmlhfg
mgcp;g

(9)

The ideal gas law is used to calculate the pressure changes as a result
of the temperature change. The final density is the sum of the total
mass of the gas and the evaporated mass divided by the sum of the
ullage volume and the evaporated volume. Equation (10) computes
the final pressure after the temperature change in the ullage gas is
determined:

Pf;g �
ρfTf;gPi;g
ρiTi;g

(10)

The next section provides detailed examples of the analytical
methods described in this section to demonstrate the process of
calculating the evaporation rates and subsequent changes in pressure
and temperature of ullage gas.

B. Examples of Evaporation of a Single Droplet

This section demonstrates the models described in the preceding
section through a few examples and it shows that, even with the same
initial conditions for all themodels, the results can differ significantly
from each other. As an example of applying the Stefan model,
consider a 1-m-diameter and 1-m-tall adiabatic tank that is 10% filled
with water at a temperature Tl;0 � 363 K at one Earth gravity similar
to the geometry shown in Fig. 1. The ullagegas is initially at 1 atm and
Tg;0 � 473 K. Equation (1) determines the evaporation mass flux,
whereas the energy balance equations (9) and (10) update the
temperature and pressure of the ullage gas. As the ullage gas
temperature decreases due to evaporation, the liquid propellant tends
to evaporate at a slower rate in lower temperatures and lower
pressures. In the current example, 0.43 g of the initial 75.3 kg
evaporate after 4 h, the fill level of the liquid water drops by
5.5 × 10−4 mm, the ullage temperature decreases by 1.8 K, and the
ullage pressure drops by 301 Pa (reduces 0.3%) [19]. The Biot
number of the bulk liquid is 2.53, which signifies that there is a
temperature gradient within the bulk liquid. The higher Biot number
is due to the depth of the liquid beingmuch larger than the diameter of

a typical single droplet. Even though there is a temperature gradient
within the liquid, a very small percentage of the total liquid
evaporates, and the core temperature is not as significant as the
surface temperature and does not affect the rates of evaporation for
this example.
As an example of applying the rederived Maxwell D2 model,

consider a droplet with the same mass as the 10% fill level and
enclosed in a tank with the same volume as in the Stefan example: a
droplet with a 531 mm diameter and an initial temperature of Tl;0 �
363 K in 1 atm of dry air at Tg;0 � 473 K. After 4 h of evaporation
with the energy balance calculated at every time step, 39.6 g will
evaporate, and the diameter will reduce by 8.9 × 10−2 mm. The final
temperature of the liquid, as determined by the Cole model, is
Tl;f � 284 K. The ullage gas temperature drops by 159 K, and the
pressure drops by 29,010 Pa (reduces 29%). The Biot number is 6.91,
and so the temperature of the droplet is not assumed to be uniform, but
a small portion of the radial depth evaporated. For the same amount of
liquid from the 4 h large pool Stefan example (0.43 g) to evaporate
from the large droplet example, only 87 s would be required.
Table 1 displays the time it takes for several sizes of water droplets,

initially atTl;0 � 363 K, to completely evaporate into air at 1 atm and
at Tg;0 � 473 K. The Cole model’s convergence temperature is
Tl;f � 329 K, and every other model uses that convergence
temperature as its initial temperature. The Stefan droplet has the same
initial volume and exposed surface area as the initial spherical
droplet, but is contained in one end of a cylindrical tank. The transient
time it takes the droplet to reach its steady-state temperature as
calculated from the Cole model is also given in Table 1.
ThemodifiedD2 model isMaxwell’sD2 model derived for a finite

farfield distance. As L increases, the evaporation time for the
modifiedD2 model converges to the infinite distance value, as shown
by Maxwell’s D2 model. The length L is significant if it is smaller
than 40 times the diameter of the droplet, and so for the farfield
distance to affect a 1 mm droplet, the container would have to be
smaller than 4 cm in diameter. In addition, the Stefan model times
have a direct relation to L, and so as L increases by an order of 10, so
does its evaporation time. Also, as each droplet diameter doubles,
within each situation, the complete evaporation time for the droplet
models quadruples, but the Stefan model doubles. The evaporation
times quadruples because the volume of a droplet is a function of the
diameter cubed, and the droplets’ diameters squared evaporate
linearly. Therefore, the total amount of mass that evaporates from a
larger droplet is greater than the amount of mass that evaporates from
a smaller droplet in the same amount of given time. Therefore,
although larger droplets take more time to completely evaporate, the
rate of evaporated mass flux is significantly higher because of the
bigger diameter.
In [20], temperature measurements in the vicinity of the flat

interface of hydrogen contained in a pressurized cylindrical tank
provide data on mass transfer to the helium ullage gas due to
evaporation. These measurements indicated that mass transfer can
have an appreciable effect on bulk gas temperature and pressure,
whereas heat transfer from the gas can be neglected. The tank used in
this study is 76 cm in diameter and 224 cm in length, and a long
carbon-resistor temperature rake was installed along the long axis of
the tank to measure temperature. Temperature measurements were
made at 42 locations within the tank. The fill level of the liquid

Table 1 Summary of total evaporation times, s, Le � 1.78

Model L, m D0 � 0.25 mm D0 � 0.5 mm D0 � 1 mm D0 � 2 mm

ttrans 0.4 1.6 6.4 22

Cole ∞ 2.37 9.53 38.1 152
Maxwell’s D2 ∞ 2.44 9.81 39.2 156
Modified D2 10 3.5 16.4 68 274.4
Stefan 10 15,466 30,937 62,166 �20 h
Modified D2 1 3.5 16.4 68 274.2
Stefan 1 1,584 3,214 6,590 13,878
Modified D2 0.1 3.5 16.4 67.8 276.1
Stefan 0.1 179 427 2,889 �20 h
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hydrogen within the tank was 122 cm, which corresponds to a 55%
fill fraction. Helium gas was used to pressurize the ullage to various
levels of pressure (0.55, 1.4, and 2.8 bar) and the resulting
temperature of the ullage gaswasmeasured. The data collected in this
experiment can be simulated by a 1-D unsteady Stefan problem to
estimate the diffusion mass flux resulting from evaporation and to
predict the distribution of temperature in the ullage gas as a function
of time. Applying an unsteady Stefan model described earlier as
applied to the experimental conditions permits the following
comparisons. For a location 3 cm above the liquid–gas interface at an
ullage pressure of 1.4 bar, the data shows that a steady-state
temperature of 26.4 K is reached and the steady-state Stefan model
predicts the steady-state temperature to be 27.6 K. During the
transient cooling of the ullage gas, which is introduced at a
temperature of 300 K, at 60 s the temperature of the gas is about 30 K
and the unsteady Stefan model predicts 32.7 K. The 1-D model used
here is also able to capture the same trends seen at the high pressure of
2.8 bar. Again, at a location 3 cm above the liquid–ullage interface,
the steady-state temperature predicted by the 1-D Stefan model is
within 9% of the measured data.

C. Summary of Relevant Droplet Timescales

Each droplet formed during a slosh event residing within thewarm
ullage gas will converge to the same temperature because the Lewis
number is the same for each droplet during that event. However,
the time it takes to converge to the final temperature ttrans depends on
the droplet size. The transient times can be calculated once at the
beginning for each droplet size. However, to do so, the time
associated with the transient change in droplet temperature should be
much shorter than the total droplet evaporation time, which is the
situation that is under consideration in this paper and in Table 1.
The residence time is determined by a nonevaporating numerical

simulation of the slosh event, or by experiment [21]. If the residence
time of the droplet in the ullage is longer than the droplet’s total
evaporation time, the difference between the predictions from the
Cole model and Maxwell’s D2 model are negligible.

III. Extension of Analytical Evaporation Models
to Droplet Distributions

This section will show how the analytical evaporationmodels for a
single droplet developed in Sec. II can be applied to distributions of
many droplets of varying size.Whenmany droplets are created by an
orbital maneuver, the amount of surface area available for
evaporation increases considerably. This section will examine the
changes in ullage temperature and pressure that occur when many

droplets are simultaneously evaporating. First, the amount of
evaporation that occurs from multiple droplets of identical diameter
will be compared with a large mass of equal volume. Next, a single
histogram distribution of various sizes of droplets and number will be
allowed to completely evaporate, and bounds on the potential change
in ullage temperature and pressure will be examined. Finally, this
section will examine the treatment of time-varying histograms of
droplet size and quantity, which is the basis for the analysis of
evaporation from CFD-derived droplet distributions.
As a first example, consider the evaporation of multiple identical

droplets as compared with a single droplet of equivalent mass. In this
example, all liquid water droplets begin at an initial temperature of
Tl;0 � 363 K, the ullage gas is composed of air atTg;0 � 473 K, and
the initial pressure within the 0.25 m3 tank is Pg;0 � 101; 325 Pa.
Table 2 shows the change in temperature and pressure, as well as the
time required for complete evaporation of all the droplets. Table 2 is
divided into four sections to examine the effects of droplet count and
size. The first section of the table examines results of multiple
quantities of droplets (1, 2, 10, 100, and 1000)with initial diameter of
1 mm. The second section of the table uses only one droplet but
matches the total volume of the multiple droplet cases shown in the
first section of the table. The third section of Table 2 is identical to the
first section of the table, except the initial droplet diameter is doubled
to 2 mm and again droplet counts of 1, 2, 10, 100 and 1000 are
considered. Finally, the fourth section of Table 2 parallels the second
section in that the equivalent volume from the third section is used for
a single droplet. The plots shown next to each section of the table
show the evolution of ullage temperature and pressure as a function of
time until all droplets have evaporated. Each row of the table
corresponds to a single line on each plot.
In the first section of the table, the effect of number of droplets on

evaporation time can be observed. Evaporation time is 161 s for 1000
droplets as compared with 155 s for 100 droplets or less. The time
required for total evaporation increases because, as the droplets
evaporate, the ullage temperature decreases, which reduces the
thermal gradient that drives the evaporation process. This same
effect, but amplified even further, is shown in the third section of
the table.
In the first and second sections of Table 2, the evaporation of

many droplets versus a single drop of equivalent mass can be
compared. As the number of droplets increases, the difference in
complete evaporation time of a single equivalent droplet increases
substantially. Considering the case of 1000 1-mm-diameter droplets
versus a single 10 mm droplet having the same mass, the complete
evaporation times are 155 and 15,863 s, respectively. The same effect
can be seen for the 2mmbaseline droplet case by comparing the third
and fourth sections of the table. Finally, the end state temperature and

Table 2 Change in ullage temperature and pressure and evaporation time for various droplet combinations

Case Quantity D0, mm Volume, mm3 ΔTg, K ΔPg, Pa tevap, s

A1 1 1 0.524 −0.015 −2.58 155
B1 2 1 1.05 −0.031 −5.16 155
C1 10 1 5.24 −0.154 −25.8 155
D1 100 1 52.4 −1.54 −258 155
E1 1000 1 523.6 −15.3 −2590 161
A2 1 1 0.524 −0.015 −2.58 155
B2 1 1.26 1.05 −0.031 −5.16 245
C2 1 2.71 5.24 −0.154 −25.8 710
D2 1 4.64 52.4 −1.54 −258 3,289
E2 1 10 523.6 −15.3 −2590 15,863
A3 1 2 4.19 −0.123 −20.7 613
B3 2 2 8.38 −0.246 −41.3 613
C3 10 2 41.9 −1.23 −207 613
D3 100 2 419 −12.3 −2073 632
E3 1000 2 4189 −119 −21; 400 967
A4 1 2 4.19 −0.123 −20.7 613
B4 1 2.52 8.38 −0.246 −41.3 971
C4 1 4.31 41.9 −1.23 −207 2,834
D4 1 9.28 419 −12.3 −2073 13,569
E4 1 20 4189 −119 −21; 400 96,520
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pressure of the ullage gas due to total evaporation of the large
equivalent droplet is identical to the end state of the multiple single
droplet cases.
The changes in ullage properties over time for each section of

Table 2 are shown in the figures on the right side of Table 2. The
rate of change of ullage gas properties decreases as time progresses
and properties change. As temperature and pressure decrease,
evaporation rates also decrease, and so less mass evaporates per
second. When a certain mass completely evaporates, the final ullage
properties are the same, regardless of how that initial mass was
distributed (one large droplet or many small ones). When there are
many droplets evaporating, as opposed to one single droplet, it takes
far less time.
The cases that exhibit the largest decreases in tank pressure (ullage

collapse) would require an additional 0.050 g of helium to
repressurize a 0.25 m3 tank for the evaporation of 1000 droplets with
1 mm diameters. For 1000 droplets with 2 mm diameters, 0.443 g of
helium would be needed to repressurize the 0.25 m3 tank. In this
example, a relatively small tank was used to illustrate several key
phenomena, but this model can be scaled to larger volumes with the
same number density of droplets because the number of droplets per
unit volume is the dominant factor. The number of droplets in a
specific volumewill have the same thermal effects as a larger volume
with the same amount of droplets per volume.
The amount of evaporation of multiple droplets of different

diameters can be calculated simultaneously using a histogram
approach. Histograms are a useful way to quantify the droplet sizes of
many different droplets that are created during an orbital maneuver.
Consider the histograms shown in Fig. 5.
These two sample histograms could represent distributions of

droplet diameters at any given moment in time. The total mass is
the same in both histograms, but the total surface area of all the
droplets is not identical. This example demonstrates the compound
effects of multiple droplets evaporating simultaneously to show the
significance of specific distributions, to display how the same amount
of mass evaporating results in the same changes in ullage properties,
and to give bounds to an estimated amount of evaporation.
Evaporation for one time step (one second in this example) of each
droplet size is calculated analytically using the techniques described
in Sec. II, the diameters are reduced accordingly, and that amount of
mass evaporated from each droplet is multiplied by the number of
droplets in that corresponding bin. The ullage gas thermal properties
update after each time step. The new diameters with the same
quantities are used for the following time step. These calculations
continue until all of the droplets completely evaporate.
The result from evaporating these two different droplet histogram

distributions is shown in Fig. 6. The upper plot in Fig. 6 shows the
droplet diameter squared over the time of each bin’s droplet from the
first distribution of droplets only. These curves appear linear, but they
are slightly curved due to the fact that the ullage temperature is
decreasing and hence the thermal gradient driving the evaporation is
also decreasing. If the second distribution were shown, the lines
would be slightly different from the first distribution because the tank
ullage gas cools at a different rate.

The second and third plots in Fig. 6 show the amount of ullage
temperature and pressure change as a result of evaporation of both
histograms, the effect of a single droplet with the same mass
(equivalent diameter is 28.9 mm), and the effect of the same total
amount of mass distributed into only an equivalent amount of 1 mm
diameter droplets (which is 24,245). When all of the droplets first
evaporate, the pressures and temperatures change the fastest because
all of the droplets from all of the bins are evaporating simultaneously.
The rate of change decreases when only the initially large droplets
remain.
The ullage temperatures and pressures converge to the samevalues

when all of the mass has evaporated. The greatest changes occur
when many droplets evaporate together. The change in ullage
properties is rapid when there are many droplets evaporating at once.
In 1500 s (25 min), the temperature of the ullage gas within the tank
drops over 40 K. This may seem very rapid, but a small tank is under
consideration for this example and there is a large temperature
gradient between the liquid temperature and the ullage gas
temperature (400 K). The pressure decreases proportionately to the
temperature because of the ideal gas law. The pressure drops about
5% of the initial value, and the temperature drops over 7%. The
changing ullage density causes this difference.
The amount of thermal changes in the ullage gas decreases as

more droplets completely evaporate. The other two cases under
consideration are if all of themasswas combined into 24,245 droplets
with initial diameters D0 � 1 mm, and if all of the mass was
combined into one dropletwith an initial diameter ofD0 � 28.9 mm.
This allows bounds to be set on the time it takes for evaporation or the
amount of evaporation that occurs within a certain amount of time.
Theworst case scenario is where all of the liquid is dispersed asmany
1-mm-diameter droplets. In the worst-case scenario, the entire
volume of liquid evaporates in 15 s. The best-case scenario is a single
massive droplet, and total evaporation occurs after 11,810 s.
If a single histogram could describe the droplet diameter

distribution throughout an entire slosh event, this would be an
excellent method to determine the amount of total evaporation
throughout the event. Unfortunately, this is not the case; a single
histogram simplification cannot be assumed because of the transient
nature of slosh events. Therefore, a method is needed to analyze the
evaporation of droplets in a transient state. If many different
histograms are analyzed appropriately, the inherent transient nature
can be incorporated into the calculations. Consider the series of time-
varying histograms shown in Fig. 7.
The histogram shown for the first time step is identical to the first

distribution of Fig. 5, and each of the following histograms is changed
randomly to alter the number of droplets in each bin. These are not
actual histograms from an orbital maneuver, but demonstrate how
application of analytical evaporation models to a transient scenario
can be performed. Each histogram lasts for the amount of time for that
particular time step. In this example, 20 s time steps are used so that a
400 s simulation is demonstrated.
Four methods are proposed in this paper to analyze the time-

varying histograms of droplet diameter and quantity in order to
estimate the amount of evaporation of liquid taking place within
the tank. Each method requires the Cole model to calculate the

Fig. 5 Sample histogram to demonstrate evaporation of multiples of droplets with different diameters.
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convergence temperature and transient time of a sample droplet
from the histogram. Each method uses Eqs. (9) and (10) to determine
the thermal properties at each time step so that the changing ullage
temperature affects the evaporation rates. The evaporation time
depends on the duration of the time step. The convergence
temperature is used as the initial temperature for Maxwell’s D2

model, as discussed in Sec. II. The thermal properties update from
National Institute of Standards and Technology‡ after each time step
are based on the new ullage gas temperature and pressure. Each
method described next has its own advantages and limitations.
The first method calculates the evaporation for each droplet

diameter during a given time step. The total amount of evaporated
mass for a particular time step is computed bymultiplying the amount
of evaporated mass of each droplet size by the number of droplets in
that bin. The amount of evaporated mass during that time step is the
sum of all of the evaporated mass over all bins. The total amount of

evaporated mass for the entire maneuver is the sum of all the
evaporated mass over all time steps for that maneuver. This method
has limited accuracy because the evaporated mass from each time
step does not affect the size or number of droplets in the following
time step. Each time step’s histogram is analyzed as it is provided. In
following methods, evaporation is accounted for in following time
steps. This method yields the most mass evaporation and the largest
change in ullage temperature and pressure, and hence can be used by
mission planners as the conservative estimate for the amount of
additional helium that must be carried onboard the vehicle to
repressurize the tank after that maneuver. Finally, for the most
conservative of evaporation estimates, the user of this method can
select the histogram with the largest total surface area of liquid mass
and then evaporate that single histogram over the course of the full
duration of the maneuver.
Method 2 uses techniques similar to method 1, but averages the

histograms over time. For example, in the histogram shown in Fig. 7,
the number of droplets in each bin size would be averaged to a single
value representative of all times. The ullage properties are calculated
afterwards. This method is not as conservative as the first method
because the diameter is calculated to reduce in size throughout
evaporation, but also does not capture the effect of changing ullage
properties throughout the evaporation. Thismethod limits the sizes of
subsequent histogram droplet diameter bins such that the sizes of
each bin must be the same in each time step. Different lengths of time
between time steps require a weighted average. For maneuvers with
long durations, this method will calculate the complete evaporation
of the smallest droplets, whereas other models will still calculate the
evaporation of those droplets as if they had not completely
evaporated. This method requires fewer overall calculations than the
first method because the changes in ullage temperature and pressure
are only calculated once, but an autocorrelation of each time step’s
histograms should be used to quantify the appropriateness of this
method.
Method 3 reduces the quantities of the subsequent histogram bins

by the amount of evaporation that occurs in the current histogram as
quantified by multiples of droplets. The total amount of evaporation
for each bin is determined for a time step, and the evaporated mass
from each bin is then divided by themass of a single droplet from that
particular bin. This method quantifies the amount of evaporation
during a time step from a single bin as multiples or percentages of
each bin’s droplets. For the following time step, the number of
droplets in the bin is reduced by the number of droplets calculated to
have evaporated. This results in a more cumulative estimate of
evaporated mass for a greater period of time than the previous
methods. This method requires the diameters to be the same for each
bin in following time steps. This method is more conservative for the

Fig. 6 Results of evaporation of sample histogram over time in a 1 m3

tank.

Fig. 7 Sample histograms of droplet size and number distribution that
change over time.

‡Data available online at http://webbook.nist.gov/chemistry/ [retrieved
13 February 2012].
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same reason that method 1 is the most conservative; whereas this
method does accrue the effects of evaporation, the initial diameters
are still the same at the beginning of each time step.
Method 4 is similar to method 3 but, instead of decreasing the

quantity of each bin with time, the diameter of each bin decreases
with time. The total amount of evaporation in the first time step is
determined, and then the diameter for the following time step is the
final diameter from the preceding time step. The thermal properties
update after each time step just like all of the other methods. This
method solves some of the limitations from method 2 by including
newly formed droplets into calculations, and solves some limitations
from method 3 by incorporating the shrinking diameter of the
droplets.
These procedures can be used for the calculations of droplet

evaporation after gathering the distribution of droplets from either a
CFD simulation set or droplet distribution determined by a Particle
Image Velocimetry from experimental observation [21]. An
autocorrelation method can be used to quantifiably analyze how
much the histograms change from time step to time step. If the
autocorrelation shows significant deviation between time steps, more
histograms must be used, whereas conversely, if the autocorrelation
shows similarity of the histograms with time, then a single histogram
can be used for larger time steps during the evaporation calculation.
An autocorrelation of bin quantities should bemade because it shows
the amount of fluctuation in the droplet size and number distribution
over time. Methods 2, 3, and 4 work best if there is not much change
in each time step because the state of droplets in each time step is
dependent on the preceding time step. If an autocorrelation reveals
that the histograms change over time, then method 1 is the most
appropriate method to use. If evaporation is computed using all of the
methods, then comparisons and boundaries can be made. For a
regular gravity case, each incremental time step usually has a
different histogram because droplets continually form from and
merge with the bulk fluid and other droplets. In reduced gravity
environments, each incremental time step would have similar
histograms because the formation and termination rates are slower.
All of the four methods discussed are used to analyze the time-

varying histograms shown in Fig. 7. This example considers the
evaporation of liquid water droplets initially at 363 K suspended in a
1 m3 spherical tank filled withwarm air ullage at either 473 or 673K.
The results from the evaporation calculation are summarized in
Table 3. In all cases, the convergence temperature of the droplet from
the Cole model is 330 K. Each time step lasts for 20 s, resulting in a
400 s simulation. A 1500-s-long simulation is also calculated in
which 55 additional randomly generated histograms are used, for a
total of 75 time steps. This second simulation shows much more
evaporation because it demonstrates a scenario in which droplets
continuously form and evaporate for 25 min.
The change in pressure of the Tg;0 � 673 K scenarios is greater

than the Tg;0 � 473 K because the ullage gas temperatures are
calculated to change more in the first scenario. Methods 2 and 4 have
less evaporated mass because the smaller-diameter bins completely
evaporate before the end of the allotted time, and so those droplets are
not accounted for during the final part of the slosh wave. Methods 2
and 4 are similar to the very first histogram example (Fig. 5). Each
droplet diameter decreases with each time step, and the newly

calculated droplet diameter is the diameter for that bin in the
following time step.

IV. Determination of Droplet Distributions from
CFD Models

Numerical simulations are capable of modeling liquid droplet
formation within the propellant tanks of upper-stage rockets
undergoing orbital maneuvers. This section shows how the results of
these numerical simulations can be transformed into time-varying
histograms of droplet size and diameter.Avolumeof luid (VOF)CFD
model is used to predict droplet size and number distributions as a
function of time [6]. The sizes and numbers of liquid droplets formed
during these maneuvers are quantified in droplet distribution
histograms. These histograms are then used as the basis for the
analytical evaporation calculation to estimate total evaporation of
liquid propellant during an orbital maneuver.
In this work, a structured Cartesian grid is used, which is ideal for

the droplet-counting program because each cell has the same surface
area. If an unstructured domain is used, the droplet-counting program
needs to account for each cell’s specific dimensions. MATLAB can
use Delauney and Trimesh functions to transform unstructured plots
into a more readable domain for other user-made droplet counting
programs [22]. Structured axisymmetric grid node spacing increases
from the center to the boundary of the tank, and the calculations at the
boundary are less precise because the outermost cells have larger
volumes compared to the innermost cells.
VOFmodels returnmatrices of values that define the percentage of

the liquid and gas in each grid cell. A value of 1 represents a cell
completely filledwith liquid, a value of 0 represents a cell completely
filled with gas, and a cell with a value between 0 and 1 contains both
fluids and represents an interface between the liquid and gas. To
simplify calculations, a cell containing a value between 0 and 0.5 is
considered as gas and a cell containing a value between 0.5 and 1 is
considered liquid.
The use of CFD for modeling liquid distribution, including droplet

formation and break-up in ground experiments, has been validated
[5,6]. The inputs for the CFD model were the acceleration profile
experienced by a tank partially filled with water, which was driven
using amultidegree of freedommotion table. Themeans of validating
the CFD results were the height of peak sloshwave, wall wetting, and
the number and size distributions of the droplets formed when the
liquid struck a slosh baffle as a function of time. The CFD modeling
approach was able to successfully capture these effects with high
accuracy in the statistical representation of the number and size
distribution of the droplets formed.
The droplet-counting program uses the VOF values to determine

the total number of cells that contain liquid in the computational
domain. The program tallies the total number of cells and exposed
faces in each droplet, assigning respective volumes and surface areas.
The ratio of a droplet’s volume to surface area in a three-dimensional
domain and surface area to perimeter in a two-dimensional (2-D)
domain gives the Sauter mean diameter. The analytical models use
Sauter mean diameters as initial droplet diameters in every histogram
for each time step. In this study, the droplet-counting program ignores
the largest mass of liquid, which is the bulk liquid propellant in the

Table 3 Random statistical model simulation of ullage collapse with two
different initial conditions

400 s simulation 1500 s simulation

Method Tg;0, K ΔTg, K ΔPg, Pa Pressure, % ΔTg, K ΔPg, Pa Pressure, %

1 473 25 4226 −4.2 235 44,342 −44
2 473 22 3702 −3.7 171 31,126 −31
3 473 23 3880 −3.8 228 42,837 −42
4 473 22 3655 −3.6 159 28,756 −28
1 673 56 5918 −5.8 520 71,852 −71
2 673 44 4611 −4.6 282 34,066 −34
3 673 50 5279 −5.2 487 66,068 −65
4 673 43 4492 −4.4 245 29,009 −29

AIAA Early Edition / ANDERSON, CHINTALAPATI, AND KIRK 9

D
ow

nl
oa

de
d 

by
 F

L
O

R
ID

A
 I

N
ST

IT
U

T
E

 O
F 

T
E

C
H

N
O

L
O

G
Y

 o
n 

Ju
ly

 2
7,

 2
01

4 
| h

ttp
://

ar
c.

ai
aa

.o
rg

 | 
D

O
I:

 1
0.

25
14

/1
.A

32
30

8 



tank. The droplet-counting program used to analyze the CFD results
returns a histogram of droplet sizes for each particular time step in the
CFD simulation. Again, as was discussed in Sec. III, the actual
number of histograms that should be used for a given maneuver will
depend on the autocorrelation of the histograms. If the histograms are
relatively well correlated, fewer histograms can be used and larger
analytical evaporation time steps can be used. Conversely, if the
histograms are not well correlated, meaning that the number and size
distributions of the droplets vary during the maneuver (i.e., droplets
are being created or splash back into the main liquid pool), more
histograms should be used and the time step of the analytical
calculations should also be reduced.
In choosing the grid resolution required to capture droplets of

small sizes, several options can be considered. First, a minimum size
droplet that is desired to be resolved can be identified a priori. For
example, if the user is interested in resolving droplets of 1 mm or
larger, the grid should be set smaller than 1mmcell size.Anydroplets
smaller than this size are neglected. If there are many small droplets
less than 1 mm in diameter, such as would be formed from a spray,
this method can lead to significant error in underestimating the total
evaporation because these droplets are not included. If the user is
interested in identifying all the actual droplets that are created during
a slosh event, grid refinement should be conducted until the smallest
droplets are resolved and their sizes do not change furtherwith further
grid refinement. This later approach is what has been employed in
this work and the grid refinement study was completed when the
smallest droplet contained four complete mesh elements. For the
purposes of showing the usefulness of this hybrid method, this was
sufficient.
A second sensitivity study was conducted for the CFD slosh cases

shown in this section to reveal the proper VOF threshold value with
the refined grid. The study showed that therewas notmuch difference
in the quantities of droplets with VOF threshold values of 0.1 to 0.9.
This indicated that the grid was fine enough to accurately define
droplet sizes because the minimum grid size was much smaller than
the smallest relevant droplet size. However, different slosh
maneuvers may produce different sizes of droplets. If many small
droplets are formed, and even if there are four complete grid nodes for
that minimum droplet size, the VOF threshold selection has a
significant impact on the size of the droplet that is identified.
Therefore, it is suggested that each sloshmaneuver be examined from
a VOF threshold perspective, or a constant VOF threshold value be
used when investigating permutations of that maneuver.

V. Application of Hybrid Analytical-CFD Tool to
Predict Evaporation in Slosh Events

The evaporation analysis techniques proposed in the preceding
sections are now applied to two upper-stage orbital maneuver
scenarios that can create distributions of droplets. The first scenario is
a settling maneuver in which thrust (acceleration) is applied to the
vehicle to force the liquid propellant to the sump end of the tank. The
second scenario simulates a rotational maneuver about a minor
axis of the vehicle in which propellant strikes a slosh baffle located

inside the tank. Specifically, these two scenarios demonstrate how
nonevaporating CFD solutions can be used in combination with
analytical droplet evaporation models to predict the change in
temperature and pressure of the ullage gas. Both scenarios are
modeled using ANSYS FLUENT, which is capable of exporting
VOF matrices into ASCII text files. A droplet counting tool was
developed inMATLAB to produce the required histograms of droplet
size and quantity. Evaporation and ullage temperature and pressure
changes are then computed based on these histograms.

A. Propellant Settling Thrust

A settling thrust is applied to an upper-stage vehicle with the
intention of forcing propellant to the sump end of the tank in
preparation for engine restart. A 1-m-diameter and 1.2-m-tall
cylindrical tank is modeled using a 2-D, axisymmetric domain. Each
cell is 1 mm in length, allowing the smallest droplet to be 1 mm in
diameter, although most droplets tend to be larger and, in this
simulation, there are no droplets that contain only one cell. Liquid
water at Tl;0 � 373 K and ullage gas composed of warm air at either
Tg;0 � 473 K or Tg;0 � 673 K is used to demonstrate the technique.
Consider a situation where water occupies the forward portion of

the tank, as shown at time t � 0 in Fig. 8. A settling thrust with an
equivalent acceleration of 1G is applied for 1 s in an attempt to force
the liquid to the opposite end of the tank. After 1 s of 1G acceleration,
the vehicle then coasts at a thrust equivalent to 0.001G of
acceleration. The droplets that are formed when the liquid is
redistributed to the bottom of the tank and while striking the stiffener
rings and slosh baffles on the inside of the tank can be seen in theCFD
images between 0.4 and about 20 s. During this time, the liquid
droplets are essentially suspended in the near zero gravity fieldwithin
the tank. The simulation continues for a total of 188 s.
Small droplets form during the settling thrust phase of the orbital

maneuver, but when thrust force is reduced to the near-zero coasting
phase value, the surface tension of the droplets outweighs the forces
of the thrust, which causes the larger droplets to form, and also
causes droplets to collect when they collide. During this time, the
autocorrelation reveals that the histograms are varying substantially
from time step to time step. However, at the completion of the orbital
maneuver, the acceleration decreases and the autocorrelation
between successive histograms shows strong similarity. This is
physically attributable to the fact that the droplets created during the
maneuver largely remained suspended in the near zero gravity
environment of the ullage gas. Also during this time, the surface
tension of the liquid causes the liquid to reattach to the walls.
To alleviate computation time while maintaining accuracy, an

autocorrelation between successive histograms was performed
continuously on the exportedCFDdata at each time step to determine
how many histograms actually need to be used by the evaporation
modeling tool. If the autocorrelation reveals that the histogram from
the present time step is similar to that of the preceding time step, a
longer period of computational time can be permitted to pass while
continuing to use the models during that time to predict evaporation.
However, when the autocorrelation shows significant deviation

Fig. 8 CFD results from settling thrust maneuver simulation (left) and droplet quantity time-dependent histogram distribution (right).
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between successive histograms, each individual histogram was used
with any of the methods 1–4 discussed in Sec. III. The time-evolving
histograms shown on the right side of Fig. 8 are preferentially spaced
based on the results of the autocorrelation at different times during the
maneuver.
Performing analytical evaporation calculations using the four

methods described earlier on the histograms shown on the right side
of Fig. 8 yields the results summarized in Table 4 for the entire 188 s
simulation time of the maneuver. For this relatively short duration
maneuver, only a small amount of water evaporates into thewarm air.
The histogramswith the largest number of droplets (corresponding to
the largest surface area available for evaporation) only last for a very
short period of time (about 5 s) compared to the total simulation time
(188 s). Considering the case of the ullage temperature at 673 K, the
tank pressure drops between 178 and 393 Pa (corresponding to 0.2
and 0.4% of the original pressure of 1 atm), depending on the
calculation method employed. The total amount of mass evaporated
is between 0.169 and 0.372 g and the ullage temperature drop is
about 3 K.
Table 4 also illustrates the differences in the four methods used to

calculate evaporation and changes in ullage temperature and
pressure. Method 1 will always predict the largest amount of
evaporated mass, and hence can be used as the most conservative
estimate by mission planners.
If the liquid remains in the bottom of the tank, then for the

remainder of the coast, the Stefan model can be used to calculate the
amount of evaporation that occurs for four hours following the
maneuver. Themodel predicts that an additional 0.751 and 1.572 g of
water will evaporate in the 473 and 673 K ullage gas, respectively.
This amount of evaporation causes the ullage gas temperature and
pressure to reduce by an additional 5 K and 1637 Pa for the Tg;0 �
473 K case, and 12K and 1917 Pa for theTg;0 � 673 K case. During
these four hours of coast, the amount of evaporation that occurred is
only about four times as large as the amount that occurred during the
3min orbital maneuver. Again, although the amount of evaporation is
small, the effect of the enhanced droplet surface area on the
magnitude of the evaporation is quite evident.

B. Rotation About Minor Axis in which Liquid Strikes a Slosh Baffle

In this orbital maneuver example, a rotation of the upper stage
about its minor axis is simulated using a nonmovingmesh dam-break
simulation. The propellant tank again experiences a thrust of 1G

equivalent acceleration that lasts for 1 s followed by a 0.001G
acceleration level coast. The liquid is initially located on one side of
the tank and, due to the simulated rotation, the liquid flows across the
bottom of the tank and collides with a slosh baffle. This interaction
creates droplets with various sizes and shapes due to collisions with
each other and the wall, as well as recombination into larger drops
during the coast phase. The results of the CFD simulation at the
autocorrelation-determined relevant time steps are shown in Fig. 9.
At the outset of the maneuver and through the 1G accelerating

thrust phase, many small liquid droplets are formed. These droplets
float in the ullage gas for several seconds until they collidewith other
droplets and, after about 10 s, all of the droplets in this example attach
to the liquid along the walls. After more time passes in the low
acceleration level of the coast phase in which gravity forces are lower
compared to surface tension forces, the droplets recombinewith other
droplets when they collide and return to the larger pool of liquid. The
time-varying histograms are shown on the right side in Fig. 9.
Table 5 shows the total amount of evaporation, the subsequent

temperature and pressure change, and the pressure reduction in
percentage of initial tank pressure for the entire 188 s simulation time
of the maneuver. Considering the case of the ullage temperature at
Tg;0 � 673 K, the tank pressure drops between 104 and 239 Pa
(corresponding to a reduction of 0.1 and 0.2%of the original pressure
of 1 atm), depending on the calculation method employed. The total
amount of mass evaporated is between 0.0989 and 0.227 g, and the
temperature drop of the ullage gas is about 3K.Although thesevalues
are small in magnitude, the table also illustrates the differences in the
evaporation depending onwhichmethod is used in the sameway as in
Table 4.
For the remainder of the upper-stage coast in orbit, the Stefan

model can be used to calculate the amount of evaporation that occurs
for four hours following the maneuver. The model predicts that an
additional 0.764 g of water will evaporate in the Tg;0 � 473 K ullage
gas, and 1.56 g ofwaterwill evaporate in theTg;0 � 673 K ullage gas
example. This evaporation causes the ullage gas temperature and
pressure to reduce by an additional 1 K and 150 Pa for the Tg;0 �
473 K case, and 2 K and 150 Pa for the Tg;0 � 673 K case. During
these four hours of coast, the amount of evaporation that occurs is
about seven times as large as the amount that occurred during the
3 min orbital maneuver.
The results from the two orbital maneuver scenarios discussed

earlier occurred over time periods that are typicallymuch shorter than
those relevant to actual upper stages. For example, the relevant

Table 4 Evaporation results of settling thrust maneuver simulation

mevap, g Tg;f, K ΔPg, Pa %Pg

Method Tg;0 � 473 Tg;0 � 673 Tg;0 � 473 Tg;0 � 673 Tg;0 � 473 Tg;0 � 673 Tg;0 � 473 Tg;0 � 673

1 0.178 0.372 471.2 669.2 −302 −393 −0.3 −0.4
2 0.123 0.169 471.7 671.2 −210 −178 −0.2 −0.2
3 0.168 0.338 471.3 669.5 −288 −356 −0.3 −0.4
4 0.129 0.203 471.7 670.9 −221 −214 −0.2 −0.2

Fig. 9 CFD results from rotational orbital maneuver simulation (left) and droplet quantity time-dependent histogram distribution (right).
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portions of the two simulations shown here lasted on the order of
seconds, whereas the corresponding portion of actual maneuvers
conducted with actual upper stages might last many minutes. To
examine the impact of longer times in which upper stages perform
these maneuvers in near-zero gravity, the time duration between the
histograms (or the time duration between the images shown in Fig. 9)
was increased by a factor of 10. Although doing this does not
accurately simulate a real upper-stage maneuver, the intent here is to
show the effect of longer droplet evaporation time on the ullage gas
temperature and pressure. In this scaled example, more evaporation
occurs, resulting in greater pressure and temperature drops in the
ullage gas. The results are summarized in Table 6 for the entire 1880 s
simulation time of the extended timemaneuver. Considering the case
with the ullage gas temperature at Tg;0 � 673 K, the tank pressure
drops between 1997 and 14,423 Pa (corresponding to a reduction of
1.0 and 7.1% of the original pressure of 2 atm), depending on the
calculation method employed. In this particular extended time
example, 1.15 kg of helium would be needed to repressurize the tank
to the original pressure of 1 atm as a result of the calculations of
method 1, and 0.16 g of helium would be needed for the evaporation
calculated by method 4.
For the remainder of the upper-stage coast, the Stefanmodel can be

used to calculate the amount of evaporation that occurs for four hours
following the maneuver. The model predicts that an additional
0.826 g of water will evaporate. This amount of evaporation causes
the ullage gas temperature and pressure to reduce by an additional
3.5 K and 343 Pa for the Tg;0 � 673 K example. During the four-
hour coast, the amount of evaporation that occurs is only about one-
fifth of the amount that occurred during the roughly 30 min orbital
maneuver.
The magnitudes of temperature and pressure change from the

extended time evaporation range between 7.5 to 46 times the values
calculated by the shorter time step example. These large differences
occur because the histograms are not correlated well and the time
steps are not uniform. This method is capable of estimating
evaporation that occurs with long time periods, in short periods of
time. Distributions from actual long duration simulation flows can be
used as the input for these simulations to output evaporation and the
effect of evaporation on the overall pressure and temperature of the
ullage.

VI. Conclusions

Spacecraft and upper-stage vehicles that undergo orbital
maneuvers may be subject to slosh events that create large numbers
of liquid propellant droplets that can reside in the ullage gas for
prolonged periods of time. The evaporation of these liquid droplets
can lead to reduction in tank temperature and pressure and, in some
extreme cases, can lead to the collapse of ullage pressure to levels that
are below those required to resume engine operation for orbital
insertion. The risk of an ullage collapse requires carrying excess

helium mass. Although modern CFD tools are capable of simulating
the general droplet size and number distributions that are created
during an orbital maneuver, performing the actual evaporation
calculation with CFD is time consuming because of the small grid
sizes required. This paper presented a hybrid CFD analytical
approach for predicting the changes in ullage temperature and
pressure associated with the evaporation of an array of droplets
created during an orbital maneuver of an upper-stage vehicle.
Two well established analytical droplet models, Maxwell’s D2

model and the Cole model, were presented as a means to save
computational time when predicting evaporation and ullage collapse
during a slosh event. When these analytical models are used with
droplet size and number distribution histograms from non-
evaporating CFD models, mission designers can quickly assess the
magnitude of evaporation that will occur during an orbital maneuver
and, if ullage collapse is a potential issue, remedial solutions can be
examined. The specific findings of this paper are:
1) For cases where the droplet residence time in the ullage is

significantly longer than the transient time that it takes for the liquid
droplet to reach its equilibrium temperature, Maxwell’s D2 model
using the liquid droplet’s convergence temperature from the Cole
model is a computationally effective means by which to calculate
droplet evaporation.
2) CFD models are an effective means to capture the details of

liquid droplet formation during an orbital maneuver. However,
because of the extremely fine grid sizes required, these numerical
tools are not yet an efficient means by which to calculate evaporation
and changes in ullage gas temperature and pressure.
3) Using an appropriate analytical model for droplet evaporation

on time-vary histograms derived from the nonevaporating CFD
model is an efficient method for predicting evaporation and changes
in ullage temperature and pressure, especiallywhen numerous orbital
maneuver scenarios must be parametrically investigated in mission
planning.
4) Four methods of varying fidelity were developed to analyze the

time-dependent histograms, as well as an energy balance to predict
the changes in ullage properties to predict ullage collapse.
5) Examples of droplet evaporation from CFD simulations show

that, even for short orbital maneuvers, the amount of evaporation
during the maneuver may be greater than that associated with long
periods of steady large bulk evaporation; extended periods of droplet
residence times have significant effect on ullage properties and can
lead to ullage collapse.
Currently, the methods presented in this paper are being integrated

with the NASA Kennedy Space Center Launch Service Program’s
detailed CFD simulations of actual vehicles, which include higher
fidelity tank thermodynamics, modeling of tank rotation about the
major axis intended to uniformly distribute heat due to solar heating,
inclusion of nonadiabatic walls and insulation materials, and
inclusion of propellant boiloff heat transfer.
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