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Vapor Condensation at the Free Surface of an
Axisymmetric Liquid Mixed by a Laminar Jet

Chin-Shun Lin*
Analex Corporation, NASA Lewis Research Center, Cleveland, Ohio 44135

This paper presents numerical solutions of jet-induced mixing in a partially full cryogenic tank. An axisym-
metric laminar jet is discharged from the central part of the tank bottom toward the liquid-vapor interface.
Liquid is withdrawn at the same volume flow rate from the outer part of the tank. The jet is at a temperature
lower than the interface, which is maintained at a certain saturation temperature. The interface is assumed to
be flat and shear free and the condensation-induced velocity is assumed to be negligibly small compared with
radial interface velocity. Finite-difference method is used to solve the nondimensional form of steady-state
continuity, momentum, and energy equations. Calculations are conducted for jet Reynolds numbers ranging
from 150 to 600 and Prandtl numbers ranging from 0.85 to 2.65. The effects of previously stated parameters on
the condensation Nusselt and Stanton numbers that characterize the steady-state interface condensation process
are investigated. Detailed analysis is performed to gain a better understanding of the fundamentals of fluid

mixing and interface condensation.

Nomenclature
A; =surface area of central jet
Aow =surface area of outflow at the tank bottom
As =surface area of the liquid-vapor interface
B =tank-to-jet diameter ratio, D/d
Cy, Gy, C3, C4, =constants
' = specific heat at constant pressure
D =tank diameter
d =jet diameter
Fr =Froude number, v2/gD
g =gravitational acceleration
h. = condensation heat transfer coefficient
hy, =latent heat of condensation
Jay =bulk Jacob number, C,(T;— Tou)/ by,
Ja; = jet Jacob number, C,(Ts—T;)/hy,
k =thermal conductivity
m, =condensation mass flux
m,n =constants of exponent in the correlation
equations
Nu, = condensation Nusselt number, 2. D/k
D =pressure
D = equilibrium hydrostatic pressure
p* = dimensionless pressure, (p — pg)/puj2
Q =jet volume flow rate
Re; = jet Reynolds number, pu;d/p
r =radial coordinate measured from the
centerline
r* = dimensionless radial coordinate, r/D
St. = condensation Stanton number, ./pu;C,
T =temperature
T; =jet temperature
T, =interface temperature
T, =vapor temperature
T* = dimensionless temperature, (T —T};)/
(T.—T))
u = axial velocity
U, = condensation-induced velocity
u; = jet velocity
Ut = outflow velocity
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u* = dimensionless axial velocity, u/u;

uf = dimensionless condensation-induced
velocity, u./u;

v =radial velocity

Vs =radial velocity at the interface

V¥ =dimensionless radial velocity, v/u;

V¥ = dimensionless radial velocity at interface

X =axial coordinate measured from the tank
bottom

Xp = potential core length

Xs =liquid filling height

x* = dimensionless axial coordinate, x/D

w = dynamic viscosity

0 =liquid density

Subscripts

b =evaluated at bulk liquid

c =evaluated at condensation condition .

ct =evaluated at tank centerline

J =evaluated at jet inlet

out =evaluated at outflow location

K =evaluated at liquid-vapor interface

v =evaluated at vapor region

Superscript

- = average value over the interface

Introduction

HE thermal environment in space can result in radiation

heat leak into the cryogen storage tanks and can increase
the tank pressure. Of the various technologies! being devel-
oped for tank pressure control, axial jet-induced mixing? is
considered an efficient method for a short-term storage sys-
tem. The mixing of the tank contents causes a forced convec-
tion and removes heat quickly from the interface into the bulk
liquid. The induced interface condensation then results in the
reduction of tank pressure. It is obvious that the vapor con-
densation on the subcooled liquid at the interface plays a key
role in reducing the tank pressure.

Several studies of steady-state fluid mixing and condensa-
tion rate have been conducted. Thomas? measured the conden-
sation rate of steam on water surfaces mixed by a submerged
jet. The liquid height-to-tank diameter ratio was varied from
0.32 to 1.3. It was found that the condensation rate was
roughly proportional to the jet Reynolds number. Dominick*
conducted experiments to investigate the effects of jet injec-
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tion angle and jet flow rate on the condensation rate in a
Freon-113 tank. The ratio of liquid height to tank diameter
was about 1. The tests showed that heat transfer at the inter-
face was enhanced by the mixing process as the jet injection
angle became more normal to the interface. The average heat
transfer coefficient at the interface was found to be increasing
with the jet Reynolds number to a power of 0.73. Sonin et al.’
also measured the steady-state condensation rate of steam in a
water tank with a liquid height-to-tank diameter ratio greater
than 3. The condensation process was dominated by the lig-
uid-side turbulence near the interface. About 0.3 of tank
diameter below the interface, the turbulence was found
isotropic and essentially unaffected by the proximity of the
surface. A correlation between the condensation rate and
characteristic interface turbulent velocity was also developed
in Ref. 5. Hasan and Lin® used a finite-difference method to
numerically solve time-averaged conservation equations along
with a k-e turbulence model for the prediction of turbulent
velocity. Since the information about the turbulence at the
interface was not available, zero gradients of k and e were
assumed for the boundary condition applied at the interface.
The numerical prediction was in good agreement with Sonin’s
data except for the region close to the interface, where diffu-
sion process was dominant. The failure of numerical solution
for the near-interface region, as stated in Ref. 6, was probably
due to the inappropriate turbulence model or the inappropri-
ate turbulence boundary conditions applied at the interface.
For laminar flows, the fluid properties and boundary condi-
tions are well defined. This motivates the present study to
investigate more fundamentals of fluid mixing and the associ-
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Fig. 1 Physical system and coordinates.
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ated interface condensation process by a submerged laminar
jet. For a typical cryogenic storage tank, the maximum liquid
height-to-tank diameter ratio is about 1, and the mean-flow
velocity is generally much larger than the turbulence at the
interface. It is hoped that the study of laminar jet-induced
mixing can provide some useful information for studying the
turbulent jet-induced mixing in a typical cryogenic tank. In
space the effect of buoyancy force may be insignificant due to
the low-gravity environment. Therefore, the fluid mixing in
low gravity may be equivalent to the mixing of constant-den-
sity liquid in normal gravity provided that the effect of free-
surface configuration is excluded. The present study is con-
ducted for a normal-gravity environment and neglects buoy-
ancy force due to constant density. Numerical solutions are
obtained by using a finite-difference method to solve nondi-
mensional continuity, momentum, and energy equations. Cal-
culations encompass a wide range of the Prandtl numbers and
jet Reynolds numbers. Detailed analyses are performed, and
simplified equations are generated to describe the effects of -
the preceding parameters on the condensation Nusselt and
Stanton numbers that characterize the steady-state condensa-
tion process at the liquid-vapor interface.

Physical Problem Considered

The physical system and the coordinates used to analyze the
problem are shown in Fig. 1. A circular cylindrical tank of
diameter D contains liquid with a filling height x;. An axisym-
metric laminar jet with a velocity u; is discharged from the
central part of the tank bottom toward the liquid-vapor inter-
face. The liquid with the same volume flow rate Q is with-
drawn from the outer part of the tank bottom so that the
liquid fill level is kept constant. The outflow area A, is much
larger than inflow jet area A; (about 357:1), so that the out-
flow velocity is very small compared with the jet velocity. Both
the central jet and outflow velocities are assumed uniform.
The ratio of d to D is fixed at 1:20. The ratio of x; to D is set
to 1.

The jet velocities are selected to be low enough so that the
free surface is essentially flat (wave-free). The tank wall for
vapor region is subjected to a low-radiation heat leak, and the
increase of the vapor temperature will compensate for the
pressure loss due to vapor condensation and then will main-
tain the tank at a constant pressure level. Therefore, the free
surface can be kept at a constant saturation temperature 7
corresponding to the tank pressure. The superheat of the
vapor is negligible compared with the liquid subcooling if both
0/ pp)(uy/1p)"* and C,, (T, — T)/ by, are very small com-
pared to 1 (Ref. 7), and the steady-state solution can be
approximately applied to the liquid region for a limited time
period. All of the solid walls are insulated. The central jet is
kept at a constant temperature T;, lower than the interface
temperature. All of the associated thermodynamics and trans-
port properties are assumed constant, since only a small tem-
perature variation is considered in the whole flowfield. The
outflow region is assumed to have a zero temperature gradi-
ent.

The energy balance at the interface yields the following
relation between condensation mass flux and heat transfer:

— aT
mchngs = Smchfg dAs = j\<k a)s dAs (1)

where m, and m, are the average and local condensation mass
fluxes at the interface, respectively. Experimentally, the
steady-state condensation rate can be obtained based on the
measurement of the temperature difference between outflow
and inflow jet.’ The relation of energy balance for the whole
system yields

mehggAs = [pQC,(Tow — T/ (1 + Jay) ¢l

where T, is the outflow temperature, which is essentially
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uniform over the outflow area. Equations (1) and (2) can be
used as a checkup of the numerical solutions. For commonly
used cryogens-such as hydrogen and nitrogen, Ja, is usually
miuch less than 1. For calculation convenience Ja, is assumed
to be zero in the present study. This assumption will be justi-
fied by the obtained solution later.

A local condensation heat transfer coefficient A, and a
local condensation Stanton number Sz., which describe the
interfacial heat and mass transports, can be defined as

he =mehg /(T — T) 3
St. = ho/ puC, @

It is noted that, instead of the bulk liquid temperature and the
interface velocity, the jet temperature and the jet velocity,
respectively, are used in Eqs. (3) and (4). There are two rea-
sons for these unusual definitions. First, the jet conditions are
generally easy to control and measure so that the definitions in
Egs. (3) and (4) may be more useful. Second, the difference
between bulk temperature and interface temperature is very
small in the present study so that A, will be very sensitive to the
numerical error if (7; — 7}) is used in Eq. (3). For conve-
nience, the average values of k. and St, at the interface are
generally used in the analysis and are expressed as

he = mhy /(T, — T)) ©)
St. = h./pu,C, )

Mathematical Formulation

The jet-induced mixing considered in the present study is
steady state and incompressible with gravity acting in the
vertical —x direction. The governing equations for this
axisymmetric laminar flow problem are

d 9
—é;(u)+r—ar(rv)—0

] ) 1dp wdu p @ < 3u>
— W) +— = ——— gt =+ |r—=
ax @ ror wrv) p Ox & p 0x2  pror "or

1 3 9
Dy Ly 1 _py p PV <BV>
X ror

3 3 por prt poxt prar\'or
3 3 k #T &k a [ oT
— @D +— W) =—75 +———\r—
ax U F 5 D =00 5a TG rar <’ 6r>

The boundary conditions are applied for the system
sketched in Fig.1. At the centerline, the symmetric conditions
are used:

At the solid walls, the nonslip and adiabatic conditions are
employed:

Free-surface waviness is always present to some degree. In the
present calculations the Froude number, defined as Fr = v2/
gD, will be shown to be much less than 1 so that the surface
is approximately flat. The vapor viscosity is much less than the
liquid viscosity, and the shear-free condition applies. The
condensation-induced velocity at the interface u, is equal to

U, =me/p O]

and is assumed negligible compared with surface velocity. This
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assumption will also be justified by the obtained numerical
solutions. Thus, the free-surface boundary conditions for ve-
locity are approximated by

2|2
I
(=3

u=0,

The neglecting of u. leads to the uncoupling between fluid
dynamics and thermal calculations. The temperature of the
interface is kept constant at 7. For the jet inlet, the velocity
and temperature are assumed to be uniform:

u=u, v =0, T=1;
Liquid is withdrawn from the outer part of the tank bottom
with the same volume flow rate as that of the injected liquid
jet, so that the uniform withdrawing velocity can be obtained
by Q/A.u. The conditions for radial velocity and temperature
applied at this liquid-withdrawing plane are given by

T _

=0, =
Y ax

Nondimensionalized variables can be formed as

X r u v

x*=—, r¥=—, u*=—, v =—,

D D uj Uj
p*:p _fg’ T*=T—Tj
ou;j Ts—T}'

where, for convenience, the gravity term has been subtracted
from the x-momentum equation by using the static equi-
librium equation:

e _ _ 0g
ax
The dimensionless forms of the steady-state governing equa-
tions are
du* Jr*v*

+
ax*  r*or*

6u*2+6u*r*v*_ 6p*+ 1 [62u*
ax*  r*dr*  dx* BRe; | dx*?

0 (0 au*)'
r*or* ar*/ |

du*v*  ar*y*  gp* 1 l}_":+ 1 | v+
ox* | rrart . o BRe;r*2  BRe; | 9x*?

L0 a_>
r¥*or* ar*/ |

au*T*+3r*v*T*_ -1 FPT*
ax* r*dr*  BRe;Pr | ax**

L9 *aT*>
r*or* d ar*

The relevant parameters in the governing equations are Re;,
Pr, and the tank-to-jet diameter ratio B:

Re; =pu;d/p, Pr=Cyu/k, B=D/d

The average condensation Nusselt number at the interface Nu,
is defined by

Nu, =h,D/k
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From Egs. (5) and (6) the average condensation Nusselt num-
ber and Stanton number can then be expressed as

oT*
Nu, = 8j<ax*>sr* dr* 8)

St, = Nu./BRe,Pr ©)

The corresponding boundary conditions are then as follows.
At the centerline (symmetric conditions),

e_o wt_oTt_

’ ar*  or*

At the solid walls (nonslip and adiabatic conditions),

.y ar* oT*
A e
At the interface,
av*
*® 0, —_ = 0, T* = 1
“ ax*
At the jet inlet,
u*=1, v* =0, T*=0
At liquid-withdrawn plane,
- aT*
u* = Q s yv¥ = 0’ =0
U; Aoyt ax*

The effects of Re; on the dynamics of fluid mixing in the tank
and the steady-state condensation rate at the liquid-vapor
interface are investigated. Calculations will be performed with
Re; ranging from 150 to 600 in which the flow is expected to
be laminar according to the experiments of McNaughton and
Sinclair.® The Pr will be varied from 0.85 to 2.65 to represent
various cryogens such as hydrogen and nitrogen so that the
performance of fluid mixing can be evaluated.
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Numerical Method of Solutions

The dimensionless forms of elliptic partial differential equa-
tions are numerically solved by a finite-difference method.
The finite-difference equations are derived by integrating the
differential equations over an elementary control volume sur-
rounding a grid node appropriate for each dependent vari-
able.® A staggered grid system is used so that the scalar proper-
ties, p and T, are stored midway between the u and v velocity
grid nodes. The bounded skew hybrid differencing (BSHD) is
incorporated for the convective terms,’ and the integrated
source terms are linearized. Pressures are obtained from a
predictor-corrector procedure of the pressure implicit split
operator (PISO) method,'® which yields the pressure change
needed to procure velocity changes to satisfy mass continuity.
The governing finite-difference equations are solved itera-
tively by the ADI method with under-relaxation until the
solutions are converged.

Calculations are performed with a nonuniform grid distri-
bution with concentration of the grid nodes in the centerline,
near-wall, and near-interface regions where the gradients of
flow properties are expected to be large. The nonuniform grid
distribution in axial direction is generated by using an expo-
nential function of Roberts’ transformation!! with a stretching
parameter equal to 1.02. In the radial direction the scheme!*
with a constant ratio between two adjacent grid spacing is
used. This ratio is set to be about 1.22 in the present study. To
check grid dependency, the cases with 24 x 13, 36 x 20, 48
x 27,60 x 34, and 72 X 41 nodes are run for Re; = 600 and
Pr =1.25. Figures 2 and 3 show that there is little change in v ¥
and St., respectively, between grid distributions 60 X 34 and
72 X 41. It is then decided to use 72 X 41 grid nodes for all
of the calculations in the present study. Calculations are per-
formed on a Cray XMP computer located at NASA Lewis
Research Center. The convergent solutions are considered to
be reached when the absolute value of [Eq. (2) — Eq. (1))/Eq.
(1) is less than 0.003 and the maximum of absolute residual
sums for each dependent variable is less than 10-9."

Results and Analysis
A potential core length x, is defined as the distance between
the jet exit and the point where the jet centerline velocity
begins to decrease. As shown in Fig. 4, the potential core
length is linearly increasing with jet Reynolds number and can
be described by the following equation:

x,/d = C\Re;

where C; is 0.0067 for the tankage considered in the present
study. The conclusion of a linear relation between potential
core length and jet Reynolds number is in agreement with the
analysis of free jet in Ref. 13. The centerline velocity u¥;
decays slowly approaching the liquid-vapor interface. The

1.0

CENTERLINE AXIAL VELOCITY. uy

l I | |
0 2 4 6, .8 1.0
AXIAL DISTANCE. x

Fig. 4 Distribution of dimensionless axial velocity along the center-
line.
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velocity drops to zero abruptly at the interface with greater
decreasing rate for a higher jet Reynolds number. The up-
stream effect of the existence of the interface is less for higher
jet Reynolds numbers. Figure 4 also indicates that a flat sur-
face assumption may be more adequate at smaller jet Rey-
nolds numbers. It is noted that both the potential core length
and the decaying rate of centerline velocity are less than those
in Ref. 13 because of the difference between the two physical
flow systems considered, resulting in different values of C;.
As the jet approaches the interface, an impingement region is
created just underneath the interface. This region plays the
most important role in the bulk-mixing process since the flow
in this region removes the heat from the interface into the bulk
liquid and induces the vapor condensation. The radial distri-
bution of the free-surface velocity v* is shown in Fig. 5. The
v¥ increases from zero at the centerline to reach a peak shortly
and then decreases approaching the side wall. For a higher jet
Reynolds number this peak velocity is larger and is located
closer to the centerline. As expected, the average dimension-
less surface velocity v¥ is increasing with Re; and is approx-
imately proportional to Re;*:

v¥ =v,/u; = C,Re/”

where C, is 0.0134 in the present study. Consequently, the
average interfacé radial velocity is approximately increasing
with #7/>. The Froude number based on 7 can be expressed as

Fr =v2/gD = (Cop/p)*Re}B*/gD?

For liquid hydrogen, nitrogen, or oxygen with Re; = 600 and
B = 20, the Froude number is on the order of 0.000001/(gD?)
(in International System units), which is easily much less than
1 for a normal-gravity condition. Therefore, the flat free-sur-
face assumption is acceptable in the present calculations. For
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Fig. 7 Distribution of dimensionless temperature along the center-
line for Pr =1.25.
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Fig. 8 Radial ‘distribution of dimensionless temperature gradient at
the interface for Pr =1.25.

a low-gravity condition the tank needs to be large enough in
order to have Fr < 1.

The existence of liquid-vapor interface and tank side walls
and the withdrawing of the liquid from the outer part of the
tank bottom enhance the flow circulation in the tank. Figure
6 shows the velocity gradient distribution at the side wall
resulting from the liquid flowing toward the tank bottom.
Because the backward axial velocity is very small, the wall
shear is negligible at most of the tank side walls except the
region near the interface. The value of the maximum wall
shear is higher and is located closer to the interface for jets
with higher Reynolds number. The distance of the location of
maximum wall shear from the interface is observed to be
approximately the same as the thickness of the impingement
region. From Fig. 6 the radial boundary-layer thickness ap-
pears to reach a value of about 0.025D (i.e., a value of about
0.5 d) as the jet Reynolds number is increased. This finding is
in agreement with that for a turbulent jet in Ref. 2.

For Pr = 1.25 the axial temperature distribution at the
centerline, r = 0, as a function of jet Reynolds number is
shown in Fig. 7. The centerline temperature increases slowly
approaching the interface with higher increasing rate for a
smaller jet Reynolds number. Consequently, in the region near
the interface, higher jet Reynolds numbers yield much higher
temperature gradients to approach the interface temperature.
The radial distribution of temperature gradient at the interface
is given in Fig. 8. As observed, a high jet Reynolds number
flow induces more interface condensation. Most of the mass
condensation occurs in the central part of the interface for the
ratio of jet diameter to tank diameter equal to 0.05 considered
in the present study. It is expected that, if the jet nozzle to tank
diameter ratio is small enough, the difference of interface
configuration between low gravity and normal gravity will not
have a significant effect on the interface condensation. There-
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fore, as mentioned in the Introduction, the fluid mixing pro-
cesses of low gravity and normal gravity may be equivalent if
the buoyancy force is neglected and the free-surface condition
is not enormously different from that assumed in the present
study. Calculations were also performed for Prandtl numbers
that varied from 0.85 to 2.65 with various jet Reynolds num-
bers. The effect of the Prandtl number on the distributions of
centerline temperature and interface temperature gradient was
found to be similar to that of the jet Reynolds number, as
shown in Figs. 7 and 8. A higher Prandtl number will yield a
larger condensation heat flux over the interface and a thinner
thickness of thermal layer underneath the interface. It is noted
that, for higher jet Reynolds numbers and Prandt] numbers,
the maximum of temperature gradient at the interface is
slightly shifted away from the centerline due to the effect of
significant surface motion. The radial distribution of tempera-
ture at x* = 0.97 is shown in Fig. 9. The higher jet Reynolds

number yields lower flow temperature in the central jet region,

approaching bulk liquid temperature with higher increasing
rate at the edge of jet region, and results in a thinner thermal
layer underneath the interface.

The u# can be calculated by

U (0T*/3x%*), Ja;

uf =
U; PrRe;B

where the jet Jacob number is defined as C,(7;— T})/hg,. The
maximum of u ¥ is located at the centerline. For liquid hydro-
gen at a saturation pressure of 30 psia with 2°R of jet subcool-
ing, the maximum values of u¥ for Re; = 600 and 150 are
equal to 0.0011 and 0.0009, respectively. From Fig. 5 it is
observed that u ¥ 'is negligible compared with surface velocity
v¥ except for the very small stagnation region. The tempera-
ture difference between the bulk liquid and the interface is
much smaller than that between the jet and the interface. For
(T,—T;) equal to 2°R, (T;—T,) is approximately equal to
0.06°R, and the corresponding Ja, is equal to 0.001. It can
then be justified that the assumption of neglecting u. and Ja,

in the present study is acceptable.
The correlation for the average condensation Nusselt num-

ber is assumed to be of the form

Nu. = CsRePr" (10)

Based on the obtained numerical solution, the values of Cj,
m, and n are approximately equal to 0.049, 1.0, and 0.97,
respectively. As shown in Figs. 10 and 11, the average conden-
sation Nusselt number is linearly proportional to the jet Rey-
nolds number and is nearly a linear function of Prandtl num-
ber. It is noted that the constant # is actually a weak function
of Prandtl number itself and is decreasing from 1.0 for Pr =
0.85 to 0.95 for Pr = 2.65. The value of n is expected to
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Fig. 9 Radial distribution of temperature at x * =0.97 as a function
of jet Reynolds number for Pr =1.25.
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slightly decrease as the Prandtl number keeps increasing.
Equation (10) also implies that the condensation mass flux is
linearly increasing with jet Reynolds number, which is in
agreement with the data for turbulent jet in Ref. 3. From Egs.
(9 and (10) the correlation for average condensation Stanton
number can be expressed as

St. = CPrn="= C,Pr—00 (11)

where C, is equal to 0.00245. The average condensation Stan-
ton number is a weak function of Prandtl number enly and is
independent of jet Reynolds number. In the present study only
the jet Reynolds number and the Prandtl number are investi-
gated, and the other relevant tankage system parameters such
as B(=D/d), x,/D, and A.,/A; are specified. Therefore, it
is expected that the correlation constants C;, C,, Csy and C,
obtained from the preceding analysis need to be modified if a
different tankage system is considered.

From Egs. (2), (5), and (6) the average condensation Stan-
ton number for Ja, = 0 can be expressed as

St = [(Touw — T)/(T, — T)Nd/D)? (12)

If the outflow temperature T, approaches T, Eq. (12) will
become

St. = (d/D)? 13)

Equation (13) implies that Sz, is nearly a constant and is
simply determined by system geometry, provided that the flow
conditions can yield T, close to T;. The physical phenome-
non behind Eq. (13) is that the cold jet simply enters, sweeps
by the interface, and receives as much heat as it can absorb,
reaching saturation temperature and exiting. Equation (13)
gives an upper bound for S¢. based on an energy balance with
the outflow liquid at its maximum possible temperature. In the
present computation d/D = 1/20, and Eq. (13) gives

St, =0.0025 (14)
80 —
60 }—
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Fig. 10 Average condensation Nusselt number as a function of jet
Reynolds number.
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Fig. 11 Average condensation Nusselt number as function of
Prandtl number.
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which is in excellent agreement with the numerical correlation

shown in Eq. (11). It can be concluded that, for laminar
operating conditions with a jet Reynolds number up to 600,
the injected liquid reaches essentially interface saturation tem-
‘perature before exiting (at least for a tankage system of d/D
= 1/20), and the total condensation rate is controlled by the
jet volume flow rate rather than by the condensation heat
transfer coefficient at the interface.

Conclusions

The nondimensional form .of steady-state continuity, mo-
mentum, and energy equations has been solved by a finite-dif-
ference method. Numerical solutions were obtained for a lam-
inar jet-induced fluid mixing in a cryogenic tank system shown
in Fig. 1. The temperature variation in the whole flowfield was
small so that the thermodynamics and transport properties
were assumed constant. The effect of buoyancy force was
neglected. The interface was assumed to be flat (wave-free)
and shear-free. The condensation-induced velocity at the in-
terface and the associated bulk and jet Jacob numbers were
assumed to be zero. Calculations were performed for jet Rey-

nolds numbers ranging from 150 to 600 and Prandtl numbers

ranging from 0.85 to 2.65. Based on the tankage system con-
sidered in the present study, the following conclusions have
been drawn:

1) The ratio of average radial interface velocity to jet veloc-
ity is approximately proportional to RejV’, and the average
interface radial velocity is approximately proportional to u/*.
The thickness of the impingement region layer underneath the
interface is decreasing with increasing jet Reynolds number
and appears to approach a value of one-half of the jet diame-

. ter -as jet Reynolds number is further increased.

2) The condensation Nusselt number and then the condensa-
tion mass flux are linearly increasing with jet Reynolds num-
ber. The condensation Stanton number is independent of jet
Reynolds number and is proportional to Pr!~" with n approx-
imately equal to 0.97 for Prandtl numbers ranging from 0.85
to 2.65. The value of the exponent # is slightly decreasing with
increasing Prandtl number. The thermal-layer thickness un-
derneath the interface is thinner for higher values of jet Rey-
nolds number and Prandtl number.

3) For laminar operating conditions with a jet Reynolds
number ranging from 150 to 600, the injected liquid reaches
essentially interface saturation temperature before exiting (at
least for a tankage system with x;/D = 1and d/D = 1/20),
and the interface condensation rate is jet volume flow limited.

4) If the ratio of jet nozzle to tank diameter is small enough,
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most of the vapor condensation will occur at the central part
of the interface, and the effect of the difference of interface
configuration between low gravity and normal gravity on the
interface condensation may be insignificant. The present cal-
culations suggest that the condensation may be expected to be
volume flow limited also in the low gravity case provided the
free surface is not enormously different from the one assumed
in the present study.
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