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PRELIMINARY THREE-DIMENSIONAL POTENTIAL FLOW SIMULATION 
OF A FIVE-LITER FLASK AIR INJECTION EXPERIMENTS* 

ABSTRACT 

iv-pw->pj )r, i»r I m<r>J S t a l o I •••cr 

The preliminary results of an unsteady three-dimensional putuntl.il flow 
analysis of a five-liter flask air injection experiment {small-scale model 
simulation of a nuclear reactor steam condensation system) arc presented. The 
location and velocity of the free water surface in the flask as .1 function of 
time are determined during pipe venting and bubble expansion processes. Tho 
analyses were performed using an extended version of th- NASA-Ami's Three-
Dimensional Potential Flow Analysis System (POTFAN), which uses tin,' vortex 
lattice singularity method of potential flow analysis. The pressure boundary 
condition at the free water surface and the boundary condition along liie free 
jet boundary near the pipe exit were ignored for the purposes of the present 
study. The results of the analysis indicate that large time steps can be 
taken without significantly reducing the accuracy of the solutions and that the 
assumption of inviscid flow should not have an appreciable effect on the 
geometry and velocity of the free water surface. In addition, the computation 
time required for the solutions was well within acceptable limits. 

INTRODUCTION 

The purpose of the present study was to obtain three-dimensional poten
tial flow solutions simulating a five-liter flask air injection experiment and 
to determine the computation time required to obtain these solutions. 

The five-liter flask air injection experiment is a scale model simulation 
of the processes that occur in the toroidal steam condensation chamber durins 
a typical nuclear reactor cooling system operation. A schematic of the flask 
is shown in Fig. 1. Air is injected into the flask, through the submerged 
pipe. The entrance of the air into the flask causes the free water surface to 
rise depending on the amount of air entering the flask, the rate at which it 
enters the flask, and the properties of the air and water. The purpose of the 
experiment was to determine the location and velocity of the free water surface 
as functions of time as a result of the air injection. This information will 
be used to help determine the location and velocity of the free water surface 
in a full-scale condensation chamber and provide a basis for predicting whether 
any damage to pipes or to the chamber itself could occur as a result of steam 
injection into the chamber. 
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Fig. 1. Five-liter flask with submerged downcomer pipe. 
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The motivation for the numerical simulation of tho five-liter I l.isk 
experiment steins from the desire to numerically simulate the ful 1-srale svsti-B. 
However, in the absence of full-scale experimental data, tho experimental data 
from the five-liter flask experiment provides an excellent basis for compari
son with the numerical results to verify the analytical assumption*;. 

The underlying assumption of the present analysis is that tlit_' motion of 
the water in the five-liter flask is both incompressible and irrotational; 
hence, a potential flow exists. This implies that the density of tin- water is 
constant (or the local velocity anywhere in the flask is always small ivapjri'J 
to the speed of sound in water) and the viscous portions of the flow lield .ire 
confined to regions very close to the walls or along; very thin slipstreams or 
wakes. Analyses were performed at time intervals throughout the emir.-
condensation process, which included pipe venting as well as bubble expansion. 

A detailed description of the method of analysis Is presented. 

METHOD OF ANALYSIS 

The unsteady three-dimensional potential flow analysis of the flow iield 
in the five-liter flask was performed using an extension of the NASA-Ames 
Three-Binensional Potential Flow Analysis System (POTFAN) which uses the vortex 
lattice singularity technique. A discussion of the basic unsteady potential 
flow assumptions and boundary conditions is given below along with a detailed 
description of the vortex lattice technique and the motivation for its use. 

Basic Equations and Boundary Conditions 

The analytical simulation of the water motion in the five-liter flask is 
based on the assumptions that the water is incompressible and the motion of 
the water is irrotational. This implies that a velocity potential, .p, exists 
throughout the flow field such that 

V 20 = 0 . (1) 

The fact that the flow is unsteady does not alter this equation, but now •} is 
a function of time as well as space, and the boundary conditions also become 
functions of time. The equation relating the velocity and pressure, the 
Bernoulli equation, now becomes 

2 
| | + g z + Y + ^ = constant , (2) 
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where t = time, 
ft = acceleration of gravity, 
z = distance of the point below the surface of the fluid, 
v = magnitude of the velocity vector at the point, 
P = pressure at the point, 
0 = Jensity of the fluid. 

All quantities except g and i are functions of time and space. The quantity 
z in Eq. [2) is defined at any poinc in the flow field by the distance from 
that point to the location on the current surface chat is vertically above it. 
This quantity varies with time because Che location of the free surface varies 
with time. 

The boundary conditions to be satisfied for the current problem depend 
on the type of boundary. Along the wall of the flask and along the wall of 
the pipe,, the normal component of velocity must he zero. That is, 

|j - V-H - 0 (3) 

where n is die unit normal to the surface, and V is Che velocity vector at the 
point. The pressure is prescribed along the surface of the water in the flask 
and in the pipe, and at the surface of the expanding bubble. Along the edge 
of the jet that issues from the pipe during venting, the normal component of 
velocity must be zero, the pressure must be continuous, and the location of 
the edge of the jet must be determined. 

The Singularity Method 

The equations and boundary conditions described above may be solved by 
any one of several potential flow techniques. The raopt widely used are the 
finite difference, finite element, and singularity techniques. Each has its 
own advantages and disadvantages. Since the intent of the current analytical 
investigation is to eventually simulate the full-scale three-dimensional 
process, the most appropriate technique from the standpoint of accuracy and 
computation time is the singularity technique. This is because the singularity 
tachnique only requires a numerical representation of the boundaries of the 
flow field in order to obtain a solution, whereas the other techniques require 
that the entire flow field be numerically represented. 
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The singularity technique of potential flow analysis eoiiMirits "i subdi
viding the boundary or boundaries of the flow field into qu.idri laterjl :inite 
elements called panels. A singularity (a function that satisfies i.q. (I) 
everywhere except at a point, line, or surface) is placed tin each panel. An 
assemblage of singularities distributed over an entire boundary is referred to 
as the singularity distribution for that boundary. The equation that describe.-
the velocity induced by each singularity has associated with it an itirluenee 
function and a singularity streng'.h. The product of the two del irn-s m e at-tuai 
velocity induced by that singularity at any point in the tlow tield. Hie 
following equation expres.es the velocity induced at anv point in the ilow 
field by an entire singularity distribution: 

SSI NS? 

E E 
IS1=1 IS2=1 

VU,I2 "" S £ . S1S1,1SJEIS1,1S2.11,^ ' U ) 

where V., , = velocity vector induced at any point in the 1 low field (-here 
the point has associated with it two jrid indices 11.12) bv a 
singularity distribution, 

E . = vector velocity influence coefficient that defines the 
velocity induced at 11,12 by a particular singularity (where 
each singularity has associated with it two srid indices IS1. 
IS2) whose strength is unity, 

S1S1 IS2 = t h e s t r e n E t h of the discrete singularity at IS1.1S2. 

Evaluating this velocity at N locations In the flow field produces a (3 • X) 
matrix that may be expressed as follows: 

V = Is , (5) 

where V = a (3 * J)) matrix describing the velocity vector induced at N points 
in the flow field by a singularity distribution, 

E = a (3 x N * M) matrix of vector velocity influence coefficients that 
define the velocity induced at N points in the flow field by the M 
discrete singularities of the singularity distribution, 

s = a (1 x M) vector defining the strength of the M discrete 
singularities. 

-5-

http://expres.es


For a particular boundary, tho strengths of the sin^ularitles may cither 
be known or unknown depending on how the boundary condition is prescribed. 
Fur those singularities whose strengths are unknown, the boundarv condition 
creates a svstem of linear algebraic equations that are solved for tiie unknown 
strengths. Kor those singularitit?s whose strengths are known or are calculated 
from approximate analytical theories, no boundary condition need be satisfied. 
Instead, the velocity induced by these singularities is evaluated as a part of 
the known flow lield. The influence of these singularities must be accounted 
for In satisfying trie boundary conditions on other boundaries or in evaluating 
tlu- vi-locitv at arbitrary points in space. Once all the strengths have been 
determined, the velocity can he evaluated anywhere in the flow field or on the 
boundaries, and the pressure can be determined using Eq, (2). 

Tiie Finite Length Line Vortex Sinsularity 

The type oi singularity used in the present study is the finite length 
line vortex. It is one of the most widely used singularities in potential flow 
analysis bv the singularity method. The reason for its broad acceptance is 
that the equations describing it €trc relatively simple. It can be used to 
analyze boundaries that have a net circulation (lifting or non-lifting), and 
since the singularity strength is a measure of the local vorticity it is a 
very physically meaningful quantity. References 1 through 12 provide a brief 
bibliography of potential flow investigations using the finite length line 
vortex singularity. 

Since Helsiholtz vortex theorems do not allow a line vortex to end in a 
fluid except at infinity, the vortices within a panel or from panel to panel 
must be linked together to form closed polygons of constant strength velocity 
or must extend to infinity at each eid of any open polygon of linked vortices. 
Hence, the finite length line vortex is used in potential flow analysis 
problems in the form of horseshoe vortices (a finite length line vortex linked 
at each end to line vortices that extend to infinity), vortex quadrilaterals 
(four finite length line vortices linked together to form a four-sided 
polygon), or ring vortices (any number of finite length line vortices linked 
together to form a closed polygon). 

2 The NASA-Ames Three-Dimensional Potential Flow Analysis System allows 
for the use of all three types of finite length line vortex singularities. 
In the present study, the finite length line vortex is used in the form of 
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ring vortices linked in the circumferential direction with one liiiite len^m 
line vortex in each panel. Within a particular panel the line vortex lie* 
along the front or rear edge of the panel. The location, within the p.incl 
where the boundary condition is satisfied is at the centroid 01" tin.* pant.*I. 

The velocity at the point (x,y,z) induced by a finite lennih line vertex 
extending from (x.,y ,z ) to (x.,,y ,,z.,) in 'see Fi 14. 1) determined bv evaiua.. im; 
the Biot-Savart law for the special case of a vorticity distribution 01 cunsi-int 
strength ~ that is nonzero only along a straight line segment. lhe velociiv 
induced by such a vorticity distribution is given by 

T(v » r,) r r, 
(V(x,y,z) = ± =-7 r • - - , (fr) 

4 - 1 ^ x t2\~ u fr^j jr,: 

where r^ - (x, - x , y, - y , z, - Zj), 

r 1 = (x - x x, y - y ^ 2 - z^, 

r = (x - x-, y - y,, z - z,). 

The Analytical Approximations Made for the Fresent Study 

The boundary conditions described above are the correct ones for the 
current problem. However, the present version of the POTFAN computer program 
:nly possesses the capability for satisfying a specified velocity: 

V-n = V. n , (7) 

where V = the velocity vector at a point where the boundary condition is 
satisfied, 

n" = unit vector extending from the point in any direction (not 
necessarily the unit normal direction), 

V. = specified flow through the point in the n direction. 

Because the current study was intended as a demonstration of the present 
capabilities of the NASA-Ames Potential Flow Analysis System, it was decided 
to approximate or ignore the other boundary condition types for the present 
calculations. If the initial calculations supported the validity of the 
potential flow assumptions, the capability for satisfying other boundary 
condition types would ba incorporated. 
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Fig. 2. The velocity induced by a finite length line vortex. 
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The analysis was subdivided into two separate p.iris. iho :ir^i :*art 
consisted of the period of time durim; which water was ejected . rn, l hi- ;>:;>c 
into the flask.. This js referred to :LS veiulivn .mil occurs Juiii].1. tin- : irsi U 
ras of time. During this period the walls of the flask a::.i p'pe mil Uu- : n v 
surface moving down the pipe were r-presented in Che analysis, ihv :,ec.iiJ 
part of the analysis consisted of Llie duration alter which all water had ":n-<-n 
ejected from the pipe. This is referred to as the imhble-exp.msior. ;>r •icss 
anil was simulated by an expanding spherical huhble .-entered at 1 r:e liot ;..::: .•: 
the pipe. During this period the bubble and the wall of liu- : lar.k were 
simulated, but the pipe was assumed to he nonexistent, liescrihed hel iv are 1:10 
boundary conditions applied in tiiese two parts of the analysis. 

Solid Walls of l-'lask and P_Lpe •" The correct btuinJarv condition tv-n - u) 
was satisfied only »>lon,n the wetted walls of the flask and pipe. Hie 
remainder of the flask and pipe in Che air space were ignored. 

Free Water Surface in Flask The specified pressure hound.irv condition 
at this surface was ignored. This was equivalent to assuminc, that there was 
no free surface and that the water flow field existed everywhere. 

Free Water Surface Inside Pipe -- The pressure boundary condition on this 
free surface could not be ignored since it was Che driving boundary. H.---ever, 
since this condition could not be exactly satisfied, its effect was approxi
mated. This free surface was assumed to he a horizontal circular disk with a 
downward velocity ef 2.67 m;::/ms specified bv the experimental data niven in 
Ref. 13. At Che firsC time step, the position of the free surface in tin- pipe 
was assumed to be at. the same level as the free surface in the flask. For 
succeeding time steps the free surface position was moved to the location it 
would have reached traveling at the specified velocity. Once Che free surface 
reached the bottom of the pipe, the computation was halted (this was assumed 
to occur in 12 ms). From that time forward the presence of the pipe was 
ignored and only the expanding bubble (see expanding bubble bcundary condition 
approximation) and flask wall were retained as boundaries in the flow field. 

Pipe Induced Jet Boundary—During the periou of time that water was beinj; 
ejected from the pipe, a free jet was present in the flow field and extended 
from the exit of the pipe to a point downstream of the pipe. The length of 
the free jet at any given time was approximately equal to the distance traveled 
at the jet exit velocity (2.67 mm/ms) for the time since the initiation of the 



(li'u- iiecju.se the .'jection of water from the pipe nuurri'O :.ir K U V .:;.pn o;i-
n.itely 12 ms , tlie maximum len^Lh of the jet was oniy i- "*.;• by l in- enc >•: li.e 
venting process. As a jesult, the free jet did not have a sa::i. ie:ii ie::ci:. 
to impinge on I he bottom wall of the flask to for:,, a wall 'el. Hence, :. -r ;,., 
present caji-ulat ions, the jet boundary conditions <•: zero iK..r:\.:! ve^.- ity ..:;J 
etui' humus pressure ahui^ the : r<.-• shear layer at t:K <_-iîe *. : t ;,e -»L wer«-
i .;:!•• red . 

iixpaiulijijj _Buh i ••.• .Sur^ice IJiiuiularv I'he hubh ie-c:.:;>.«ns i> :i ;>, r t i.-:. •: ::.• 
analysis began after all ti.e water in the pipe had been [ii'nici Int" the 
flask. From this time ion..ird the pipe wall was ignored, and the flow :ieic 
boundaries were assumed to consist of only the flask wall and a spheric.ii 
bubble expanding with time. The center of t ho bubble was assumed : c :" t: _.E i:: 
stationary at a location i- sm; below f he initial free water .-ur:,iCe i t;.e 
location oi the pipe exit). The expansion rate o: the bubble wja det.-.-riined 
on t.ie basis of experipental data. A plot of the assumed buKslt radius as J 
function of time is sh ;"«ii in Fij;. 3. The expansion rate oi the bubbie at .civ 
given time was the slope of the curve in FiH. 3, This expansion rate was û i-d 
as the fljw boundary condition on the surface oi the expanding bubble. 

Computation of Free Sur'.ice Location 

As raentioned above, the pressure boundary condition on tile free water 
surface inside the flask was ignored in the present calculations. Since this 
was equivalent to assuming that a true free surface did ncl exist. •'•:• 

"imaginary" surface .vas created for the purpose of computing the velocity and 
position of the free water surface as a function of time. This was accom
plished by evaluating the velocity, from the potential flow solution, at the 
position in the ilow field that would have been occupied by the free surface. 
Then, the "imaginary" surface was assumed to move with this velocity until the 
next time step when a new velocity was evaluated at the new position. This 
"imaginary" surface position at a given point in time '.-as expressed mathe
matically as 

-n+1 —n . r;n , n+1 n. , 0. r, = r, + V (t - t ) , (8) fs fs is 

-n+1 where r f = position vector of any p̂ -;nt on the free surface at the n̂ -1 time 
step, 
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Fig. 3. Spherical bubble radius as a function of time. 
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r = position vector of the same point on the free surface at the n 
time step, 

V, " velocity vector of the point on the free sarface at the n time 
step, and 

t ,c = the time at the n and n+1 time steps. 

Because this is an entirely explicit formulation for the change in position of 
the free surface with time, an evaluation of the dependence of the calculation 
on the size of the time step was made in order to determine its accuracy. This 
evaluation is discussed in detail further on. 

Axisymmetry Considerations 

The POTFAN system of computer codes is a three-dimensional potential 
flow analysis tool. However, for situations where flow field svmoetry exists, 
the system possesses special options that take advantage of Che symmetry to 
reduce the time required to compute a solution. This is accomplished bv 
utilizing the method of images. That is, only that part of the geometry 
required to uniquely define the flow field is represented to obtain the solu
tion. The remainder of the geometry is automatically accounted for by 
specifying the appropriate imagery option. 

Panel Size Considerations 

As previously mentioned, the singularity method of potential flow 
analysis subdivides the boundaries of the fluid into quadrilateral panels. 
A potential flow singularity is placed in each panel. The accuracy of the 
solution generated by this technique depends to a considerable degree on the 
number of panels into which the boundaries are subdivided; the more panels 
used, the better the accuracy. However, the computation time for the solution 
is proportional to the cube of the number of panels. Accuracy must be 
sacrificed to reduce cost depending on the circumstances for each individual 
problem. 

For the present study, a very small number of panels was used to 
represent the boundaries of the fluid. There were two reasons for this: 
1) the current calculations were intended as a demonstration of the capabili
ties of the POTFAN computer program, and 2) a significant level of error already 
exists because seme of the boundary conditions were ignored or approximated. 
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DISCUSSION OF RESULTS 

Potential flow simulations of the five-liter flask air injection 
experiment were computed for several points during the entire air injection 
process. The computation time per time step for these solutions waa 11.5 CPU 
seconds on a UNIVAC 1108 computer. Assuming that a CDC TbOO computer is 
approximately 10 times faster than a UNIVAC 1108, this value corresponds to 
1.15 CPU seconds for the CDC 7600. The results are presented in the form of 
plots of the velocity and position of the free surface as a function of time 

during both the pipe venting and the bubble expansion portions of tiie analysis. 

Pipe VentinR 

Potential flow simulations of the pipe-venting process were computed 
every 2.4 ms from t=0 to t=l2 ms. The wall of the flask was represented by 
five panels in the azimuthal direction and 20 panels in the circumferential 
direction. The wall of the pipe was represented by 10 panels in the azimuthal 
direction an<- 20 panels in the circumferential direction. The free surface 
inside the pipe uas represented by 5 panels in the radial direction and 20 
panels in the circumferential direction. 

Calculations of the velocity were made along the walls of the flask and 
pipe, along the free surface in the flask, along the centerline of the flask 
irom the bottom of the pipe to the bottom of the flask, and radially outward 
from the bottom end of the pipe to the same depth at the flask wall. 

An illustration of the shape of the free water surface at the beginning 
and end of the pipe venting process (0 and 12 ms) is shown in Fig. 4. The 
dashed lines in the figure refer to the locations where the velocity was 
computed in the interior of the flow field. As shown in the figure, most: of 
the rise of the free water surface occurred near the center of the flask. The 
maximum upward velocity of the free water surface occurred during the first 
time step near the pipe wall and had a magnitude of about 0.08 mm/ms. This 
maximum velocity decreased with time until it reached 0.066 mm/ms during the 
last time step (12 ms). Along the flask wall the velocity reached a maximum 
at the free water surface but was much smaller in magnitude than near the pipe 
wall. During the first time step this maximum velocity on the flask wall was 

-3 -2 
0.79 * 10 mm/ms and at the last time step was 0.71x10 mm/ras. 

From these results, estimates were made of the significance of the 
approximations that were made about the behavior of the flow field and its 
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r t = 12 ms 

-Surface location 

Fig. 4. Five-liter flask during pipe venting. Free surface location vs time. 
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boundaries. The main approximations for the pi pi' venting portion of tin' 
jiiilysis were the assumptions of inviscid How, no pressure boundary condition 
on the free surface, and no jet GUpstream boundarv downstream of the exit m 
the pipe. 

Very crude estimates of the size of the viscous region (on the hnsis of 
local flask and pipe wall Reynolds numbers) indicated that during tin- early 
time steps nearly the encire flow field in the flask was viscous, while during 
the later time steps the viscous region was at most 30 to 40 mm thick near the 
wall of the flask and at most 4 mm thick near the pipe wall. Had the viscous 
effects been included in the analysis, the velocities would have been sm.iHe-
near the flask wall and larger near the center of the flask. I'he velocities 
were already very small near the flask wall, so that the effect of reducing 
them further would not be very significant on the shape and velocity of the 
free surface. In fact, even if the entire velocity distribution at the free 
water surface were redistributed so that it was concentrated in the region 
within 25 mm of the pipe wall, the change in the velocities from the values 
obtained by the potential flow analysis would only have been about 10? at the 
early time steps and less for the later time steps. 

The effect of the deletion of the pressure boundary at the free water 
surface could not be easily ascertained because it was difficult to accurately 
estimate the unsteady term in the equation expressing the relationship between 
pressure and velocity [Eq. (2)1. However, order-of-magnitude estimates 
indicate that this terra was not negligible. 

The exclusion of the jet slipstream boundary downstream of the pipe exit 
caused the velocity distribution along the free surface fo h-? larger near the 
center of the flask than it would have been had the slipstream been included 
in the analysis. This was because the slipstream boundary condition forces 
the fluid exiting the pipe to continue further downstream before turning out
ward away from the axis of symmetry. This distributes the mass flux more 
evenly over the entire flask rather than concentrating it near the center. 

Bubble Expansion 

Two separate sets of potential flow simulations of the bubble expansion 
process were computed. The first set consisted of potential flow calculations 
of the flow field every 4 uis from t=6 ms to t=66 ms. The second set of 
calculations computed the flow field every 2 ms from t=18 ms to t=42 ms. The 
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intent of the second set of calculations was to determine the effect of 
smaller time steps on the location and velocity of the free water surface. 
The wall of the flask for both sets of calculations was represented by 5 
panels in the azimuthal direction and 20 panels in the circumferential 
direction. The bubble surface for both sets of calculations was represented 
by 10 panels in the azimuthal direction and 20 panels in the circumferential 
direction. 

Calculations of the velocity were made along the wall of che flask and 
on the free water surface. The position of the free surface at t=6 ms was 
assumed to be the same as at t=0 ms. However, for the 2-ms-interval calcula
tions, the position of the free surface at t=iS ms was assumed to be the 
position as computed by the 4-ms-interval calculations. Illustrations of the 
velocity and location of the midline of the free surface as functions of 
time are sli.'wn in Figs. 5 and 6 for both the 2-ms- and 4-ms-interval solutions. 
The free water-surface and bubble-surface locations as functions of time are 
shown in Fig. 7. As shown in Figs. 5 and 6, there was very little difference 
between the 2-ms- and 4-ms-interval solutions. In fact, after 42 ms, the 
difference between the positions of the free surface as computed with the 
2-ms- and 4-ms-intervals was only 2.33)5. The close agreement between the two 
sets of solutions was caused by two compensating effects. The first effect 
of the shorter time intervals was a more accurate integration of the free 
surrace velocity to determine its location. The location of the free surface 
was computed to be further away from the bubble surface than at the same time 
using longer time intervals. However, this produced a second effect, which 
nearly compensated for the first. That is. the further .iv.iy zh<i free surface 
was from the bubble surface, the smaller was the velocity induced at the free 
surface by the expanding bubble. Hence, to determine the new free surface 
location, the integral over the next time step would be smaller because the 
induced velocity was smaller during that time step. Thus, the very effect 
that caused the free surface to be located further from the bubble during a 
particular time step also caused a compensating effect that located it closer 
to the bubble on the next time step. 

Low local Reynolds numbers along the wall of the flask caused the viscous 
region to engulf the majority of the flask flow field. However, the mass flux 
was already concentrated near the center of the flask so that any correction to 
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Fig. 5. Five-liter flask during bubble expansion showing centerllne free 
surface velocity vs time. 
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Fig. 7. Five-liter flask during bubble expansion showing bubble and free 
surface location vs tiiae. 
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tlu- position of the fret' surface and the velocity distribution along the free 
surface due to the inclusion of visi-uus effects would have been small. 

The inclusion of the pressure boundary condition in the bubble expansion 
would have introduced two major influences on the calculation: the time-
dependent term in Eq. (2) and the pressure variation in the air above the 
water in the flask. The present calculations did not contain sufficient 
information to make an accurate estimate of Che time dependent term in Eq. (2). 
However, rou^h estimates indicate chat this term would have contributed more 
than a 3% effect on Eq. (2) for the time period from 22 ms to 66 ms and an 
even larger effect for the period from 6 ms to 18 ms. This influence was 
estimated assuming that the bubble expansion process occurred as an expanding 
sphere. However, for a calculation where the bubble expansion process would 
have been represented more accurately it would have been very difficult to 
estimate the effect of the time-dependent term without actually performing the 
analysis with its influence included. 

The change in pressure of the air above the water in the flask affected 
the analysis in a more straightforward manner. After 66 ras, the volume of the 
spherical bubble was about 13% of the volume originally occupied by the air in 
the flask above the water. A similar percentage increase in the pressure of 
the air above the flask would have occurred as a result of this volume dis
placement. This would have resulted in a 25% change in the pressure differen
tial between the free surfaces in the flask and pipe, and would have had a 
strong effect on the rtsultant flow field. 

CONCLUSIONS 

The results of the present study indicate that the potential flow tech
nique is a reasonably accurate and yet inexpensive method for determining 
the geometry and velocity distribution of the free water surface in a numer
ical simulation of the five-liter flask air injection experiment. The viscous 
region of the flow field was found to encompass the majority of the flask. 
However, due to the extremely small velocities in this region, the effect of 
assuming an inviscid flow caused an error of about 10% in the location and 
velocity distribution of the free water surface. For a full-scale steam 
condensation process, the Reynolds numbers would be much larger so that the 
error in assuming an inviscid flow would be even less significant. 
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The exclusion of the pressure boundary conditions ac the free surfaces 
caused significant error in Che results at all time steps. The exclusion of 
the jet freestream boundary condition during pipe venting jfi'ected the velocity 
distribution at early time steps but did not strongly affect the results for 
later time steps. 

The computation time required to obtain the solutions for the present 
study was very small. However, »datively few panels were used to represent 
the boundaries of the flow field. In a three-dimensional analysis much more 
computation time would be required to obtain a solution. In fact, a thousand-
panel three-dimensional potential flow analysis of a full-scale steam condensa
tion process would require a computation time per time step of between one and 
seven minutes on a CDC 7600. 
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