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ABSTRACT 
Over 30 years ago, Griffith showed that unstable and periodic 

initial boiling occurred in stagnant liquids in heated pipes coupled 
to a cooler or condensing plenum •volume. This was catted 
"geysering", and is a similar phenomenon to the rapid nucleation 
and voiding observed in tubes filled with superheated liquid It is 
also called "bumping0 when non-uniformly heated water or a 
chemical suddenly boils in laboratory glassware. In engineering, 
Ae stability and predictability has importance to the onset of bulk 
boiling in a natural and forced circulation loops. The latest 
available data show the observed stability and periodicity of the 
onset of boiling flow when there is a plenum, multiple heated 
channels, and a sustained subcoolutg in a circulating loop. 

We examine the available data, both old and new, and develop a 
new theory to illustrate the simple physics causing the observed 
periodicity of the flow. We examine Ae validity of the theory by 
comparison to all the geysering data, and develop a useful and 
simple correlation. We illustrate the equivalence of the onset of 
geysering to the onset of static instability in subcooled boiling. We 
also derive die stability boundary for geysering utilizing turbulent 
transport analysis to determine the effects of pressure and other 
key parameters. This new result explains the greater stability 
region observed at higher pressures. 

The paper builds on the 30 years of quite independent thermal 
hydraulic work that is still fresh and useful today. We discuss the 
physical interpretation of geysering onset with a consistent theory, 
and show where refinements would be useful to the data 
correlations. 

INTRODUCTION 
We are interested in predicting both the onset and development of 
unstabfc bulk boflingm* heated stagnant or skrwiy-fkrwingUquid. 
Since beating induces buoyancy forces which give natural 
circulation and convection, there is a small initial ilow. In a tube or 
pipe, after an interval of subcoolcd nucleate bouuig, the onaet of 
bulk boiling is often characterized by periodic bubble and large void 
region growth. The liquid is then alternately expelled from and re
enters the heated aectwn. The vapor win exit the end of the tube or 
pipe, and its expansion is determined by the balance between 
evaporation and condensation, and any inertia! forces. The onset of 
Ae flow excursion and the initiation of the expulsion is a classic flow 
instability, and has been extensively studied for subcooled flow in 
parallel channels in both forced and natural circulation [see the 
papers referenced in Duffcy and Hughes, 1991]. 

The periodicity and instability of the flow depends on having 
condensation of the vapor {Khartabu and Dimmick, 1995]. 
Evaporation is sustained by the power input (if any), the decrease in 
hydrostatic pressure as voids form, and continued vaporization of 
any superheated liquid on the walls or bulk flow. Condensation 
occurs at the vapotfliquid interface, due to the local subcooling, or 
vapor venting. If the pipe or tube is open ended, or the loop is in 
natural or forced circulation, then liquid is replenished also by inlet 
flow. Other paraM or connected channels may also supply liquid. 

Ihada et al [1995] give a useful summary of the literature for 
natural circulation reactors, with an emphasis on experimentally 
determining the stability boundary. We distinguish three cases from 
the literature of potentially unstable boning onset and "geysering" 
in an initially Equid-fflled tube: 

1) nucleation of initially superheated liquid [Piayle, 1973], 
where the rapid non-equilibrium 'vaporization is from the 
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liquid filmi on the walls, and condensation occurs on 
expansion into a colder plenum; 

2) heating of stagnant liquid in a cloaed-end tube 
[Griffith,1962; Chiang et al, 1995], where boiling is 
simply due to evaporation driven by the wall heat flux, 
and condensation occurs because of local pressure 
increases as voids grow (self pressurization); and 

3) heating of a natural or forced-circulation flow [Willis and 
Hcajtey,196T, Aritomi et al, 1993; Chiang et al, 1994; 
Inada et al,1995; Khartabil and Dimmick.1995] where 
the equilibrium evaporation is caused by wall heating, the 
flow is replenished by loop convection, and condensation 
occurs due to the cooling of the outlet plenum. 

The first case is dominant when the liquid and wall superheats are 
high. But when superheats are low, the boiling is wall or volumetric 
heat flux controlled. Thus, Griffith [1962] showed the overall 
periodic process could be related to the presence of a compressible 
vapor space, and used various tube sizes and pressures for testing. 
Ffc correlated the overall "geysering" periodicity with the volumetric 
heat input and showed the voiding and re-entry to take only 3 
aeconda or so. The work by Aritomi et al [1993] and Chiang et al 
[1994] in a natural circulation loop with both single and multiple 
channde, showed that Ihe inlet flow changed the •geysering" period. 
They also showed different results from Griffith for a single closed 
tube with initially stagnant liquid, but obtained a similar 3 second 
periodicity. Chiang et al [1994] argued that flow regime changes 
required slug or large vapor regions for the stability, and they also 
correlated their data with the volumetric heat input 

In each case, the initial unstable boiling and "gcysering" is 
characterized by a dynamic cycle which consists of the following 
phases: 

a) heating of the initially subcooled liquid in the tube and 
the onset of convection; 

b) initiation of boiling on the walls and/or in the bulk liquid, 
with the vapor volume depending on the sustainable wall 
superheat, the bulk subcooling, and on the applied heat 
flux; 

c) continued growth and venting of the vapor from the tube 
or pipe, as single slugs, multiple bubbles or turbulent two-
phase flow, 

d) dynamic re-entry of the liquid as the voids collapse, due 
to inertial effects or net vapor condensation in the plenum 
or exit region; 

e) reheating of the re-entering liquid, with natural or forced 
circulation of liquid from below if in a loop, to repeat the 
process; 

f) superimposed on this periodic boiling process, both fast 
density waves propagate in the boiling region, and slower 
manometric oscillations of the liquid in the whole loop 
can occur. 

Similar dynamic and periodic condensation behavior is observed 
when jetting steam into subcooled water pools or plena, as the 
dynamic bubble growth and collapse process occurs with a 
periodicity governed by the system dynamics and the condensation 
rate [Greef,1975; MenTo et al, 1979]. This process has slso been 
called "vapor suppression". In all cases the local and bulk subcooling 
as a function of time and space is not well-defined, as the mixing of 
heated, plenum, loop and re-entering flow arc all occurring. 
We analyze the flow with heat balances for the flow cycle, and also 
at the conderaaticn interna. Exrficft expression 
stability boundary, which we find to be governed by the balance of 
vapor production versus condensation. The periodicity of 
"geysering" is determined by the overall heating of the stagnant and 
flowing liquid, and the time to evaporate and void the channel 

The present analysis yield* aa overall correlation of bom the 
Griffith and the Chiang data, as well as a new criteria and correlation 
for the onset of "geysering" stabffity. This theory is validated against 
the trends in the data. These results illustrate the physical 
interpretation of the geysering phenomenon and the stability limit. 

THEORY 

Periodicity of the flow 
Geysering type of instability has a characteristic period which 

consists of the adding of the times to heat the fluid to saturation,^ 
voiding, t^ expulsion, condensation (if subcooling in upper plenum) 
and re-entry of fluid, t^ Figure 1 shows a schematic of expected 
inlet velocity as a function of time. It has been observed that the 
time of heating the fluid to saturation or initiation of voiding, \ , is 
the largest fraction of the time period: a simple model is described 
here to predict the time to reach saturation and boil the liquid. 
Consider a tube, pipe or annuhis of flow area, A ,̂ heated length, L, 

total length, L^ of volume, V^ filled with liquid, and connected to 
a plenum volume, V, . The inlet flow at velocity, Uj, and 
temperature, Tj , is from natural or forced circulation. Heating of 
liquid is by the wall heat flux, a/, with total power input, Q, as 
shown in Figure 2. The following are the key assumptions: 

1) the time scales are sufficiently long, and the heating 
process k sufficiently stow during the cycle that the mean 
flow is steady-state, and transient and dynamic effects are 
negligible during beating but not during condensation; 



2) the re-entered water and the inlet flow are heated to 
saturatioa to boil and there ia negligible wall and liquid 
superheat; 

3) condensation occurs in subcooled liquid or by a 
condenser in the exit and plenum region, while 
evaporation is caused by the continued wall heat flux; 

4) the periodicity of the "geyser" is comprised of mainly the 
time to heat the liquid to boiling in each repetitive cycle, 
^, plus the small times to void the channel, condense the 
vapor, and refill. 

5) the overall process can be considered as five overlapping 
phases: heating of the initial or refilled liquid in the tube, 
heating of the additional inlet flow, evaporation of the 
liquid and voiding of the tube, condensation in the 
plenum or estit region, and refilling of the heated section. 

Now for incompressible steady flow, with no outlet cooling, an 
overall energy balance for heating the liquid in the tube for 
subcooled regions can be written as: 

? '^= P / i /^ / C(r,(A)-r / ) (i) 

where X is the tube length where fluid becomes saturated, p is the 
perimeter of the heated section, and T, is the saturation temperature 
at A. The pressure decreases along the tube and it contributes to 
flashing and also effects the saturation temperature. This effect is 
accounted for, since fie local pressure due to the hydrostatic bead is, 

P(X)=PrXPlg, (2) 

From Equations 1-4, we obtain an expression for X, as; 

x=-

PA 

where A T — is the liquid subeooling at the inlet 

(5) 

PlVeCA (6) 

The time for a fluid particle to reach distance X is: 

where, 

V 6 = A C L C 

The numerator in Eq. 6 is simply the time to heat the fluid to 
saturation, also sometimes defined as the boiling delay time, which 
we take as the dominant periodic time scale, 

h = 
9iVeCLTSKh 

(7) 

Now, since the vapor is saturated, from the Clausius - Clapeyron 
equation along the saturation line, 

dP_ PfiA 
dT ( P r p J 7 " (3) 

and therefore, assuming p g « a. and saturation properties, which are 
reasonable simplifications, 

(*)=r, + (P(X)-pf) Tj9g (4) 

Ebr tubes closed at the bottom, we have u, - o, and t* represents the 
period of oscillation. The denominator ofEq. 6 shows the effect of 
gravitational head astatic flashing heat on fee time to reach the 
saturatioa condition. The time to reach saturation condition for 
unhealed tubes is tp defined as, 

_ Pg*T,uJ*fg 

'• PiTsg*t 

(8) 

so that we have, 



'x= 1 + V, (9) 

In general, r^Xj, and Eq (9) then reduce* to the following t, « \ as 
a useful approximation. 

Thne scales for voiding 
It is relatively easy to show that the other time scales for voiding, 

condensing and refilling the tube are short compared to the boiling 
onset time (see alto WalHs and Heailey, 1961). To illustrate this 
point; the time to void the channel is of order the time to fill the tube 

with vapor ( f,« ), and the extra, time for a void to rise 

under buoyancy, ( lfJ

m—-— ) «re compared and are 

shown to be generally small compared to %. Thus, the relative time 
scales are, 

hfif>z % 

{CMsuSPl} 
0.28 
Ar. 

V - u, 

tub 

^ 

f y \ 
L* 

\ 
1 + -S 

L 
Lc) 

(10) 

« / + v t f Jc) 
(11) 

Only in the case of large unhealed sections, will the above times 
become significant, as also shown byAritomietal, [1993J. Chiang 
etal, [1993] have shown mat fee heated channel undergoes different 
stability regimes as the heat flux is increased. The periodic delay in 
time in their work is the same as our t^ or ti predicts the period 
reasonably well 

To determine the condensation and refilling time scale, we must 
look a little closer at the dynamic condensation process. This 
discussion leads naturally to the determination of the stability limit 
as well, so we develop mis argument in the following section. 

Dynamic behavior of the condensation procesa 
S is important to note that several characteristic time scales are all 

involved, the characteristic beating, voiding, condensation and re
filling times, and also the coupled transient turbulent, density wave 
and manornetnc oscillation times, In fact, the oYoamw condensation 
process at the exit of the tube is governed by the liquid inertia 
behaving as an effective manometer of inertia! length, I, with a 
dynamic period between the short condensation intervals ofi 

(12) 

The expression is actually the osculation period of a liquid/vapor 
manometer, where the first term a due to the Equid inertia, and the 
second due to vapor volume compression and expansion. 

In this derivation, we have used an effective vapor expansion 
region of length, H, at near saturation pressure. Typically, 
rnanometric osculations in large loops have periods of* few seconds 
and are quite regular and sinusoidal, and are therefore small 
compared to the overall geysering period. 

The onset of flow tnstabflfty 
Interestingly enough, we can now characterize the boiling time 

scale, V as the subcooled beating time, defined by the non-boiling 
crsubcooled length, A^divio^ by the inktfkwvckchy.u,. Thus, 
we reclaim exactly the form of the empirical equation used by 
Whittle and Forgan [1967] in channels and tubes, and later by 
Steffing et al [1995] in a tube to correlate data for the onset of static 
flow instability. Their expression for the onset offlow instability is 
fiomEq.7, 

i? = - Q 
P A A ^ x (13) 

where R, a constant derived from data [Steiling et al, 1995], is of 
order 0.8, and is a function of the channel length to diameter ratio. 

For convenience, StcHing et al took the onset of flow instability as 
being dose to the onset of net vapor generation. Physically, the large 
increase in pressure drop associated with nucleate and bulk boiling 
eventually causes an inlet flow reduction or excursion, which is just 
the onset of geysering. Therefore, we conclude that the correlation 
in Equation 14 fix the onset of subcooled flow instability (OFI) 
corresponds to the onset of geysering. It can also be noted that Eq. 



13 can be recast aa a limit for the velocity, u,, for the oniet of 
instability aa observed by Aritomi et al [1993]. 

This is confirmed by Ihada's data [Figure 8, Inada et al, 1992] 
where they plotted N,/Np aa a function ofN, # whereN,t andN, are 
subcooling and phase change number, respectively. For lower 
instability boundary and for N, >8, the ratio ofN^N, is of the order 
of 1.0. From Eq. 13, we can derive the following relationship R -
Np/N„ and therefore we can conclude mat the work of SteDing 
[1995] and Inada [1992] describe physically the same instability 
boundary. 

The stability boundary 
When the vapor enters the plenum, it condenses on the liquid/vapor 

interface, with the energy convected away by turbulent transport in 
the subcooled Squid. R is well known that the condensation heat flux 
is very high, of order 10-100 MW7m2 [Playle, 1973], and is coupled 
h part to the motion of fee liquid-vapor interface. Thus, the void or 
bubble grows and then collapses if the condensation rate is high 
enough, in a periodic phenomenon called "chugging". This has been 
exirnir«cdms»eimjetexpcTirnentttodctenrar«bothtfc 
and the heat transfer rate. Inertia limits the rate of growth and 
collapse, just as for single bubbles, and the period increases as a 
result [Sursock and Duffey, 1978]. 

We postulate that the stability boundary is set by the net 
condensation rate in the plenum, corresponding to refilling being 
possible if the vapor condensation rate exceeds the vapor production 
rate. The condensation rate is governed by turbulent transport in the 
Squid, and the production rate is given by the evaporation due to the 
power input The following assumptions are relevant and invoked: 

1) the necessary and sufficient condition for effective 
stability is that condensation is equal to or exceeds 
evaporation; 

2) the maximum condensation rate is that given by turbulent 
renewal theory for a dynamic vapor-liquid interface or 
area; 

3) the quasi-steady or time-averaged heat balance gives a 
reasonable estimate for the stability limit; 

4) the known theoretical and experimental result that the 
condensation heat transfer coefficient is proportional to 
the subcooling [see e.g., the review by Aya and Nariai, 
1991]. 

From the theory of turbulent transport for the value of the 
condensation coefficient, h, [Sursock and Duffey, 1978], we have, 

QiKa, z&T? (15) 

where K is a constant, and the characteristic length, o, is 
condensation bubble size dependent The subcooling number for 
stability is therefore given by: 

N>\ if \*Q* (16) 

Thus, it can be seen that the stability limit is determined by the 
power, turbulent diffusrvity, e (of order 100 cmVsec for waterX and 
the length scale, 8; and also on the system or absolute pressure via 
the vapor density variation. It is a completely different Emit than 
those derived for density waves or static mstabiEty (Rohatgi and 
Duffey, 1994). Bi passing, we also note that in princqde any relevant 
and applicable condition for the condensation coefficient could be 
adopted. 

COMPARISONS AND CORRELATIONS TO DATA 
We now compare the models with the data of the last 30 years, 

commencing with Griffiths pioneering study. 

Analysis of Griffith f 1962) closed-end tube data 
Griffith boiled methanol and water in a dosed end tube with 

various lengths and diameters and finally plotted the "geysering" 
period versus a dimensional quantity. Griffith's experiments had no 
explicit subcooling, but the pressure rise due to void production 
would increase the pressure and hence give a small subcooling in the 
plenum. So the model theory should apply, but with zero loop or 
natural circulation flow, u, - O. Thus, we compare the data with the 
relation in Equation 7, i.e., 

The stability condition is then given by the inequality of the heat 
input and the condensation beat removal, 

Qzay{hMs) (14) 

' * " Q 
(17) 



Since the subcooling wai not known or measured, we take this as 
both small and a free parameter. A value of AT, of 1 degree is 
chosen to give the best comparison: the resulting correlation is 
shown in Figure 3. Despite the inherently large data scatter, the trend 
is clearly correct 
Grulhh [1962] developed a crfterkmfcfiroxpticfl of g e y ^ ^ 

a heated channel closed at the bottom and connected at the top to a 
tank. This criterion predicted the volume of the tank needed for 
instabffity based on compression of the free volume. However, this 
criterion over-predicted the volume as it did not consider the 
subcooled boiling. A modified criterion was derived taking into 
account the subcooled boiling model developed by Saha and Zuber, 
which may then be written as: 

r - p-

\Ac At) TL?x45k, 

where, V,, P,, ^ and Iq are tank volume, tank pressure, bubble 
velocity and thermal conductivity of the liquid, respectively. We 
find this expression provides a closer match with the Griffith data 
[1962] than the original expression which did not have the second 
term in the denominator. 

Corretanon of Chiang et al (1994) natural circulation loop data 
The data of Chiang et al (1993,1994) are for natural circulation 

when the inlet flow is finite and varied. They showed that the period 
was a strong function of the inlet flow, but with only a weak 
dependency on subcooling, which follows from Equation (6) and 
0). 

The effect of subcooling and heat flux on the period is given by 
Chiang et al to be, fort^ < 15s, 

tb(Q/ATs)* constant (19) 

which we can also test against their parallel channel natural 
circulation data. In Chiang et al's Figure 4 they plot the period 
versus the heat flux for a range of subcooiings from 5-20 K at 0.1 
MPs. We calculated the above ratio for all these data, and as shown 
in Figure 4, to within a factor of two, as suggested by Equation 19, 

tb(QIAh±T^25Q (20) 

We can now correlate Chiang et sis data with the same approach 
used to analyze Griffith's data using Equation 7, knowing their test 
section heated area and Kquid volume. We find that the results are 
predicted periods which are too short by about a factor of four, 
presumably because some of the liquid in the loop and in the very 
large plenum volume also participates in the fluid mixing and the 
heat-up. So we have the correlation, 

tb*49lCVeWs/Q, ( 2i) 

which is about a factor of four longer man in Griffith's case at low 
subcoofings. The range of Chiang et aTs periods is generally shorter 
(10-50 sees) compared to Griffith's 20-1500 sees. 
The overall correlation of these two data sets is shown in Figure 5 

where the least squares fit shows that Equation 21 is accurate to 
within about a factor of two for the data ranges of periods from 10-
1500 sees., subcoofings from 2 to 20 K, flow velocities from 0-
0.7m/s, and heat fluxes to 250 kW/m2. The major contributions to 
the uncertainty are the heated fluid volume in the loop and the 
subcooling of the re-entafcgwaier. An analysis which treats the full 
kx^ circulation is rieeded m order to oc4am a better fit' 
Now the fact that the data differs from theory by a factor of four 

means an empirical adjustment is necessary. A simple and useful 
correlation to their data is shown in Figure 6 to be t^-7/Uj in the 
units on the graph. 

Defining the stabiEtv boundary from Inada et al (19951 natural 
circulation data 
The stabiEty boundary waa determined by Inada et al using a large 
scale loop with parallel heated channels Although all the facility 
dimensions needed arc not given in their paper, the results clearly 
show long period oscillations (geysering) of order 150 seconds, 
which is much too long to be density waves or manomctric 
oscillation alone. 
The stability map was given in two figures [Figures 4-5, Ludaetal, 

1995]. They used both a straight fine and a curve to fit the 
boundary. We can utuaeEquatwn 17 whkh actually shows the 
effect of power and pressure (vapor density) is to vary the stability 
boundary as the square root and the inverse square root respectivery. 

Thus, in Figure 7 we compare to the predicted square root 
dependency on the power as given by Equation 17. A reasonable 
correlation for the stability boundary for Inada'j test [1995] is: 

N-l(QIAp (22) 



where we have introduced the heated area only because of the form 
of the original heat flux data plot*. We take thii aemt-theofetical 
expression to scale to other pressures using the predicted 
dependency as the square root of the vapor density p f*. Thus, 

JV,(P)e 
\ K 

( A*Z) 
(23) 

As shown in Figure 8, in agreement with the data trends, the 
unstable region shrinks significantly as pressure is increased. The 
agreement is not perfect, presumably because the effects of pressure 
on the vapor area and other parameters are not included. We note 
that the stability boundary in this analysis has no relation to flow 
regime changes other than the large vapor regions would not be 
present anyway at high subcooling numbers. Our result also 
explains why boiling systems are more stable at higher pressures. 

CONCLUSIONS 
Physically, the geysering period observed in natural and forced 

circulation is due mainly to the time to periodically bo3 the flawing 
ai6^runtEqittd,assrK^byChiangetaLThcavailab!edatafTom 
the Wat 30 years can be correlated on mat basis, including the effects 
of the subcooling and flow velocity. The onset of the instability we 
show to corresportl physically to the static instability Emit observed 
in existing subcooled flow tests. 

For periodic geysering to occur, vapor removal or condensation 
must be significant The stability boundary we show to be 
determined by the net balance between evaporation and 
condensation, and h dependent on system pressure as well as the 
turbulent diffusivity. We correlate the observed trends of increased 
stability with pressure using existing models for turbulent 
condensation. 
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NOMENCLATURE 

• Interfacial area for condensation 
j ^ Heated Arc* 
Aj FtowArea 
C Specific heat of liquid 
g Acceleration due to gravity 
h Heat Transfer Coefficient 
jj. Heat of vaporization 
k Thennai conductivity 
L Length 
N SubcoolingNumber 
w Phase Change Number 
p Perimeter 
p Pleasure 
q« HeatFlux 
Q TotalHeatlnput 
R. Whittfc*Jc<gan constant 
t Time period 
X Temperature 
n liquid Velocity 
V Volume 
v Bubble velocity 

greek 

e Turbulent diffurivity 
i Location of net vapor generation 
p Dcnsily 
5 Characteristic turbulent length scale for 

condensation 

Subscript 

b boiling inception 
e channel, heated 
g vapor, gravity 

a vapor rue 
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manufacturer, or otherwise does not necessarily constitute or imply its endorsement, recom
mendation, or favoring by the United States Government or any agency thereof. The views 
and opinions of authors expressed herein do not necessarily state or reflect those of the 
United States Government or any agency thereof. 
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FIGURE L SCHEMATIC OF CHANNEL INLET VELOCnY 
AND DIFFERENT TIME PERIODS i 

FIGURE 2. SCHEMATIC OF HEATED CHANNEL SYSTEM 
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FIGURE 3. CORRELATION OF HEATINGTIME WITH OBSERVED PERIOD OF OSCILLATIONS FOR 
GRIFFITH DATA (1962) 
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FIGURE 4. CONSTANT IN EQUATION 20 OBTAINED FROM DATA OF CHIANG ET AL (1992) 
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FIGURE 5. COMPARISON OF CALCULATED HEAT-UP TIME AND TIME PERIOD FOR 
GRIFFITH [1962] AND CHIANG [1992] DATA 

FIGURE 6. "COMPARISON OF CORRELATION WITH CHIANG'S DATA FOR 0.1MPA AND SUBCOOLINGS OF 
5,10,1SAND20K 
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FIGURE 7. COMPARISON OF CORRELATION FOR SUBCOOLING 
NUMBER WITH THE DATA [INADA, 1995] 

ao 

eo -

2 r 
-20 , 

1 / ' ' * ' — 

0.1 / 

JUP» . 
—— ErpcruMnt 
—T&WfT 

0.2 

Siabto/f 
^ # V * / ^ * 

— 

0.35 

«S37 -

J ^ ^ Stafela 
i . i . l . 

oF-rt^. 

£0 100 . ISO 
Haat Sux q* [M/V/m9] 

2C0 

FIGURE 8. EFFECT OF PRESSURE ON STABILITY. 
BOUNDARY DATA OF INADA ET AL (1995) 



DISCLAIMER 

This report was prepared as an account of work sponsored by an agency of the 
United States Government Neither the United States Government nor any agency 
thereof, nor any of their employees, makes any warranty, express or implied, or 
assumes any legal liability or responsibility for the accuracy, completeness, or use
fulness of any information, apparatus, product, or process disclosed, or represents 
that its use would not infringe privately owned rights. Reference herein to any spe
cific commercial product, process, or service by trade name, trademark, manufac
turer, or otherwise does not necessarily constitute or imply its endorsement, recom
mendation, or favoring by the United States Government or any agency thereof. 
The views and opinions of authors expressed herein do not necessarily state or 
reflect those of the United States Government or any agency thereof. 


