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I, INTRODUCTION AND SUMMARY

The recent change in PCS=G statepoint created a need for a better
understanding of how the condenser would operate at higher mercury flows
and lower condensing pressures. A mathematical model was formed (Reference
(1)) vhich identified the internal pressure characteristics of the condenser.
The model identified a po’éential problem with the condenser at the new PCS=G
statepoint due to internal pressure changes which were sufficient to cause
"choked flow". A complete map was then generated (Reference (2)) which
iden’cified the limits of the condenser and also permitted bypassing the
"ehoked flow" condition by designing with an increased number of condenser
tubes,

PCS=1 test data were researched to locate the few isolated cases
when the condenser had been operated at conditions at least approaching
the new PCS-G statepoint., It was found that a very large drop (40-50%)
in apparent heat transfer coefficient occurred as the condenser approached
the PCS=G condition. With both the test data and the mathematical analysis
indicating poor condéhser performance at the PCS-G statepoint, it was de-
cided to undertake a more sophisticated analysis of the condenser which
similtaneously analyzed the effects of pressure drop and heat transfer.

The earlier analysis used an assumed heat transfer distribution rather
than calculating the actual heat transfer. The findings of this recent
work are the subject of this memorandum.

The conclusions from the new mathematical model are as follows:

(1) The earlier model which has been used in the SNAP=8
progran is only adeciﬁa‘be over a limit_ed range of conditions. It is only
approximete even at the old PCS=G sbtatepoint and is completely inadequate
at the new PCS-G statepoint.

(2) The zero-pressure condition used to identify the "choked
flow" state in Reference (1) has been eliminated.. The pressure function



in the new model is continuous and always positive. Any effects due to
shock waves or other phenomena which may occur at the undefined "choked
flow" condition are not congidered in the analysis.

(3) A very subsbantial decrease in mercury pressure and tem-
perature can occur during the condensation processs thé decrease is followed
by at least a partial pressure and temperature recovery. The local tempera-
ture potential a.loné the condenser length decreagses and then increases in
conjunction with the local pressure and btemperature variations.

(4) The decrease in temperature potential makes the overall
"gpparent" heat transfer coefficient of the condenser low (by LO=50% at the
new PCS~G statepoint). The actual local heat transfer coefficient is
bagically constant; it is the temperature potential which has decreased.

(5) The original model should not be used in evaluating the
new PCS8=G stabepoint.

The new mathematical model mekes it possible to more
accurately evaluate the performance of the condenser. It is now possible
to predict the performance a“té any set of conditions. The model is also
directly applicable as a design tool if a condenser redesign is ever re-
quired. It is possible tb design a condenser without a degrading "apparent”
heat transfer coefficient and with an overall pressure recovery which would
allow the turbine to operate at a lower back pressure without compromising
nercury pump NPSH. A

IT. ORIGINAL MATHEMATICAL MODEL

The original mathematical model is based on the assumption of a
consbant mercury temperature during the condensation process. For a con-

stant mercury temperature, the condenser performance is defined by

9
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less than the actual local heat transfer coefficient. Therefore, when the
. original model is used to calculate the condenser performance, the model
predicts better performance than can actually occur. The model is only
correct when the operating conditions are such that a constant mercury con-
densing temperature exists.

TIT, NEW MATHEMATICAL MODEL

The new mathematical model takes into account the changing conditions
within the condenser., The changes in mercury pressure, temperature, quality,
pressure drop and NaK temperature and flow are all evaluated simultaneously.
The tobal heat transfer is the sum of the incremental contributions.

The pressure drop portion of the analysis was presented earlier in
Reference (1), The heat transfer analysis has been added to the pressure
drop analysis by removing tle vapor-quality profiles assumed in the pressure-
drop analysis and replacing them with calculated values of vapor quality.

The values of vapor quality are found by computing the heat transferred at
the local temperature potential,

The new model uses two computer programs which are shown in Figures
(2) and (3). Figure (2) is the principle program in the analysis., This
program evaluates the temperature, pressure, and vapor quality profiles for
any set of input conditions. A solution is reached when the input varisbles
result in a vapor quality distribution which just extends to the end of the
condensing length., Incompatible input data result in (1) complete conden-
sation before the interface position is reached, (2) incomplete condensation
in the availsable condensir;g length, or (3) a zero or negative mercury pressure.
The derivation of the analysis is presented in the Appendix,

The computer program of Figure (3) simply evaluates the effective
overall heat transfer coefficient for a given set of data., The input
data are the data found in the corresponding solution of the main program
(Figure (2)).



where Tsat = condensing temperature, p
Wy = mercury flow, 1b/hr
[
W, = DNaK flow, 1b/hr
A = heat of vaporization, BTU/1b
X = inlet quality
Cp = liquid mercury specific heat, BIU/Ib - °F
o
O, = NeK specific heat, BIU/Ib - °F
N
. s 2 o
U = overall heat transfer coefficient, BIU/hr-ft~ - F
A = condensing area, ft2
T, = NeK inlet temperature, p

Equation (1) has routinely been used throuchout the SNAP-8 program for com-
pubing the theoretical condensging temperature or, in a rearranged form, for
computing the overall heat transfer coefficient, U, from the test data. It
has always been assumed that U is essentially a constant for all conditions.
Typical mercury and NaK tempirature profiles for the original mathematical
model are shown schematically in Part (a), Figure (1).

For comparison, Parts (b) and (c) of Figure (1) show, schematically
what the condenser temperature profiles are actually like. Part (b) shows
the condenser performance at its design condition (old PCS-G statepoint),
The mercury temperabure does vary, but not too significantly. But in
Part (c), profiles are shown that are btypical of operation at bhe new
PCS=G statepoint. Here it is evident that the condensing temperature
varies appreciably, so that the average temperature potential is signifi-
cantly less than it would be if a constant mercury temperature existed, as
is assumed in the original mathematical model, Consequently, if the con-
denser is operated under circumstances where large mercury temperature

variations occur, the effective overall heat transfer coefficient is much



iv, COMPUTER RESULTS

The new mathematical model has been used to evaluate the quality
and ‘temperature distributions for a variety of condenser operating condi-
tions., Figures (4) through (9) show data at a mercury flow of 12000 1b/hr
for condensing lengths of 15, 25, and 35 in. at condensing pressures of
20 psia and 8 psia. At the'high condensing pressure (20 psia) the mercury
temperature remains virtually constant during the condensation process.

For these conditions, the original mathematical model would have ‘been ade-
quate, However, when the condensing pressure is dropped to the lower value
(8 psia) the variations in mercury temperature become pronounced., Now
condensing length becomes important., At low condensing lengths, there is
an appreicé.ble rise in mercury temperature during the condensation process,
whereas at long condensing lengths the mercury tempeirature drops sharply.
These profiles clearly show the variations of temperature potential that
can occur.

Figures (10) through (15) are the same as Figures (4) through (9)
except the mercury flow is 15000 l'b/hr, typical of the new PCS=G statepoint,
The same remarks apply to these data at 15000 1b/hr as at 12000 1b/hr,
except that the trends are more pronounced. At the new PCS-G statepoint
(15000 1b/nr mercury, 8 psia condensing pressure, 30 in. condensing length)
the effective overall heat transfer coefficient (based on the original
model) is LO-50% less then the local coefficient, all because of the loss
of temperature potential. Obviously, the original mathematical model
should not be used as a design tool in PCS-G analysis as long as the state-
point requires the condenser to be so far off design.

V. COMPARISON WITH TEST DATA

Part of the motivation for developing a more extensive condenser
model was the observation that the PCS-l test data indicated an effective



condenser overall heat transfer coefficient that dropped off markedly at

some test conditions. It was observed that the poor condenser performance
always matched those operating conditions for which a "choked flow" phenomenon
was most likely. The new model has now substantiated the trends observed in
the test data.

Figures (16) and (17) present values of effective overall heat transfer
coefficient as calculated with the new model. Enclosure (16) is for a mercury
flow of 12000 1b/hr and Enclosure (17) is for a mercury flow of 15000 1b/hr.
The data show & large decline in the coefficlent as condensing pressure is
lowered, provided a large condensing length is used. For short condensing
lengths, little change occurs.

PCS-1 test data are included in Figure (16) for comparison. The
agreement with the new model is reasonably good.

Another very significant phenomenon has been observed in recent PCS-1
tésting. The condensef has been analyzed during the early portion of a run
before the mercury flow and condensing pressure were ralsed to their nominal
values. Specifically, the mercury flow was 6000 lb/hr, and the condensing
pressure was 2.0 psia. The unexpected phenomenon that was observed was
that there was no indicated NeK temperature profile. The entire series of
NaK thermocouples (which cover the condenser length from the bottom up to
within 10 in. of the mercury inlet) all recorded the NaK inlet temperature
even though the interface was known to be near the bottom of the condenser.
This means that the majority of the condenser was not in use;‘and the entire
condensation process was occurring in the top 10 in., or less, of the
condenser. Probably this is the truest example of actual "choked flow" that
has been experienced. The prevailing mercury and NaK conditions should have
resulted in a condensing pressure of much less than 2.0 psia;'but instead,
the condensation occurred at a higher temperature (and pressure) in a

shorter length, leaving the majority of the condenser unused.

-



A future imbrovement in the mathematical model would be to identify
the exact conditions which determine whether the condenser will have a large
unused area (as above) or whether it will simply operate at a lower condensing
pressure with reduced temperature potential, but using the entire condensing
length. It appears that a gross loss of condensing area 1s restricted to
operation at very low condensing pressures (perhaps 2 psia). PCS-1 operation
at condensing pressures as low as 840 psia has shown no loss of condensing
area.

An example of thg loss of condensing area that occurs at very low
condensing pressure is shown in Figure (18). The data show operation at
6000 lb/hr mercury flow at a condensing pressure of 2.0 psia. The PCS-1
data show a completely flat NaK temperature profile with an available
condensing length of 35 inches. The mathematical model shows the same
results; the entire condensation is shown in the first three inches of the
condenser.

It appears that the new condenser model is reasonably accurate and
provides a new basis for predicting condenser performance.

Forthcoming tests in PCS-1 are specifically planned which evaluate
the condenser at conditions which are far off-design. Further correlation
of test data with the new model will be accomplished following the PCS-1

testing.
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APPENDIX A

CONDENSER PERFORMANCE ANALYSIS



Appendix A - Condenser Performance Analysis

The following parameters are used in the analysis:

Name

Al
A2
ACOND1
ACOND2

AVAP
CONDL
DELTA
DELTAA
DELTAQ,
DELTAX
DIST
DLOCAL
DPDLG
DPDLTP
DPENT
DPM
DPTM
DPTOT
DPTP
DPTTP
FFAC
FHGTOT

Description

Tube cross-sectional area at entrance to incremental

length

Tube cross-sectional area at exit to incremental

length

Heat transfer area down to entrance to incremental

length

Heat transfer area down to exlit from incremental

length

Cross-sectional area of tube available to vapor
Condensing length

Incremental length

Heat transfer area of incremental area

Heat transfer of incremental length

Quality change in incremental length

Distance along tu_ibe measured from mercury inlet
Tocal dlameter of single tube

Vapor phase pressure gradient

Two phase i)ressu:re gradient

Condenser entrance pressure drop

Momenbum pressure drop

Total momentum pressure drop

Total pressure drop

Two phase pressure drop

Total two phase pressure drop

Friction factor

Total mercury flow

Units

. 2

in
psifin
psifin
psi
psi
psi
psi

psi

psi

1b/hr



Name

FNAK
HVAP

PINLET
PIOCAL
PM1A

QUAL
QUATIN
RENUM
RHOGAS
RHOLIQ
TINLET
TLOCAL
TNAK
TNAKTN
TNAKO
ULOCAL

VELZ2
VISLIQ
VISVAP
VVAP

‘ Description
NaK flow
Heat of vaporization
Lockhart-Martinelll parameter
Tnlet vapor pressure
Local vapor pressure

Pressure equivalent of momentum X cross-sectional
area at enbrance to increment length

Pressure equivalent of momentum X cross-sectional
ares abt exit of increment length

Vapor quality

Inlet quality

Reynolds nunber

Vapor density

Liguid density

Inlet vapor temperature

Local vapor hemperature

Local NaK temperature

NeK inlet temperature

NaK outlet temperature .

Local heat transfer coefficient
Condenser inlet wvapor velocity
Vapo'r_ velocity a&,f‘ter expension into inlet manifold
Liquid viscosity

Vapor viscosity

Vepor velocity

Lockhart-Martinelli two-phase flow modulus for
turbulent gas, turbulent liquid

A-2

L

BT/~ £ 2= OF
in/sec

in/sec
1b/ft=hr
Ib/fh=hr

in/sec



. The following relationships were developed to define geometrical
and ﬂuid properties:

ACOND = 0,70 (DIST) - 0,00507 (DISI‘)2 A=l
DLOCAL = 0,460 - 0,0065 DIST A=2
HVAP = 128,9 - 0,00825 (TLOCAL - 400) A=3
PLOCAL '
RHOGAS = 0,01085 (T’LOC AL) A=l
RHOLIQ = 0.463 - 4.92 x 10> (TLOCAL - 1060)  A=5
VISVAP = 0,132 + 2,2 x 10‘h (TLOCAL - 1060) A=6
VISLIQ = 2.09 - 1.2 x 1073 (TLOCAL - 1060) A=T
_ 13050 _
TIOCAL = 5997w In PLOCAL A=8
The cross-sectional area available to the vapor is given by:
| T onooa)?
_ DLOCAL
AVAP T 1, HOGAS (I - GUAL, A~9
RHOLIQ QUAL

The vapor velocity is given by:

FHGTOT x QUAL

- VVAP = 3500 % 73 x AVAD % RHOGAS

A=10

The vapor quality is a function of the condenser heat transfer. The
quality is determined at each increment by computing the heat transfer re~
sulting from the temperature potential at that increment. The sbarting NakK
temperature is the NaK outlet temperature which is given by:

FHGTOT

TNAKO = (O 21xF1\T AP x QUAL

A=11
+ 0.0325 TINLET=-TN. - TNAKIN

A-3



The heat transferred in an increment is given by:
DELTAQ =  ULOCAL x DELTAA ([‘LOCAL - TNAK A=12
where DELTAA = ACOND2 -~ ACONDL A=13

The change in NeK temperature from one increment to the next is:

DELTAQ -
The change in guality from one increment to the next is:

. _  DELTAQ
DELTAX ~  FHCTOT x HVAP A-15

The mercury bemperature at each increment is the saturation tempera-
ture at the local pressure. The pressure is found by using the Lockhart-
Martinelli two~phase flow theory. The theory is used by first determining
the pressure drop of the vapor as if it flowed alone in the tube. The
pressure gradient for the vapor is given by:

2 x FRAC(VVAP) RHOGAS
DPDLG = 538G x DLOCAL, A=16
where FFAC = %0.2 A=1T7
_ 3600 x 12 x RHOGAS x VVAP x DLOCAL
RENUM = ST A=18

The. two phase pressure gradient is related to the vapor phase pressure
gradient by:

DEDLTP = (PHI)® DPDLG A=19

The Lockhart-Martinelll parameter, PHI, is a function of the flow
regime, quality, and fluid properties. The parameter PHI can be expressed

ags
T = 1.30 x 5.82 (¥TT) - 3.20 (x17)° + 0.283 (xr7)>
A=20

where XTT,1s the flow modulus for turbulent gas and turbulent
liquid, .



The flow modulus is defined as:

_ ¢l -~ QUAL\0.9 ,RHOGAS\0.5 VISLIQN0,.1 Aep
XIT = Cgms ) o)~ e | A

\  The pressure change due to momenbum change is a function of the
assumption made regarding the liquid velocity. The best overall condenser
pressure drop correlation has been found to occur when the liquid veloeity
is agsumed to be zero., For zero liquid velocity, the pressure change due
to momentum is:

FHGTOT x A(VVAP x QUAL)

366 x T3 x 3600 (Al + A2)
2

DPM A=22

An additional pressure loss in the condenser occurs at the entrance.
The entering flow expands into the inlet manifold area and then enters the

individual tubes. The pressure loss is:
DPENT = gﬁggggg (VELL - VEI2)Z + 0.5 (VELE)%
-3
2,09 x 10~ FHGTOT
where VELL | E0GAS A=2k
VEL2 = T.23 x 10“6 FHGTOT A=25
RHOGAS

COMPUTER PROGRAM

The foregoing analysis has been programmed for computer solution.
The program is given in Figure A=l. The required input to the program is:

1. Total ,niercu:cy flow FHGTOT
2. Condensing length . CONDL

3. Inlet pressure PINLET
4, Increment length’ DELTA
5. NaK flow FNAK

b NaK inlet temperature ~ TNAKIN
Te ILocal heat transfer coefficient ULOCAL

ot
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