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ABSTRACT

Two types of transient tests were employed to model a one-exit nozzle
LMFBR outlet plenum. Water was used as a test fluid in the simulation of
constant flowrates, Transient Overpower (TOP) conditions. In the first
test, simulated fuel flow was 85% and blanket flow was 15%, whereas in the
second test, the fuel flow was 100%. This allowed the assessment of the
mitigating effects of blanket flow upon the exit nozzle temperature trans—
ient. The flow field was clearly three-dimensional, and a less active,
though not stagnant, region was observed diametrically opposite the exit
nozzle. During steady state, oscillations above the fuel-blanket interface
were found to be small. This is attributed to the existence ahove the
reactor core of a recirculating flow field, which served as an effective
mixing agent. A simple lumped-parameter model, EXIT1, was developed to
simulate TOP transient conditions for the test with both fuel and blanket
flows. The predicted temperature profiles for various regions in the plenum
were in good agreement with the experimental profiles, except for the region
immediately above the reactor blanket. In devising the computer model, the
temperature in this region was assumed to remain constant throughout the
transient. However, this constant temperature did not prevail owing to the
mixing that occurred in this region as a result of the recirculating flow
field above the reactor core. The computer model can be readily modified to
take into account the mixing due to this recirculation.

In the test without blanket flow, good agreement between predictions and

data was again obtained. In comparing results of the two tests, it was found
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. that the blanket flow had only a small mitigating influence on the transient
at the exit nozzle. The computer model can easily be extrapolated to reactor

conditions.
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1.0 INTRODUCTION

Mixing performance of outlet plenums 1is important to LMFBR designers for
both steady state and transient conditions. Reactor power transients can
result in changing flow patterns and temperature fields within the outlet
plenum. The exit nozzles, pumps, intermediate heat exchangers, and other
downstream components will be subjected to the resultant temperature changes.
If poor mixing of ambient sodium within the plenum and sodium leaving the
reactor core occurs, a severe thermal shock to downstream components is
possible. Another area of interest to LMFBR designers is concerned with
steady state temperature oscillations near the junction of blanket and fuel
flows. Whenever two jets of different temperatures collide, thermal oscil-
lations in the fluid are transported downstream. If the temperature difference
is great enough, thermal fatigue and cracking can develop in any exposed
structure. Both of these mixing processes are investigated here for a one-
outlet nozzle LMFBR system.

Several outlet plenum mixing studies have been performed(l“”) in which it
has been shown that small-scale water tests can accurately simulate large
sodium outlet plenums. The balance between density changes and inertia deter-
mine the resulting flow pattern. For Transient Overpower (TOP) conditioms,
good mixing would be expected in the outlet plemum. In this case, the core
outlet flow would be buoyant and would rise into the bulk of the ambient fluid
and mix. However, if a stagnant region, or a preferred flow path within the
plenum exists, good transient mixing is not assured. In an effort to simulate
these conditions, a small-scale single-outlet nozzle plenum was fabricated and
tested, Fig. 1. Although no actual reactor of the type simulated here exists,
by employing similitude, the results obtained in these studies are applicable
to several different size systems. At 1/4 scale these results apply to a LMFBR
with a flow of 0.85 m3/sec (13500 gpm) and a temperature rise of 83°C (150°F).
Such a reactor would have a power of 75 MWt, but a more common temperature rise
across the core is 150°C (270°F) with a reactor power of 135 MWt.

In the study of the one-exit nozzle plenum, the specific transient conditions
to be simulated were as follows. The fuel flow temperature increases from 750°F
to 1175°F in 15 seconds, corresponding to control rod withdrawal in the hypothe-

tical reactor. The reactor is then scrammed and the fuel flow cools to 600°F in



4 seconds. A constant fuel flow of 11695 gpm is maintained throughout the
transient. During this entire period, a constant blanket flow of 1805 gpm
at 750°F is maintained.

1.1 Similitude Considerations

The simulation testing was done at 1/4 scale with water used as the
test fluid. Earlier work at ANL has shown that water can be used as a test
fluid for simulation studies of sodium under conditions of LMFBR operation
provided that certain criteria of similitude are met.(1-3)  The principal
criterionwas found to involve the ratio of the Froude number for rhe model
to that for the prototype.3 To achieve similitude, the ratio of these two
Froude numbers must equal unity. Consideration of the Reynolds number indi-
cated that similitude requires only that turbulent flows in both the model and
prototype are present.? In addition, it was found that the Prandtl number,
under conditions of turbulent flow in the two systems, has a negligible effect
on similitude.*

In the present study, the criterion of turbulent flow was met by
maintaining a Reynolds number on the order of 10°. Thus, the principal concern
in achieving similitude was to ensure the equality of the Froude numbers for
the two systems.

A modified Froude number is used in this study and is defined as:

Fr =-Ag%&

pu

where

Ap = difference in density between fuel flow and blanket flow

acceleration due to gravity

a characteristic length

density of fuel flow

& V=
]

velocity of fuel flow.

To achieve similitude, the Froude number ratio, Frr, for model and
prototype must equal unity:
_ Apr Qr Br

Fr = Fr (model) =1 =
r TFr (prototype) o ui




where the subscript r denotes ratio. By rearranging terms:

2 =
P, ul Apr lr (1la)

and

u_ = Q/02 (1b)

where ér is the volumetric flowrate ratioc. Since the length ratio is equal to
1/4 and the density ratio is 1.18 for the water/sodium system,

Q = a3/ )1/2 (ap )12

0.0288 (Apr)lfz (2)

The final ratio that needs to be considered for the simulation is the

time ratio, which is defined as:

. duration of an event in the model
r duration of the same event in the prototype

t
= 0378
t, = 2r/Qr (3)

From the foregoing, it is evident that for & given set of high and
low prototype transient temperatures, the solution of Apr defines all the other
parameters required for the simulation study. The high and low temperatures of
the fuel flow during the transient are 1175 and 600°F. For maximal utilization
of the model, the corresponding high and low water temperatures are 185 and 70°F.
The blanket flow during the transient remains constant at 750°F.

The Apr ratio is defined as:

(pb - pf) model

Ap = —
Pr (pb - pf) prototype

with the subscripts b and f denoting blanket and fuel flow, respectively.
For proper simulation of fuel flow at 1175°F and blanket flow at

750°F, the preceding equation becomes:
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1<)
} pHZO(blanket) -~ Pa2g (185°%)

-] -]
Oyg (750°F) - PNa (1175°F)

Ap

o (blanket) - 60.47
H20
= (4)

3.33

) Similarly, for proper simulation of fuel flow at 600°F and blanket flow at
750°F, the equation becomes:

{(blanket) =- (70°F)

_ P20 Pr20
r © o
Pya (750°F) = oy (600°F)

Ap

o (blanket) - 62.26
H20
= | (5)
-1.25

The sodium densities used in Egqs. 4 and 5 were obtained from the
following linear approximation of the change in sodium density with temperature:

pyy = ~0-008324 * T + 59.51 (T = °F) (6)

The water densities used in Eqs. 4 and 5 were taken from the plot of water
densities vs. temperature shown in Fig. 2. A linear approximation of this

plot was obtained by using the two endpoints of the figure:

at 185°F, p,,q = 60.47 lbm/ft3
at 70°F, oy, = 62.26 lbm/ft3
The derived equation is:
-0.0156 * T + 63.36 ®))

P20 =



where T is the temperature in °F.
To obtain the density of the blanket flow in the model, Eqs. 4 and 5

are set equal to one another and solved:

- 3
P20 {(blanket) 61.77 lbm/ft
From Eq. 7, the temperature corresponding to a density of 61.77 lbm/ft3 is
101.4° F. This is the temperature of the blanket flow to be used in the model.

To obtain the change in the density difference ratio, Apr, the value

of P20 (blanket) is substituted in either Eq. 4 or 5:
Apr = (0.3904
By substituting this value in Eq. 2, the flowrate ratio, ér’ is
obtained:

4, = 0.0288 (8p )1/? = 0.0180

Since the fuel and blanket flowrates in the prototype are knowm, the flowrates

to be used in the model can now be calculated:

Fuel Qm = ép * ér 11,695 * 0.0180 = 210.5 gpm

.=.*. % =
Blanket Qm Qp Qr 1,805 *# 0.0180 = 32.5 gpm
where the subscripts m and p denote model and prototype, respectively. These
flowrates are well within the capabilities of the test facility.
Finally, the solution of Eq. 3 sets the time ratio:
= 23/0 =
t. 2r/Q 0.86

Thus, an event that occurs in one second in the prototype reactor would occur

in 0.86 seconds in the model.
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2.0 EXPERIMENT

2.1 Test Section
The test section consisted of a 1/4~scale outlet plenum model with

a single exit nmozzle, Fig. 1. The ocutlet plenum was housed in a pressure
vessel that is part of the test facility described later in subsection 2.4.
The reactor core comprised 115 fuel elements and 365 blanket elements. A
central structure, equivalent in area to that of seven fuel elements, was
included in the simulated core. A schematic of the outlet plenum is shown
in Fig. 3. The plate used to simulate the core (with the central structure
removed) is shown in Fig. 4.

Blanket flow enters through &ix hoses, Fig. 5, and flows upward through
an anular passage surrounding the simulated core. The position of contact
between the hexagonal separator and the simulated core may be seen in Fig. 6.

Preliminary tests showed that backward flow had occurred through the
blanket region of the core plate. This problem was attributed to an insuf-
ficient pressure drop across the blanket region. This allowed circulating
water above the core plate to flow downward through the holes in the blanket
region. To avoid this problem, stoppers with a single 3-mil hole were placed
in the holes in the blanket region. The stoppers were placed on the upstream
side of the core plate and penetrated roughly 1/16 inch into the holes. Al-
though the stoppers served to increase the pressure drop across the blanket
region, they did not appreciably affect the flow velocity on the downstream
side. The stoppers can be seen in Fig. 4. (The "halo" around the blanket
region is a reflection of part of the core plate by the stainless steel wall
of the core barrel.)

2.2 Instruments

The instruments within the test section consisted of 59 thermocouples.
Other instruments used in the experiment were three turbine flowmeters and
three pressure transducers. All the data were recorded with a digital data
acquisition system (a Hewlett Packard 21MX machine).

All of the thermocouples were chromel-constantan, 10-mil wire, with
a time response of ~ 10 ms. The accuracy of the thermocouples was found to be

+ 1°C.
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The three turbine flowmeters were found to be accurate within + 5%.

The three pressure transducers were calibrated prior to the tests,
with the computer providing a calibration curve for each instrument. These
curves were stored for use during the test.

2.3 Thermocouple Locations

The locations of the 59 thermocouples are given in Table 1. The

locations of 52 of these thermocouples are shown in Fig. 7. (Seven of the

59 thermocouples were located in the hexagonal separator.) Thermocouple 58
was placed inside the core plate. Thermocouple 43 was placed at the junction
of the fuel and blanket. Three thermocouples (37, 39, and 41) were located
near the exit nozzle, and three others (38, 40, and 41) were placed inside the
nozzle, The location of all the thermocouples was fixed throughout the ex-
periment.

2.4 Test Facility
The facility is shown schematically in Fig. 8. The test loop consists

of a 2000-gallon tank, a 320-gallon tank and two 80-gallon hot-water heaters.
The two larger vessels are made of stainless steel and are connected to the
pressure vessel mainly by 4-in. copper piping. The hot-water heaters are
connected to the pressure vessel mainly by l-in. piping. The test section can
be viewed from above through a clear Lexan top and from the front through a
window that is also constructed of Lexan. Fuel flowrates of up to 300 gpm and
blanket temperatures of 60 gpm can be attained.

The digital acquisition system is used to activate all of the electric
and pneumatic valves on the test facility.

Figure 9 is a photograph of a portion of the facility and shows the
pressure vessel, the 2000-gallon tank, and some of the valves and piping.

2.5 Procedure

Two types of tests were carried out. In the first type, in which
transient overpower conditions were simulated using both fuel and blanket flows,
the general procedure was as follows. The three tanks were filled with water
and brought to the desired temperature: 70°F for the 2000-gallon tank, 180°F
for the 320-gallon tank, and 101°F for the two hot-water tanks. The water in
these reservoirs was recirculated to ensure uniform conditions. After the

recirculation had been completed, the test procedure was initiated by using the



computer to execute the timetable shown in Table 2. First, a steady state
condition was established, with the blanket flow being supplied by the two
hot-water heaters, and the fuel flow, by mixing water from the two large
tanks. WNext, the transient was begun by simultaneously opening the bypass
valve while closing the 4-in valve (Fig. 8). This was immediately followed
by the simultaneous opening of the 4~in. valve and the closing of the 3-in.
valve. The 4~in. valve was kept open for about one minute to ensure the
attalmment of a steady state condition. The volumetric flowrates required
for the transient are shown in Fig. 10.

As previously indicated, the specific conditions required to simu~
late TOP conditions are set by the need to achieve a Froude number ratio of
unity. The simulated transient involves increasing the fuel temperature from
750°F to 1175°F in 15 seconds and then decreasing the temperature to 600°F
in 4 seconds. The conditions required for the simulation of this transient
in the model are shown in Fig. 11.

To assess possible ameliorating effects of the blanket flow, a second
simulation of the temperature transient was carried out with fuel flow only,
i.e., without blanket flow.

Dye was injected during some of the steady state tests to gain visual
perception of the flow patterms. Movies were taken of these patterns to allow

further study.



3.0 RESULTS

For purposes of analysis, the outlet plenum was divided into nine
different volumes as shown in Fig. 12. Hence, the data obtained in the
study are presented in terms of these nine volumes. The analysis of
the data, which is described in Section 4, refers to these nine volumes
and the temperature calculated for each case. Thus, Figs. 13-32 not only
show the experimental results, but also the calculated results. The

temperatures given in these figures have been normalized as follows:

T-T
c

Th - Tc

T' =

where T is the measured temperature, and TC and Th are, respectively, the
lowest and highest temperatures attained during the transient.

In the test with fuel and blanket flows, an effort was made to simulate
a constant blanket temperature of 750°F. In the simulation, however, the
blanket temperature was 680°F and rising toward 690°F.

Thus, the data are normalized from 0.0 to 1.0, with the former representing
the reactor core inlet temperature, and the latter representing the peak fuel
outlet temperature. Hence, in order to relate data obtained here to various
TOP conditions, one can make a direct comparison for various temperature changes.
Also the abscissa for all the data presented here is for experimental time and,
in order to relate to reactor time, one must apply the time ratio. This ratio

is defined in Eq. 3 and for 1/4-scale it would be 0.86,

3.1 Steady State Temperature Oscillations

Several thermocouples (No. 15, 17, 20, 21, and 23) were located above

the blanket region, as may be seen in Fig. 7. Data obtained at these locations
revealed only very limited temperature fluctuations. It is possible, however,
that some significant oscillations may have occurred at locations other than
those being monitored. The lack of significant fluctuations in the region

above the blanket is most likely related to the relative velocities of the
fuel and blanket flows. The velocity of the fuel flow is 16 times greater than
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that of the blanket flow, and, hence, the fuel flow totally dominates the
flow field. A recirculating flow field above the reactor core apparently
results in highly effective mixing. The strength of the recirculating flow
was demonstrated in the preliminary runs that indicated the occurence of
backward flow through the blanket region (see Section 2.1).

3.2 Experimental Results of Tests with Fuel and Blanket Flows

0f the several tests that were carried out with both fuel and blanket
flows, the test that most closely simulated the desired transient yielded the
data set SR15. These data are shown in Figs. 13-22, where percent normalized
temperature is plotted against time. Figure 13 shows the simulated transient
temperature profile at the plenum inlet. Figures 14, 15, and 16 show the
simulated transient temperature profiles for volumes V1, V2, and V3, respec-
tively. Figures 17 and 18 show the temperature profiles for volumes V41 and
V4A; Figs. 19 and 20, for volumes V5I and V5A; and Figs. 21 and 22, for volumes
V6I and V6A.

3.3 Experimental Results of Test with Fuel Flow Only
In this test, only fuel flow was used. The blanket flow was omitted

to allow better assessment of the mitigating effects of blanket flow. The
results of this test are shown in Figs. 23-32. Figure 23 shows the simulated
transient temperature profile at the plenum inlet. Figures 24, 25, and 26

show the transient temperature profiles for volumes V1, V2, and V3, respectively.
Figures 27 and 28 show the temperature profiles for volumes V4I and V4A; Figs. 29
and 30, for volumes V5I and V53A; and Figs. 31 and 32, for volumes V6I and V6A.
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4.0 ANALYSIS

4.1 Computer Model

A simple one-dimensional computer model, EXITLl, was devised to
simulate the temperature transient in the one-exit outlet plenum. The
first step in the modeling procedure was to divide the outlet plenum into
a number of volumes, based on uniformity of temperature. To locate volumes
of uniform temperature, the data from SR15 were used. Six such volumes were
located, and three of these were divided further into active and inactive
regions to take into account differences in mixing in the region near the
nozzle and the region diametrically opposite. In the active regions, the
flowrates were high; in the inactive regions, the flowrates were low, but
no stagnant region was observed. Visual inspection of the flow pattern
through the Lexan top of the pressure vessel indicated that a good approxi-
mation would result by assigning 30% of the three divided volumes to the
inactive region and 70% to the active region. The choice of the nine volumes
and their locations dictated the flow pattern used in the computer model.
Computer trials indicated that the best simulation of the temperature transient
would be achieved by assigning 20% of the total flow to the inactive region
and 80% to the active region for each of the three volumes. The nine volumes
are shown in Fig. 12,

For each of these volumes, an energy-balance equation was written,

based on the first law of thermodynamics:
o . _ dEv
ZEin - onut T odt

In writing the equations, it was assumed that all energy transfers

are due to mass transfer:
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where Tb and Tf are the temperatures of the blanket and fuel flows, respec-

tively, and ﬁb and if are the respective mass flowrates for the blanket and

fuel flows. Thus the energy equation for volume Vi may be written as:

m, Cp Tb + m, Cp T, - (mb + mf) Cp Ti =m, Cp ATi/At

f

Assuming a constant specific heat at constant pressure, Cp, the equation

becomes:

m, (T,

-T) +m (T. - T,)
i
i £ £ At = AT

mi i

and, since

W, = Q Py, and mg = Qg P

Q, (py, Ty = Py Tg) + Qg (o Tp =0y T
At = AT,

ViPy

where éb and df represent the volumetric flowrates of the blanket and fuel
flows; and Prs Pgs and ey are the densities of the fluid when its temperatures
are Tb, Tf, and Ti’ respectively.

In writing the equations for the nine selected volumes, the mixing
flows shown in Fig. 33 were adopted. The fuel flow enters volume V1 and mixes
perfectly with the fluid already in V1i. The blanket flow enters volume V2
and mixes perfectly with the fluid in V2. All of volume V1 enters V3. Volume
V2, on the other hand, mixes with V1, V3, V4I, V4A, V5I, and V5A. Volume V3
mixes with V4I and V4A. Cross-flow mixing occurs between V5I and V5A and
between V6I and V6A, but not between V41 and V4A.

The nine equations based on this flow pattern are listed in Appendix A.
The computer model, EXITL, is given in Appendix B.

To simulate the temperature profiles obtained experimentally, data from

SR15 were used in obtaining input for the computer model. Linear approximations
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of the SR15 profile of the temperature transient were used as input to EXIT1

for Tin'

Similar approximations were carried out for the total flow, GPS,
and the fuel flow, GPSC. Blanket flow, GPSE was constant at 32.5 gpm.

4.2 Discussion of Results

Very good agreement between prediction and data can be seen in most
of the figures. It should be noted that the exit mnozzle transient is the
most important transient as it determines the temperature transient to com-~
ponents downstream of the plenum. In both tests, SR15 and SR16, good agreement
can be seen. The computer code EXIT1l was based upon actual flow observations
and, thus, fundamentally describes the flow conditions. However, the simpli-
city of the code does not allow for some of the complexities of the mixing
processes. The largest deficiency is in the handling of V2. 1In this case,
the assumed flow enters from the blanket assemblies only. In the real case,

a recirculating region exists and flow from V4A and V41 also enters V2. The
reverse flow through the core plate testifies to this. Currently EXIT1 does
not allow recirculation, but if further development is dictated, this feature
could be included. Figure 15 shows data and prediction for V2. A nearly
constant temperature for V2 is predicted resulting from a nearly constant
blanket temperature. However, changes were measured which probably resulted
from the recirculating flow field. Also shown are strong temperature fluctu-
ations of approximately 35% of the total TOP temperature change at about the
time the TOP occurred in Vi. Part of these fluctuations resulted from
pressure pulses being propagated downstream. These pressure changes, Fig. 34,
may have caused a bulging of Region 1 into Region 2 with resulting temperature
changes. 1t should be noted that these pressure fluctuations are a result of
the experimental method employed in this test and are not prototypic of any
reactor. Also shown in Fig. 34 is the measured total flowrate which was used
in the computer code as input data.

Prediction and data for V2 during test SR18 are shown in Fig. 25 even
though there was no blanket flow (this figure is included for completeness) .

& constant temperature is predicted and again a recirculating flow from V4T

and V4A enters volume V2 and alters its temperature.
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5.0 CONCLUSIONS

Steady state temperature oscillations were measured above the fuel-
blanket interface and very small fluctuations were found. It was observed
during flow visualization that a recirculating flow field above the core
existed and acted as an effective mixing agent. Significant temperature
fluctuations may exist at locations which were not monitored, such as near
the top of the core barrel. At this location, hot recirculating fluid could
collide with cold blanket flow.

Comparison of SR15 (fuel and blanket flow) and SR18 (fuel flow only)
reveals the influence of blanket flow upon the mixing process. For the
case simulated here, blanket flow had a small mitigating influence because
it amounted to only 1/7 of the fuel flow. Data shown in Fig. 22 when related
to a 75 MWt plant would have a 32.7°F/sec upramp and a 53.9°F/sec downramp
for the TOP conditions described in Section 1. It should be noted that the
actual TOP simulated was slightly more severe than the desired transient.

For the case of no blanket flow, Fig. 32, a simulated upramp of 37°F/sec and
a downramp of 59.7°F/sec was obtained.

The geometry tested here had no mixing enhancement devices. If a baffle
were installed near the core barrel, the ratio of active to inactive flow could
be changed to provide more uniform mixing. This would result in a milder exit
transient than currently reported.

Since both cases were predicted with good accuracy by EXIT1l, some confidence
in this as a modeling tool can be assumed. However, incorporation of a recircu-
lating region is recommended. As a first attempt, something like 407 of the flow
from V4A and V4I could be allowed to enter V2. This modification would allow V2

to have some response and also to reduce the temperature rise in V3 and V4.
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TABLE 1. Locations of Thermocouples

WORD(TC) CHANNEL DESCRIPTION
1 *
o ALL DIMENSIONS ARE PROTOTYPIC
3 EBRE=SRM
4 115 CORE HOLESs, 365 BLANKET HOLES
5 CENTER TEST VEHWICLE COVERS 7 CORE HOLES
6 NO BAFFLES
7 ONE EXIT NOZZLEe LOCATED AT p DEGREES
8 AL ANGLES ARE As MARKED ON CORE BARREL
9 *
19 ¥
9 5
i2 200 *
13 202 *
1y 2viy .
5 b
16 19 o
17 212 %
i8 214 *
9 6
20 20 GPMT=100-
21 222 P BCwCALCULATED TOTAL BRINE FLOW
22 224 MICROSWITCH
23 é 50 « 500 GPM TURBINE = COLD WATER
24 23p 5 = 57 GPM TURBINE = BLANKET
. 2s 232 VELOCITY PROBE #1
6 4 VELOCITY PROBE #2
27 236 DPT (LEAKAGE FLOW)
2l 1) 24 CENTER 1@1e¢6 CMs HEIGHT 221s@ CMs AT @
2ol 2) 2 CENTER 1118 CM» HEIGHT 2808+7 CMs AT 07
380 3 2hy CE TER 1118 CMs HEIGHT 1880 CMs, AT @°
310 4 2ug CENTEP 1@1¢6 CMs» HETGHT 2188 CMs AT @7
20 5, 50 CENTER “ie~ CMs HEIGHT 1905 CMs» AT @°
33( 6) 252 i Gles4 CMs HEIGHT 84¢5 (M
340 7 25y CENTER 9lesty HEIGHT 2218 CM, AT @'
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Locations of Thermocouples {(Contd.)
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APPERDIX A

ENERGY ANALYSIS FOR PROGRAM EXIT1

The equations used in devising the computer program had as their basis
the first law of thermodynamics:
@ ® _ dE
L‘:Ein - ZEout T odt
The nine equations for the nine volumes into which the outlet plenum was

divided were as follows:

He

At [’}f (PraTry - P1T1)

ATy =
vl o
+ -V~B .l(pBTB - plTl)} Vipy
&.f IN
.lmB TB
mB T2
o st ¥, (TBpB - szz)
V2 2 Vop2

my Tp
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me + 0.2 my T,
AT; = At l:if—f (p1T1 - p3T3)
V3 .
1 + 'V'B (.l p3To + .1 p1T; - .2 png)]/Vgpg
1wy T,

At this point, the volumes split into active and inactive regions. Thus,
in the following, "PERI" is used to denote percent flow to the inactive volume,

and "PERA" is used to denote percent flow to the active volume.
PerA (m + .6 m) T,,

AT,, = At PERA [%f (png = Psa Tun )

Va4A

+ ‘:?'B (.4 p2Ts + .2 p3Ty
1 - -6 p4AT4A):] / VaaPaa
PERA (mf + .2 mB) Ts

PERA (.4 mB) T,

PERT (m, + .6 mp)T,q

AT, = At PERI [z;f (e3Ts = oy41 Tyg)

[ V4l
f + VB (.4 p2Ts + .2 p3T3

PERI (;af + .2 mB) T3 - -6 plsITéI)J/ Vartar

PERI (.4 mB) T,




VG V6

wﬁaﬁa 1434 §° - 21790 vyEd -

161580 1yma ¢+ + 771779 vema 9+ | 2s (Puy+) vema
¥y (Tug+ + u) vuma

[A%4 -y 2
1°0 viad ') 4 + HHAm@+$V mem S*

(%19 ryma - -
veA
V6V y vyma - 152550 Tuma o +
U 3, ] o S,
72974 vama) L 1 = Y1y <ms_wm__.~ +u)aa e + (Tw e+ uiﬁmmnm_

ANH ﬁ@.v T4Ad

T, (Ggge 4 3
16415, THmHHmQ- 1 ("° + *8) naaa

TryTage 4 Cilay-) % 4 154

(153355 - T7;174) ML riad 2y = B
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. .5 PERI (m + m.B) Teg

AT6I = At PERIL ’J—T .5 (pSITSI

V61

- PerTer) [ Ve1Per

PERI (#T) .5 Ty

[PERA (ﬁxf + mB) + PERI (xﬁf + :BB)]T6A

EXIT TEMPERATURE AT

[}

P
ea - Mg (‘5 PERL p e Tey

V6A + PERA pSATSA + .5 PERI pSATSA

= Pgal 6A) / Vea® o
[PERA (me + my) + .5 PERI (m + ﬁaB)]TSA

.5 PERI (éaf + mB) Ter
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031
Coe2
boa3
By, %
peas
Bozé
o7

BEe9

0019

11
B, 2
Bez13
BO14
2215
BB16
ve17
6P18
Be19
Bo20
Bzl
Baz2
¢ '3
o2&
no2s

@67
oRz8
2B29
@30
pezl
kel
B33

Be -5
BEa6
@aa7
20=8
2839
GHha
A0e1

g3
BOs 4
Ba4s
gL 6
Boa7
Br4s
D49
grsa
251
oas2
853
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APPENDIX E
EXIT1 COMPUTER PROGRAM

FTN4»L

[200 TihanY

' |

[ B

2g

PROGRAM EXTT1
SQURCE = FRr0O384

THIS CODE MODELS A SINGLE OUTLET NOZZEL OUTLET PLENUM. IT IS

SET UP rFoR PREDICTING TH E TEMPERATURE TRANSIENT FOR THWp DIFFERENT

DATA SETS WHERE WATER WAS USED AS A FLUIDe THE FIRST

l.°W OF THERMODYNAMICS IS USED TO CALCULATE THE TEMPERATURE IN

NINE CONTROL VOLUESe A CRUDE EULER INTERGRATION METHOD IS USED.
Ssu:W(3) IS USED FOR DEBUGGING

IF SSw(4) ON IT PLOTS SR18
T T e (4 AMND SSW((Ss) ARE ON IT PLOTS SR18 NORMALIZED

DIMENSION ATII(350),AT2(350)5AT3(380)sATLA(3532ATLI(350) s
$ATSAIIBAY - THI(35B)sATEAI3EB IS ATET(350)

TIM HNBION T(10)sATFUEL(350),ATBLANI35D)

EQUIVALENCE (T4 o TINYs T2 5Ty 0 {Ti) T2 (T E8)2T3)s
F{TUS)sTaA s iTILY 1 THBA ST 7)o TEA) s T8I TEII158TI(D)5TBI)s
$(TL101,TETY

PI = 3¢14159/4.

WRITE(1,2@)

FORMAT(wENTER INACTIVE VOLUME AND FLOW TO INACTIVE w)

READ(1,%)PORTSPERY

PELA = 1e=pPERT

WRITE(1,21)

FORMATIwENTER START AND FINISH TIMEs)

READI1,% )8 A TsFINISH

DTYIME = (FINISH=START)/3500.

VOLUME DIMENSIONS IN FEET (MODEL)

Z@ = 6¢188/120
DOG = -85/4s
Zl = I EL e
0l 3e78/60
DI1 = e95/h.
22 B-438/12
DD2 = 6:.063/6.
12 - 3.78/8
23 = *75/12e
D03 = 1ile/ék-
t 1% . 3e75/6e¢
Zh = 40063/120
DU4 = 11e/6¢
D1 - 6eB63/6
28 = 90428/12
DB - 11ei25/60
D15 = 74438/60
76 = 8e062/12
06 11e@/60
116 = Belbo



poss
pe-5
2056
857
1LY
Bee9
PNeD
B80s1

62
Bué 3
B4
B8eB
306
BHe7
@868
D69
BGID
Bpe71
gu7e
8r:3
Bo74
2075
Ba76
a7
pE78
eu79
Bogh
ar=1
pagz
2@e3

24
g B
B¢ 6
D7
78
BHr9
BPeD
@91
aa 2
CBe3
Blo4
Yt 95
Bowe
fos7
B9
SRS
160
2i@1
Dige
Fir3
F194
BiLps
B106

~50-

CALCULATION OF MIXING VOLUMES (CUBIC FEET)H

V@ = PIxDOpw*z%Z0

1 = PIlx(DO1*%2=DI1%xp )%l
Vo = PT 1DO2-#2=DTRswp ) 572
Va3 Plal 03%%% = [3k40)%73
Vg #{ 4uxps  L4ERP)xly
5 = P (I Bespal; Bxepls 5
Vg = PI D06 *“”016«3@:*1;»26
V4A = (1.=PORT)*V4

BA = {1e™ M TI%RyE

A = f e e 6

Vg1 PORT%V4

VBRI -~ PorTxvS

6T = % 6

WRITE(13r3@)PORTIPERIﬁV11V2:V3:V§A1V5A)V6A2V§I£V51ﬁVéi

30 FORMATI(2XsuPORT=",F8e4s2Xs "PERI=sWFE8e4s/52XouVi=u,;F8e4s2X0

$NYR=NIFBed , 2X s V3mnsFRoks /2Ky nV4As0sFEokis Ry VS A= sFBobs
EXsuVEAmusFBobs /s 2N VIS FRe ks PHonVEIzn ) FEobs2YouislansFies
GPMB = 32
IF (ISSWi4) LT g} GPMBsD
TB = TINBI(START)
TM = (GPMBaTB+(GPMTISTART })=GPMB)*TINF(START ) /GPMTISTART)

TT - TM
Te - 7B
‘g o= o
Tap = TH
T82 T™
6‘ - s
41 =
TE1 = T
Te1 ™
Ci = V1270481 /DTIME
Ce = 2x7481/D7IME
£3 V3 7 - L DTIME
G = YeArA%T7e481/DTIME
41 = 4I¥T7«481/7.TIME

C5A ‘BA 7+481/DTIME
"1 VeI - ¥ DTIME
6 VeI E ekl /. T

T61 61%7e481/" * IME

it

DO 50 I=153500
TIME = FLOAT(IV#DTIME+START

CALCULATION OF TEMP CHANGES

TFUEL = TINF(TIME)
"BLANK = TINB(TIME)
ROIN = ROWA(TFUEL)*TFUEL
RD1 = ROWA(T1)%T1

BLA = ROWA(TBLANK)#*TBLANK
RO2 = RPOWA(T2)#T2



a1a7
21018
21289
#1106
#2111
A112
#1113
114
0118
#1116
@117
z 8
2118
8120

hiz2z
Bl23
piz4
Z2i B
Aize
@127

Bir2
8130
131
B .2
@143
B134
3138

A137
B138
72139
V140
B1a1
Dlg2
@143
-4
0145
2146
@147
D148
2149
0150
#9151
gi=g
7183
f154
858
#1086
A157
Aisg

127

izg

49

RO3 = ROWA(T3 1213
4h = ROWAITHAISTSHA
BA = 1 A{IBAYRIBA

Roga2 COLUA TEA Y+ TEBA
RO&TI ~ FOW (T4Tr*741
£ s boTR T RTE
Fogl = 0 p T671+T61
GPSC - (GPMT(TIME)=GPMB)/6D.
SEEB -« GPMR/60.
DT1 = (GPSc*{RpIN=RD1)+GPSE®e {2 (RO2=RN11)/CL/ROWAITY)
Dty PSR ROBLA=RO2) ) /C2/ROWA(TY )
e { Rl 1 1=R03)+GPEB#({ o 1%R02+ e 1#RU1l=e2xR0O3 )

$/C3/ROWALTIY

DT4A = PERA%{GFSB%{+4%xRO2+e2#%R03=s 6*xRO4LA)+GPSC*IRO3=RO4A))
$¢. /ROWA{TL4A)

"T5. = (GPSB#{ 4 %PERARRUZ+ 6 %PERA%RO4A+ D%PERI*ROSI=PERA%RISA
g uPERIR0OBA)+GPSCH (PERA%RD4A+«B*PERI*ROSI=PERA®RDOSA

$=. PERI=R0O A1 )/CBA/ROWALTEA)

DTehA = ((GPSC+GPSBI#{ «B5%PERI#R0OGI+PERA#RDOSA+.5%#PERI*ROSA=R0&A) )
S/CeA/ROWALTEAY

DT1al = PERI#{GPSBe( o4 #ROE++23R032e6%xRO4IV+GPgC*x(RO3=R04T})

$/C 1 ROWAITAHI)

"Tg = PFPT%{GPSE%(+4%R02+e4*¥RO4I=ROBI)+GPSCx{RO4I=R0OSI )}
$/C851/ 3.AL BI)

Drel = ((GPSC+GPSB)%5%PERI#(ROSI=RNGI)I/CHI/ROWAITET)
CONTINUE

T1 = T4+DT1

T = T2«Dlp
T3 T8+ T3

4A = TaA+pT4A
Ba = "Ba+r TBA
Tea = Tea nTea
Te1 T4 DT41I
51 - TRI+  H-
67 = H1+I-6]
CONTINUE

IF(( =13/710%1BeNEe(I=1))G0TO4y
ATFUEL (I/1@+1) = TFUEL

ATBLANIT. # ) = TBLANK
T1(I/1B+")y = T4
2L 718+l = "2
AT3 174641 = T3
ATHA(I/18+1) = TaA
T4I( /16+1) = T41
A BA  /1G+1s = T5A
AT 1 1 © = TSI
TeA: - ;- TBA
6 { /i1B+1y e "6
CONTINUE

IF(ISSWIL) o L TeBIWRITE(13084 ) I9TIMEST1sT2s T35 THAITAHIITHAS TSI



-61-

D160 $TeL,T6T,GPSCH TFUEL , TBLANK
P1e1 54 FORMAT (wlswsIBsa TIME=wsF602sn TilmusF7e8sn TRzusF7e2sn T3®us
P1e2 $F7e2s" ThA=NsFTe@s0 T4IENsFTeRs/s i
~3 CMTEA=N,ETePs M TSI=nwsfFTel2sn ToHA=U,FT7elsm TEIznsF7e2sn GPSCesnsF703)
21 4 $/snTFUEL=",F 76251 TBLANK=0sF742)
hi65 59 CON INUE
Zléé 52 Con TN E
gr.7 WRITE(1,481
2168 41 FORMAT (wENTER TRACE NUMBERu,/,nl = TFUEL®s/su2 = TBLANKws /)
F1e,9 $n3 = Tquy/end = TRws/505 & T3us/snp = ThAwy/,u7 = ThIn,
B179 -/ s :
1.1 w8 = TBAws/sn3 = TBIny/suil0 = TéAus/pnll = Teiws/fru@ = QUITH)
Bivz2 READIL1s%)INDEYX
2173 IF(INDEXEQ.@)G0TO42
hi174 DO B3 I = 1,350
#5175 IF(INDEXeEQe1)T = ATFUELI(TI)
2176 { Yo  e2)7 = “TBRLAN(T)
0177 IF INDE «Ffe3:T = ATI(I)
78 IF INDEX EQ &# T = AT2(1)
G179 { . W e ‘«}05)1- = AT3(I)
D180 « . s6) = ATHLA(T)
rizl IF TMODEX - En.7.T = AT&#1t¢1
w2 IFVINDEX FQ 8,7 = ATSALT)
» #is3 { Ao Gy v CTBI()
Bilsh TF{: D el 1817 = ATGA(TI)
.8 IF (IDEX-EP 11T & AT-I(I)
i 6 IT-(ISSW(2)eLTe@)T = (T=70e8)/(18967=2728)%200
o187 IF (ISSW(B)eLTeB) Te(T=6966)/(189¢5=69«6) %2000
Vig8 IX = FLOAT(IVN/35 "e%92180+789
By 9 1y T/200: %8000« +800
h19@ FlIeEQe 1 IWRITE(9)m1,45IXs1Y
@i91 WRITE(S9)1s151IXsTY
o2 53 CONTINUE
721 3 GoTO52
G154, 450 NTINUE
#195 STOF
21 6 END
@ia7 FUNCTION ROWA(T)
G128 DIMENSION Al6,612B(6s52)s0A18)
2159 DATA AA/7B0562:265130es61¢555190eprb&Pe35/
2298 ~1. IFLAGr®/
2201 IF(IFL GeEQel) GO TO 9
drpe 0 18 I=1s¢
< 3 18 A(Is1) = AALT;
Dl & CALL MATIN{AsB,3sDELTA)
2205 IF AG = 1
D206 9 CONTINUE
s 0207 ROWA = BIl1,1)%T#%2+B(2,1)%T+B(3s1})
B208 RETURN
'1}2@9 END
G210 FUNCTION GPMT(TIME)
1 DIMENSION A(20)sBi{28)

B2 ¢
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ARRAY A HAS THE DATA FOR DATA SET SR15 WHILE ARRAY B DESCRIBES
DATA SFT SP18. THE DIFFERENCE BETWEEN THESE TWO DATA SETS IS
THAT SR15 HAS BOTH FUEL AND BLANKET FLOW WHILE SR18 HAS ONLY FUEL
FLOWe

DATA A/2170sP05217e5120952320512709P220913105225513702
$1gRes 1376852440 393523005 14ResP2202 1550522209208/

CAT . B/20 esdos2B 051 a0ss 1265123023005 129522805,1359
8188013768524 105139e5211e0140:sR080,5 1550528852006/

IF (ISSW(4)eLTe@) GO TO 3

P 1 I = 1,17s2

IF(TIME.GTA(T+3))GOTOL

GpM = AlIV+{ALT+2)wA¢T I/ {ALT+3 A4+ )R{TIME=A(TI+1))
IFI{TIMFeGE«A I+1))IRETURN
CONTINUE

D 2 Jd=1s17s2

IF (TIME.GTB(J+3})) GO TO 2

GPMT = BlJY+{BIJ+2 =B JYI /BRI J+3 1B (J+1) ) {TIME=RB L J+1))
IF (TIMESGF-B{J+1)) RETURN

CONTINU”

WrRI'E(1510008)

FORMATIwERROR IN GPMF, STOPwu)

STOP

END
FUNCTION TINF(TIME)

DIMENSION aA(22),B(28)

ARRAY A IS FOR SR15 AND ARRAY B I8 FOR SR1R8

DATA A/ 1PBesBes1BBerPBosr11Bes127 s i48es1330918%651360951880013866,
$9402140es8F0s14105720514%057209 0B/
P B/ LesPer1B1os1200011209127675145651336218%50513705

c1g4eslBRebs 870, 14BePs72es141e8s7Bes 1550, 70os 200/

IF (ISSW({ )YelLTeB) g0 TO 2

Do 11 = 1,1 52

TE(TIME.GT.A{I+31)1G0TO1L

TINF = A(I)+(A(I+2)~AiI))/(A(I+3)-A(I+1))*(TIME'A(I+1))
IF{TIME.GE«A{I+1))RETURN

CON™ NUE

D2 Jd=1,17s2

IF (TIME«GTB(J+3}) €0 TO0 2

TINF = BU)+(B{g+2)1=B{JI)/{BlIg+31eB{J+3 ) )R (TIME=B{ J+1))
P TIM e Ee (J+1)) RETURN

CONTINUE

WRITE(1,1088)

FORMAT I nERROR IN TINF STOPw)

STOP

END

FUNCTION TINB(TIME)

DIMENSION A(28)

TATA A/9BesBos8RBes 1PPes84651290593051585939,200./

Do 11 = 121752

IF(TIMESGTA(TI+3)3IGOTOL



Bl

63
Bréé TINB = ALL)4+{A(TI42)eA(I}) /(AT +3)=A{I+4) )% {TIME=A{I+1))
@267 IFITIME-GE«A{T+1) YRETURN
.68 1 CONTINUE
Bz-9 WRITE(15,1000)
g270 10008 FORMAT(wERROR IN TINB STOPw)
pe7i STOP
Berz END
6273 Ho®

e L IST END smk®



