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1. SUMMARY

The high melting point of fluoride salt in a molten salt reactor and
the high temperatureés of radioisotopic heat sources pose complex design
problems for the associated steam boiler. The reentry tube boiler (§3 is
a new boiler concept in which water preheats, boils, and superheats slightly
while flowing up an inner tube. The resulting superheated steam then flows
down through an annular region around the inner tube. The steam in the
annular region acts as a buffer zone between the high temperature heat
source and the cold feed water, thereby reducing the temperature gradient
and lessening the possibility of flow instabilities and thermal shock. This
boiler has been found experimentally to virtually eliminate flow instabil-
ities during hot startup and low load operating conditions (11).

It was desired to study operation of the reentry tube boiler at pres-
sures higher than had been used in previous experimental work. The method
of investigation selected was that of mathematical modeling of the system
for solution on a digital computer.

Six energy balance and transport equations were written to describe
the flow of heat within the boiler, and a computer program was written to
solve these equations for successive incremental tube lengths over which
the fluid physical properties could be considered constant.

Development of the program was not completed. The study did, however,
yield useful information about operation of the program and the following
conclusions were drawn:

1. The physical model is representative of actual reentry tube boiler
operation.

2. When modifications are complete, the program will describe the
boiler tube steady state operation as accurately as the available heat
transfer correlations will allow.

The most important recommendations were that a better mathematical
method for performing supporting calculations for the model be developed,
and that the model's physical formulation be improved.

2. INTRODUCTION

The high melting point of the fluoride salt to be used as a heat
transfer medium in a Molten Salt Reactor and the high operating temperature
of radioisotope heat sources pose complex problems in designing a conven-
tional once-through boiler. Startup of such a boiler is difficult because
of the high temperature gradient between the molten salt and boiling water.
This can cause thermal shock and flow instabilities the effects of which
may range from annoyance to boiler damage.



To reduce these difficulties, a new concept in boiler tube design was
proposed (3) in which the boiling water is surrounded by a buffer layer of
superheated steam. Figure 1 shows a single tube of this reentry tube
boiler. The water enters at the bottom through a central inner tube. Pre-
heating, boiling, and some superheating occur as the water flows upward
through the tube. The steam emerges from the top of the inner tube,
reverses direction and flows downward.in the annular space between the inner
and outer tubes. The molten salt would enter at the bottom, and flow upward
around the outer tube and out the top.

A small boiler tube was constructed and tested (11). Pressure and flow
instabilities were found to be unimportant, and moderately superheated steam
was produced under particular operating conditions. These results indicated
that a large-scale boiler tube of the reentry tube type would work as antic-
ipated.

As operating pressure is increased, the heat .of vaporization of water
decreases so that more superheat would be given the steam for a fixed heat
input to the boiler tube. For this reason, it is expected that elevated
pressure operation would yield the desired boiler performance. This must
be verified, however.

The objective of this work was to develop a mathematical model to be
used in a digital simulation, and to verify the simulation by reproducing
experimental results. A program of this type could be used to predict high
pressure operation and to.optimize boiler design.

3. MATHEMATICAL PROCEDURE

The heat transfer problem was approached by a finite difference method.
The tube was divided in elementary lengths on which heat transfer calcula-
tions were performed. The calculation was begun at the bottom of the
boiler tube. The elementary length needed to be small enough so that the
physical properties of the fluids and the heat transfer coefficients would
not vary significantly along an element. Fluid properties and heat tranfer
coefficients were evaluated at the wall and fluid temperature extrapolated
from the two preceding elementsin a one difference method (7).

Only steady state was simulated. No pressure drop along the tube has
been taken into account. Experimental data taken at pressures as high as
200 psia indicated a total pressure drop along the tube less than 10 psia.
At higher pressures, pressure drop should be accounted for in the calcu-
lation.

The nomenclature used in this report are those shown in Fig. 2 and
Appendices 10.7, 10.8, and 10.9. For an elementary tube length, a total
quantity of heat QS is added to the system. This heat is conducted through
the external wall,
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s = ﬁﬁmgwl(moo - TWOI) (1)

At the inside surface of the outer wall, a part of .QS is radiated to the
inner wall. The remainder is convected to the steam. The heat radiated
is given by (8)

R - sta3)(mior® - muo®)
L + A3(l_ - 1)
e LYACK

(2)

where temperatures are in CR.

The heat convected is
Q2 = U2(A2)(TWOI - TO) (3)
Heat transfer from the steam to the inner wall (Q3) is by convection.

Q3 = U3(A3)(TO - TWIO) (4)

The inner wall conducts Q3 + QR to the water inside the inner tube.

KI) (Al

QR + Q3 B

(TWIO - TWII) (5)

This heat flows across a water film resistance to the water in the inner
tube.

Q4 = U4(A4)(TWII - TI) (6)
The heat accepted by a lump of fluid inside the tube is,
Ql = Q4 (7)

This heat will be used to increase the temperature of the fluid (the
increase is DELTI) or to increase the steam quality (X) in the boiling
region. The heat accepted by the steam in the annulus,

Q = Q2 -Q3, (8)

is used to heat up the steam (DELTO).




(8) A system of equations can then be written eliminating Eqs. (7) and
8).

QS = Q0 +4Ql (9)
os = {KOUAD)(myq0 _ myo1)

Q0 = (U2)(A2)(TWOI - TO) - (U3)(A3)(TO - TWIO) (10)

qr = ALKy - un) (11)

QI = (U4)(A4)(TWII - TI) (12)

Qs - (U2)(A2)(TWOI - TO) = l_.:‘ggzl_._ )(TWOI4 - oty (13)

A1l the temperatures are in OR. The heat fluxes QS, Q0, QI and the
temperatures TWII, TWIO, TWOI are unknown. The heat transfer coefficients
are computed as explained in Sect. 4, and the values of TO and TI to be
used in these equations are computed by extrapolation from the two pre-
ceding steps.

As boundary conditions, TWOO is given along the whole length of the
tube. For starting conditions, TI and TO are known from experimental data;
TWOO is known, TWIO is obtained by iteration over the first element. The
temperature drop across the walls will be neglected for initialization
conditions. The system of equations can be solved by substitution to give
a fourth degree equation in TWIO (see Appendix 10.6). By back-substitution,
TWOI, TWII, QO, QI, and QS are obtained. QO and QI are used to compute
DELTI, DELTO, or DELX (change in the quality.of the steam). The new values
of TI and TO are then computed and used for the next step.

A more complete description of the program, the program listing, and
the input information are given in Appendices 10.1, 10.2, and 10.3,
respectively.

4. HEAT TRANSFER COEFFICIENTS

The determination of the temperature profile in the reentry tube boiler
required lTocal heat transfer coefficients.. For an element of tube length
the temperatures were independent of axial position so that the coefficients
were functions only of the flow regime and physical state of the fluid. It
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was further assumed that the water was completely vaporized before leaving
the inner tube. (A1l coefficients are in units of Btu/hr-ft2-OF,)

4.1 Inside of Outer Tube

In laminar flow the Greatz equation {Ref. (12), p. 232} is used,

in which the fluid properties are evaluated at the mean film temperature,
taken as the average of the wall and bulk temperature. When the Greatz
number is less than twelve, the above form is modified {Ref. (12), p. 232}
to read

h =

=l|r\>

() () ()01

The annular equivalent diameter, De’ is used in these formulae.

Transition regime coefficients are obtained from the Nusselt type
equation

n = 0166k [(95_6)2/3 ) ]25] (E%u)m(ﬁ_w_)o.m[] . (39)2/3] (14)

e

between Reynolds number of 2100 and 10,000, and the fluid properties are
evaluated at the mean film temperature. The length, L, is the total length
of the tube in which transition flow exists.

Turbulent heat transfer coefficients are obtained from the Dittus-
Boelter relation (12),

h = 0.023(k 55 DeS0. 8%‘)1/3(1; 0.14

4,2 OQutside of Inner Tube

This heat transfer coefficient is computed as above in the laminar
and transition regimes, with the outside diameter of the inner tube used
in place of the annular equivalent diameter.
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Turbulent heat transfer coefficients are obtained from a modified
Dittus-Boelter equation as recommended by Wiegand (10).

K
h = 0.023(§5
(De H K Din Hw

The fluid properties are to be evaluated at the bulk temperature of the
steam.

When the wall temperature falls below.the saturation temperature of
the steam, film condensation will occur {Ref. (12), pp. 331-337}. The
coefficient for this condition is

3,2
LRI S R

in which L is the length of tube on which condensation occurs, AT is the
difference between the saturation and wall temperatures, and AT' is the
~difference between the steam and wall temperatures. The physical proper-
ties are to be evaluated at the film temperature. This relation will be
valid only for laminar films. If the film happens to be turbulent, an
alternate relation should be used.

4,3 Inside of Inner Tube

In the inner tube fluid may exist as a liquid, as steam, or as a
mixture. For single phase flow the laminar, transition, and turbulent
heat transfer relations presented above were used. No viscosity correction
term was included for liquid water flow. Fluid properties wWere evaluated
at the mean film temperature.

Three subdivisions of the boiling region were considered: subcooled
boiling, nucleate boiling, and annular 1liquid-film boiling.. The transi-
tion region between nucleate and annular Tiquid-film boiling was neglected.

Subcooled boiling occurred when the inner tube inside wall temperature
reached saturation temperature. The following relation {Ref. (12), p. 393}
applied: -

ho= (T, - Tqat

)3[er(P(900}]4
1.9
Nucleate boiling coefficients are expressed as the sum of a boiling

and a convective term (1), each multiplied by a scaling factor. Up to a
steam quality of about 0.95 the nucleate boiling equation is
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kp'79C 0'4500'499 0.25

_ C 0.24 0.75
h = 0.00122[ 0 - - - ](tin - tout) (apP) S
o] u A Py

b h (etp)0.8

conv Reh.q

in which the physical properties are those of the liquid.and AP is the dif-
ference of the liquid vapor pressures at the wall and saturation temperatures.
The parameter S accounts for the relative importance of the boiling term as
the steam quality increases. S was determined experimentally (1) and is
given in terms of the two phase Reynolds number by

S=1.0 for Retp < 3000
0.16 zn(Retp/3000)
S =. 1.0-- an(1773) for 3000 < Retp < 17,000
0.72 zn(Retp/17,000)
S = 0.8 - T (350/17) for 17,000 < Retp < 350,000
S = 0.10 for Retp > 350,000

where Retp is defined in Appendix 10.1.4.5.

The second term of the heat transfer coefficient expression contains
the one phase liquid convection coefficient computed as outlined above.

Film coefficients in the stable liquid annular film boiling region
are defined by the relation

C
h = 0.00136(5) (1) 83 130 23 (A5 0147 (15)

The physical properties are those of the liquid.

5. RESULTS

Thus far no complete predictions of reentry tube boiler steady state
operating conditions have been obtained from the program. ' During program
debugging, it was found that:

1. The logic of the program works properly.
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2. The computed heat input (QS) profile to the boiler agrees with
that measured experimentally.over a 20 in. length beginning.at the water
inlet within about 5%. Beyond this point computed heat inputs were
incorrect. '

3. Inclusion of film type condensation_.on the outer surface
of the inner tube is necessary for proper predictions with the model.

4, A mathematical instability is generated in the computation if the
initial value of the outside surface temperature of the inner wall is not
accurate. This condition may be rectified.

Minor successes up to this stage of work indicate that part of the physical
model closely represents.the boiler operation, and that computational dif-
ficulties can be eliminated.

6. DISCUSSION OF RESULTS

An attempt to match experimental data (Appendix 10.4) using our..
program yielded useful. information even though error conditions terminated
execution of the program. An encouraging observation made was that. the
computed net heat input to the lower third of the boiler tube was within
5% of the experimentally measured heat input. This implies that, in the.
bottom region of the boiler,.the physical model was closely reproducing
the operating characteristics of the boiler.

In the region near the bottom of the boiler tube (water inlet and
steam outlet), the feedwater cools the inner tube wall below steam satu-
ration temperature causing film.condensation on the outside wall of the
inner tube. This condensation occurs in a superheated environment where.
the bulk steam temperature.remains above saturation. The liquid. film.is
revaporized eventually.so there. is no net liquid present at the steam
outlet. This condition is analogous to subcooled boiling in which there
is no net vapor accumulation from the formation of steam bubbles.

It was necessary fo take the effect of condensation into account.in
the program because heat.transfer from the steam to the inner wall is
greatly enhanced when condensation takes place.

A problem was encountered in the calculational procedure used to
determine the tube wall temperatures in the first increment of the boiler
tube. The procedure involved.an iteration on wall temperature. We suspect.
that the divergence problem associated with this calculation can be..
eliminated by decreasing the size of the temperature increment used in the
iteration.

Confirmming.the. available experimental results (Appendix 10.4) was a.
very difficult problem because.the flow conditions studied were.in the..
transition region between turbulent and laminar flow. Turbulent.flow heat
transfer is better characterized than that in the transition region. Since
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our program can predict.théséféxperimental results, no difficulty
should be encountered in reproducing other boiler operating information.

7.. CONCLUSIONS

Based on the preceding discussion, the.following.may be concluded:

1. The .physical model is representative of actual reentry tube boiler
operation.

2. A modified.version.of the.program.will predict the boiler. tube
performance characteristics.to.within the accuracy with which the heat
transfer coefficients are known.

8. RECOMMENDATIONS

It is suggested that:

1. The iteration performed.on. the first increment of boiler.length
be done in double.precision to. decrease the possibility of mathematical
instability caused by truncation errors.

2. A simp]e.Eu]er.method be used.to extrapolate.temperatures.into
the next element of boiler tube length, rather than the present method.

3. Pressure.drop.in the boiler be included in the model because its
effect will be significant in high pressure simulation.

4. The tube wall emissivities be defined as functions of. temperature
to obtain greater accuracy in the radiative heat transfer expression.

5. A temperature-pféééure.dependent.function, rather than a. constant
value be used for.the. liquid surface tension in the nucleate boiling
coefficient.

6. The effect of radiative heat transfer to a 1liquid .film be taken
into account in the boiler segments in which steam condensation takes
place.

7. Minor changes. in the sequence of computations be made to eliminate
redundancy in the program.
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10. APPENDIX
10.1 *CREEP* - a Clever Routine Emulating the Essence of the Process

10.1.1. General Discussion

A detailed description.of each program segment is presented below.
Relevant equations are given where necessary.

The program may be.bartitioned into.three categories: simulating
routines, physical. property.subprograms, and service subprograms. Their
contents are the following:

Simulating routines

*CREEP* simulates the boiler tube model

COEF computes heat transfer coefficients

Physical property subprograms

RHOG steam density ,
RHOL saturated liquid density

VIS steam viscosity ‘
VISL liquid viscosity

CpP . steam heat capacity

CPL liquid heat capacity

THC steam thermal conductivity

TKL liquid thermal conductivity

VP liquid vapor pressure

Service routines

NSHLIZ initializes quantities, computes experimental heat
' input to boiler

TWALL computes boiler outside wall temperature

PRQY finds root of fourth-power equation -

XLGMN logarithmic mean of two numbers
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S computes value of suppression function
. PLIT . plots water, steam,inside and outside wall temperatures
QA computes experimental heat input to boiler as function

of position

10.1.2 Simulating Routines

10.1.2,1 *CREEP*, - *CREEP* has three essential functions:
1. Apply numerically the mathematical procedure described in Sect. 3.

2. Select the applicable heat transfer modes and give this information
to COEF to compute the corresponding heat transfer coefficients.

3. Find by iteration:

a. The length of boiler tube in which pure convective heat
transfér to the liquid water takes place, GLEN.

b. The length of boiler tube in which condensation of super-
heated steam takes place, GLENZ.

c. The initial temperature of the inner wall.

It is necessary to know the two tube.lengths mentioned in 3a and. 3b at
the outset of the calculation so that all.heat transfer coefficients.can
be evaluated. (Some heat transfer coefficients are.in terms.of the total
length of tube in which a particular type of heat transfer exists.) Since
these two lengths are not known at the outset of a calculation, an iteration
must be performed to define them.

A complete flow chart of *CREEP* can be.found in Fig. 3. After the
characteristic. data for the boiler has.been read, the subroutine NSHLIZ is
called to give all the initial.values known or chosen to all the parameters
used in the computation.. The number of steps NN is.then computed and a
DO LOOP started over the whole length of the boiler; the functions TWALL
and QH are called to give the experimental conditions at this stage. TWALL
is directly used for the computation of.the.heat transfer. QA will be
used for comparison with. the computed value. —COEF is called to calculate
heat transfer coefficients.. PRQY is called.to solve the fourth degree
equation in TWIO. Two of the iterations on.TWIO and GLENZ are performed.
at this point and then Q0 and QI are computed. DELTO is calculated from
a heat balance.

For the inner tube a parameter.SUPSIG.has the value 1, 0, 2, or 3 de-
pending on whether the.heat transfer inside the tube is by convection to
liquid, subcooled boiling, boiling, or convection to the steam. The
iteration on GLEN is performed at this stage, and the new conditions of
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the fluid inside the inner tube computed. The length is then increased by
DLENGTH and the DO LOOP recycled.. Figure 4 is a flow chart of the iteration
procedure. The iteration is done on three parameters: (1) GLEN, the length
of convection to liquid water, (2) GLEN2, the length of superheated steam
condensation, and (3) TWIO, the initial temperature of the outside of the
inner wall. Variations in GLEN and GLEN2. have small influence (1/3 or 1/4
power) compared to variations in TWIO,which can potentially bring instabil-
ities into the computation. Therefore the convergence .criterion is more
strict for TWIO.

GLEN and GLEN2 are initialized as DLENGTH, and TWIO is initialized as
TI taking a first length element very small to.get the starting value of
TWIO. Iteration is done until the computed value of TWIO falls close to
the guessed value.

At each incremental step of length, whether or not condensation is
taking place in the outer tube is.checked. Condensation must stop before
subcooled boiling can begin in the inner tube. If the computed tube length
for condensation does not fall within a given interval around the set
length, iteration is done on it. The same procedure is applied to GLEN.

10.1.2.2 Subroutine COEF (FLOW, SUPSIG, LENGTH, TI, P, TWII, TWIO,
TWOI, 710, U2, U3, U4, GLEN, TSAT, X, GLEN2, HVAP). - Subroutine COEF computes
the three film coefficients in the boiler tube. There are five conditions
possible within the inner tube, i.e., convective liquid heating, subcooled
boiling, nucleate boiling, liquid annular film boiling, and steam convective
heating. The applicable.condition is determined by checking SUPSIG and the
steam quality. In the single phase regions the Reynolds number is computed
and the proper heat transfer relation is used.

Heat transfer coefficients in the boiler annulus are categorized by
Reynolds number as above. If the outside wall temperature of the inner tube
is less than or equal to the steam saturation temperature, film condensation
of the steam will occur. This condition is detected and accounted for.

Input to the subroutine through the parameter list is as shown in the
title for this section. The definition and explanation of each symbol.is
found in Appendix 10.8. Output from the subroutine is the three heat
transfer coefficients in units of Btu/hr-ft2-OF, Diameters of the two tubes
are available from *CREEP* through common block /THREE/.

10.1.3 Physical Property Subprograms

10.1.3.1 Function RHOG(T,P). - Vapor density is obtainable from an
expression for the specific volume of steam which correlates data to 3000
psia and 6500F. Using temperature, T, as 9K and pressure, P, as atm, the
specific volume in cm?/g is:
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4.55504 T .

v > B
) 2 4 3,3 13 12,12
B = B, + B g, P/T+ 8BS g, P/T° - 813 g p'¥t
80870/T2, .
B, = 1.89 - 2641.62 (10 )/T
i 5,2
g, = 82.546/T - 1.6246 x 10°/T
i 5,2
g, = 0.21828 - 1.2697 x 10°/T
g, = 3.635 x 107% - 6.768 x 10°%/12% (9)

The steam density is therefore

_ 28317 3
Pg = BTV 1b/ft

Pressure input to RHOG is in psia and temperature is in °F,

10.1.3.2 Function RHOL(T,P). - Density of saturated water as a
function of temperature is obtained from an expression for its specific
volume.

o erali - D3 b1, - 1)+ (1, - D! )
1+ d(T, -1+, - 1) =

with T in OC to yield specific volume in cm3/g. The constants of the
equations are

Ve = 3.1975 cnd/g

Tc = critical temperature, 374.11°C
a = -0.3131548

b = -1.203374 x 10-3

c = 7.48908 x 10-13

d = 0.1342489

-3.946263 x 10-3

1]
]
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Maximum usable temperature in this formula is 680°F. Conversion of the
specific volume to density in English units gives:

Temperature input to RHOL is in OF. Although the equation is valid for
liquid at saturation pressure only, the operating pressure is included in
the parameter list for consistency with other physical property subprogram.

10.1.3.3 Function VIS(T,P). - Steam viscosity was obtained as a
function of temperature and pressure by use of the equation

2.3936 x 10”8 11/2

) -10
e = T T+710%9.63T7  tT1:4x10 7P

18

+ 1.9 x 10 21exp(2.095 x 108 p2/18) - 13 (9)

where temperature is in %K and pressure is in kg/cm?, It should be noted
that the recommended form presented in the reference is wrong. The cor-
rect equation is that shown above. Conversion of ny from g-sec/am? to
1b/ft-hr is

(9.29 x 10%)(3600)(32.2)
454 L)

This formula is valid for pressures to 3500 psia and temperatures to 1200°F.

Pressure input to VIS is in psia and temperature is in 9F. The vis-
cosity will be in 1b/ft-hr.

10.1.3.4 Function VISL(T,P). - Liquid water viscosity is affected by
change in temperature, but is 8ractica11y independent of pressure (6). The
viscosity at 3000 psia and 300°F is only 5.3% greater than that of the
saturated liquid at this temperature. Variation at other temperatures are
of similar magnitude.

Mathematical representation of liquid viscosity was accomplished by
fitting a curve to data available at 2000 psia (2) to yield the relation

L= g T4

Viscosity will be in 1b/ft-hr when temperature is in °F." This equation is
valid to 620°F.
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Pressure is included as input to the function .only to maintain con-
sistency with the input parameters of the other physical property subprograms.

10.1.3.5 Function CP(T,P). The heat capacity of steam was described
by curves fitted to available data (5, 9) up to 2000 psia and 1000°F.

For pressures up to 200 psia the data were represented by series of
straight 1line segments defining the heat capacity as a function of temp-
erature at 200, 120, 60, and 30 psia. Steam heat capacity.is not a strong
function of pressure in this region,and these four curves were sufficient
to approximate the data for all pressures.

When the data at a particular pressure merged with the data for heat
capacity at zero pressure, the following form was used

Cpo = 1,4720 + 7.5566 x ]0-4 T + 47.8365/T (9)

with temperature in K and Cp_ in joules/g-°C. Conversion to the units of
Btu/1b-OF was done by the re?gtion

o - (9.47799)(454)
p 1800 Po

Above 200 psia the parametric representation of Ref. (9), p. .80, was rep-
resented by Tinear functions of temperature at constant pressure dividing
the graph in elementary pieces where this linear approximation was pos-
sible. Seven regions have been so chosen, defined by linear relations
between temperature and pressure. In each one of these regions the gen-
eral form C, = A(T - 600) + B was fitted with A and B functions of pressure
varying w1tﬁ the region. As an example in region 4 (defined by 0.228 P

+ 440 < T < 0.167 P + 470 and P < 800), A was graphically represented by
-{0.0025 + (P - 400) x 2.5 x 10-b},and.B by 0.4 + 0.000875(P - 400).

Input to the function is temperature in °F and pressure in psia. The
heat capacity is returned in units of Btu/lb- OF,

10.1.3.6 Function CPL(T,P). - The function CPL gives the heat
capacity of liquid water at a temperature T and a pressure P. ~The original
data were taken from the steam tables.(9), where the heat capac1ty of the
liquid water is plotted as a function of the pressure with the temperature
as a parameter. The curves at constant temperature were approximated by
straight lines of the form A + BP for pressures less than 4000 psia. A is
the value of CPL for a theoretical 0 pressure. It is a function of temp-
erature obtained graph1ca]1y by plotting CPL(T,0) as a function of T for
temperatures ranging from 200°F to 640°F. The resulting form is (660 -
0.9 T)/(675 - T). B is the slope of a CPL vs pressure plot. It is a
function of pressure graphically approximated by
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(- T+ 23208 + 9.90)

10
7000 ~B

The resulting expression of CPL is then

. _ 11000, o g0
PL(TP) = (L9 T - 660y o7 T¥ 450.69° p
, T - 675 4000

Input is temperature in F and pressure in psia. The liquid heat capacity
will be in units of Btu/1b-°F.

10.1.3.7 Function THC(T,P). - Thermal conductivities of steam are
correlated by the equation

ko = 3.191 x 107 72 (exp(1.5238 x 1072 13)3

|
+2.486 x 107° {exp(1.773 x 10° P/TH) - 13 (9)

Temperature and pressure are °K and kg/cm2 respectively. The resu1t1ng
thermal conduct1v1ty will be in the units of cal/cm-sec-9C, .and conversion
to Btu/ft-hr-OF is

. (30.48)(3600
k = TG5aTer Ko

This relation is valid to 2000 psia and 1000°F .

Pressure input to THC is in psia and temperature in OF. The thermal
conductivity will be in units of Btu/hr-ft-OF.

10.1.3.8 .Function TKL(T,P). - The function.TKL(T,P)ﬂgives the thermal
conductivity of saturated Tiquid water (T and P being related by the
saturation relation). The original data (3) were 1ntergo]ated linearly .
between the d1fferent points in the range of 100 to 600°F and extrapo]ated
linearly above 600°F in order to provide .data to as high as a 2000 psia.
saturation pressure (corresponding to a saturation temperature of 640°F),.

] Input to this function is temperature in °F of the saturated liquid.
The thermal conductivity is not a function. of pressure, but is included
for consistency with other physical proper % subprograms Liquid thermal

conductivity will be computed as Btu/hr-ft-"F



29

10.1.3.9 Function VP(T,P). -.LiquidAWater:vapor pressure as a function
of temperature up to the critical point is obtained from the equation

Tog;q ;f' _ Te ; T (a.+.b? : §§3 + ex4) (9)
in which

PL = vapor pressure, atm

T = temperature, OK

Tc = critical temperature, 647.27°%K

Pc = critical pressure, 218.167 atm
and

a = 3.346313

b = 4.14113 x 1072

¢ = 7.515484 x 107

d = 1.3794481 x 10-2

e = 6.56444 x 10711

Conversion of the vapor pressure, P, to English units is

P = (14.696)(144) P, 1b/ft?

L

Data input to VP is the water temperature in °F. The above relation
is not a function of pressure, but the parameter list includes it to
remain consistent with the other physical property subprograms. A dummy
value should be used.

10.1.4 Service Routines

10.1.4.1 Subroutine NSHLIZ (TWAT, TSTEAM, TO, TI, LENGTH, DLENGTH,
SUPSIG, N, ISKIP, B, JTWIO, SIGM, X, TWOI2, TWIO, TWII, TWII2, TWOII,
TWII1, EPSIN, EPSOUT. - The simuTation is performed by calculating through
the boiler, one Tength increment at a time, and it is necessary to use
quantities computed in the previous increment for the current calculation.
To begin the simulation, therefore, initial values must be specified. Input
data to NSHLIZ, via the parameter list, are boiler feed water and exit steam
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temperature, which are read as input data to *CREEP*. The initial values
specified for the first length increment are

Temperatures
TI feed water temperature
TO . exit steam temperature

TWOI2 outside wall of outer tube temperature
TWIO feed water temperature
TWII feed water temperature
TWII2 feed water temperature
TWOI1 outside wall of outer tube température
TWII1 feed water temperature

Indices and constants
JTWIO =1
SUPSIG=1
DLENTH increment of length, in. ;
EPSIN emissivity of inner tube, outer wall
EPSOUT emissivity of outer tube, inner wall
SIGM  0.1713 x 10-8 Btu/hr-ft2-0R
LENGTH DLENTH

Feedwater condition

X=20

Refer to Appendix 10.8 for definition and explanation of the symbols used
above.

The second function performed by NSHLIZ is to compute the net heat
input to the boiler at the locations along the.tube where.the appropriate
measurements are made. The resulting net heat input. and length coordinates
are located in common block /ONE/ for use by QA.

Heat generated by the heaters on the apparatus may be obtained from .
their respective power inputs. Each heater section consists of two

s
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semicircular sections enclosing a 12-in.-lTong segment of the boiler tube
with a 1-in. gap between sections. For the experimental arrangement. in
which each pair of heaters was wired in series and powered by 230 VAC the
heat produced by one section is

= —===(115) EI Btu/hr

where E represents the dial setting of the controlling.autotransformer.as
a fraction of full scale. To avoid mathematical discontinuities.in the
heat input function, each heater's output was averaged over 13 in. to
include the 1-in. gap between sections. Each section is composed of two
halves, and the heat production becomes

124, 3600

For use in the simulation it was necessary to know the heat input per inch
of the boiler tube. Heater production is then

_ o012y 1 . 3600 . :
Qinput = 2(] )(]3)(T6§ETEJ(1]5) EI Btu/hr per inch of boiler

Different experimental wiring methods introduce their corresponding changes
in the electrical power expression.

Heat lost to the surroundings is obtained by.considering.conduction
through the insulation surrounding the heaters.(11)...Temperatures. were
measured at six points on the inside surface of the insulation and.at two
points on the outside surface. Linear variation.between the inside ,
measurements was assumed and interpolation.performed.when.required. .Out-
side surface temperatures measured approximately 1 ft.from.each.end did.
not vary more than a few degrees and their arithmetic mean was. used as
constant along the entire outer insulation surface. Heat lost over a
length of 1 in. will be

_ AT k A
Qoss = X
(Tinside B Toutsidgk{"(])'logmean(Dinside’Doutside)/]44}
(2/12)
(Tinside - Toutside)(0.0533)'atan(]) logmean (3.3,7.3)

6
Btu/hr/in. of boiler
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Temperatures are in OF and linear distances are in.inches. The inside
insulation temperature was averaged over the 1-in. length for which the
computation was performed.

Finally, the net heat input to the boiler is

Q Btu/hr/in. of boiler

net Q1'nput = Qyoss

This computation was made at the locations of the.ends of the heaters and
the inside insulation surface thermocouples, whose placement is shown on
Fig. 5.

Required electrical and insulation temperature data are read by NSHLIZ
from unit records. When simulating.other. than. experimental. conditions for
which heat input data are nonexistent, the net heat input.mechanism may be
disabled by specifying the variable ISKIP equal.to 2. The mechanism is
enabled when ISKIP equals 1. This assignment is made in *CREEP*,

10.1.4.2 Function TWALL (XL). - The temperature-of the outer wall of
the outside tube of the reentry boiler was experimentally measured.by
thermocouples located at eleven positions. The apparatus.is now set up
so that these temperatures are recorded from the bottom of the tube (water
inlet and steam outlet) to the top by points two to.twelve on the tempera-
ture recorder. Figure 5 shows their placement. )

A Tinear temperature variation is assumed between.the measured points.
There is no wall thermocouple at the bottom. of. the boiler, so. the tempera-
ture recorded at point two is extrapolated.

The purpose of TWALL is to interpolate between.the measured tempera-
tures. The length coordinates are established.within.TWALL.and.the temp-
erature coordinates are read as input.data by *CREEP* and transferred to
TWALL via common block /TWO/.

The input parameter used when calling TWALL is a position along. the
boiler tube in inches measured from the water inlet-steam outlet, and the
output will be the outside wall temperature of the outside tube in OF at
that position.

10.1.4.3 Subroutine PRQY (C, TI, TO, POLYN, ROOT, IERROR). - The

subroutine PRQY was written to solve the fourth degree equation resulting
from the mathematical treatment of the problem. The root of interest in
this equation is TWIO which physically represents the outside temperature
of the inner wall. Because physically this temperature must be higher than
the temperature of the fluid inside the inner tube, the search for the root
is limited by a minimum of TI (absolute temperature).. For the same reason
the root has an upper bound of TO. The technique is then to divide this
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interval (TI, TO) into ten equal parts, locate the part containing the root,
divide this interval .into ten smaller intervals, and continue the procedure.
This iteration is done six times to yield a minimum accuracy in the calcu-

| lated root of the order of 10-3 OR which, considering other approximations,
can be considered as an exact value. The inputs. to the. subroutine are the
five coeffégients C of the fourth degree equation and the temperatures TI
and TO in “F.

The outputs are the root, ROOT, which will be in R, the value of the
fourth degree polynomial, POLYN, for the root and an error message, IERROR,
being 0 in usual cases and 1 when no root can be located in the initial
interval.

10.1.4.4 Function XLGMN (A, B). - The logarithmic mean of A and B is
defined as

A-8B

A
£n§

M =

Input to XLGMN consists of two positive, real numbers. - A may be larger,
equal, or smaller than B.

10.1.4.5 Function S(RE). - The "suppression function" used in compu-
tation of the nucleate boiling heat transfer.coefficient was. determined
experimentally for vertical, two-phase convective flow of water as a. func-
tion of the two phase Reynolds number (1). It lies between.zero and one,
is unitless, and is represented by the expressions:

S = 1 for Retp < 3000
) 0.16 en (Re/3000)
S = 0.8 - 0'7222" Re/17,000) £or 17,000 < Re,_ < 350,000
n tp :
S = 0.10 for Re, > 350,000

The two-phase Reynolds number is of the usual form, using liquid
density and viscosity, and an "effective" velocity of the boiling water.
This is defined as

VTP = (1-X) vyt XV

S
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where Vi and Vg are the single phase velocities of the water.and.steam,
respectively, and X the steam quality. ' The two-phase Reynolds number
becomes

DVip oL

Retp = u

This value is the input to S.

10.1.4.6 Subroutine PLIT.(NO,.B, .N,.M, NL, NS, KX;dX). For con-
venience in evaluating the computed results, the temperatures of.the.water
in the inner tube of the boiler, the steam. in the.annulus, the.outside.
wall of the outside tube, and the outside wall of the inner tube were
plotted along the length of the boiler.

The purpose of PLIT is to prepare this chart by.scaiing:theAdéta.to
be plotted to the discrete physical characteristics of the 1line printer.
Input parameters are:

NO chart number

B matrix of data to be plotted

N number of rows in matrix B

M number of columns in matrix B

NL number of lines in the plot

NS a sort{ng code, equal to zero for this simulation

KX first dimension of B matrix from dimension statement
JX second dimension of B matrix from dimension statement

This program from the IBM 360 Scientific Subroutine Package has been
modified and corrected by the M.I.T. Research Laboratory.of Electronics.
computation group and made concordant with the CDC 1604 monitor for use
at ORNL.

10.1.4.7 Function QA(XL). - Subroutine NSHLIZ computes.the net heat.
input to the experimental boiler at. twelve.positions:.alony.the.tube and.
transmits these coordinate pairs to QA via.common.block 7ONE/.. Length
along the boiler is measured in inches from zero at the tube bottom (water
inlet-steam outlet).

Linear variation is assumed between the points,. and.the purpose.of QA
is to interpolate between the coordinates supplied to it.
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Input to QA is a position on the tube measured in inches from the
water inlet, and output will be net heat input to the boiler in Btu/hr/in.
of tube length.

10.2  *CREEP* Listing

The following is a Fortran 63 listing of the program *CREEP*.

C _**eCEEPeSe —_—
c . N -
_C & CLEVER RMUTINE EMULATING THE ESSENZE OF THE PRUCESS
c h —
—% L
NDIVENSTIEN C(B) 51000, ~2)sTCCI2)
TYFE REAL KIIKFlLtNGTHILENTH
TYFe IMYSGRR SLiIPSiG 4
covmen 2TAO7 TC /THREE/ DI, D2, D3, D4, AIN, AQUT
C o
o READ  BEILEK PROPERTIES
C
READ (S5gs tg2) DI, D4, D3, L4, KI, 0
pIN = AKTANF(I,)%0la*D4/148, U
AGLT = ATANF(),)*(D2%D2 « DI*p3)/ |44,
_C - e e T S O
c REap PLUIDS FRPPFRT]IES
c
wEAL (SG, lut) FLud, TSTEAY, P, TwAT, 1SAT, LENTH, RVAP
PEAL (SO V0l (YOO, 1 = 25 V&) . . .. e
TC¢1Y = TG(e) )
LRITF (81, 10zl) pLG%, TSTEAM, F, T.AT, T5AT, LEMTHs HVAF
WRITF €51, 1rze) «Telly, 1 3 |, 12)
1SK1fF = |
FLE, & €L, *rLOM/424,
Rhz(Dlele)les,
Hle(de] 6)/26,
c : e
C CHEOSES DLENTH  FGR THE #HALE FINITE DIFTERENCE CALCULATIONS
c

BLELTHR = €
NLEr=LL ENTH

GLEMIEHLENTH : . ] i
24 CAML BSELIZ (TvaT, ISTEAM, 19, T, LENRTAH, DLENTH, SUPS1G, N, ISK]

[Py s JTAIC , SiGMs X, TwOI12, TWle, TWIL, TWII2, TWOLja TWlli,
zEPSYt, BEPSHUT)

WRITE(SR],D00)
500 ForstTezX,r2/)

T1r=T1
TOC=TO

cevpilrEe pipipn 9F STERPS

aQap o
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MM = XFIXFCLENTH/DLENTHS) + |

53 NThan,
C ,
C RECINS CALCULATION PRABCEDUKES
c .

D | h = 1 NN
CIRCES, 141597144,
, IF(k EA, 1)  AD,0]
60 CIRL=CIRC*.ENGTH
GE TU 2
61 JF(K.6T1.2) ~A3,064
63 CIFC=CTHT*DLENTH
62 AlsLI*CIRC
A2=0D2*C1RC
AJ3=hs*C1C
Ad=134*CIRC
Az XL UMN(AL,n2)
AlaxL.GMNCAS, Ad)
- Y8z STGM*AI/ (|, /EPSIN®D3* (| /ZPSHUT=1.)/D2)
64 TUEOI=TWALLC(LEMGTH)
AS=uALENGTH)
NSz US*NLENTH '
GALL Cops (FiLyv,SUPSIG, LENTH,TIC,P,. THIT o 2 TWIO=DTW/2
l.a(&.'Tw512-rNﬂIl)/2..TUC.UZ)US.U4:GLEM.TSAT. X,LENZ,HVAP)
Twhro=Tued | ‘ :
Yizsud®Aq/(Ua*paqaeKT*Al/7d])
Y2 I*AL/ (I (e AdeRI AT /31))
L Y¥3=UTALERIEAG/BT
- ' Y4=m (U *AJ+AT O]V /H]I/Y3
Y65 ((UP*AR+LS*A3)*(TOC+459,59) +KO®AA* (TWIG+4509,69)/B0+Y | *KI*A[*(T]
JRed59,893 /011 /Y
CeE)=lYsera=| ) %Y
C(ay=4, *»Y6"Y'5%(Y4 yre3
Clayzo,*¥es*¢( YauYH)yeep
Gl7)=(4,"YneY4ey5eeg=S®AgY ) #K][*A]/B]) o
CCIIRYAPT5 51411 5%A3*(TAC+459,69)+Y | *KI*AT*(TIC+459,6Y)7/8]
CALL FRIJYC(O,T1,T0,PoLYY, 9T, {ERRAR)
TFCINHRUR R, ) 38,12
15 NTusThWIn+449,060=HY0T

,gm___”lIFHATJUN,QNwIﬁlﬁ STARTS
’ [FeakN, 1) 50,51 — -
“Ewﬂ_w,jESI_um_nfw_rou SitALL LENGTH ELEMENT
Mimﬁﬂm.IF(AHSF(”T“);LE. v7) B1,52
g 1F_TisST NAA SATISHACTORY, Tiwln IS 1nCrEMINTED ANY Ak PROCESS
c DONE AGATN '
. : 52 TWIAsTW]9+U,2 o ' T

1F(TIa, 37.T70) 33,53

TAKES AGAIN REAULAR SALCULATION PRICFDJRE FAR K,uT, | :

c
C.
C
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5] TWIO=TH[3=DTx

CHEGK BN CINDENSATION

el (e Xe]

IF(UTHWIGED, 1) 40,42

¥ CA4NENSATION IS GIIVG T3 STOP NEXT STEP, THE CHUSEN LENGTH

, GLtNd Ia kHLCKrD

é) ajoa

xf(rhlﬁ DT~/)..uT TSAT)Y 4,42
4! ~JTwinNs=s2

IF CABSF (LENGTH-GLEN2) o LEL14) 42,43

IF THE RESULT 18 NOT SATISFACTOIRY, GLEN2 1S INCReMeNTED
AN THE PROGCESS BEGUN AGAIW

CcxCric>

43 GLFN2EHLEN2+DLENTH

nG T1 P4
42 Tyrl =TI

THEI?22Y4%(TW10+455,69)¢Y5.459,69
M.“mjflﬁgtnml) 70,71
71 TWILI=TWII2
70 TWI12=Y|*TIC+Y2¢TW]na

IF(,EQ, 1) 72,73
72 THT11=TWIY

73 TWII=(3,*T4d112-T411)/2,
NA=Y2*A2*(Tul2«THC)*UI*AZ*(TWIB=-TMC)

NL=KT*AI/BL*(TitIA=TW1]2)
ASC=06+G1

NEa CANDITIANS I THE ANNULYIS

QOO

D;L]\-Qu/(CBLI”CLP)'FLﬂw)

TO=77=0ELTO
T0C=Tu=DELTG/2,

TEST  7oR CovDIVIONS OF THF INSIDE FiUlD

afpal

1F(SIIFSI3=2) 10, 11212 -
10 DELTISQI/Z(FLCeH*CPLITIC.P)Y) : ‘
Tl=Tl+0i-T1
TIC=TI+D2LTL/2,

CTEST FeR SUACAYLED BOILING AT THE ~EXT STEP

nap

IFCTWIT2oL T TSAT) 20213
13 IF(SUPSI3, E4,1) 16419 : —_— -

1 O

CreCl FIR =1GHT VALUE OF GLEN

(]

—1& IF(aRSF(LEYouTaatlEeN)oLE0]l, ) 18,6

1# T8ST N&T SATISFACTORY, GLEN I8 1vcaeveu7&u AND THE WHOLE

PRECESS  RESTARTED WITY THIS NEW VALUE

oNS R

6 GlExz QBLENSULENTH

GO 10 24
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39

SUFsla=g

TEST FHr B87IL.] NG AT NEXT STEP

Qaa

LF(TIC LT, TSAT) 20,17

oK O

17

CoPLITIENS SET (N CASE BF FUTURE EO]LIVG

SUFSIG=2

CTIC=THAT v

TWII=TWII=C1]C-TSAT)

GO 16 20

) OO

BeiLING CALCULATIENS

TI=71SAT
DELT!=n,

DELx=GI/(FLCW*HVAR)
sx+UELYX

QIQ (@]

TEST FoR END oF oBILING AT NeXT STEP

JF(XQLTll.)Z“"4 - e

SETTING SENLITIHNS FUR SUPERHEATING OF THE STEAM

an o

SUFsl=3

GLFy = LENTE = LErGTH
Xz, '

GO T¢ 2¢

SNOE @]

CALCULATIBRS IN (ASE 3F SJUPERHEATING

~

| &

NELTI=AL/(FLAW*CP{TIC,?))
T1=0FLTL¢T]

20 WRIIF (51, ¢nqy Rn0T. U2, U3, U4, T.06,

TIC=Tl+DELT] 72,

Twie, To», Ti, X, GSC. OS,

[LENGTH

aQ QO

STCRAGE 6F KESQULTS FOR FINAL PLOTTING

N -z M ¢

B(h, 1) LENGTH

B(iv, <) Tl

RN, 3) Ty

Wi i —

Ber, =) TwhLl (LENGTH)
A{N,50=T4A1Y

LENCTRzLENGY S+NLENTH

N eREe N ¢l

ENg UF THE O LIGP

SEeN ¢

FLETTING RESULTS

ne

N

CALL FLIT ¢hNR, B2 N, 5, N + 25, 0, (D0A, " 5)
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33 CALL EY]T

160 FOSNAT (2Xs F4,|s 2Xs FO,p0s 302X, Féap), 2%, Fa.Us 1%, F6,1)
L1 FORNAT (h)teXx, F%.0))

162 FORNAT (4(2x, F5.8), 2(2X, F5,2)) -
—J—ﬂ?_!.__,pol: r'.A 1 (' b ; I ? .<:<”) PR O N
1022 FERMAT (IpF12,3) e o
200 FOFKAY (1gEj0,R)
ENT Chpe?




b1

SUEKRAUTINE COEF (FLOW, SURSIG, LENTH, TI, P, Twil, TWIO, ThOI, TO

s L2a UdJ__J‘i4_.CL£ NaTSA r.:._x.a-l-lLE-N SaRVARY e
TYFE rEAL LENTH

TYFh,lUJ.LFL.bLk°IG : . s
CeMMAN /THREF/ bis D2, 03, D4, AIN, AeuT

c .
L TESTS SUPSIL Tr LPeTERMINE STATE OF WATER IN THE INNER TUBE
C SURSIA = 1 AR _WATER. -
c SURPSIG = 7 “EANS BOGILING ,
C SUESIL .= % NEANS. . STEAM. . N e e e e

IF (SLUPSIG = 2) 1, 20 3 |
C .
C- WATER IN THE JHKER TUBE
C e e e e e e e e e 1 -
C

N — S — e
o] TL:CT‘w F‘(‘H ‘\l hu'uLb—n rSOILING
"
| IF (Twll JGT, Ts4T) 27, 28
27 U4 = ((lel o TSATI®?S ) ((EXPF(R/9410,- Y/ 1 0)%%4,)
GO T6 §p
__z&_RJ;_-_hA_‘!F'LQh/_L_Jz o-.—AIN'VISL (.Jl-._l").)_,N__.,..__ —

p ;
[ CHECKS THE Yol DS NUMEER FIR FLEW REGLME
c

1E (Bie  LEa 2 |fige)da_5_ . e e

5 IF (Ft Rke 1GR00e) 6, 7

c —_— e
C LAVINAR FL™W

4 GE? = 12, 8F L Cue(PLTLaP YL TR 4Tl PyoGl )
IF (Chz JLE, 12,) &, 9
_____ﬁ_uﬂ___gﬁ**lﬁLLli4.HJ2&RLIL01'4,:AIANL(].)’
GO TO 1§
Q (14 = (75912 *IKILAT[a_PI*CUBERTEAGR2ZYzb4. .

GO TO G

TURRULENT FLOW
6 18 = (@3 *Thi (S (T ¥ T«II).—D)'|? ARG FLEW/ 1S, PALINTVISL (4O (T]—
[+ TRILY, PIII*=( &) (CPL(,5%C(T] + Tuwll), PI*VISLE,5*C11 + TWIl),P)
SN Vi PTWSETYE 3 BEL TH 8 5 W R R RS NS W2, IS 2, IR S

(g X:p!

GO T 1
1‘;
c _
TR ARSI L P b e e e e — I S U
c ;
—— 7 Ud = gy SRR 2T (2, B ) 26 ) LGP LT L5 R OVISLAT L 0 PILTKLAT | 0— B—
IIVS*C) /3.0 (e * (DA/GLEN)**(2,/3,0)*T<LAT!, PI/D4
e T Lt :
C T
C el len fa Julek TUBE
c
{‘ .
o TESTS FeR NUCLEATE OR FILM BIILING
C

2 1F (X JLE.e95) w9, 30

)




L2

C NUCLEATE ublLItG
_C

29 RL: = br.'rl_ck'((l. e X)/RAOG{TSAT, P) ¢ X/RHEBL(TSAT, P)I*RAOL(TSAT

. FXL e LV ISLOTSAT, p)) . e
g = nnulaz'(TbL(T‘ATn P)"(.IQ))'((PL(T:AT. PI®*(449)) *(RHOL(TSAT
Le E)2 0, 0G))*( (4, 1 7E+0B) "2 (L25)) ((THh1L = o ISAT)*2(L29))*C(VP{TWII,
2P) « VR(Ts41, P))"(cla))'S(DL)/((QuRTF(.nnol))'(VIbL(TbAT: PY*e(,
S22 ) P AHYAR " (242 ) *(RHOG(TSAT, FI®*(424))) . . . .
PEL = ﬂ4'}LU“/f|(.'AIN'V!SL(1°ATo P)y) :

U4 2 LA v 2 L e S URELTT () ) LLCPL(TSAT, P)'VISL(leTo PY/TKL(TS.

1AT s PrYe*(, 4))'€lkL(TSAr. PI/DNA)Y*(LKE/EE_D**( . 8))

[Tl AR N Y e e e e
c
-C e e e e e
c FILM LAJLING
o ' e . o _ e
G0 VA = anpleb*TRI(TSATS PI*(D4*FLOWN/ (12, AIN*VISL(TSAT, P))**(,853))
Lo (Rl (TS AL 1) 2O G LTS AT D) L% (2, 73 ) (CPLATSATA_P)*VISLLTISAT .
€o FI/TRKLCTSAT, pM)*80 | /3,)0)%(X/¢), = X))**(,147))
(Y S SN 1Y O, e
c
_C STeEal Lk . INuLER TULE
c
3 _BOF = LGeF N/ (b PAINSVIS(T.],-P))
c . _
C CHECKS KEYHNOLUS UMBER FHOR FLAW REGIME o i it e e e &
c

SR, © SO @ 53 N TP 1Y P PP O B R e e
12 1F (FL ,3ke 1gruse) 135 14
o - . e e e
C LAMIEAR FL 8k
c —— e e e
1] GRZ2 = |24*FLAL*C(T]» P)/(THL(TIoP)'bLF') ‘
_____—_I}__L‘-Arl .L_L | ‘.l-.rlﬁl '5 PR e e e e o
15 14 = l-79'lz.'7h'(TI’P)‘LU'BE:?'IF'(GR?)'(\'IMTIn P)/VIS(TNH. P))"(.

51/;)1'« J—
6B T6 |
16 U4 _Lﬂkl141hﬁ)ﬂﬁ1ﬂjﬂﬁ,ﬂTMﬂLlJJ~_M_w“_m- —
GE T 1y :
o . e e e e e e e e
c TUFBULERNT FLW
o e

I3 U4z, re3%124"THCL.O® (Tl*Twn).p)'(DMFuw/(l CEAINSVIS( S*(TI«TW]T)
Jab )Y T 620t (S {TISTWL] Yo R)EVIS (,5° (TI.TwH)aP_)./..Ihu,(.,s.,?_(_.n,q__
ZRIT) el d ) "% /X VYVISITI, D)IVIS(TN[I.L‘H"(.|4)/D4
GE— b e — ot e et e e e - — _.

San O 37 .
T'L_'g;xkl'r}‘l FLI-'

Qo

—-—-+{+—u4—-—~+|‘>'u' LAY & AW )—-—l~-.|>2>5r)'—»(-‘-CP"THII) P)'VIS(THIIo-_PJ/-IHC-(.-T—N—
o T PRt /5 )Y (VIS(TL. RPY/VISITHTY, p))'-(.|4)) (1« « (D4/GLE
—~—-2-.JJ_'*_L¢,/3.JJ:LhL,J_faL(JI.-¢ TWIE)s RIADG— -

STE At Yt Tk Adie - HS
. e Ll peT—

£

e N Ne]

————+ﬁ~3&-—LL¢-l—bA)—LHLN/CL?.'AJUIJVISCIH -1 X S




L3

C ‘ ,
oG CHECLKS _REYNGLLDS MUMBER FBR FLEAN REGIME . . . .. LS RS
c )

SRR § N €0 UP S SSPR~X BYRTID B TV T - N I o S,
J6& IF (FE J3Ee 1pn0te) 194 20
r,
c LAVINAR FL"k : '

2 GR2 2 120 *FLORCR (5Tt # TAI3)s PILCTHIC,5%(TH + THIG)s PLO LENT
JH)
1E (L7 4 Se—|@y ). 2022 - S

21 US & 4, *THC(,R"0(T1E + TWIY), p)'GR7/(b<¢4 *ATAKF(I.))'(VIS(TG. PY/
VIS (T, D) yesy 14) —
GO IO 23

29 U3 2 1 759 e IO BAUTO 4 Td18)s PILCUBIRTF (GRZIS(VIS(TO, PILVIS(
[T, PYI**(, 0 /03

03 ORZ = 12 *FLWrCR (52T o THEL) s PL/LTHI(  E%(TH +_THOL)s P)® LENT
H)
I'H'- (CIZ e 0,0 249 28

24 Uz = 28, "1HUE,5%(TE * THIL), P)'GR?/(U”'4 ’ATANF(I.))'(VIS(TOn P/
VIS (Tem]y F)res(, |4y et e S
Go 10 '0

28 112 = | 78912, %THCL S (T« TWEL) s -PY2CHBERTF (GRZ) *4VIS(TO,PILV]S(—
ITvelo ﬁ))"(.lf)/u
GE Ll Gy —_—

i O

rLruL:Lr-:i_r___u,w._..__ e e e . : -

33 appiedp er ) es( A) O (CPATIPISVLA(TE, PIATHL(TO, P 200000
[NILSI el (ALY STAO(TEs PI(Dg « D3
2 = angdsty ‘T’“L*h:Llu~$~lAﬂLlJ_RJ.4iL2_J"JJ)~FLUW/(’2+:AUuI—¥iS—

SER Ty 4 Ty BINI*OC ) (Pl 5% T + THHT) P) V!SG.D“(TO * u
LR Y i-?runi_idoi3J_2441:44T£L )*Ixfs(% s BIVISC T

]
ST s PYI*Y(,14)/{De = LY
2t G T ‘5{; —— e -

C TJ'A:-"']T!H O S R

_____f+~us_z.+++sziihkv * (20l B0 ) m |25 I LGP TN TG, PYCVISLIWIOPI/THCCT W
(16, FII®* (| /3,))0%(VvIStTIe, PI/VIS(Ty l1e, °))~‘( i4)*(1, + (DI/LENTH
AL E N LSS D L SUN G SN £ PR 4 S S—— e J
U2 = o1 5%C(REY**{2.,78,) = I?b.)‘((UP(1h51. F)*VIS(TWOI» PI/THC(TH
cAl, biyero) so e (y]GTs, KA/V]IS(TLB], D) ee( 1430 (|, + ((D2 e 03 -
SY/LENTH)Y (2 /3, Y I*THC(THGL, PI/A(DQ = 1J) :

STEAY CtYLENSIMG OM BUTER WALL OF INNgER TUEE

O

S IF(TH 1A LESTSAT) 1,52
5 UELTIsIsalatitE
TF2(TSAT*+TV[M) /2,
H-1.|'¢141(r;;gl)!:J.JJJ_iRnﬂL1l£¢24_anoflﬁ'( S5)*(HVAP*SZ.,. 17474V
FSLUTFaP)*YSELT*ELENZ) " 12,)%%(,25)
U3z h'LELI¢LLQ_Lh1n) e e e -
ke RETUMK

bt




Ly

FUMNCTION KHOG(T, P)

c e e . ——— e
c TEMPFRATIRE [N UPH Fo PkrSSUQF IN PSIA. DTFAV UENSITY hlLL BE IN
c LBZFTo,. GGty v 650 _DEG_F, 3000 PSTA.. e ,
c . .
A 2 [LR(T # 4RY,09) “
N = Fr14,696

GL = ©2,540%4 = | 6290400 A®A o e
Gz = 421828 » |, 2097E405%A%A

e B3 m O, 635k=l4 - 6 T8 B LIN0U A PR
BE 2 1,89 ™ 204 £ 2%A%0 |0, **(B8N8B7 ), A%A))
Bz Pl & nliepee|ope]) o (HYseg)ofoevsasenenen o KO*GO*((ASDOHA) Y

2)

I\'/ x 4,585 0/ 0A%L) + 8 e e
RHEG = 28817,/(4%4,%V) ' :
REILEL
ENT




L5

FUNCTIAGN RAGL(T, F)

c -
C TENFERATINE MUST bE IN EG Fo °RESSURh NAT MEENEU BUT IS INGLUDED
c FEF_CUNMSISTANCY W]TH OTHER PHYSICAL PRGPZRTY. SUBRUUTINES, DENSITY.
c OF SATURATEL LTQJID IN LB/FT3
c ' —
TE = 374441 =~ ((T + 459,69)/,8 = 273,16)
___RHEL = 28317.%0 . * o 1442489 CUBERTFITE) »_ 3,946205E=032TE)/ (454, ¢
. y\|&3;w97§~-=.¢|b|J4o'cue:RTr<Ts> - |.9071745 01°TE + /1 489UBE=|3°TE
A 2‘.\4,)’. .\. P o . . e et e et
‘ RETUF‘!\ ‘

ENE
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FUNCTION VIS(T, P)

AQAaaon

TENPEKATJRE MUST 5F IN DEGREES F. P"p'éiédif': IN PSTAs VISCOUSITY WILL
PE_Ih LE/RT MR . e

Pk = P/14,2233

TE 5 (T ¢ %6n,)/1,8
vig = 2 ‘B\_QE."LLSQRIF(T_)/(l.- ¢ 1039, 83/TE) .+ | o4E" LU PE® |, 9ER(9..

I'(FXPF(2 NYOk+ B E*PE/(TE**8)) = |,)

V1S 5 929 *SA0LA,232,2%V]S/4D4 o R
RETUFRN
ENT
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B S

FUNCTLIAN VISL(T, F)

TEVPFKATURE MUST BE IN DEG F, PRESSHRE 15 N6T NECESSARY BUT 1S

- INCLULEL FOh CENSISTANCY WITH STHER PHYSICAL PRUPERTY SUBROUTINES,

Fiep be Te _oay LEC F

LIGUID WATFR VISGUSITY WILL BE IN Lu/ZfFT 4R. RANbF o TEMPERATURES

oo RN N e]

VISL = EXEFCm | ]84 290L3GF(T) ».2,302585%2,49290) . o

RETURN
ENE
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FUNCTION CP(T, P)

S oI R . . ,
c TEMFEWATURE MUQT wE IN LEGR&FS F. PaEsquaE xN PsxA. ANU HEAT
—C EAFAL11Y wWILL.HBE IN HTU/LU DEG. F T .
c .
1F (g hr_Zg.ﬂ.._l.zh.o,AQ — S,
29 IF (P LGT, 160,31, |2
1?4U'1P,GLQM“4_L_4J"“ e .
I3 IF (P 6T, 45,) 3, 14 .
c e,
c CGhSTANT: FER 39 RSIA STEAM
o —
|4 IF (T GT, 40g.) 4. 15
|8 X |—=_21 o
X2 = 4ng
Y| = .‘jg — - e
Y2 = 047
S48 5 -
c
B CONSTANTS. FUR_AG- PSTASTEAM . o e b e e
C

e B F T 0T 55, e V6

|6 Tk (T GT. 35g,) %, 17

V2o = £By
X2 = 95y
Yl = .55

Y2 = .50
Ge_J1L..5

AL &

]
C
W n

¢ X1 =
X2 =

Yi

> o
b g ln
CcCo g o

Yeg_.=
GE ¢

5

Y

c CENSTANTS FUR 12n PSIA STEAM

2 1F (T GY, 843,34, |8
1& TF (T JGT, S0 7. i9

2n Xy = 9ng

WO TS, SUE Y'Y N S

—_—— X 5 2 (- g

YI = 57

no T b

— B X =B
Xé = oy

Y2 -y N O SO

Y2 = 253

ol o I l! [

7 XI SN
X215

"

T 400
U, /S Y |

¢ 16 5

c
C CONSTANTS FOR 230 PSIA STEAM
F




L9

I IF (T 6T, I115n,) 4, 2|
e 20 I T LGT, 750, S 22 il
22 1F (T 6T, 593,) (6, 23

e ¥Z 1E AT LGl 450.0. 4i, 24 R

24 X| = 95
X2 = 45y

Yl s 072

XY . 5. 08 _ e T T Tt TR PR TR

G 10 6

____L.J_X l—=_45g.. ——- : e e e e

X2 = 25y
Y= B4

Y2 = .54 R
- G865 OO SN
I X1 = 25p
X232 /Sg

Yi D4
O - . S P U SO
QU 110 5

____Q.XL_- L

X< = 1150
— N m e B e . . e e
Yz - .54

S5 CE = (Y7 w Y3PIO(T » XPI/LX2 = X4) o Y|
RETURIN ' '
A TE = (T % 8603717 . - e
CP7 = 1,872 + /.):oﬁh g4'Tt v 47, 8565/7
e O 2 G AT TG 454 *CFELY | (BE+(4
RETURN
26T l=21 e S T
IHeT, Lr.((‘ollé“f’ \S-)Uo)) 3[|u5|
-—-v-~-u|'¥—~v-(‘F"'L:GUO)/HU"". Z
Sepet 0% o*5,*C)
e B A 00
6 76 42 ’
2y lFeYLLE (quH'Ptd“=rl) 82,38

32 A--U.Ln9
Rzn 7«+3Lln13b~1P-lpuu o
G616 4P
S8 TE (T b E (e LOT7 2 %47 302 ) 36007 oo
34 IF (R LT Rp1,) 35,8¢F

3c Au=y , 014 —
H-r.7J+r.an7"(°-‘uU )
RN T ST  ST0 2 SRS
36 A--([".,[‘QF‘-(F)-AU“‘ ’2.5E:-06) v
Bapodtn fgialbe(Pebpi,) e e e
Gy T iz

AL L e B2 padd g o ) ) 368
R A"UoUﬂlz ,
—_— Bzg Pu2el 6GE(P Y- .
G6 TH 42 .
;&_NuLu»mpw&dng%M, : - o
a1 A-'U‘U[L4b

—————Q~%1+461*+$#+F+'%761~
GE TH AY
R e e




50

nn 1t 3y
B2 CPaAR*(TI=0Uo )b . - ... ..
RETURK '
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FUNCTUON CPLIT,P)

TENPEMATIRE IN LEG F s PRESSURE IN PSIA o HEAT CAPAGITY IN
RIL/(LEDEG F) . TEMPERATURE LESS THAN. 650 F ., PRESSURE LESS

OO0

ThAN “nplh, FSIA

Az (,9*Teb€611,)/(Trme:754)
Bee (Ll ** (L L lier T*459,69)e9,90)740py0,)

CRLzA+R®?
RETURI: S e e % o e e e ¢ e

ENT




52

FUNCTIaN THULT, P,

c . R e e e e -
c TEVBFRATIRE DN n»bPEE Fs» PRESSURE IM pslA THERHAL LUNUULTIVITY
C Wil B 16 EJLsFY HR DEG F . O
c
P =z /18,2233
TE = (T + 4€h,1/71.8

1HC = &.J.&JL::M.:_;u‘RTELIl—.).'::XDi—_(.L.SZ.HEau9'(TE"_3)),_1' 2,486E=05*(EX .
IPF (I 77354 NG*PE/CTE®®4)) ~ | )

o THC.® THO®3L,aR*8000e 52,8 s
RE-Tuk i
=




FUNCTIAN T¥L(T, P)

KO p

1EMPERATURE 1S 10 DEG F. ,  THERMAL.  CGHDJCTIVITY. IS IN bIUZHR*ET®D
nEe Fo, KELATION VALID FOR SATURATED LIQUID, INUEPENDENT OF
OFSSURE :

TEL 20333 %0) Hyra*y

RET UK
TE LT lY, Jhte) 3,4

Thi=h.3¢5
RETUEL

TFCT LT, 401e) S,6
Thl=led3dmid LgniineY

RETLEN
LELT (i T Spaiy 7,5 _ - e

TRLENeDe ,A[NS*T .
8l WULAY

TECT o LT 5006 Yuly
TelsfeXdBep ungho*!Tedgn,)

RETLFRN

Th=fie 20n o (L4 T=80 (4 )- I T E T -
FETul
LG —— - e




5k

FUACTIAN VP(T, ) _
C TEVPERATJIRr® 1N L%6 Fa WNATER VAPUR PRESSUIE WILL BE IN LB/FT2,
€ GUeL.tOK .47 T 7u0 DES F, PRESSURE NAT NECESSARY, BUT IS INCLUDE
C FOF CONSTSTAnCY %ITh UTHER PHYSICAL PKAPERTY SUbROUTINES
C
Az 3,746310 -
B2 G LA L SE =2 e e m e e e e e e
C 3z 7.5)%4 akaiy¥ _
U | NS W) &2 X Y S o
F oz €,06444L-1
Th—= (T & 4bu a0y | B
X 2 €47,27 = T¢
.- Vfo 2 2} 842242% )3 J 672040, 2 * CaX ¥ (A s B*X. ¢ C*X*"X*X.-*. E*X2%4)/(TE2( -
fle * L*X))))
RETULL . e -
ENE
\
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. . SURKAUTINE NSHL17 (TWAT, TSTEAM, T8, T1, LENGTH, DLENTH, SUPSIG, N
Lo, ISVIP, 62 _JTulf, _  SIGMa X, _TWO12, TWIB., TWll, Twll2, TWOLIl.. TH .
2111, BRPSINS Fpsriul)

CTHIS SURRNUTIHE ASSIGNS INTTIAL VALUES T% SAME 6F THE PARAMETERS |
b THb COMpUTAT TN, : e e e = o

conaa

DIVEMSTEN BOIgnps S)aVALTSC0), AMPS(6), T(7), Q0CI12)s LGC[2), LI(7

JE U 15 T . - . "

TYFE INTEGHK SUpS]G

TYE BEAL L, L4y LeNGTE

COMMEN 29%i%7 LN, uwh
.._.____..—._.._IJA_LA_\J.LQ.L1>LL-I——=' ——I—‘»HVLZ)-M-:_.U.--o---b»owﬁ-«_i-\.s.a N * N 20-’ 62" \)901- 4’00
92,0 28,0 D%, 714 CULT(J)s J 2 1, 7) 5 (l4s 6,0 1945 92,, AD,,
VLY N A : e e e o e e
JTw Itis]
SUESIL=]

Tl = 1WAl

I8 = I8T=aM e e e -
LFSEUTs, 7
EpSIh = .7 e et

SIEM = ,1718F=;5
LEMNGTE = .'2 i

. TRP]Z = TwALL(NLENTH)
Telg=T]
Tl = TWA[H

. Tiy ] I 2.z T;-g 1 l U S
TWe[13TRAL2
TWRIlET, 112
o=}

Hia, 1)

1

(N, €) 5 TI
Hin ) = T R e S U
RN, &) = TwAlLt ()

E8 & NN E— o8 B
XEl,

—  IF ISHIP O, Y P6e-27 - e e e
c CCMPUTES T MeT HEAT INPUT Te THE EXPERIMENTAL sOILEK
c AREARLTUS AS o FUNCTION SF _LENSTH,  TptS_coMPUTATION MAY_BE
c FERVORMED AT WILL RY SEITING

-G LSz o PLREORM CLUMRPJITATLEN
C LEKIP = 2 T4 BYPASS COUPLTATION

— hoili S Tpnd o VOLTSCIY s 1 3 . 63, (AMAECT), | 5 §» 6)s ATC])s .

1= 75 )y TI0S
SO (G0 T of 5775 U . e e
NGy ) 4 = 2» 12
PF () ol nny) 4, 5
4 TF (L&f]) oLk, 5¢,) 6, 7
P50 SRR NSV 25 N5 T G =SS T - E OO
B OIF (LGCI) oo 280) 10 1)

) TR TN TR TS S N NS N UR W - K S
12 J = |
. (ot "!x' ?

J:/.

S o R, 1 GO S N S e R

\n
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7 4 =2 5
S ¢ s f (N S PPPR )
9 J =z 4 »
RS &Y SN Ao~ 2O OO U B U
i1 J = 3 ‘
eV AN ‘ : —
(& J = -
R/ 0 S & IV g 15 P U6 SR SR B I PSR R e e+ e
14 TF (Lwe]) oLk, 45,) 16, |7
36 IF Lkl )) el Ea—82,)- 18, |G - . - — _
fs TF (LLCT) oLFe 194) 2yes 2|
cu TE (LWC) Wl B, £,) 52, %3
22 K = |
G T 3 e _ e e

|15 k = € _
Go_JC_3 e e e e e
47 ® o= 5
L T X
|19 ¥ = «
Lo Te 3
¢l £ = &
SR o S YN 4 AU, S : _ e e
23 K = 7 .
T OIrELT 2 patle tSSGGetVELTS (L) 2AMRS L) #1585, £ (054.0%169. )
THE & (TG + 1) = T(KI*CLACTY o LTOKIV/(LTIK + () = LTIK)) + T(K)
e Tra R LYl ) e T(KIYOLO(] o 1) - LTCL)YIZCLT(K. ¢+ .1) = LT(K)) + -
I TCK) ,
o CLESS 2 (B LTi 4. THZ) = TING)®,05s3vATANF(},) *XLGNN(S, S, .7,
13)/76, .
L)Y = SN RLT— L L OSS R
L) Qule)
e )SAYE = , e
27 SeTLkL
._J.L_{;_FLFJ'QI".J.;”(-\’J_LZXJAF.‘!V. 310/0002X,FS,. l) a./...é (2X nF 5’. ) .j Js2XsF 4, U D 2
ENT

-




o7

FURCTIAN TWalL(XL)

QO 0O

 RUTSIUE ApLL _TFHPFRATURE OF ThE. BUTSILE TURE._ READ .AS INPUT DATA I
MoThE MALN FROGRAD '
NIVENSTIEN TCCLod, Lel2)

Q

CoMpmOn 2Twbs T
TYEE REAL.L ‘ N e e e e e e e e e e
DATA C(LCEY) I = 0 12) 3 0es B4 12¢5: 1940 25,5, 3¢,y S8.5, 45,,
191 B SBea 4050 ida e
TF (XL ,LTe £4,5%) 1, 2
L JE (XL G LTe B, ) e 4

I IF (YL ,LYe 21.%) 5, 6
R Y PN 5 % SR 5 SO 1 OO R AP ¢ P [
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10.3 Input Data for *CREEP*

10.3.1 First Record

This record contains the four tube diameters associated with the
boiler being simulated. These are expressed in inches and ordered from
largest (outside diameter of outer tube) to smallest (inside diameter of
inner tube), the inner tube wall thermal conductivity and the outer tube
wall thermal conductivity, both in Btu/hr-ft-OF.  The format, beginning in
column 1, is

--D.DDD--D.DDD--D.DDD-~D. DDD=--KK- KK==KK.KK

where the dashes represent blank columns.

10.3.2 Second Record

Water flow rate in cm3/min, outlet steam temperature in °F, system
operating pressure in psia, feed water temperature in OF, saturation
temperature at operating pressure in OF, length of boiler tube in inches,
and the latent heat of vaporization of water at operating pressure in
Btu/1b are included on the second record. The format is

~-FF.F==TTTT.==PPP.==TTT.-=TTT.-=LLL.-HHHH.H

10.3.3 Third Record

The eleven measured temperatures, in °F, of the outside wall of the
outer tube go in this record, ordered from the bottom of the boiler (water
inlet) to the top. These are printed by the temperature recorder as points
two through twelve and are put on the data card in that order, thus:

--TTTT. (repeat eleven times)

10.3.4 Fourth and Fifth Records

Autotransformer dial settings for the six heater sections as a fraction
between zero and one are on the fourth record and current drawn, in amperes,
on the fifth. These data are ordered from the bottom of the boiler to the
top.

--.DDD (repeat six times)

--A.A (repeat six times)
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10.3.5 Sixth Record

This contains the inside insulation surface temperatures. in °F from
the bottom to the top of the boiler. They are printed by the temperature
recorder as points twenty through fifteen and must be on the data card in
this order.

--TTTT. (repeat six times)

10.3.6 Seventh Record

The seventh record contains the outside insulation surface temperatures
in OF, It is the average of the temperatures measured by thermocouples
twenty-one and twenty-two.

--TTT.
Emissivities of the inner tube, outer wall, and the outer tube, inner

wall are assigned to NSHLIZ. These quantities, if considered as input data,
“should be reestablished in this subprogram.

10.4 Experimental Data for Simulation

The following data (2 runs) were obtained from the experimental re-
entry boiler tube and may be used for simulations.  The numbers are in the
order of their appearance on the data cards.

FLOW, cn3/min 23.0 33.0
TSTEAM, °F 260 417
P, psia 15 205
TWAT, OF 88 355
TSAT, OF 212 384
LENGTH, in. 68 68
HVAP, Btu/1b 970.3 841.1

Outer Wall Temperatures, Op
2 1078 1075
3 943 973
4 1043 1068
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5 925 1100 .
6 1063 1080
7 983 1013
8 1105 1081
9 1075 1053
10 1095 1080
11 1050 1012
12 1085 1080

Tube Physical properties

D1, in. 0.675 0.675

D2, in. 0.493 0.493

D3, in. 0.250 0.250

D4, in. 0.194 0.194

KI, Btu/hr-ft-OF 9.4 9.4 ]
KO, Btu/hr-ft-°F 9.4 9.4

Autotransformer Power Input, amp

1 3.5 7.1
2 3.0 8.8
3 2.8 6.77
4 2.8 6.12
5 2.8 5.33
6 2.8 5.60
Autetransformer Power Input, scale setting
1 0.470 0.240
2 0.450 0.260 .
3 0.380 0.260
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4 0,400 0.210
5 0.330 0.185
6 0.320 0.170

Inner Insulation Temperature, OF

1 1187 1195
2 1122 1238
3 1me 1213
4 1125 1140
5 1102 1121
6 1110 1117

Quter Insulation temperature, OF

305 348
heaters wired heaters wired
in series in parallel

10.5 Non-Experimental Simulation

*CREEP* is written to simulate the experimental appratus described in
Ref. (11). Simulation of non-experimental reentry tube boilers is possible
if the following modifications are made in *CREEP*:

1. Disable the net heat input generating mechanism by setting ISKIP
= 2.

2. Disable the statements QS = QA{(LENGTH) and QS = QS*DLENGTH located
four statements after 53 by removing them or putting a C in Column 1.

3. Change the last characters of statement 20: QS.  Format statement
No. 200 need not be altered.

Required input data are those contained on Records 1 through 3.
Maximum temperature and pressure for subcritical operation are 650°F

and 2000 psia. Higher pressure operation may be achieved by extending the
validity of the physical property subprograms above their present limits.
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10.6 Appendix to Mathematical Procedure

The system of six equations

Qs = Q0 +Ql
os = {KOUAO) (m00 - Tyor)

Q0 = (U2)(A2)(TWOI - TO) - U3(A3)(TO - TWIO)
QI = (U4)(A4)(TWII - TI)

Ql (AIBIKI TWIO - TWII)

QS - (TWOI - TO)(U2)(R2) = - Ag‘%3) — (TWor* - Twrot)
aqtRig-

with temperatures in °R can be rearranged to get:

c(5)(TWI0)? + ¢(4)(TW10)3 + ¢(3)(TWI10)2 + C(2)(TWIO) + C(1) = O

TWOI = Y4(TWIO) + Y5
TWII = YI(TI) + Y2(TWIO)
Q0 = U2(A2)(TWOI - TO) + (U3)(A3)(TWIO - TO)

QI = (KIBIAI (TWIO - TWII)

Qs Q0 + QI

This system of six sequential equations can be solved if the solution to
the fourth degree equation can be found. A subroutine has been written for
this purpose. The coefficients Y1, Y2, Y3, Y4, Y5, Y6, C(1), C(2), C(3),
C(4), and C(5) are listed below:

- U4(A4)
(ua) (r4) + FLLZL
2 = KI(AI) .

BI[(U4)(A4) + Elé%ll]




Y3

Y4

Y5

Y6

c(1)

c(2)

c(3)
c(4)
c(5)
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U2(A2) + Kgvo

AI)(KI)(Y1)] 1
.(Ua (h3) + LG )) il

[(uz)(Az) + (U3)(A3)](T0) + {KOL(A0) (7y00) " (YTIUKL) (AL) (T1) s

o(A3)
1 A3,1
EI A

Y6(Y5)4 + U3(A3)(TO) + KXJl!KlggAI)(TI)

(4)(v6)(¥5)3(v4) - (u3)(A3) - LILKDI(AL)

(6) (46) (Y4 x Y5)2
(4)(¥5)(¥6) (v4)3
(v4% - 1)(Y6)

10.7 Nomenclature

logarithmic mean surface area of inner tube, ft2

logarithmic mean surface area of outer tube, ft2

surface area along length AL, outside of inner tube, ft2

surface area along length AL, inside of outer tube, ft2

surface area along length AL, inside of inner tube, ft2

wall thickness of inner tube, ft

wall thickness of outer tube, ft

steam heat capacity, Btu/1b-CF

steam heat capacity at zero pressure, joules/g-9C

autotransformer setting, unitless
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70 .
I current in amperes .
k thermal conductivity of steam, Btu/hr-ft-oF
kI thermal conductivity of inner tube, Btu/hr-ft—oF
ko thermal conductivity of outer tube, Btu/hr-ft-°F
M mean of two numbers
P pressure
PL vapor pressure of water, atm
Qinput heat produced by heaters, Btu/hr/in. of boiler
Qloss heat lost from boiler to ambient, Btu/hrfin. of boiler
Qnet net heat put into boiler, Btu/hr/in. of boiler
Qr heat transferred between tubes by radiation
| Qg total heat input to boiler in length AL, Btu/hr/in. of boiler
QZ 2:gfo;ransferred across steam film, inside of outer tube, Btu/hr- ’
Q3 heat transferred across steam film, particle of inner tube, Btu/hr i
Re Reynolds number
S suppression function, unitless
‘ T temperature
| 71 fluid temperature in inner tube, °F
T0 annular steam temperature, OF
‘ TWiI temperature of inside wall of inner tube, °F
TWIO temperature of outside wall of inner tube, Of
TWOI temperature of inside wall of outer tube, Of
TWOO temperature of outside wall of outer tube, °F
u2 film coefficient inside of outer tube, Btu/hr-ft2-OF
U3 film coefficient outside of inner tube, Btu/hr-ft2-°F i
) specific volume, cm3/g .

S
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Vg one phase steam velocity, ft/hr
VTp two phase fluid velocity, ft/hr
Vy one phase water velocity, ft/hr
X steam quality, unitless

Greek Symbols

€] emissivity of inner tube

€, emissivity of outer tube

n steam viscosity, 1b/ft-hr

Ng steam viscosity, g-sec/cm2

A latent heat of vaporization, Btu/1b

u liquid viscosity, 1b/ft-hr

oG steam density, 1b/ft3

L water density, 1b/ft3

o iﬁEfSﬁi tension, 1b/ft, also Stefan-Boltzmann constant, Btu/hr-

10.8 Nomenclature for *CREEP*

Al, A2, A3, A4 elementary areas for heat transfer respectively of outside
of outer tube, inside of outer tube, outside of inner tube, and
inside of inner tube

AI, AO areas for conductive heat transfer (logarithmic mean)

AIN, AOUT cross section of inside and outside pipes

B array for storing values to be plotted

BI, BO thickness of inside and outside walls (see Fig. 2)

C array of coefficients for fourth degree equation (see Appendix 10.6)

CIRC computation parameter

D1, D2, D3, D4 diameters (same order as A)

DLENGTH elementary length (chosen small enough to have stable calculations)
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DELTI, DELTO variation of inner and outer tubes fluids temperatures .

DELX
DTW

during a step DLENGTH
variation of the steam quality during a step DLENGTH
variation of TWIO during a step DLENGTH

EPSIN, EPSOUT emissivity of inner and outer walls of the annulus

FLOW
GLEN
GLEN2
HVAP
IERROR
ISKIP
JTWIO
K

KI, KO
LENGTH
" LENTH
N

NN

NO

p
POLYN
- Qr, QO
Qs

QsC
ROOT
SIGM

flow rate of fluid through the boiler

length of convective heat transfer to the water

length of condensation heat transfer

heat of vaporization

error average (given by PRQY)

parameter to enable or disable reading of QQ in NSHLIZ
parameter to determine the model of heat transfer in the annulus
DO loop parameter

thermal conductivities of inner and outer walls (see Fig. 2)
length up the boiler where the computation is performed

total length of the boiler

current parameter for plotting

number of steps in computation procedure

graph number

pressure

output of PRQY

quantities of heat absorbed by fluids in inner tube and annulus

quantity of heat given to an elementary length computed from
experimental data

same variable computed by the finite difference method

root of fourth degree equation (output of PRQY)

Boltzmann's constant




SUPSIG
TC
TI, TO

TIC,TOC

TSAT
TSTEAM
TWAT
TWIIZ2
TWII1
TWII
TWIO
TWOI1
TWOIZ
TWOO
TWOO1

U2,U3,U4 heat transfer coefficients (see Fig. 2)

X
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parameter to determine the mode of heat transfer in the inner tube
temperature on the outside wall of outer tube

temperature of the fluids in inner tube and annulus at the end of
an element

extrapolated (first order) temperature for the calculation of the
next step

boiling point

temperature of the steam at the exit of the boiler (input)
temperature of the water at.the inlet of the boiler (input)
temperature of the inside of the inner wall after a step DLENGTH
same temperature before this step

extrapolated temperature for next step calculation

outside of inner wall temperature

same as TWII1 for inside of outer tube

same as TWII2 for inside of outer tube

temperature of the outside of the outer tube

same one

steam quality

Y1,Y2,Y3,Y4,Y5,Y6 parameters for equations (see Appendix 10.6)

10.9 Special Nomenclature.for Subprograms

Subroutine COEF

GRZ
H
RE
REL
TF

Greatz numbers
condensation heat transfer coefficient
steam Reynolds number

liquid Reynolds number

film temperature for computation of H
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Subroutine NSHLIZ

AMPS amps read for the different heater elements
LQ location of LT and ends of the heaters
LT location of thermocouples on the inside surface of the insulation

around the heaters
QINPUT  heat given to the system by the heaters
ALOSS heat lost by the system
QQ heat input to the boiler for a given length-

TH1, TH2 temperature at beginning and end of interval in which net heat
input is computed

TINS outside insulation surface temperature of experimental apparatus
VOLTS volts read for different heater elements

Subroutine PRQ4

P1 value of the polynome for X]

PX value of the polynome for X

XINT elementary interval used for location of the root
X1 inferior 1imit of total interval

X2 superior 1imit of total interval

Function TWALL

L lTocation of the thermocouples 2 through 12
10.10  Location of Original Data

The calculations file for this work is in the custody of the M.I.T.
School of Chemical Engineering Practice, Bldg. 1000, ORNL.

10.11 Literature References

1. Chen, J.S., "Correlations for Boiling Heat Transfer to Saturated
Fluids in Convective Flow," Ind. Eng. Chem. Proc. DeSign and Devel., 5,
322-329 (1966).




75

2. Etherington, H., ed., "Nuclear Engineering Handbook," McGraw-Hill,
New York (1958).

3. Fraas, A.P., "A New Approach.to the Design of Steam Generators
for Molten Salt Reactor Power Plants," unpublished data, July 15, 1968.

4. Fraas, A.P., and M.N. Ozisik, "Heat Exchange Design," John Wiley
& Sons, New York (1965).

5. "Handbook of Chemistry and Physics," Chemical Rubber Publishing
Company, 47th ed., p. D-91 (1966).

6. Hatschek, Emil, "The Viscosity of Liquids," G. Bell & Sons, Ltd.,
London, p. 80 and 88 (1928).

7. Hildebrand, F.B., "Introduction to Numerical Analysis,”" p. 198,
McGraw-Hi11, New York (1956).

8. Hottel, H.C., and A.F. Sarofim, "Radiative Transfer," p. 79,
McGraw-Hi11, New York (1967).

9. Keenan, J.H., and F.G. Keyes, "Thermodynamic Properties of Steam,"
John Wiley & Sons, New York (1936).

10. Knudson, J.G., and D.L. Katz, "Fluid Dynamics and Heat Transfer,"
p. 403, McGraw-Hill, New York (1958).

11. Konishi, T., and S.F. Koch, "Experimental Testing of the Reentry
Tube Boiler Concept," ORNL-MIT-82, M.I.T. Sthool of Chemical Engineering
Practice, ORNL (May 8, 1969).

12. McAdams, W.H., "Heat Transmission," McGraw-Hi11, New York (1954).

13. McCabe, W.L., and J.C. Smith, "Unit Operations of Chemical
Engineering," McGraw-Hill, New York (1956).

14. Perry, J.H., editor, "Chemical Engineers' Handbook," 4th edition,
p. 10-14, McGraw-Hill, New York (1963).

15. Polomik, E.E., S. Levy, and S.G. Sawochka, "Film Boiling of Steam-
Water Mixtures in Annular Flow at 800, 1100, and 1400 psi," J. Heat Transfer,
86C, 81-88, Also ASME 62-WA-136 (1964).







77

ORNL-MIT-86

INTERNAL DISTRIBUTION

J.M. Baker

S.E. Beall

A.P. Fraas

R.E. Helms

M.E. Lackey

M.E. LaVerne

R.E. MacPherson, Jr.

H.A. McLain

Lewis Nelson

R.A. Robinson

M.W. Rosenthal

G. Samuels

Dunlap Scott, Jr.

R.C. McWhirter

Oak Ridge Engineering Practice School
Central Research Library
Document Reference Section
Laboratory Records
Laboratory Records, ORNL R.C.
ORNL Patent Office

M.I.T. Station Files

EXTERNAL DISTRIBUTION

son Benedict, MIT
. Driscoll, MIT

. Evans, MIT

. Fleming, MIT

. Mason, MIT

. Reid, MIT

. Sarofim, MIT

. Selvidge, MIT

Man
M.J
L.B
S.M
E.A
R.C
A.S
C.W
T.K. Sherwood, MIT




	image0001
	image0002

