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1. SUMMARY

The high melting point of fluoride salt in a molten salt reactor and
the high temperatures'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 (1J_). 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 elements in 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,



Molten Salt ••

Superheated
Steam

Water Feed

Molten Salt

*- Superheated
Steam

MASSACHUSETTS INSTITUTE OF TECHNOLOGY

SCHOOL OF CHEMICAL ENGINEERING PRACTICE
AT

OAK RIDGE NATIONAL LABORATORY

OATE

5-7-68

Reentry Tube Boiler (11)

DRAWN BY

SFK

FILE NO.

CEPS-X-82

FIG.



AL

MASSACHUSETTS INSTITUTE OF TECHNOLOGY

SCHOOL OF CHEMICAL ENGINEERING PRACTICE
AT

OAK RIDGE NATIONAL LABORATORY

Notations for an Element

DATE

6-6-69

DRAWN BY

YB

FILE NO.

CEPS-X-86

FIG.



QS = ^qAQ^ (TWOO -TWO I) (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)

nR _ q(A3)(TW0I4 -TWIO4) ..

where temperatures are in °R.

The heat convected is

Q2 = U2(A2)(TW0I - TO) (3)

Heat transfer from the steam to the inner wall (Q3) is by convection.

Q3 = U3(A3)(T0 - TWIO) (4)

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

QR+.-Q3 = (KI)(AI)(TWI0 .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,

QI = 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 annul us,

QO = Q2 - Q3 , (8)

is used to heat up the steam (DELTO).



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

QS = QO + QI (9)

QS = IMiAOldWOO - TWOI)

QO = (U2)(A2)(TW0I - TO) - (U3)(A3)(T0 - TWIO) (10)

QI = (AI^jKI)(TWI0 - TWII) (11)

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

QS - (U2)(A2)(TW0I - TO) = ., a'ffi? (TWOI4 - TWIO4) (13)
J_ + 2±(J 1\
el M\ '

All the temperatures are in °R. The heat fluxes QS, QO, 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 local 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. (All coefficients are in units of Btu/hr-ft^-OF.)

4.1 Inside of Outer Tube

In laminar flow the Greatz equation {Ref. (1_2), p. 232} is used,

„.1.75(^)(=^)V3(fe)0.14

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

" • §tOt>°'14
The annular equivalent diameter, D , is used in these formulae.

Transition regime coefficients are obtained from the Nusselt type
equation

h.0.116,^)[(M,2/3.125](^!l)l/3(B_,0.14j1 +{fl.)2/3] (14)

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-O.OZS^W-B^l/S^O.H
Ue y K yw

4.2 Outside 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).

h . 0.023(f-)(^)0-8(^)0-^)°-4(^)0'14ue y K u-, n yw

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. .(1_2), pp. 331-337}. The
coefficient for this condition is

h = (AT )i 13(k3 p2 g XvQ.25

in which L is the length of tube on which condensation occurs, AT is the
difference between the saturation and wall temperatures, and AT1 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 Were evaluated
at the mean film temperature.

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

Subcooled boiling occurred when the inner tube inside wall temperature
reached saturation temperature. The following relation {Ref. (]2), p. 393}
applied:

h " (Tw-Tsat)3
exp(P/900)1

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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n,0.79r 0.45 0.49 0.251
k Cp P 9C
0.5 0.29,0.24 0.24h = 0.00122
ay X pv

convvRe

( + + ^0•24^AD^0.75C
(tin " tout) (aP> S

+ h fRetPv0.8
cnnu'Do '

liq

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 Re. < 3000
tp

0.16 £n(Re. /3000)

S = 1'° &n(17/3) for 3000 < Retp <17'000

0.72 An(Retn/l7,000)
S = 0.84 &n(350/17) for 17,000 < Retp < 350»000

S = 0.10 for Re. > 350,000

where Re^-p 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

h - o.ooiset^X^)0-853^)1/^^)2/3^)0-147 (is)

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 to 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.

Confirming the.avail able 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 these experimental 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 simple Euler 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-pressure.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 liquid 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 partitioned 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

CP 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
transfer to the liquid water takes place, GLEN.

b. The length of boiler tube in which condensation of super
heated steam takes place, GLEN2.

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 befound 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 GLEN2 are performed,
at this point and then QO 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, TO, 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-°F. Diameters of the two tubes
are available from *CREEP* through common block /THREE/.

10.1.3 Physical Property Subprograms

10.1.3.1 Function RH0G(T,P). - Vapor density is obtainable from an
expression for the specific volume of steam which correlates data to 3000
psia and 650°F. Using temperature, T, as °K and pressure, P, as atm, the
specific volume in cm3/g is:
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v = 4.55504 T + B

2 4 3 3 13 12 12B = BQ + B^ 9] P/T +Bj; g2 Pd/TJ - BlQ* g3 p'V

BQ = 1.89 - 2641.62 (io80870/T )/j

g1 = 82.546/T - 1.6246 x105/T2

g2 = 0.21828 - 1.2697 x105/T2

g3 = 3.635 x10"4 - 6.768 x1064/T24 (9)

The steam density is therefore

- 28317 1k/J4.3
PG " 4BTYlb/ft

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

10.1.3.2 Function RH0L(T,P). - Density of saturated water as a
function of temperature is obtained from an expression for its specific
volume.

V + a(T. - T)1/3+ b(T - T) + c(T - T)4
V = -£ ^ rrr9 (i)1+ d(Tc - T)l/J +e(Tc - T)

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

Vc = 3.1975 cm3/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

e = -3.946263 x 10"3
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Maximum usable temperature in this formula is 680°F. Conversion of the
specific volume to density in English units gives:

- 28317 lh/f+3
PL " 35TT lb/ft

Temperature input to RHOL is in °F. 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

n _ 2.3936 x10'8 T1/2 , , lf)-10 p
no " 1 + 1039.63/T l#4 x lu v

+ 1.9 x 10"9{exp(2.095 x 1018 P2/T8) - 1} (9)

where temperature is in °K and pressure is in kg/cm2. It should be noted
that the recommended form presented in the reference is wrong. The cor
rect equation is that shown above. Conversion of n0 t>om g-sec/cm2 to
lb/ft-hr is

(9.29 x 102)(3600)(32.2)
n " 454 no

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 °F. The vis
cosity will be in lb/ft-hr.

10.1.3.4 Function VISL(T,P). - Liquid water viscosity is affected by
change in temperature, but is practically 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

V - 311.1 T-'-'4129

Viscosity will be in lb/ft-hr when temperature is in DF. 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 line 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

Cn = 1.4720 + 7.5566 x10"4 T+47.8365/T (9)
^o -

with temperature in °K and Cn in joules/g-°C. Conversion to the units of
Btu/lb-°F was done by the relation

C
P

(9.47799)(454) r
T800 LPo

Above 200 psia the parametric representation of Ref. (9_), p. .80, was rep
resented by linear 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 Cp = A(T - 600) + Bwas fitted with Aand Bfunctions of pressure
varying with 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 10-5};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-°F.

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 capacity 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 graphically 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 +_||000 +9.90)
———ra ^B

The resulting expression of CPL is then

11000
+ 9.90rpi,Tpx _ r0.9 T - 660x ,n T + 459.69 Jm™ PCPL(T.P) - [ T _ 675 ) - 10 ^Og-

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

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

k0 = 3.191 x 10"6 T1/2{exp(1.5234 x 10"9 T3)}

+ 2.486 x 10'5 {exp(1.773 x 109 P/T4) - 1} (9)

Temperature and pressure are °K and kg/cm2, respectively. The resulting
thermal conductivity will be in the units of cal/cm-sec-T0C, and conversion
to Btu/ft-hr-°F is

k =
(30.48)(3600) b

(252)(1.8) ko

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

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

10.1.3.8 Function TKL(T.P). - The function TKL(T,P) gives the thermal
conductivity of saturated liquid water (T and P being related by the
saturation relation). The original data (9_) were interpolated linearly
between the different points in the range of 100 to 600"F and extrapolated
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 property subprograms. Liquid thermal
conductivity will be computed as Btu/hr-ft-"F.
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10.1.3.9 Function VP(T,P). - Liquid water vapor pressure as a function
of temperature up to the critical point is obtained from the equation

in which

and

-. c _ c ,a .1- dx t ex" t ex x /Qx

lo9io p~ " —r- ( ms; ) <i)

T T i a

c. _ c /a + bx + ex3 + ex4v
L T { 1+dx ;

P. = vapor pressure, atm

T = temperature, °K

Tc = critical temperature, 647.27°K

pc
=

cri ti cal pressu

a = 3.346313

b = 4.14113 x io-2

c = 7.515484 .< 10"9

d = 1.3794481 x 10"2

e — 6.56444 x 10-n

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

P = (14.696)044) PL lb/ft2

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, TW0I2, TWIO, TWII, TWII2, TWOII,
TWIIl, EPSIN, EPSOUT. - The simulation is performed by calculating through
the boiler, one length 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

TW0I2 outside wall of outer tube temperature

TWIO feed water temperature

TWII feed water temperature

TWII2 feed water temperature

TWOIl outside wall of outer tube temperature

TWIIl feed water temperature

Indices and constants

JTWIO = 1

SUPSIG =1

DLENGTH 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-°R4

LENGTH DLEWTH

Feedwater condition

X = 0

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
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semicircular sections enclosing a 12-in.-long 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

"input " lH^,,5> EI W"

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

"input " 2<lf <T&115> EI Bt^hr
For use in the simulation it was necessary to know the heat input per inch
of the boiler tube. Heater production is then

Qinput = 2(tI){T3)(TM4T6)(115) 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 We 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

^loss
AT k A

* inside " Toutsldi""*1)- lo9mean%nside'Doutside>/144}

* inside

(2/12)

- TO(jtside)(0.0533) atan(T) logmean (3.3,7.3)

Btu/hr/in. of boiler
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Temperatures are in °F 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

Vt = ^input " ^loss Btu/hr/in. of boiler

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 linear 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 °F 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 coefficients 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

m A - B
M = x-

inf

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 Re.^ < 3000
tp

s = ] . 0Ae^{\f/3f°^ for 3000 <Retp <17,000
s . 0.84 . 0.72^1^000) for ,7>000 <% <360>

S = 0.10 for Ret > 350,000

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 = O - x) vw + xvs
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where Vy and V$ are the single phase velocities.of the water.and steam,
respectively, and X the steam quality. The two-phase Reynolds number
becomes

DVTp P[_
tp y.

This value is the input to S.

10.1.4.6 Subroutine PLIT (NO, .B,-.N-, -M-, NL, NS, KX, JX). For con-
venience in evaluating the computed results, the temperatures of.the.water
in the inner tube of the boiler, the steam in the.annul us, 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.scaling.the data to
be plotted to the discrete physical characteristics of" the line 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 sorting 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.along.the.tube and
transmits these coordinate pairs to QA via common.block '/ONE/.. 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

_C _..*.•_?.!< E.^.p *•--. :
C
C a ggyfcK ROUTINE E!U_,AJI_0_6 ESSEN56 OF THfc PHPCbSS
C

c
"c

-niKgsbif.M C{b) R( mno, t>)»ic( ife)
TYFfc &EAi. KI,KP,lfcNGTH,LcNTn
TYPr INTSGEk SUPSIG
Ctic MP ft /TwO/ TC /ThHh6/ 1)1* D2, D^, D«# AlN, AflUT

C Rf-.AD BfilLcK PFvCJPpRTltS
C

Rt-.Au (5oi >U2> Dli D*« 03, D<», Kli kO

AdU = ATAMF <| . )~»(P2*i)*! '- D2*D3)/|44,

C PL*U FLUID* PKi"PFKTlfcS
C

»r.»U (?D» I U( > FLOW, TSTEAS, p, Tw*T# IS^T. LENT** nVAP
J£LMi^1j-.±L!~}~L1ZLUj-±-*-''».-IJ£\ -
TC< I > = ICC*)

J^U_£_:iJ_-_lJl^L__FL.O.uL__TJJ.E_A^_F_,.„_
i-'RIV"1 (5 1, I r_?> <TC<I>, I s- I. 12)
!S*lr = I ;

i__ s_JiL___l.d_l_,
s I _ ( P «i -1 4 ) / _ <•,

C ChCoStS lUHTh FfjR THE >'H9LE F1NJTP DIFrERfc'NC£- CALCULATIONS
_c :

["LFhlH r t'i
QLFh^LE.VT*
IL^i^sHLShTh

2< CALL hSHHZ (TwAT, TSTgAM, T3. TI. I.E^PT-H. DLENTH, -SUPSIG, M, ISKI
|P, h» JT*'If # SiGK# X# TW0I2# TW10 ♦ TWII, TW1 12. TWOI|# TWIIl,
aFPS-U, P-Pf/JUT)

WRlTb(J>| ,*C1>>
5nn rfiFM.TtfrX.//) , .

TKsTI
TQC=TO __

C

r f:f>Pi.lFK mdh^h' ;if sTfc?s

C
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• NN r XFlXFtLFNTH/DLENTH) + 1 '

c

53 DTUaO.

c

c

RtGIMS CALCULATION PROCEDURES

CIRCci.
c 1# NN
|4|&9/|44.

IF(K.tq.l) 60#ol
60 ClRL-sClROl.EMUTH

Gf| TU f,2
61 IF(.K,R1,2) A3,64

A3

<S2

•C'IFC«C1f<3»"L4NTh

AlelW •CI!lC

A3 =I)?*t;p(;

, A4 =D4»cnc
; A(jsXLUHN(AI,«2)

AIsXl-t*MN(A^, A4>
Y6 =sIUM*A3/U ./FPSIN+D3*( |./5PS0UT-I .)/D?)

64 TWetllaTUALLU-EMUTH)
nS =uA<LMGTh)

USsuS#0L5nTH
0A1.L Cn[J_ <KL(ii',SUPsHi» LE>H -<, TI C, P. Jjl 1.1 ,THlQ-0TW/2
, , (.<. *TW0l2-fwm I )/2.,T0C,iJ2ilj3,U4»GLE'-l»TsATi X.GLtN2,HVAp>
Tk r;n = T!fr> 0 | •
YI sli4 * A4 / ( U4 *A4+ << I «A I /HI )
Y2 =Kl*AI/( f<l *('i<»*A4fKl*AI/31))
Y3=u?#A2*K?i*.'\u/Kn
Y4 = "-^U^»/V3*A I *^I *v I /*•*! ?/Y3
Y5s(fU?«A2 +U3*A3)*(fOC*4 3V.69)*K0*A«»(TW°IO*4t>9.69)/rtO+Y|#KI«AI#(TI

C(5)s<Y4*»^-I,)*Y6
C(^)s4.«Y6#Y'J*(Y4 )«»3
C(2)so,*Y6*( Y4»YS)«*2
C(P) = (4.*Yf"Y4*Yg<»3-U3*\3"YI »KI*Al/Bl)
C( I )*>Y'>»r5*M +li3*A3*(Tc1C+4i>9.69>+Yl ••< I *A I • <TIC+4^9,6*7731
« . , . l. «.-.»/« r> t t r, < Qui v>l JuiT iruQuD.CALL r"WjY(C,TI , ri1,PgLY'J,.-?fj1T, iSKRflR)
TF< i r-H^o-*. ^'-J. | ) ^vi, |S
irruaT.wig»4 ^V_iX».?j!R0 ?!_..

c
C H.FH.AT IftM .ON T.!/1 fl STARTS
c

IFtK.kO.I) bn.s

C

C IfeST. oM OT^ F0" *?MAL<- L^M«TH RLfcMgNT
"c~ •

_5Q_. IF(AHSF(nT«).Lfi. .7) !>l.#5i»
C
C TF Ti«Sf MQ^ SATISFACTORY. Twin IS I i-jCftCM -NTE'l A\U THb PROCESS iJ
C D8Nb AGAIN

_C _J -
52 TWlflsTWl9+0,2

IFfTWlfl.GT.TH) 33,53

C
C TAKhS AGAH PH1ULAR SaLCJLATION PcQCPDJRE FqR K,UT,|
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51 TWI0sTKI1»»T*
r
V

_C CHECK AN COMPENSATION
C

IF(jTHlg.6J, I) 4JL«A2_

TF U1wflE-MSATT«3"l IS G3IVG T3 5T9P NEXT STEP, THE CHOSEN LENGTH
GLfc'\'2 ,13 ..CHSCKtO

40 IF( rWM,-LlT^/^..GT.TSAT) 4|,42
41 ; jTwp«2

IF(A«SF(LE^GTH-'.iLfcN2).LE. I . ) 42,43

C IF THE RESULT IS NOT SATISFACTORY, GLSN2 IS iNCKfeMbNTt.D
C AND THE PROCESS bEGUN ASaIN
C

43 GL>-''M?sGL=N? + rjiLciMTh ..
'JO T/1 ?4

42 TWll'TvUia
TWI? =Y4»<Twl0 +45<;,69)«.Y5-4;?9,69

.. _!Fjj<.Atn.,Jj._2jij.7J
'y\ TWMI=TWII2-
7II TWli?«YI»TlC*Y'?*TW 15

IF<K,fc<V. I) -72.73
72 TVHIIsTrtlti!
73 TWI I =(3. ♦T-'I I2-TWII |)/2,

QQ =U^<,A2*(Tw^I?-Tr)C)»U3«A3*(TUIIfl-TflC)

niaKT*AI/Bl*CTwl1-TWl12)
asfsoc+ci

c

_C NFrt CflNPlT^Nf} in THE A^N^L-JS

DELT.i = To/(CH(T"C,P)*FL1W)

TOs'H-Dbi.T''1
T0C8TQ.n£l.T6/2.

C

J Ti-ST ~n'< CflMIJlTInNS BF Trig INSIPF FLUID

IF(S'IPSI3« 2)10.11,12
10 DEL ri=Ql/(FLfWCPL(TlC,P))

LL=JLL+ilk-.TJ
TICsTI*D=LTl/2.

C TEST Fc^ SLncflOLef) «6lLlNG AT THE ivExT STEP
_C

IF(T^II2.LT.TSAT) 20*13
±2 IFCSUPSI1.1&. I) l<u-LJ

C

-C CWf-CK FDR KIRHT VA1 UE OF 31 e^
C

-li lF(APSF('-E^i>Tri^LbN).L5. I .) 18.6
C IF TEST J(. T SATISFACTORY, GLEN Is IMC*E>*ENTED AND THE WHOLE
_C PRT,f:S_S RESTARTED Wlf-f THIS MPW VAiUf
C .

6 GJ_£a= RLF*+.)i FNTH . ;
G8 TO 24
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16 SUPSlGrQ

TEST FAR B^ILI NG AT NeXT STEP

19 IF(TI-.lT.TSAT) 2u,|7 ,

CQf'DITlftMS SFT IN CASE »F FUTURE ftO.ILIM.

17 SUPS IG =2
TIC-T&AT *
THII*TwiI-niC-TSAT) _. '.__. .
GO Tft 20

BPILING CALCULATIONS

TI fT=T~S AT ~
P_EL_Tls n, , :_
nELX=wi/(FLtiw'»HVAp)
x-v»otLx . :

TFST Fp3 ENO *¥ bOIllNG AT MfcXT STfcP

IFfX.LT. I,>20. 14 •_

SETT INS CQML-ITT3MS F0R SUPERHEATING OF THE STEAM

14 SUPSlbr3 • '.
GLFN = LsNTh - LSP.-GTH

: . . — • •
GO T0 ?0

CALCULATIONS IN CASE 3F SUPERHEAT Itv'G

72 HELTlsni/cFLawCPaiC,'))
T______I_
TICaTUCsLTj/2.

2p "RT1F (5 1. _nn) RfiflT, J_. _3. J4. T»Ofl. rVilfl. TQ. TI. X, QSC QS,
ILENl^Tm

STORAGE QF RESULTS F03 FINAL aLflTTlNrG

N = r-1 ♦ I '

R(K. I ) s LENGTH , •. :
BU, 2) = TI
P(,\ , o) ~ TV
B(N. M s fwALl. (LENGTH)
«„A__L __L« : •

I LE^TnsL =NGlH + nLEisTh

EN£? UF Thr DO L^OP < "

N0 a Uf ♦ I

FL^TTIMG FT-SULTS

22 CALL KUIT <-N*» 6. N, 5. M ♦ 25. 0, lOQI, -5)
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33 CALL tXlT
ICO FOCl.Al (2x, F4.|, 2X* Fb.o* 3(2X. F4,0). 2X. F4.U, |X, F6.|)
III FQPn'AT ( IjtirX. F*>.0))
102 FflPcAl (4(2>, FS.5), 2<2X, F5.2))

l_02l poer-.AT (l|;S|?,3> _
1022 FC^rAT '(lu^l^.3)

POP FQPpAl <I2fc|n.S)
ENH ChPb3
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SUFKfiUTlME CntF <FL6W, SUPSIG, LfcNTH, TI. P. TWl I # TWIO* TWOI, T0
J_,_LZ,_.U3__U^__GUM^ T..S.AJ,_x_-_LEjV2.*.H«Ae> -

TYFE r-EAL LtNTP
TYPh iMTrlbk MIPS I __
CR^ffih. /THRtJ'7 U\$ D2, D3, D4, AlN# AO'JT

C TESTS .SIPS 111 T« LfcTERMIME STATE OF WATFR IN THE INNfcR TUbb
r. siip^yG . i y.-Ar,S wat_J3
C' bltpSlG _ ? sfcANS FOILING
C : SURS4___-.:'.->•.&ANS. STEAM — •

II' (PUPS IG - 2) I * 2t 3
_c_ ,—: —
C • WATER IN THE lrNER TUBE

-C : , _-

C

C TESTS FtH SlUCf'dLbD FOILING
_C

I IF <Tr.U ,MT, TS'T> ?-7. ?*
g7 ii4 _ Cr T- t T - ts:aT.) •.*_...).•(.(EXptXP./Amu-)./.J...9) • • 4...)_

GO Tf- 10 '
y* PP _ i;_*Fi_flu-/_u_> .-_-l_.i-V-1SL-U-X-.-feX)_- —

c
P rUFPKb TH& I^VlMiLiiS NUIhCB F.flP Fl flW Rt-RMK

C

-0.

-G-

IF (Rfc . LE-.-2-Lm>-« X-JU-JL
5 IF (Ft. .Sfc, HjfiODt) 6' 7

LAMKAR Fl'^K
4 f,f:7 = 12.'Fur-In «i;P U3—*_!•)/( ThlfTl. P)*G-L__4—

IF <f-KZ .LE. I?.) e, 9
* n4 = H,»tK| H r r pJ.._GR2/_DA»_4...* ATAMF_ -1-,-) I

GO TH 10
9 114 a i .75*l2.*T_vU Lp- ?}-,CU_&KJF-tGR7 >/U4

GO Tf' Ifi

TURHULEKiT FLOW
_ft-U4 « ^jLS-_C»4-<-r^<!- <-T I- -* -T-w II >.- *>-•-1 -Pr ,-••{ R4 «FL0 H/ (• 1-^. *AIN *-V IS L <-, b -M TI -

|+ THli), P) ) )**( ._)*<CPl (,5*(TI + Twlp, P)»VISL< ,!>*n I ♦ THIP*P>
—2/TKLt -5«<TI * Tiw I-I->^—P-*4-»*-(-W3-,-> /TU

GO T'' 10

C

_C TK:ANS1-T-I3ig Hfr*-
C

7 U4 = , | |^-C-t_fa-)Jt«cg-,/...-) |-?^_)JU-£nP-L_T-NP-)#Vl_L.(T.I.--P-)_TKL(TI-#-P-
|>)«*( )./?.))*( |. * (D4/GLEM)*#(2,/3,))n<L.(TI. P>/U4

fit; Tf 10 : • :
C

X BOILI'-B IM HiMFK :pjb—
c

X :

C TESTS FtJ* ^UCLFATt 0R FILM BOILING
_G ; :

2 IF (X .L=..95) VM, 30



k2

c" NUcT.EATfc L^lLIfU
__ _.. . _ •• ••••—

29 PL = b4*FL«3k#C |. - X)/PH(iG(TSAT. P) ♦ X/RH0L(TSAT# H) >•NHOLCTSAT
|.,._FJ./.LL_..*AL!l»_.lSL(T.SAT, P.)) . - —

H4 = .n_l*>**<THL<TSAT. P)«,(.79))»((;PL(T3AT, p)•"(,45)>•<RHOLCTSAT
I. F)*V.4»))*(M. | 7_ +|]ft)**(.?_)) •..( <T_ll..--__TiiAJJ__(^__UJJL<_V£.tTJa_ju.
2P) - VP(TbAi, P) /••(•7->))*S(PE.O/CCSijRirc ,o_5l )) •<V ISL(TSAT, P)#,(,
_?V))*tHVAp*«(.?4))#(RH0G(TSAT. P.) ••( .2*5) ) ) -

PEL = n4*FLt)i'/( |X.#AIN»VISL(TSAT. P)>
IM_- 1'4 .♦...!_>.„_i)_-.#.-RfcL##(.tH)),((cPLnSAr. P) #V I SL< TSAT » P)/TKL(TS

|AT, P))«*( ,4))M(KL(TSAT, P ) /D4 ) • ( ( «iE/fcfc J) ••( . 8 ) )
—Gf Tf IQ •

C

-C-

C FILh LMiLI^G
X.

Sfi U4 = . f1(t I ..^•TKI ( TSAT» f»),(D4»FL0W/( i2,»ATN#VISL(TSAr# P) ) ••( .b*>3) )
__L____i__i,-(-__i--'L.-.J.i-) /_HOii-LTS AT-.-?-)-__.• (._-.73 _). )-•-( iCPL USA Tt-PJ • VISH-TJ>_-T-

2. F)/TKL<TSAT, fM••(I,/3.))*((X/(I. - X>)##(.I47))
GC-Tfi 10 •— - - ------ --. •••• -

C

_C ST.hAM .It: . I M,\EH I' JbE
C

•x Pt- = ,^»Ft Mi. /( y, . *L\ J__V4-S-(J-1 ,—?-) )

C

_C Ci_Ci__-R=Y;j!-Lu_-. -lUlibEK F3H F L"^ REGIME-
C

1F_(i:t_.. L.E-*--?• i <, t:. i 11» 12
12 IF (PL ,"t.'luru ••> 13, 14

X.

C LAN 1 LAP FLl%
-C-

II GR2 = l2.#FLr,n*f:J(Tl»P)/(THC(TI.P)#GLE'1 )
_IJ____r,7..- ,UU -I ? . --1 61 _ 15.

\b 114 = I .75*ii?.*Ti.::iTpP)«_U3E:UF(GR7>»(v/IScTl, P)/V1S(TWII» P))**(.
1 |4 )/i't

GO Tf'i 10
|fr IJ4 = -«,.»TH(:(TT,r'J<r-.RZ/(r)4»*. _AT_lNFx.|.-.__).

Gfr f; 10

C TUPbULEKT Finu
_C

|. U4*.P_3*l2«*ThCl .5#(T'I*T»<lI-).p>*(D4«FLf-H/( I ?., •A IN*V I S( , 5»( T I*TW I I )
I • p) ) ) __(...6l-*--_J-l -,-5* U U-Tw 11 >.«.P.). *-y TS .<.5V(Tl*TWIl)».pJ-/XhC(,5»(TI*T—
2w'II).i•))••( | ./:<,)•( VIS( T I, P)/VIS<TW( I, ?')>••(. |4)/D4

ftC__Lt__|..0 : : —
C

-C— *£A|> SiTpf, f- U-~ :
C

^ 114, s .+1.6._U !-c. 5'* (2.' -.) f^i>.-> *<-<-C P(TW 11. P) ' VIS <TWII *--• PJ /-THC (-TW-
. |ll. P)-)**( I ,/..))•( <VIS(TI.--P>/VIS<TMIT, ?))••(.|4))M|, ♦ (D4/GLE

2_) • ♦ (^, /.3-rJ-j_T--i-L.y-5-«-(T I., .-T-M-j-)»-Pl/04 —
C

_C STF/.t: 11. Jnk A^c.^rU_
C

|fi Rfc z (fig—__4i3J.t^u_W/C|^.,tA-3UT-*V-I-S(-Xf,-*-CL)-)



43

C

.C_ CHECKS".R.jfNL.LLi.S ...NUMbER F3R FLOW .REG JME •
C

.IF....CFL ,LEi.2|.iiiJ.) |7, |B
e if (fb .'-it. loniju.) 19, ?o

__

C LAVIM/'R rL'H
|___f.____l 2. •Fuilt _£( ._*.(!_ .* _TW 13>.«. P-)/( TH:< . b*IT« + TW10).$. ..P_L LENT.

IH)
J-E_(_jx7_.lE-,_4 ? , > 2 | #..2.2

2| U_ s _4.*T«U(.5*<re + TWIO), P)#GR7/(_^**.#ATANFC |,)>*(VIS(TO# p>/
1y I S ( T h It, • fJ P « « t - L4_)

GO T<" 23
^^_iX3--=_L^_.«.^_.___iC.l..i_i.T0-.>_^ l4U-.-P4-*CiibcRTF (6PZ> *-<-VI&LT.n#_P4^V4_4—

| TWTb / P))**(. lO'bS
?s.r,k7 = |^.»FLr,ui«r.?t fs*(Tft +...T_ {i.U__..P.j./.( TH, «„5 •(J fl. ♦_! W_ l.___U.» LENT

|H)
IF CM.7 .uP. I?~* -2_-—2-5 : —

24 U_ s _«.,1H_(.**<T0 * TWOI). P)*GR7/<D?**.#ATANFC | ,))#(VIS(TO# P>/
__4__44-U-^L__£.U_-!-U UJ — :

GO T" f-0
p* i<2 * | t?5« 12, .-•-THC<. 5 * ( T«-* -TW (J I ). •-£->• • _JIB -= RTF (- G« ZJ #XV. IS <T0 ,-P-iVV-l S C—

iti',-1# ?))•*(, in/n?
Gf. Tf ^Q •

C

_C TI. F;-iti fcK__-L_»- - .- - —• — -

C
k na - ..-2___l^_»JUi_i)__ _>-*•>-•• ( CPXT-3'- P-) *V I-& <-f-0» P ) /-T«L IJ.O*-. PJ-)_ * UA) _*- -

! H_ / L; 'S) * * C. < i:> >* ~r-r ( Tfi * ?)'/(!}«: - L3)
t<? ^ --^^*i V, «->•'- t-^__-ULf____|:>^4-)-*,--P~5 *-t_-D_~_- :i_4-»PL- "o'-C J2-.-*-Afl UT*VIS—
If.^'ir,* TV-iii v, P)>>*#(*«)»(ef><.5VTf..+ TKM)* P^ISC.&MTO * T£
j>ppr m/M!i .4MTf,..-__- 04-)___>___<.+.__3_).-_c_IS (-TO ,-Bi_ V-LVC T_-
_W_ T . P) )•*( , | A)/(D2 - US)

2_—ae Ti- 'h; -
c

-C HOIiMTpnj .F I. CI- —

C
£r. ii? _ -| j fe«._f_H-—* i P-./-3. ) |-25-.-)-•(-<-£? (-TK I0... P ) •V-IS-U WI0.,_P4/IHC.CTW—

lit:. P))*#( | ./3.))*(VIS(TP, P)/VIS(TwIe. »'))••<. I4) •( I . + (D3/LENTH
fc___(_^V-_-^—_t+w_^_ie*-*-)/D3- - --

1)2 = . | |^*((FE)**i?./3.) - |?5.)*<<_P<TK1-I» F')*VlS(TWQi, P)/THC(Tu
Z*\t M^'fi./^nnyfilTw, pw>/]J_T.,--nT • ?nf*—14)*( I . f UBS r 03—
3)/LbN'irl)*,(2./?,))#THC(TMeI# P)/(D2 • r-3)

C STEA^ Ct^ENSi1*. _ 0M OUTtR WALL OF INNER TUBE
-C-

50 IF(Tl- lfl.LEtTSAT) 51,52
_5-| DELTnlS'ATf THf

TFs(TSAT*-T:JIO)/_.
___4_i____LUJ__-U ?A(.,7_>J_ti_L_^IJX^_4_^_M^l#^ C.^-5)-•-(-H.V AP_4_,-| 7.4/.{ALL
ISL(TK,P)*bELT^LFN2)*|2,)*#(.25)

_u_-h__el t / rr r,i -JLwj.g)— —- - - - •-•
•52 RETUf'i-

g4vJ?



kk

FUHCTION RHoG(T, *)

C TL-MJFhATJhE t rg |»bU F# PRESSURE IN PSIA, STEAM DENSITY WILL BE IN
_C_ L__£____ .___.. UP-TO 65O._OHG.J_.._.30D0 P&IA

I .P/(T + 4r:V-.-uV)
0 s P/ 14.696

_____._._?. 4____.__l., £.Zl<>_* £Ua •.AJLA
G2 s .?|P„P - I .?097E + n>«A#A

J&JLJt^35.t'JZ^-.Jb,Jf>*£.'ta&*.U\&QQ+*JL)*tZ.U -
BO s 1.8? - 2-6" I ,C?»A»( |n.##(SriB7o.#A»A>)
n 5 ft,, + hi'»rr:*iii*A#u * (ti*i*,4i*r;2*A*A«A»o»u>fl-

I 12)

V - 4.553-e.-4./tA*L> --1*
P.Hf.Q - ?33 l7,/(454, #V)
PhTLifU

ENC

____._-.•> * ( ( A*0 *Hf1) * *-
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FUNCTION RHfcL(T, p) ~~

C TEfPEhATURE MUST fcE IN DEG F» pRESSuRE N3T MEEBEU «UT IS INCLUDED
_C FfiF HUMSISTAN._rl_W JT.H 0T„ERJ»_y_ I.CAL- PR_P_RT.Y. SU_*UUTJNES, . PENSIT Y._
C OK SATURATED LIU'JJO IN LB/FT3

_c : : :
TE s 074.p - (U ♦" 45»,69)/|.B - 273.16)

__tJ_Ui-_-2_.3-L7__4..- -+—• U4.24.8.9_xaiBER-TFJ-T-)-~-3.946263fc- o60Ll£XM454, •.
.••|fai:^(V?5'->"--'.3l!?-|&4b«CUB6RTF<TE) - | ,?033746-03»TE ♦ /,4b9UBE-13*TE»
_L_l_)_.--___--...--..: - - - - -

RETURN'
Ftvr



1+6

FUNCTION VIS(T, Pi

_C TEKPbH7fjKE~MUST bF IN DEGREES F* PRESSURE IN P$IA« VISCOSITY WILL
_C e____L__Kl___ — — —

PP s rVi-4.3?3_
TE s (T * 4t-fi.)/l ,fi

__^____J_L__L-C.li_SQi_T.F_(.T_ )./.( I.....__LO_9.._3/J_ )~+-l •4t-_a_P___4--9_e.Q.9.
IMFXPI" (2.0^5E+|b*pF#Pb/(TE»#Fj)) •» l.>
_y.J__._._'^_^_dU4_^_2.-2-*-Vl-S/-4b4. -

RETURN

FUr : • —



.C.
C

C

C

__

47

FUi\CTlMN VlSL(T, P)

TEKPl'-KATJRS' MUST bE IN U=G F, PRESSURE 15: NOT NECESSARY bUT IS
INCLUDED 'f»\: -CGNSISTANCY WITH OTHER PHYSICAL PRflPfcNTY SUbROUTINtS,
LKUIU WATER VISCOSITY WILL BE IN Lb/FT HR. RAMG6 OF TEMPERATURES
FUPf bp Tf* 6pu DEC F _

_.I_L__.EXBF_L._L*4-4-|.29J!L_GJU.I).
RETuFN

j_r .

_.:.2 ..302565-»_,.4.9290-)



C

C

C

C

C-

c

C

-G-

48

FUNCTION CP(T, P)

TEFPEKATJRE MUST t*E IN DEGREES F,. PRESSURE IN PSlA» AND HEAT
._AF.ACi.TY WlLL.Pt IN HTJ/LB UEG F

!Ffp.-T.'?Q0.) 2h..£9_
29 IF (P .GT. |6q,)|. |2
_I2 IF (P-..^GT-<_,-i)..4-2.—| 3.
|3 IF (P ,GT. 45.) 3, |4

CONSTANiTS F0R 3o PSIA STEAM

IF

-X-l-

(T .GT.
-a—2AO

400.) 4, 15

X2

__ I—a.

4fl0

Y2 s .47

r.e TO 5

_Ca\.S-TA^.TS...FOP_-_0- **S IA- STE AM--

-_..IF._.(..T-.CT. 55Q.) -4,-16-
|6 IF (T .GT. 350.) 6, |7
L_-X4- M+-

X2 s iSu
-Y-4—_—-55-

Y2 a .5fi
_Gtt TI:' 5—

6X1= ^5q
_2_____b-
Yl = .5q
Y2 = .A_

G0 Tr- 5

Ce\ST>»MTS F_R |_n PSlA STEAM
7 IF (T .GT. 75Ut) 4-._l_

|P IF (T .GT. 6no.) 7.
_! A_i-F_(-T--.-t-T-,—5 n0-.-)- *> »-

2n xi s _no
X-2-s -Sw>o— —
Yl = .57

Y2 - .-"^

-X-F-

X2

-Y-i-

Y2

T f 5

s-tm-G
= c«,;o

s_,.S2 .—
a .50

GH "I fs 5-

XI =

-X2~-_-

fc (10

Yl = ,5[,
..Y-2-s-.-oO-
GO 1R 5

19

-20-

COSTkNTS FoR ?u0 PSlA STEAM



I IF (T .GT. | I 5n . ) 4 , 21
_24_IF-..(.T .GT... 750.5 *.. 22.
22 IF (T .GT. 55q.) |n. 23

-__.-l.E___:... ___4_Lrj.J p , 24_
24 X| = 05d

_2_____0_
Y| s .72

_Y__..s.__5__.
GO "Jf 5

.p_JX.l__.-t5o-..
X2 s -50

__L_____5£—

Y2 = .54

_GO_.l_;._5 —

10 XI = 55o
X2___7-5o -
Y| = .54
Y2-=-.D.|
at; re 5

_S_-X-|__-.'/-5o
x2 = u&n

—__l___.bi-
Y2 s .54

5 CIJ = ( Y_-_- Y| ) »tX_y X|)./Xx_-« X| )-_-Y-i-
"ETUPN

_4_T.L-__._r—*. < 6 (i. )./ | . 0

49

CP7 = |,47?|t + 7.S»5fc6t-t,4»TE ♦ 47,8365/7
CP s V..477l'.9*-454', •CpZ/l ,5c+04
RETURK

-2_ J4_.T_

IF (T.LF. (fl , | I 6*p +_oii . ) ) 3f|.3|
- 2n~-C= ( (P.- ! u n u • ) / I (; 0(.. >* *2

A=-u.Uip*<I.*5.*C)
2 =f: . 7*1,.2 • G
Gc '('• *2

__J TF q.L.r-. (|j. I'S'P + rtfep... ) ) 32.34
32 A= -o.Lii9

a=_____t_&_4___XP_-J 0 0.0.X.
GP U' 4j?

-__ _____£,.( u • i_.7._P..*4701J.) 34*-7
34 IF (P.-T.^o'S. > 35,..i*

_£_ __=4;^i_}_.
RBC.7:>+r>.[jlJli7_ m-p-Piio.)
Gti-.T(---4 2 .- - - _

;<£ As_(o,nc2E>*(p-4iJfj, )*2.5E-o6)
— S s^___c. ,.f« $4: <_7-5_* ( P- 4 u 0 #-)—

GO Tf1' "2
_0 IMT.LF, <li._r?8i>P*_4-fl.)) 3d-,^SU-
3b Ar-o.OP|2

ft_fr___?_L_—MJ?-4 -4-r4
GO Th 4 2

__i i.twJ^LE-t-<4 ,-?-_-?-*-R_555 ,_>.>_4o,-4"f.
4 0 . A=-jj ,00li45

R= n . !^*L(.^F (F)-n.-T-
GO T« '52

^I-^^_^*-t>S-5-.—



no if :<v

-42_Cps„#._TI...-.6iUj.)*_-
RETOF.lV

_...EKC ..- -.—..

50



51

FUfCTlPN CpL(T,P)

C TEF-ptHATJkfc IN DE- F . PRESSURE IN pSlA , HFAT CAPACITY IN
_lL/__y?._0.t __/_)__. _I__._E«A.Tiia__LEsS..-T._Jil___!D_F.._ _«_._S_R_J,£SSL.

C ThAw TifjO. PSIA
JC

A= ( ,9*T-66II, )/(T-fc7b.)
JLs-JMi..**Ji~AJ4iM^JUl*±5SL. 6 91*9 ._ 0 U 4-0-0 A- )-
CPLsA+8*3

_R_J.U£_

ENT
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FUNC.TiPK THC(T» P»

C TENPF^ATJRt~17. TiEUPeTf, PRtSSUR_ Im'psm"; THERMAL CONDUCTIVITY
C wILL -E lF.-fc__L-L_.-_-D-fi-£ —

pi- = t-/| 4.?>.-sa

JLliC__!__.J".,,ll-i-*-^_T.LLI-.l-_£XP.F-X-L. 52_ 4E*o?-• <TE•*3__- -*• _,i_»_--4_U£X_
IPF ( I ,773 =-t-nV*PF/(fE#*4)) - I.)

_____ -j_JU____U_.. -4. _* __3^_____2^-L.-3-X
RETuFU

FNl
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__________________ ^

_______AX_£t_.I___L.<___._. F __Jh£R.MaL- C(;r,;DJCT IV ITY I S_IN. b.TU/HR#l_:_D-
C nEG F , RELATION VALID FOR SATURATED LIQUID, INDEPENDENT OF

___ 3 E_

IF ( T . L T.? u n,) 1,2
1 TKLafl. 32l»D . HQf..- *T .

RETUf.r.

J__X__J.. 3.U.(l*__3*_._
TKLs(.i.:<9 5

_UOU__

IF <T,LT,4uu.) 5,6
TLI.sr;.<l',4«r,.flQr |,'.»J-
RETl.'F:\

_6 IF (T.I T--.5{._,___,_
7 TKl. sfi.5-fj.non2*T •

__Lu__

6 IF ("li .LT.Sjjii . > <-J»\ll
_! TL I. s fi . "15 - o . u f 0^5* i Tr5&su4_

RETUF.in

_FKI. a P . ^ 9-^0-.4f^-_^-_U>-6 0 0.••)-
RETUPL-



-C.

_C_

54

FlKCTi .fo VP(T, P)

C TENpFVATJhE \u _.'?- F» -JATER VapOR PRESSURE WILL «b IN LB/FT2.
.C _L.C_..F..lk -l?.u .T.r...7un HE3 F. PRESSURE NAT NECESSARY. bUT IS INCLUDE
C FbR CLvsISTanCY wiTh OTF.ER PHYSICAL PRPP-RTY SUbKOUilNbS

A a 3 .3 4 6.3 I„

_b-.__._4.. I4 I..F-L-u? ..- - - -. - - •-
C s "7.1-' |54H«»P-*i9

....D .a I..'*.7944tt.-i;2 •• - -
P * t ,56 444k- II
EL -n (T «• 4.,_.__X,...|..,.B

X s t-^7.27 - TF
__tf£___i-. |-6 .224t-,.a, 16 /-•(-( 0..• •(-X*(A * b*X• ♦ C*X #X #X -♦.. fc *X••4)/t-TE_<—
II.+ »-*X>) >)
RETUH. ; — : —

EM
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SU. Rf'UTlMh. NSHI. I? (TWaT. "TSTEaM, TO. TI. LP NGTH, DL_Tt1T7~?UP SIG, N
L._J_|/J-P....-b-_JTi:l'', SI_M_..-X.-_TWOI_, TWI8,. TWII. TwJI2, TWO U*_.T.W.
211 I, tPSlN* FPc:iiur)

..C _

C THIS Silt^nUTTtir. ASSIGNS INITIAL' VALUES TI' ROMg OF THE PARAMETERS I
_£ __th> Pf;_p_il_U__- : -

c

niHENSieV Hil_riH» ?)»VOLTSf6). AMpS(6)~, r<7), oq<i_)» LU(|2), LT <7

TYF-E iNTSGEK Sl'P*IG

TVFtr FJ.JJ L(J, I l... _L__U._k - - - -—
COvi-if.lv /.fi./ Ln> _0

DA___LLL-_J-_i_I—* ._L._12) a_U.-,-_ ,.,-_|_. , 19., 2b.«..-_., ,9., 45., ._
152., ;>«., "5., 7 1.), ((LT(J), J a I, 7) « (I.. 6., 19,, 02., 45.,

-2__..^,_-_U_ : '. - --- -
JTW'=I
SUF.IUs
T I a T Ha T

Tft = TSTS__-
EF_f.UTs,7

-£M$4± r. .7

SIGM = . |7|_F-,-.ri
LFM.Th .. -, 2 __

TV.-I- = T .ALL(r-LENTH)
TwIftaTL

TWII = T^IO
_Ht_l_l2__.-_r-wl4-
TlM"I l=H<°>|2

-T.W I 1 laTfcH? ,.
K. = I

rT U , I >
•i(\, _} .s Ti

_„_(___,__4___T4_

*(N, *) a. TMLI ( :.!, )
^U^ ,^iiaTi'.'lO

x = r.

-I-P:—<-T-_4-4-I-5—.-E 0 . ! > -26*—2-7-
C CLfRlTiES 'THE N<"-T HEaT INPUT Te THE F^PPRIkPNTaL dOlLfcK
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"function T^aLL(XL)
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FUNCTlaw S(RE)
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FUNCTION (JA('XL)

C
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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-°F. 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 °F, saturation
temperature at operating pressure in °F, length of boiler tube in inches,
and the latent heat of vaporization of water at operating pressure in
Btu/lb 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)



65

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 °F. 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, cm3/min 23.0 33.0

TSTEAM, °F 260 417

P, psia 15 205

TWAT, °F 88 355

TSAT, °F 212 384

LENGTH, in. 68 68

HVAP, Btu/lb 970.3 841.1

Outer Wall Temperatures, °F

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 properti es

Dl, 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-°F 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

Autotransformer Power Input, scale setting

1 0.470 0.240

2 0.450 0.260

3 0.380 0.260
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4

5

6

Inner Insulation Temperature, °F

1

2

3

4

5

0.400 0.210

0.330 0.185

0.320 0.170

°F

1187 1195

1122 1238

1112 1213

1125 1140

1102 1121

1110 1117

Outer Insulation temperature, °F

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 - QO + QI

QS = (K0^A°) (twoo - TWOI)

QO = (U2)(A2)(TW0I - TO) - U3(A3)(T0 - TWIO)

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

QI = (AI^KI)(TWIO - TWII)

QS - (TWOI - T0)(U2)(A2) = 1 A^A3)— (TWOI4 - TWIO4)

with temperatures in °R can be rearranged to get:

C(5)(TWI0)4 + C(4)(TWI0)3 +C(3)(TWI0)2 +C(2)(TWI0) +C(l) =0

TWOI = Y4(TWI0) + Y5

TWII = Yl(TI) + Y2(TWI0)

QO = U2(A2)(TW0I - TO) + (U3)(A3)(TWIO - TO)

QI = (KIHAI) (TWIO - TWII)

QS = QO + 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 Yl, Y2, Y3, Y4, Y5, Y6, C(l), C(2), C(3),
C(4), and C(5) are listed below:

v

Yi = U4(A4)
(U4)(A4) + J^iMi

Y2 = KI(AI)
Bl[(U4)(A4) +^j^-]
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Y3 - U2(A2) +^AQI

Y4 _ -lU3 (A3) +iMKKIimil 1
BH I YJ

(U2)(A2) + (U3)(A3)

o(A3)

Y5 =

Y6 =

k+K-^

(TO) +iM^TWOO) +WtKI)(AI)(TI) I3

C(l) = Y6(Y5)4 +U3(A3)(T0) +(Y1)(«I)|AI)(TI)

C(2) = (4)(Y6)(Y5)3(Y4) - (U3)(A3) - (Y1)(*|KAI?
C(3) = (6)(46)(Y4 x Y5)2

C(4) = (4)(Y5)(Y6)(Y4)3

C(5) = (Y44 - 1)(Y6)

10.7 Nomenclature

Aj logarithmic mean surface area of inner tube, ft2

A0 logarithmic mean surface area of outer tube, ft2
A2 surface area along length aL, outside of inner tube, ft4-

A3 surface area along length aL, inside of outer tube, ft2

A4 surface area along length aL, inside of inner tube, ft2
Bj wall thickness of inner tube, ft

B0 wall thickness of outer tube, ft

Cp steam heat capacity, Btu/lb-°F
Cp steam heat capacity at zero pressure, joules/g-°C

E autotransformer setting, unitless
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I current in amperes

k thermal conductivity of steam, Btu/hr-ft-°F

kj thermal conductivity of inner tube, Btu/hr-ft-°F

kQ thermal conductivity of outer tube, Btu/hr-ft-°F

M mean of two numbers

P pressure

PL vapor pressure of water, atm

Q- t heat produced by heaters, Btu/hr/in. of boiler

Q-1 heat lost from boiler to ambient, Btu/hr/in. of boiler

Q t net heat put into boiler, Btu/hr/in. of boiler

Qr heat transferred between tubes by radiation

Qs total heat input to boiler in length aL, Btu/hr/in. of boiler

Q? heat transferred across steam film, inside of outer tube, Btu/hr-
c ft2-°F

Q3 heat transferred across steam film, particle of inner tube, Btu/hr

Re Reynolds number

S suppression function, unitless

T temperature

Tl fluid temperature in inner tube, °F

TO annular steam temperature, °F

TWII temperature of inside wall of inner tube, °F

TWIO temperature of outside wall of inner tube, °F

TWOI temperature of inside wall of outer tube, °F

TWOO temperature of outside wall of outer tube, °F

U2 film coefficient inside of outer tube, Btu/hr-ft2-°F

U3 film coefficient outside of inner tube, Btu/hr-ft2-°F

V specific volume, cm3/g
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V$ one phase steam velocity, ft/hr

Vtp two phase fluid velocity, ft/hr

Vw one phase water velocity, ft/hr

X steam quality, unitless

Greek Symbols

e] emissivity of inner tube

e emissivity of outer tube
o

n steam viscosity, lb/ft-hr

p
n0 steam viscosity, g-sec/cnr

X latent heat of vaporization, Btu/lb

y liquid viscosity, lb/ft-hr

pq steam density, lb/ft3

p, water density, lb/ftJ

a surface tension, lb/ft, also Stefan-Boltzmann constant, Btu/hr-
ft2.oR4

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

Al, A0 areas for conductive heat transfer (logarithmic mean)

AIN, AOUT cross section of inside and outside pipes

_ 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

Dl, 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
during a step DLENGTH

DELX variation of the steam quality during a step DLENGTH

DTW variation of TWIO during a step DLENGTH

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

FLOW flow rate of fluid through the boiler

GLEN length of convective heat transfer to the water

GLEN2 length of condensation heat transfer

HVAP heat of vaporization

IERROR error average (given by PRQY)

ISKIP parameter to enable or disable reading of QQ in NSHLIZ

JTWIO parameter to determine the model of heat transfer in the annulus

K DO loop parameter

KI, KO thermal conductivities of inner and outer walls (see Fig. 2)

LENGTH length up the boiler where the computation is performed

LENTH total length of the boiler

N current parameter for plotting

NN number of steps in computation procedure

NO graph number

P pressure

POLYN output of PRQY

QI, QO quantities of heat absorbed by fluids in inner tube and annulus

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

QSC same variable computed by the finite difference method

ROOT root of fourth degree equation (output of PRQY)

SIGM Boltzmann's constant
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SUPSIG parameter to determine the mode of heat transfer in the inner tube

TC temperature on the outside wall of outer tube

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

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

TSAT boiling point

TSTEAM temperature of the steam at the exit of the boiler (input)

TWAT temperature of the water at the inlet of the boiler (input)

TWII2 temperature of the inside of the inner wall after a step DLENGTH

TWIIl same temperature before this step

TWII extrapolated temperature for next step calculation

TWIO outside of inner wall temperature

TW0I1 same as TWIIl for inside of outer tube

TW0I2 same as TWII2 for inside of outer tube

TWOO temperature of the outside of the outer tube

TW001 same one

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

X steam quality

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

10.9 Special Nomenclature.for Subprograms

Subroutine COEF

GRZ Greatz numbers

H condensation heat transfer coefficient

RE steam Reynolds number

REL liquid Reynolds number

TF 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

THl, 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

PI value of the polynome for XI

PX value of the polynome for X

XINT elementary interval used for location of the root

XI inferior limit of total interval

X2 superior limit of total interval

Function TWALL

L location 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.
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