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An IBM-704 thermal transient analysis code, designated F0020,
has been developed to reduce transient test data for a single,
vertical, rectangular coolant channel. Modes of heat transfer
to water at 2000 psia covered by this code include: (1) forced
convection (turbulent flow), (2) nucleate boiling, (3) departure
from nucleate boiling, (4) partial filr boiling, and (5) film
boiling. The code will accommodate a plate mesh, and associated
heat generation weighting factors, of a maximum of 50 axial and
10 radial nodes.

F0020—AN IBM-704 THERMAL T'RANS'IENT ANALYSIS CODE

J. B. Callaghan and J. S. Williams, Jr.

SUMMARY

An IBM-704 digital computer code has been developed to reduce thermal transient test data.
The code is available for use under the Bettis Fortran code number F0020.

The code numerically solves the partial differential plate equation
T 9°T_
m

—m _ m "
mcpm. or Km aXZ +q

p

and the fluid equations
dh 8h

WE=26¢-pAFaT .

BW _ . 80
9z ~ T "R ar

and

(P fo(e®) 06, . fG*
9z ~ 144g |8z \ »p ar ' 8P 2Dyp

for a single, vertical, rectangular coolant channel model.
F0020 can include the following modes of heat transfer fur a typi'co.l analysis:
1) Forced counvection (turbplenj flow)
2) Nucleate boiling
3) Departure from nucleate boiling
4) Partial film boiling

5) Filin boiling



The boundary conditions for surface heat transfer were derived from empirical steady state cor-

relations for water at 2000 psia pressure.

The input forcing functions are:

ol
1) W. 1T +brf (instantaneous inlet flow),
2) hil = h01 + cr' (instantaneous inlet enthalpy),

and .
3) Yi = fo +drt +elr))? (instantaneous average current).

For reactor application, the heat generation can be expressed in terms of Ti'

The output includes plate temperatures at selected axial and radial nodes and water conditions
at selected axial nodes. The over -all pressure drop is also an output. F0020 will accommodate a
plate mesh, and associated heat generation weighting factors, of a maximum of 50 axial and 10

radial nodes.

The code has shown satisfactory colution stability fur lyplcal reactor loss-of-cnalant-flow
accldent test cases. Other types of reactor accidents have not been simulated with F0020.

4

INTRODUCTION

As early as 1956, the status of pressurized water reactor design indicated the need for experi-
mental information on trahéient tests to evaluate any difference between steady state and transient
departure from nucleate boiling (hereinafter referred to as DNB) and pressure drop. For some
reactors, the limiting thefmal design condition may occlr during a transient such as a loss-of -
coolant flow accident. ‘Aside from the considerable effort required to develop a test apparatus » .
capable of measurmg transmnt cond1t1ons, a parallel effort was necessary to estabhsh a sultable

method of analyzing the forthcommg data.

The transient analysis of the thermal and hydraulic interaction between a solid heat source and
a fluid heat sink is difficult because the interface.boundar.y conditions are a function of the solid
surface temperature a;}d/or the local fluid enthalpy. For pressurized water reactor application, the
problem is further complicated if the analysis must include a changeA of phase of th'e coolant. Te
date, no sufliclently general, closed-form solution has been foind for the equation‘s ‘goveruing such
a system. However, ‘the advent of modern high speed computing equipment has-made practical the’
solution of problems of .t-his type by numerif:al approximation methods. .

It was decided that the analysis of the test data would attempt to describe the system with
irﬁposed forcing functions (to be determined from the testing) of inlet flow, inlet enthalpy, and
average test section hLeat generation as a function of tiiue., The caiculated element and fluid responses
would then be compafed with corresponding measured qua.ntitieo obtained frown lhe tests. kxisling
analytical methods, such as dynamic analog simulation (Ref 1) and digital codes (Ref'2), could not
be utilized for this analy51s F0020, as described in thc follomug sections, was tormulated to solve
this problem. B

PROBLEM MODEL

F0020 uses the equations and boundary conditions given in this section as the problem model.
Obvious limitations are presented as a conclusion to the section.

Differential Equations

The governing equations for the physical model of a single, vertical, rectangular coolant .,
channel (Fig. 1) have been derived and are set forth below:



Plate Heat Audit

8T _ o1
. - 1mt
[ Cpm 5y K " +q'"'" (% 7). ' (1)
Fluid Enthalpy
dh _ oh ~
W5z = 25¢ - PAp 5, (2)
Fluid Continuity
' W _ 42
z =" BAFer (3

Fluid Pressure Drop

2 2
_9P_ 1 [z(c_)+ﬁ+g,,+fe ]

9z ~ Tddg |3z \ p ar. 2Dp (4)

The treatment of W, p, and h. in Eqs (2), (3), and (4) assumes a single spatial dimensional (z)
variation.. This assﬁmption is necessary because of the lack of a good multi-spatial-dimension
model. Further, the transient test apparatus was designed to measure only coolant and wall temper-
atures in the axial direction. Equation (2) results from the additional assumption that 3P/8r is
' negligible. This assumption simplifies the calculation procedure by uncoupling the thermodynamic

and dynamic equations.

Equation (1) is the standard one-dimensional Fourier conduction equation for constant ., Cpm’
and Km' This equation is used in F0020 to compute the plate temperature profile in the plate
thickness direction (x direction of Fig. 1) at discrete axial (z) locations. Preliminary studies of the
solution of the more rigorous plate equation

aT aT |

m 3 m 1
pm(Tm) cpm(Tm) T =8_xK(Tm) 9x +q't(xT) (3)

indicated that the small error involved in using Eq (1) at any fiked axial location did not warrant the

increased codé complexity necessary to use Eq (5).

Finite Difference Representation

The original reduction of the differential equations to finite difference form suitable for digital
solution was performed by Dr. N. R. Amundson of the University of Minnesota. With minor modi-
fication, the F0020 fluid equations are as originally reduced. The plate equations have undergone
considerable evolution to insure solution stability for all conditions of heat transfer considered by
the code. The F0020 representation of Eqs (1)-(4) is given below. (The derivation of these equations

is given in Appendix IL. )

Plate Conduction Equations

The plate conduction equations involve three variables: a time instant, i; an axial location, j;
and a radial node, k. The physical model is shown in Fig. 2. The equations are as follows. [ The

m (melal) subscript has becn dropped for simplicity. ]
1) For internal (Kth) node (2 <K <x -1)

Q! a7
¢ ik : (6)
i-1,j, k+l pCp )

=1
Tijk =73 [Ti-l,j,k-l T,k T

2) For last (Xth) node (3 <x <10)
IR0
qi'x AT

1
Tijx =3 [Ti-l,j,x-l * Z'Ti~1.jx] * pC, (7



3) For thermocouple (TC) node L )

qlt! AT
-1 ijx
Tijrc =3 [Ti-l,j,x-l -Ti,x b3 Ti-l,jTC] =5 " (8)
. st !
4) For first (17°) node
a) Forced convection and nucleate boiling:
q'!! AT
=1 e L X
Tinn =3 [Ti-l,jz *2T 0,5 ] fares | . (9)
b) DNB, partial film boiling, and film boiling: ’ .
Tij = X Tyj - Tyjp - Tij3 - Tijx ‘ ~(10)
t
5) For surface, s, node .
a) Forced convection:
H,.A7T ' ’ o H..AT qlilt ar
F [ Lt . P P il " .
rP1_']s [] ) pCpr ]Ti-l,.js ' SI[Ti-l.,JZ .Ti-l,u] ‘[ D %1 wij +-5C;_ an
b) Local boiling:
ijs = Tscrit ' 12
c) DNB, partial' film boiling, and film boiling:
Tijs = Ticn,gs ¥ Tijn - Ticn, i1 (13)
6) Average plate temperature
a) Forced convection and nucleate boiling:
= _1
55 = b Ty * Tigar oo Tiix) (14)
b) DNB, partial film boiling, and film boiling:
- X ar =
- 1 - - .
Tij 1; (a5 j34%) ‘f’ij] pc Y " Tion,j : (15)
= H1 % |
7) Fourier modulus in node equations
2
(ax)" _ .
oAT =3 . (lb)

Fluid Equations

The following fluid equations include the time variable, i, and the axial location, j, {2 <j < 50).
The physical model is shown in Fig. 3. ‘ ’

1) Enthalpy . .

W: p 1 A_p
| M, CFPieL ij FPi-1,j
by [_AT+_A7_ w2 Mja t—ar Py, P A% T byl 17
The term "a'" in Eq (17) is a fluid heat pickup correction term to allow various flow-flux models
to be used. The following model will be used for Bettis test data reduction. Figure 4a shows a
Bettis test specimen cross-section. Approximately 95% of the total heat generation occurs in the
"region 8§Y. It is assumed that the one-dimensional equations (1)-(4) are valid in this region.
Figure 4b shows the code representation of the test specimen. Because the outside periphery of the
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specimen is insulated, 100% of the heat generated is assumed to enter the water. For the complete
fluid mixing model, which is consistent with Bettis steady-state— DNB data reduction, the flow area,
AF’ equals UL, and the flux area equals 8L.. The transient flux and coolant heat pickup are approxi-
mated by:

a) reducing the over-all measured generatibn.to 95% as input in Eq (23);

b) accounting for the end channel heat pickup by making "a' in Eq (17) equal to 1/0. 95,
Physically, this is equivalent to the assumption that the ratio of end channel flux to generating width
channel flux is the same in the transient as in the steady state.

The no-fluid mixing model, such as might be used for reactor design purposes, would use

a =1.00 and AF = 6L with the corresponding generation that occurs in plate width 6.

2} Continuity

AF Az
Wi = Wi - & [pyje1 = Picy,ja b (18)
3) Pressure drop (positive AP denotes a decrease in pressure from inlet to point j‘)
a) Frictional pressure drop:
J 2 2
_ 1 Az finwin fir]-lwir;-l

APf = > = 5 + 5 (19)

: ij 288 'DHgAF in in-1

Son=2



b) Time acceleration pressure drop:

. Tl PR PR ¥
1. Az St
AP 2y S5[W. -W, +W, -W. .. = TN20)
v Tij 144 AE§A7 ne2 2 in i-1,n in-1 1:1f,1 . P
c) Spatial accellerat-ioii.p}ressure drop: Lo L.,.,_‘r.,
. ' J :
1 wfn Wizn-l T ‘
AP =——z -k o . .{21)
A.. 2 p. p. )
ij 144 gAF in in-1 N
n=2

d) Elevation pressure drop:
L5 s (22)
APEij 144 nz___z 2 Pip * Pipo1) (
e) Total pressure drop:

= APfH + APT“ + APA.. + APE.. {23)

AP
Total; ij ij ij ij

Input Forecing Functions

The code requires the following input forcing functions:

1) Instantaneous inlet flow:

Wol
Wil *T+br (24)
2) Instantaneous inlet enthalpy:
hy =h,, +ec7! (25)
3) Instantaneous éverage current:
= T 2
Ii -Io+ dr' + e(r") (26)

The average current is related to the average heat generation rate by the equation

M T 1° :

qlill = pE _1

q.l q N (27)
4 A;, F

The individual node generation rate is expressed as

QUi = 94" FyFy - (28)

The representation assumes a spatially separable generation profile independent of time. The F

term allows nongenerating and generating radial region (such as fuel and clad in reactors) calcu-

lation, and the Fj term accommodates a nonuniform axial generation profile.
The constants b, ¢, d, and e of Eqs (24)-(26) are experimentally determined for each tect.

Boundary Conditions and Assumptions

The following boundary conditions and assumptions are imposed on the code solution.

1) General: The solution will proceed from a known steady state condition existing immediately
prior to the start of the transient.

2) Plate:

pm’ Km' and Pg 8re represented at all nodes by the same

values; i.e., they are not expressed as a function of temperature.

a) The plate quantities p_,, C



b} The plate heat flow in the axial direction is negligible.
¢) The surface represented by the TC node in Fig. 2 is adiabatic.
d) The instantaneous generation rate is known for all times at each node.
3) Fluid
A a) Tﬂe fluid within the flow area, AF' at any axial location is represented‘by a single con-
dition; no radial variation of properties exist.
b) The channel fluid inlet flow and enthalpy are known for all times.

¢} The coolant is water at a system pressure of 2000 psia. (With minor modification, the

pressure dependent code constants can be changed.)
d) The system base pressure variation with time, 83P/87, is negligible.

4) Plate-fluid interface heat flux: The heat flux at the plate-fluid interface will be as shown in
Fig. 5. This figure identifies five regions of heat transfer, as follows:

° a) Forced convection (Region A, Fig. 5): This
heat transfer mechanism occurs when

Tijs < Tscrit' At 2000 psia, Tscrif has a weak
flux dependency which is neglected in F0020.
The approximate value of Tscrit’ is determined
from the Jens and Lottes (Ref 4) correlation

1/4
- 60(%)
Tscrit B Tsat + eo(P 900 (29)

for the anticipated average flux existing for the

particular problem. For this region,

.. = Hij(TijS - Ti' ) (30)

ij jw

where Hij is derived from the Dittus-Boeclter

> WALL TEMPERATURE A~ FORCED CONVECTION (Ref 5) relationship

PROGRESSION FOR A LOSS B - NUCLEATE BOILING . 0.8 0.4
OF PUMPING POWER C - DEPARTURE FROM. NNu = 0.023 NRe NPr (31)
ACCIDENT NUCLEATE BOILING

D - PARTIAL FILM BOILING

where all fluid properties are based on bulk
E - FILM BOILING ;
temperature. This is expressed as follows:
Fig. 5 Heat Transfer PRoundary Condition :

Representation for F0020

. . Gi' 0.8 -0.2 (32)
somal] o]
2 (33)
*Fjj = 466. 48010 + 3.1162878 hij - 0.0023830320 (hij) (for hij < 600)
(34)
Fij = 584.0 +1.49 hij (for hij > 600)
b) Nucleate boiling (Region B, ‘Fig. 5): Nucleate boiling begins when Ti;:|s = Tscrit as

approximated by Eq (29) and the flux is less than the DNB flux. For this heat transfer

region,

* The constants for the empirical data curve fits were obtained from digital computer correlation
routines. The basic infurwation used in thepe routines was not known to 8 decimal places. How-
ever, because F0020 has an 8 place numerical format, the curve fits were not rounded off.



c)

.

d)

pC' Y (

x .

=" "t - P )

¢IJ = Z (qijk AX) - 3 [Tij~-’ Ti-l,.j]r PP . ) (35)
k=1

which is a rearrangement of Eq (15).

DNB and partial film boiling (Regions C and D, Fig. 5): These modes of heat transfer

exist when T T <T' ... The temperature at which pure film boiling begins,

scrit < ijs cri i
Tz:rit’ is an input parameter. Referring to Fig. 5, the burnout region C is generated

by cutting the region D plane at the flux equal to the burnout correlation (a-a in Fig. 5).
.This correlation is the upper flux limit of the nucleate boiling region B. '

The flux for region C (DNB) is detérmined from Bettis correlations (Ref 6). The code

representation is

-2.5
¢+ [hy (-0.0024 z_/D. .} s e _
= ) e .
E%’- 0.5 | 1985 e, (for Gy <1.6x107) (36)
and.
’ o -2.5 ' ‘ 2 .
¢ ,[hi. ] [ (-0.0024 z./DH) G.. 6
_%.» ‘= 0, 37 4 e J ][1+ 13] {for G..,>1.6 x10°) . (37)
10 .1000 |. o 107 ij

Thus, in ré_gion C, the flux lcvel, ¢, is not a function of T,

The flux for region D (partial film boiling) is determined from Mine Safety Appliance
Resear.ch data (Ref 7). The data were limited in range in the hz dimension (enthalpy) of
Fig.'5. Therefore, the functional form suggested by these data was utilized, but the
constants are retained as input information. The flux for region D is

) . ¢;; = A - BT (38)

i-ljs]
Whep T L < Tii < T::rit’ the ¢ji is found by computing r[)lj fram either Rq (36) or (37)
and from Eq (38) and taking the lower of the two values.

As shown in Fig. 5, the transition from nucleate boiling (region B) to partial filiu Lulllng
(region D) is discontinuans in flux level with this model. This results from the model
statement that the DNB lino, 6-n, represeéats this lransition, whlle the flux at wall
terhbératures greater than Tscrit is the minimum value of the correlations for regions

C and D. The location of this discontinuity cannot be defined for all cases because of
the effect of the various parameters on the DNB flux. However, preliminary runs have
‘indicated that teinperature excursions during the Bettis out-of-pile transient tests pass
th;'ough the B-C-D region without any flux discontinuity. Figure 5 indicates a typical
wall temperature excursion: through the B-C-D region.

Pure film boiling (region E, Fig, 5): Pure film beiling occurs when Tijs 2T e Ilis
probable that T'crit is higher than the wall teroperatures currently anticipated in

pressurized water reactor application. However, region E is included for completeness.
This region, like regions C and D, is not well defined. The functional form, suggested
from quenching tests (Ref 8) at atmospheric pressure, is

‘7’1;] =C+ D[Ti-ljs] , (39

where C and D are input information.

One further degree of freedom is provided in the representation of the heat flux boundary
condition. The' constants defining line a-a'and region C of Fig. 5 are fixed in the code.



However, it is possible to establish indirectly new constants for Eqs (36) and (37) by the
DNB time input value. The code compares the actual surface flux with the DNB flux given
by Eqs (36) and (37) (line a-a of Fig. 5). It.also compares the input DNB time value with
the elapsed transient time. If DNB, as established by Eqs (36) and (37), has not been
reached at a transient time equal to this input DNB time, the constants of these equations
will be computed to adjust line a-a and region C so that DNB occurs at this input DNB
time at the channel outlet node, z. If DNB has occurred at the end channel when the
elapsed time equals the input DNB time, no adjustment will be made to the equations.
This feature allows use of an additional piece of test information—the time to DNB, as
indicated by thermocouple traces. However, its practical use may be limited to uniform

axial generation cases.

5) Frictional pressure drop: The friction factor variation is included in Eq (19) by use of the

fij/pij' With minor modification, the following F0020 representation is the same as that in
Ref 9:

where

a) Bulk boiling (hij >hsat):
_ 2
£33/ P35 = fiso . ®1 o/ Psat (40)
£, = 0.2108160 N20- 2137270 ;0 N <10% , (41)
iso Re Re
sat sat sat
£, = 0.1143700 Nl',:)e' 1606080 ;. N, >10%) , (42)
sat sat sat
N =G..D , 43
Resat ij H/Hsat (43)
@2 X, +
Lo ~ X174 7 X2 ¢
h,. - 671.7 :
Xy =g (43)
6] ! 6] 2
61 -1
Xp =24 + ag Gij/lo ] . (47)

b)

The a, through ag in Eqs (46) and (47) are functions of Xij and are presented in the curve
fit gection.

No bulk boiling (h.. <h__.):

ij = 'sat
fijlpsy = fisoy; (/8;50)55/ P3j » (48)
where
- -0. 2137270 5 :
fisoij =0,2108160 NRe (for NRe <107) , .(49)
- -0.1606080 5
isoij =0.1143700 NRe (for NRe 2107) , (50)
and
Nge = Gyj Dyg/myj - (51)



4
(1) For ATf < ATJ&L (no nucleate boiling):

>(where
AT5eL = Tserit = Tijw . (52,'@){
and Co
ATy =0.766 ¢ /H ) F : - (53)
(F/f;g0)5; = 1 - 0-0025 T, - | (54)
(/fig0);5 = 085 ‘ - (55)

For no nucleate boiling, (f/f,

is o 1 is the maximum value as calculated from Eqgs (54)
or (55).

(2) For ATf > ATJ&L (nucleate boiling):

Gij -2/3 ATygr
(£/8;00)sg = (1 - 0.0025 AT 0y | 1 +0.76 # 1. ~T (56)
Sij 2l AT5eL,
(£/f;55);5 = 0-85 [ 1 +0.76 E%- 1 - S (57

For nucleate boiling, (£/f. is the maximum value as calculated from Eqs (56)

1so ij
or (57).
Curve Fits
The following property representations for water at 2000 psia are used in F0020 (Refs 10~12).

1) Temperature

- . 2
Tijw = -60.977250 + 1.4437033 hij - 0.00059984467 (hij) (for hij < hsat) (58)
r.rijw = sat (for hiJ ihsat) g (59)
Teat = 635, 78 (6U)
hg,, = 671 _ (61)
2) Density
- 2
plj = 59.804439 + 0,005334730 bij - 0.000053630137 (hij) (fqr hij < hsat) (62)
Py = (0.000349806 hij - 0,0209265)" (for h,; ij 2h, ) (63)
3) Viscosity
“ij = 1,6015870 -~ 0.0062619952 hij + 0.0000077597482 (hij)z (for hij < 370) (64)
p'ii = 0.7537780 - 0 0014881633 hij + 0.00000098193168 (hij)z (for hij 2.370) (65)
Fout = 0.192 (66)

4) The values for the constants of the @io term in the quality frictional pressure drop are as
follows:
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X5 <0.06 0.06 <X <0.20 X >0.20
a 1.9034337 0. 0688607 -0. 0457867
8, 8. 5584910 6. 1889560 3. 0925460
a, 2.7912118 3.0285472 3.9200889
2, 1.0000000 1. 0960000 1. 2320000
a 0. 0000000 0. 1429000 0. 4206000

SOLUTION SEQUENCE

Two solution sequences are of general interest. These are the over-all fluid-plate solution
sequence and the sequence of calculation of plate surface heat flux. The code procedure covering

these items is as follows.

Over-All Fluid-Plate Solution Sequence

The practical difficulty of deriving the fluid equations (17)-(23), is connected with the establish-
ment of a working extrapolation procedure, which is shown by means of the subscripts in these
equations. The successful solution to this problem necessarily involves consideration of the over-
all solution sequence. Figure 6a shows the general space-time representation of the solution. (An

SOLUTION SPACE- TIME REPRESENTATION - additional 3rd dimension exists at each point in
the plate thickness direction. For the sake of

IR Z-1 2 simplicity, this dimension was not included in the

I
/1; N
//// /7—y / / / / / figure.) In this figure, the steady state nodes at
To are known, since F0020 calculates from an
i-i /# // // (///7( / J7/ initial steady state condition. Also, the tests were
i : / AXIAL

SPACE designed so that at the inlet, j=1, the quantities

D'RECT'ON h;; and w;; would be known for all times. In the
plate, the quantity q‘lii( can be found from Egs (27)

and (28) for all times. Examination of Eqs (2)-(4)
(o)

shows (1) the interaction of the plate on the fluid

TIME

DIMENSION enters only through the flux (¢ in the enthalpy

equation (2), and (2) the continuity equation (3)
W SOLUTION
i=1,j-1

h-p SOLUTION determines the local instantaneous flow at any

=l i1, 1, axial location if the local fluid thermal conditions
are known. The important corollary of this fact
J is that for the flow—forcmg model of F0020, the

' pressure drop equation can be calculated after the

oy - ’ thermal situation is known. Further, the thermal

calculation is independent of the pressure drop

(b) c) - equation (4).

[;1' KNOWN AT START OF SOLUTION As a result of the above considerations, the

t-i SOLUTION VARIABLE following solution method was used. The solution

Fig. 6 Fluid Node Solution Sequence uses known conditions at previous time and space
increments, as shown in Fig. 6a. To demonstrate

the method, consider the fluid equations (17)~(23). The solution will proceed as follows:

1) At the ijth position, where the solution is known at all j's at the i-1 time and at all times
through i at the j-1 position, the solution can proceed as shown in Figs. 6éb and éc. (Such a
position initially exists at node 1, 2 of Fig.- 6a.) The continuity equation (18) allows solution
for W,. as shown in Fig. é6b. Then the enthalpy equation (17) can be used for finding hij as

1
shown in Fig. 6ec, p.. is then calculated from Bq (62) or Eq (63).

i
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2) The solution can then sequentially progress to either the i, ]+1 node or the i+l, j node.
Because the Bettis uniform axial generation test involves the ‘most adverse thermal situation
at the channel outlet, the former sequence was chosen; i.e., proceeding down the channel at

a constant time.

The fluid solution must now be tied to the plate solution. ’Ifhis" proéedure involves the compati-

bility of the calculational times for the two components. .

The stability criterion for the plate has been taken as (Eq 16)

(ax)?
alAr

1]
w

Thus, for a given test specimen, this A7, designated as A'r.p'late' is fixed to insuré stability of the

calculation in the plate.

The corresponding criterion for the fluid requires that a piece of fluid appearinwg ét‘ any node does
not pass the next downstream node in the time interval considered. This means that the fluid whose
properties are estimated at one node must not pass out of the spatial extrapolation range in the time
considered. ThlS is checked by the transport equation

az! (67)

.Ttransport Py -1,z F/W11 1

where Az' ig the smallest axial grid length, p. is the minimum density of the previous time

interval, and W1 1,1
of A7 for loss of flow accidents. The two times, At

transport
reconciled as follows:

i-1l,z
1s the inlet flow of the previous time. This gives a conservative (small) value

da

plate an Ttransport’ are then

B Af‘la t
1) The ratio A—'Pﬁ— is formed.
T
transport

2) The value of this ratio is increased to the next highest integer, N'.
3) The fluid extrapolation time is then

ATg1uid = ATplate/ N - (68)

The over-all solution seduence (refer to Fig. 7) is:

1) Starting at solution time i-1, where all quantities -are known. the A'rflui al i) f‘nnn.-l from
Eq (67) and (68). ‘

2) The fluid solution is extrapolated ahead in time a quant1ty AT o0 d a.nd sequentially down the
axial nodes to the end of the channel.

3) The solution then reverts to the inlet, and the
[

i z- . : : .
F ,\/‘f r —AN———> extrapolation is made for another ag, . time.
/ / / / /./ This process is repeated N' times until the fluid

4x FLUID /7/01' / 'H / / 7 equatione are solved to include the ith time of

— AXIAL . :
7—; / ‘/—/ ‘H// / /sp/\cs Fig. 7. At thie time, uaing the waler propurtles

i = starting at j| and proceeding to j .
M
DMENSION  T!-tri-i ):AF PLATE

N'= NEXT HIGHEST INTEGER VALUE

/ 7= / / =7 DIRECTION at the i'? time, the plate equations are solved,

4) At plate intervals, specified as input, the pressure

0 %:_'I’HL_:LEW drop cquations (19)=(23) are sulved. Since the
At FLUD= Av PLATE/N' ' thermal solution above is independent of the

LATE SOLUTION LOCATION . , o
P : T pressure drop solution, this pressure drop

Fig. 7" Fluid Axial Solution Sequence - -calculation is not a required part of the solution
‘sequence. o

12



Plate Surface Heat Flux Solution

. The final solution sequence to be considered is that of application of the surface heat flux boundary
condition (Fig.  5) to the plate conduction equations. The following solution sequences resulted in a
satisfactory-plate solution convergence for the particular test cases tried to date with F0020. In
most cases, the methods were empirically derived by machine computation. The solution sequences
are as follows. (As indicated in the section titled Over-All Fluid Plate Solution Sequence above, the
water properties are already known at time i.) .

1) Forced convection

Sequence . Calculated Variable ,Eq No.
' 1 Hij C(32)
2 s (11)
3 Tii) RON
4 Tij . (14)
5 ¢ij : (30)
2) Nucleate boiling ,
Sequence Calculated Variable 'Eq No.
1 ijs (12)
2 Eijl (9
3 Tij (14)
| 4 2 (35)
3) DNB
Sequence Calculated Variable Eq No.
1 fij (36) or (37)
2. ij (15)
3 Tijn (10)
4 Tijs (13)

4) Partial film boiling

Sequence Calculated Variable Eq No.
1 fij (38)
2 Tij (15)
3 Tijl (10)
4 Tijs (13)

5) Film boiling

Sequence Calculated Variable Eq No.
1 fij (39)
2 Tij (15)
3 Tijl (10)
4 Tijs (13)

These sequences were found to produce the rnoét stable perturbation responses for the plate
surface as the solution transverses the boundary regions of Fig. 5. Equations (6)-(8) for the internal
nodes are the same for all heat transfer regions.

MODEL LIMITATIONS

The following model limitations are cited far the cansideration of the potential code user.

13



Heat Transfer Boundary Conditions

The principal limitation of the code is the uncertainty in describing the heat transfer boundary
conditions of regions C, D, and E of Fig. 5. It is assumed that the transient ¢ plane ig the same

as the steady state plane.

This is reflected in the code input in that the.correlation.constants for

regions D and E, and the dividing temperature, T'crit" are left as input. The height of region C may

also be indirectly changed by the input DNB time.

Continuity Equation Instability

An instability in the local flow as calculated by the continuity equation (18} has been noted in

some of the test cases.

The cause of this instability has been traced to the combination of two

factors. One is the Az in the numerator of Eq (18) and the other is the discontinuity in the curve fit
of p;. vs hij ath__, [Eq (60) and (61)]. This discontinuity in Wij is shown in Fig. 8. The discontin-

J

uous point occurs when the point downstream passes into bulk boiling and the extrapolation length

AT GRID j (DUE TO HEATING) -

AS AR —d?

/ - CALCULATED WITH

FLOW
INLET

\/\ LARGE 42
\\K e

Az is large in Eq (18). For a test case where Az was
8 in., the increase in flow was approximately 10% at
the surge points of Fig., 8. This oscillation occurred
at all peints downstream of a nodc, progressing into

bulk boiling because of the ‘wij-l term of Eq (18).

Mathematically, this effect is a result of allowing
the expansion caused by bulk boiling to progress in

TIME e
finite steps of Az length. The solution flow, as
Fig. 8 Flow Osciliations (Calculated)
Resulting from Large Grids and
Break in p, vs h, Curve at hg,¢

calculated with a grid length of Az, oscillates around
the true flow (as Az - dz), as shown in Fig. 8. While
this oscillation will not greatly affect the local flux

at DNB, a borderline DNB point may come back out of DNB on the time interval following this local
increase in flow. Two methods are available to minimize this effect: smooth the pij vs hij curve in
the hsat region, or use smaller Az values. While it is possible that the density variation at the
inception of bulk boiling is more continuous during a transient than during steady state conditions, no

data of transient p.. vs hij are available. Therefore, it is recommended that smaller values of Az

ij
be used. The recommended procedure is as follows:

1) Using initial flux values, flow coastdown information, and desired accident computation time,
compute the length of the first grid necessary to cause bulk boiling to just begin at this grid
The formula for this purpose is derived as

Za.&Az2 ¢iZ
1
WoZ [ 1 + by’ ]

from steady state considerations. In thig equation ¢, & ¢ 5 [Tlﬁo] sinee Ineal hoiling will
exist at point 2 prior to bulk boiling, and the plate temperature profile will approximate a

at the end of the desired running time.

671.7 =h,, + (69)

il

steady state profile.

2) Usiug lhis value of Az, for the length to the first grid, divide the remaining channel length

into as many as 2 regions and 48 nodes.

Stability Checkout Limitation

The final limitation is concerned with the stability of the solution at all positions of the ¢ plane
in Fig. 5. This stability has been found satisfactory for the test cases of loss of pumping power
accidents. This stability has not been demonstrated for other types of accidents which may be sug-

gested by the input format, such as rod withdrawal, etc.

14



CODING DETAILS

Code Description

The problem, >as pi"e\-riously defined, was coded for the IBM-704 computer in the Fortran
language with options of obtaining some of the variables plotted on the peripheral printer and of
changing the heat generation function at a specified time during the problem (refer to Fig. 9 for flow
diagram). The code is comprised of the following parts.

Initialization

The title éard is read and printed on-line and written on tape. All data cards for the problem
are read and checked against code limitations (set forth in a later subsection). If an error is
detected it is printed on-line with instructions on how to continue. All of the compﬁted equation
coefficients and the plate time interval are calculated. The initial heat flux into the fluid and all
fluid properties are calculated at all axial points by using the input forcing functions at zero time
and the steady state form of the fluid equations. The metal surface temperatures are computed for
all axial points, using Eq (11) or (12) with the restriction that Tijs cannot exceed Tscrit. (no i)NB
initially).

The internal finite difference plate temperatures are obtained by an iterative process after first
computing an initial approximation from the one-dimensional analytic solution. This approximation
is obtained by considering the plate to be composed, in general, of a heat generating material between
non-generating materials. The limits of the generating material are determined from the input. For
all radial points falling in the non-generating region nearest to the coolant, the initial temperature

distribution is approximated from the equation

(£ ac 2 b)x
T(X) = q”'—k——"' TS . . (70)
For those points within the generating material region,
2
qlll xz ‘eb .
T(x):T(Iax—T-T)+TS . (71)

Values of T on the adiabatic surface side of the generating material are constant and are obtained
from Eq (71) by setting x = la. Using these ‘initial approximations, the initial finite diffgrence internal
plate temperatures are obtained hy iterating Egs {6)-(9) to a convergence, €, specified in the input.
-This method has been found satisfactory for problems with and without non-generating regions.

All of the initial values are written on the computer storage tape and, if plotting has been
rcqueoted, the initial values of water temperature, metal surface temperature, thermocouple temper-

ature, and flux for all axial points are saved in the computer storage core.

Water Calculation

The fluid equations for all axial points are advanced by time steps imtil a time has been reached
for evaluation of the plate properties. The time interval used for the fluid equations is determined
by selecting the first submultiple of the plate time that is equal to, or less than, the fluid transport
time across the smallest axial mesh distance. The fluid properties are calculated, using the forcing
function equations (24) and (25) and fluid equations (17) and (18) and (58) through (63) (refer to Fig. 10).

Plate Calculation

The method of calculating the plate properties at a given point depends on the history of the point.

The flow diagram is shown in Fig. 11. In all cases, the internal plate temperatures and Ti are

L ijw
first calculated, using Eqs (6), (7), (8), and (58) or {59). There are two possible paths from this

puoint:
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Fig. 9 General Flow Diagram
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COMPUTE
AT ypans FROM EQ(67)

AT . ATpiare > 0\4 1 cavc (STecare
FLuo * — o <o f caLc(— - BT rrans)

A

J=i - .
Ti+1 = Ti+ AT FLUD
EVALUATE W, FROM EQ (24)
G, : W/Af
EVALUATE h, FROM EQ (25)

COMPUTE S M N\ COMPUTE
V2
p, FROM EQ (63) hsat hsy/ p, FROM EQ (62)

CALCULATE W; FROM EQ (I18)
.
. CALCULATE h; FROM EQ (I7) .
G =W/ Ag ‘
i :
COMPUTE /= h < COMPUTE
p; FROM EQ (63) &’;s“ hsar )] p; FROM EQ (62)

I

~

ARE ALL
POINTS DONE ?

Jj+ = Jdprl
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CALCULATION

Fig. 10 Fluid Property Ciagram
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CALC INTERNAL TEMPS.
@ AND Tijw BY
EQS (6),(7),(8), AND {58) OR {59)

WAS THIS POINT
A DNB POINT ?

CALC Hjj, Tijs» Tijl
BY EQS (32),(1),(9)

YES |

SET $;j=MIN AS _ SET Tijs* Tserit
CALC ¢;; BY EQ (39) CALC BY CALC ¢ij AND Tjj CALC ¢ AND Tj; BY
. EQS (36) OR (37) AND (38) BY EQS (30) AND (14} EQS (35) AND (14)
CALC Tyj, Tijl, Tijs BY o CALC ¢;j DNB BY
EQS (15),010), AND (13) . EQ {36) OR (37)
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.| SET Tijs= Tscrit

IS T TIME ?
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. CALC Tij Tyjis Tijs . - NO
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h ' DID POINT ENTER
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Fig. Il Fluid Property Diagram
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1) If the point was in forced convection or local boiling for the last time step, Tijl’ Tijs’ and
Hij are evaluated, using Eqs (9), (11), and (32). Then Tijs is checked as follows to allow
solution reversibility between force convection and nucleate boiling:

a) fT.. <T hs
ijs scrit

and (14).

the flux and average plate temperature are evaluated, using Eqs (30)

b) fT.. >T s T
ijs — " scrit ijs
are calculated, using Eqs (35) and (14).

is set equal to Tscrit’ and the flux and average plate temperature

In eitheér case, the flux is next compared with a DNB flux as evaluated from Eqs (36) or
(37)., If ¢ij < ¢DNB’ then Ele computation for the pélnt is completed. If ¢ij > ¢DNB' ¢ij
is set equal to ¢DNB’ and T, Tijl' and Tijs are evaluated from Eqs (15), (10), and (13).
The computation for the point is then complete. The indicator in (1) above is set to DNB.

2) If, at the last time step, the point was not forced convection or nucleate boiling, the surface

temperature is checked.

a) If film boiling does not exist (T < Tt .), the flux is set equal to the minimum flux

i-1,js crit

from Eqs (36) or (37) and (38). The newly calculated Ti's is now checked as follows. If
T.. <T . :
ijs scri crit
local boiling for the point. This check allows solution reversibility between nucleate

¢ it is set equal to TS and the indicator checked in (1) above is set to

boiling and DNB or partial film boiling.

b) If film boiling exists (Ti-l. is ZTcrit

In either case, Tij’ T‘ijl' and Tijs are then calculated, using Eqs (15), (10), and (13).

When a point enters either the nucleate boiling or the DNB region, all variables at that

)}, the flux is evaluated from Eq (39).

point are written on tape. It is also possible to force the last point to DNB at a time
specified in the input. If DNB has not previously occurred at the last point at the speci-
fied time, the coefficients for Eqs (36) and (37) are recalculated to set ¢iz = ¢ij in these

equations.
Output*
The output parameters are written on magnetic tape for printing on the periphéral prinl;er. CThe
desired frequency of output is an input parameter. At an output time, the perfinent parameters for
all axial points are written on tape, and, if plotting has been requested, Tijw‘ Tijs' TijTC’ and ¢ij

are saved in the computer core.

Pressure Drop Calculation

The [requency of pressure drop calculation is an input parameter. These resulls, written on
tape, indicate the contributions of elevation, space acceleration, time acceleration, and friction as
well as the total pressure drop. These results are ca.culated for three regions: from the inlet to
the first point after the inlet, and from the inlet to the next to the last and to the last point. The
method of calculation is indicated by Eqs (40)-(55). If plotting has been requested, the total pressure

drop and inlet flow are saved in the computer core.
Plot -

If plotting has been requested, the variables saved in the computer core are checked to find the
maximum thermocouple temperature, minimum water temperature, maximum and minimum of flux,
total over-all pressure drop, and inlet flow for the pr>ob1em. Each plot point is then normalized to
the maximum-minimum problem range, so that all curves will be scaled from 0 to 1. All temper-

atures are plotted on the same scale. The values of time associated with the variables are also

* The output is described in the seclivu titled Sample Problem.
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normalized, so that the accident time is scaled from 0 to 1.
The following plots are then prepared:
1) One plot of total pressure drop, from inlet to exit; and inlet flow versus time.

2) One plbt for each axial point of water temperature, surface temperature, thermocouple

temperature, and flux versus time.

The plots are formed on the peripheral printer with the grid lines indicated by plus (+) signs and
the plotted variables by letters which are identified on each page. In addition, the problem title,
scaling, and point number appear with each graph. Each graph is 100-type wheels across the paper
.and 100-lines long. The bgraphs extend across two pages and are approximately 10 in. x 16 in, in
size.

1

Input

Iﬁput Information

The following information must be supplied to define a F0020 problem. The input contains
integer and non-integer quantities. (For the definition of integer and non-integer quantities, see the
following seclion.) A sample input is shown in Fig. 12. ‘

1) Title card:
a) Columns 2-67 are available for the title.
b} Columns 68-71 must contain F;OOZO.
e) Column 72°'is used to denote a particular version of the code”. This version is 0 (zero).
'2) Card 1001: |
a) ‘Accident time in seconds
.b) Print frequehcy in seconds

(NOTE: The actual frequency of output will not be
exactly this value since the elapsed time is
compared with this input, and printing
oc¢curs when elapsed time exceeds multiples
of the input print frequency.) ‘

c) DNB time in seconds. (DNB occurs when elabsed time exceeds this input.)

d) Pressure drop frequency (integer}. This is the number of normal print-outs per
pressure drop calculation, '

. e} X (integer). If X =1, the radial heat generation is uniform. If X =0, the hcat generation
-is specified pointwise on card 10]0, ‘

f) Z (integer). If Z =1, the axial heat generation is uniform. If zero, the'values must be
specified, starting on card 1011 at 10 values per card.

g) IP (integer). If IP =1, plotting is requested. If IP = 0, plotting is not requested.
3) Card 1002:
a) Water channel thickness
b) Water clxaﬂnel,Width .
c) -Plate thickness
'd) Plate width

e} Time, in seconds, to change I forcing function; if 0, no change will be made.

20



12

TITLE CARD

ACC. TIME

DN8 TIME

BBHI st ] doHe Elobladoblob T 1T LT TR TTTT TG T T TG
PR del 31l 4. oo 1 Ll ol oldeledekloblaslds TTTTTTTT T LTI
[ Bl fdeeb e dedoloblobl TT T T TTTT T T T T LI

0CCGRERNAR e A NS ANNRNRARR] ARANNRN O NARTN ARNY ARANARARRARRRRRS

7. 5okl ko Sl ol 2 4ol oeo TTTT T
NCCZAFARNEARARP R AARAAA RN N NNNNN NI AN NRANN ARRRNNN NN ANNNONGNNRRANANN
[ B0 4o Jol ootz oo dallo BT dela o b oo L oo gelol TTTTTTTTTITIIT T
e 21 1oEldl 9019 o 2ec 4okl 4] 5ol bl kil ohldaldddalo TTTTT T
TR 11 el dds TR T T

| lLI:lljz”lllzT;lsléo AEERERANNAN RN RN AR AN AR RN AR NN AN RN AR AR RRARA

ARRERRINARAARAN NUSARARRNARY AR NNRRERNNY AU ARRARNRRANUARRRARRA)

tjof1]s

fig. 12 Input for Samp/eg.,Prob/em



4) Card 1003:
a) Wo' Initial flow (wol)
b) Flow decay coefficient (b} in Eq (24)
5) Card 1004:
a) ho’ Initial enthalpy (hol)
b) Enthalpy coefficient (c) in Eq (25)
6) Card 1005:
a) 1 o initial average current (fo)
b) Linear coefficient (d) for current in Eq (26)
c) Sgcond degree coefficient (e) for current in Eq (26)
d) Conversion factor MPE/4 in Eq (27)
e) Alternate values of (2) [only if (5) on card 1002 # 0]
f} Alternate values of (3) {only if (5) on card 10.02- # 0]
7) Card 1006:
a) Hydraulic diameter
: b) Coolant saturation lemperature
8) Card 1007:
a) A, B, C, and D in flux Eqs (38) and (39)
b) H.e‘at pickup ‘¢orrelation term 'a'" in Eq (17)
9) Card 1008:
a) K = Plate thermal conductivity
b) pyp = Density of plate
c) Cp = Specific heat of plate

d T - Tempcrature of plate surface al which nueleate boiling begins

scrit

crit
boiling occurs

e) T! = Temperature of plate surface at which transition from partial filin boiling to film

f) € = Convergence criterion, in degrees W, for iteration of platc tcmperatures lu thelr
initial finite difference values '

10) Card 1009:

a) #Ax = Number of radial sections in plate (integer)

b) #Reg = Number of axial regions (integer)

¢) Az; = Mesh lehgth‘in axial region i

hd) Pi = Axial point to which region i extends (integer)
11) Card 1010: '

a) NX; = Radial generation factor, Fp, at'plate' radial node k (Specify a value for each node.)
12) Cards 1011, 1012......etc:

a) NZi = Axial generation factor, F., at plate position j (Specify a value for each axial
point; ten values per card.) Used only if Z = 0 on card 1001.
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Definition of Integer and Non-Integer Input

1) Integer: Numbers with no decimal point specified, such as 1

(NOTE: Integers on the input form, must be moved to the far
- right of the specified field. Example: Let #4x on
card 1009 be 3. The field is 5 columns wide. Place
the number 3 in rightmost column of the field, which
would be card column 10 in this case. If the number 3
were placed in card column 9, it would be interpreted
as 30.)

2) Non-integer: Numbers with the decimal point indicated, such as 1.0. An example of this
representation of the number 0. 00127 would be any of the following:

0,00127
0.127E-2
127.E-5

This type of input may be positioned anywhere within the number field. A blank column is

interpreted as a zero.

Code Limitations

The following limitations must be obs’erved by code users:

1} Total number axial regions: '1 < #Reg < 3.

2} Total numher of axial points (includir}g inlet point): < 50.

3) Total number of radial regions: 3 <N <10,

4) DNB time < accident time (accident calculations must include a DNB).
5) If plotting is requested:

accident time
print frequency

(Because plot time is normalized, the requestor may want to choose an accident time to

permit easy reference to the plots.)
.6) All input floating numbers are rounded to eight places.
Running Time

The machine time required for a tlme step depende »n th‘e number of axial and radial points.
The number of time steps depends on the specified accident time and the cognputed_ time interval for
the plate properties. The time interval used in the fluid calculation depends on the plate time interval
and the fluid transport time, which varies during a problem. It is, therefore, possible to give only

a sample running time.

Far the sample problem of this report, the 704 running time was 3. 3 minutes for the calculation
and normal print-out, plus 50 seconds for the plots.

Of the 3.3 minutes of runiing time, approximately 1,5 minutes were used in writing the outpuf

on tape.

Machine Requirements

The code requires the following machine- components:
1) Core size—32 k

2) Number of tapes—2

23



3) On-line card reader : L o o
4) On-line printer (SHARE-2 printer board)
5) Off-line printer

The off-line printer must not have the inodification to restore at the end of a page when operating
under program control. This permits the plots to extend over two pages without a discontinuity.

Operating Instructions

Code running proceeds as follows: — . . ‘

Write Program Tape

1) Set a tape to-logical'l.
2) Ready the card proéréfn in reader. -
3) Press "clear” button, then ''load card" button. [Stops at (343)8 after rewind of tape 1. ]

Running the Problem

1), Mount on tape unit 1. the prugram tape written as ahove.
2) Make ready a blank tape on unit 5.
3) Ready the data input in the card reader.
4) Place SHARE-2 p'rinter board in printer.
5) Place all Sense Switches on console in "up" position.
6) Press '"clear' button, then ''load card' button.
1) 1llll—more than 50 axial points
2} 20000—normalization error in input
3) 70707 read coumunent on-line
4) 10000—probable machine error
5) 50305.:§1'Qbab1e machiﬁé.érrn‘r
£} 30000- probablé machine error
7) 00010- probablé machine error
8). 00030—probable machine error
9) Normal -end of problem—select on card reader. (DPrint tupe 5 on program control.)
SAMPLE ‘PROB‘LVEM P ' .
The‘ follow-,ving prbblem illustrates typical code usage;

Problem Specification

Consider the thermal and hydraulic response of a plate-channel element with constant uniform
internal heat generation, constant channel inlet enthalpy, and an impoéed flow coastdown. (All input
data for this problem is given on the sample input form, Fig. 12.) The initial problem conditions
were selected such that the solution would traverse all rdgions of the heut transfer boundary condition
representation (Fig. 5) in a reasonable running time. The channel length was broken into eight
equal lengths for a total of nine axial (j) nodes, including the inlet, jl. The plate thickness was

* 'I'ne octal numbers will be in the address of the storage register.
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broken into three equal radial regions and associated nodes. A DNB time of 0. 50 sec was selected

to insure proper problem TTC coverage.
Digital Output .

Figure 13 shows the following code digital print-out. All digital output is in the form
0. xxxx + Eyy; which means the digital number is equal to (0. xxxx) multiplied by (10)*YY.

Regular Output

The large central block of information in Fig. 13 is an example of the regular print-out which
occurs at the desired print integral. After the identifying time, the following information is given

for each node:
1) Line 1:

a) Column l—axial (j) node number

b) Column 2—flow

c) Column 3—enthalpy

d) Column 4—density

e) Column 5—forced convection film coefficient (only recomputed if solution is in region A

or B of Fig. 5—otherwise, this is last computed value)

f) Column 6—water temperature .

Column 7—surface heat flux

g

h) Column 8—plate surface temperature

i) Column 9-—plate thermocouple temperature

2). Line 2:

a) Column l—plate radial (k) node 1 temperature

b) Column 2—plate radial (k) node 2 temperature

c)
d)
e)
f)
2
h)

i)

Column 3—plate
Column 4~plate
Column 5—plate
Column 6—plate
Column 7—plate
Column 8—plate

Column 9—plate

radial (k) nude
radial (k) node
radial (k) node
radial (k) node
radial (k) node
radial (k) node

radial (k) node

J tempcrature
4 temperature
5 témperature
6 temperature
7 temperature
8 temperature

9 temperature

j) Column 10—plate radial (k) node 10 temperature
(unused nodes are left blank on print-oﬁt)

Special Print-Outs

Two special print-outs are also shown in Fig. 13 as follows:

Special Heat Transfer Mechanism Change—The top of the figure shows the special print-out

of the individual node {(same information as regular print-out) that occurs when any node progresses
into, or departs from, the nucleate boiling region. (In the example, point 5 has progressed into the
DNB region (C) of Fig. 5 at 1.447 sec.) This information is given for the iteration cycle within

which lhe event occurred, even if this cycle is not a regular print-out cycle.
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TIME =041447E 01  SECONDS
J FLOW ENTHALPY DENSITY H ™ FLUX
5 043837E 03 045585E 03 0.4606E 02 0.2127€ 04 0.5582E 03 041004E 07
11 2 . T3-. L-Th 15 3 T6 17 . T8 .
DeT00E 03  04777E 03  0e816E 03 -
SAMPLE PROBLEM FOR WAPD-TH-145 = JULY Ts 1958 F0020
TIME =041431E 01  SECONDS
J FLOY ENTHALPY DENSITY H T FLUX
1 043785E 03 043200E 03 0e5607F 02 0,1735C 04 0e3395E U3 0.1004€ 07
T1 T2 T3 T4 5 T6 17 Te
Ds700E 03  Q47T7F 01 N.016R 02
J FLOW ENTHALPY DENSITY H ™ FLUX
2 043765E 03 0.3832€ 03 045397E 02 041865E 04 0.40425 03 041006E 07
T T2 T3 T4 5 T6 7 T8
2.702€ 03 0777 03  .0+816E 03 .
J FLow ENTHALPY DENSITY H T4 FLUX
3 043790 03 Jet44TE 03 0.5157€ 02 041956E 04 044624E 03 041006E 07
T1 T2 T3 T4 5 113 T7 18
0470CE 03  04777€ 03  0¢816E 03
J FLOV ENTHALPY DENSITY | H T FLUX
4 043801E 03 045045€ 03 044885E 02 042044E 04 045147E 03 041006E 07
Tl 12 T3 T4 TS 76 T7 T8
Ce707E 03 0.777E €3 048165 93
J FLOY ENTHALPY DENSITY - H T FLUX
5 043820E C3 045527E 03 0045838 02 002127E 04 0.5614E 03 009858E 06
T1 T2 . T3 T4 18 16 17 T8
ZeTO1E 03 0.7735 03 04315% 03
J FLOY ENTHALPY DENSITY . H ™ FLUX
6 0438475 03 0.6131E 03 0.4292E 02 042551E 04 045937 03 0.7747E 06
T 12 T3 T4 15 Ts 8] Te
(47765 02 0.235E 03  0s24TE 03
) FLO: EHTHALPY OENSITY H ™ FLUX
7 0420TSE U3 0.6525E D3 044043 02 042911E 04  0.6257€ 03 046457E 06
T T2 . 13 T4 s 16 e T8
04884E 03  04934E 03 04959 03
J FLOY ENTHALPY DENSITY H T FLUX
8 0+3914E 03 046854E 03 0¢3279E 02 043239E 04 046358E 03 0.5561E 06
Tl " T2 T3 T4 5 13 ™7 Te
£e991E 03  04103F 34  04106E 04
J FLOY ENTHALPY DENSITY o ™ FLUX
9 044135E° 03 0.7130E 03 042491E 02 043606E-04 0.6358E 03 044908E 06
T1 T T2 TS ] T4 T7 T8
00109 04  Del13E 24 Cell15E 04
SAMPLE PROBLEM- FOR WAPD=TH=1465 = JULY Ts:1958 F0020
PRESSURE DROP CALCULATION.AT T =041481E€ 01 SECONDS o
J FRICTION T - acc $=ACC ELEVATION
1 041477€=01 -042765E-02 043350E=02 04¢6365E=01
8 041494E=00 ~0¢1964E=01 07310E=01 043796E-00
9 041902E~00 -0423156-01 0+1487E=00 044130E-00
Fig. 13 Digital Output for Sample Problem

TS
0e46416E

s
046415€

s
0e6415E

TS
0e6415E

TS
0e6415E

Ts
0e6429E

s
0e7175E

TS
NeA2566

TS
069324

T$
001033€

03

T9

03
Ll

03
T9

03
T9

03
T9

03

19

03
79

03
T9

03
19

04
T9

TOTAL
047901E-01
045824E 00
047288E 00

T7€C
048210E 03

" T10

T7C
0e8210E 03

11V

T1C

~ 0e8210F 03

T10
TTC
048210E 03
T10
TTC
0482106 03
T10
7€
043211E 03
T10
TTC
0e48714E 03
Ti0
TIC
NahbZr 03
T10
TTC
041061E 04
T10
TTC
0s1154E 04
T10



Special Prezsure Drop Calculation—A special pressure drop calculation and associated

print-out are performed when speéified in the ihput. (For the sample problem, a pressure drop
calculation was performed for each thermal calculation.) The pressure drop print-out is shown at
the bottom of Fig. 13. The individual pressure drop components and the total pressure drop are

listed for the following axial points:
1) Inlet to second node idesignated as jl in AP print-out)
2) Inlet to next to the last node (j8 for sample problem)
3) Inlet to last node (j9 for: sample problem)

Calculations (1) and (2) above allow interpolation in the event that the axial calculation grid

cannot be aligned with the test specimen pressure taps.
The column identification for this special print-out is as follows:

1) Column l—downstream node to which AP is calculated (except first line in which jl
designates inlet to second node).

2) Column Z—frictionai component [Eq (19)]
3) Column 3—time acceleration component [Eq (20)]
4) Column 4—sgpatial acceleration component [Eq (21)]
5) Column 5—elevation component [Eq (22)]
6) Column 6—total pressure droi) [Eq (23)]

Plot Output -

At the option of the problem requestor, the code will plot, in normalized form, the following
regular digital print-out information:

AP and Wil versus 7 (1 plot only)

Total .

Figure 14 shows the code plot of over-all total pressure drop and inlet flow versus accident time
for the sample problem. (Scaling numbers are in direct digital form.)

ATijw' Tijs’ TijTC‘.' and qbij versus 1 (1 plot at each j node)

Figure 15 shows the code plot of water temperature, surface temperature, thermocouple temper-
ature, and surface heat flux versus accident time at point 8 (axial node 8) of the sample problem.

(Scaling numbers are in direct digital form.)

Sample Problem Analysis

Several items shown on Figs, 14 and 15 are of interest in the sample problem.

Figure 14

The inlet flow for the sample problem is shown in Curve A of Fig. 14. The pressure drop is
shown in Curve B. At approximately 0. 53 of the normalized time scale, a pressure increase is
shown. This increase is caused by coolant cxpansion {steam formation) in the channel causing the
increase in the spatial acceleration component to become larger than the decrease in the frictional

and elevation pressure components.
Figure 15

Figure 15 shows the pertinent heat transfer parameters for grid 8. (Grid 8 is 14 in. from inlet
in sample problem.) This grid was chosen as an example because it experiences all methods of heat

transfer depictéd in Fig. 5.
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Examination of Fig. 15 shows the following relationships between time and heat-transfer

mechanism:
Normalized Time Type of Heat Transfer Regi_on (Fig. 5)
0.00-0.05 Forced convection A
0.05-0. 29 Nucleate boiling. B
0.29-0.76 DNB C
0.76-0.88 Partial film boiling D
0.88-1.00 Film boiling E

Constant heat generation was purposely specified to illustrate the transient flux effect. For the
example problem, the steady state flux is equivalent to the 1. 00 normalized flux line. The difference
between this line and the transient flux line (Curve D of Fig. 15) indicates the amount of the heat that

is retained in the plate at any time increment.

Over-All Solution .

The over-all solution for each parameter is a three-dimensional surface of the parametcr versus
time versus position along the plate channel element. Two pararmelers are of interest for the sample

problem—surface heat flux and thermocouple temperature.

Surface Heat Flux

Surface heat flux is of interest becanse during a transicnt this parameler is not synonymous
with heat genefation. Figure 16 shows the code surface heat flux solution for the example problem.
The region of forced coﬁvection is shown as the white-topped template portion of the solution nearest
the zero time line. The local boiling region.is shown with black-topped templates. Regions of heat

transter with surface temperatures in excess of Ts include the regions C, D, and E of Fig. 5.

crit
These regions are shown with the white -topped templates farthest from the zero time line. This
figure shows, as a function of time, the propagation of the various regimes of heat transfer down

the channel toward the inlet.

Thermocouple Temperature

The thermocouple temperature solution is of interest because this parameter will bc checked
with actual Bettis test measurements to determine the validity of thc representalivn of surface flux
(Fig. 5). Figure 17 shows the thermocouple temperature solution for the exawple problem. ‘lhe
designation of heat transfer regions is the same as for Fig. 16.

APPENDIX I: NOMENCLATURE

English Letter Symbols

A,C constants in flux Eqs (38) and (39) A Btu/ftz-hr
a rnnlant hoat piclup faclur in Ey (17) -

Ay coolant cross-sectional flow area, UL . ft?

A‘p plale area associated with node, AXS £t¢

Byr 0y ‘ rouslanle 1n 4o (46) aind (47) --

a, a, constants in Eqs (46) and (47) 1b/ft? -hr
a, constant in Egs (46) and (47) 12/ 1t% ne?
B, D . constants in flux Eqs (38) and (39) Btu/ft?-hr- °F
b constant in flow Eq (24) sec”!

c consfant in enthalpy Eq (25) Btu/lb-sec
Cp specific heat at constant pressure Btu/lb-°F
d ordinary derivative --

constant in current Eq (26) amp/sec
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Fig. 16 Three-Dimensional Surface Flux Solution for Example Problem

hydraulic diameler, 4 A, wetted paramecter
constant in current Eq (26)

base of natural logarithms, 2.71828+
correlating function for H defined by Eq (32)
friction factor

axial heat generation factor at node j
radial heat generation factor at node k
isothermal friction factor

mass velocity

gravitational acceleration constant

heat transfer coefficient

coolant enthalpy

average specimen current

thermal conductivity

ft
amp/sec

Btu/(°F-[ft-hr] 0 2.

1b

/0% chr

ft/hr?
Btu/ft?-hr-°F
Btu/1b

amp
Btu-ft/ft®-hr-°F

+0.

&
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32

1
crit

sat

Fiy.

I7 Three-Cimensional Thermacauple Temperature Solution for Fxample Problem

channel thickness

distance from plate surface to farthcst meat
position

distance from plate surface to nearest meat
position

conversion factor for power
next highest integer to ATplate / ATy s sort
number of radial generating nodes/plate side
system pressure

average plate heat generation

axial point to which region i extends
volumetric heat generation rate

electrical resistance of plate

temperature

surface temperature at inception of film boiling

saturation coolant temperature

ft

Btu/hr-watt

psia
Btu/hr

Btu/fts-hr
ohm

SR}

B

4 8



L

=

scrit

¥ XS <o

Az,
1

Az,

Az'

()

surface temperature at inception of nucleate boiling

channel width

volume associated with node, Ax6z
mass flow rate

coolant quality

number of nodes in x direction
last node in x direction

plate thickness direction

total plate thickness

chan}lel length direction

last node in z direction

length from inlet to node j

film drop required to cause local boiling

local film drop based on Dittus-Boelter
coefficients of 0.030

plate thickness represented by node

mesh length in-axial region i

length from inlet to 1st downstream axial node
smallest axial length between successive nodes

denotes ''function of"

Greek Letter Symbbls

T F I M p o

2
4’Lo

¢
X1 X%

“thermal diffusivity, K /o C
plate width

m pm

finite difference form of derivative
initialization convergence criterion
summation index

coolant viscosity

density

electrical resistivity of plate
summation sign

time

time

correlating factor for bulk boiling frictional
pressure drop

heat flux at plate surface

correlating factors for ‘T’io defined by
Eqs (45) and (46)

Dimensionless Groupings

Subscripts

A
DNB
E

f
fluid

1

Nusselt number, (H DH/K), heat transfer modulus
Prandtl number, (Cpp/K), fluid property modulus
Reynolds number, (DHG/H)» flow modulus

spatial accelcration

°F

°F
ft

ft
ft

ftz/hr

ib/ft-hr
1b/t3
ohm-ftz/ft

hr

sec

Btu/ft®-hr

departure from nucleate boiling flux as defined by Eqs (36) and (37)-

elevation
frictional
fluid

time index
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j axial space index (z direction)

k radial space it;dé‘i (x diféction) '

1 inlet position .

m metal | ,
o initial time '
plate, P plate '

s ' plate surface

sat saturation

T time acceleration

TC thermocouple

Total total

Transport  fluid transport
w coolant ...

APPENDIX II: DERIVATION OF EQUATIONS

The development of the finite difference representation of the governmg dlfferentlal equations is

given in this section.

Plate Equations . S

The governing plate conduction édﬁ'affion

a’I‘m 9 Tm , )
. r gt 11 . : DR
) mepm 3 K_ . +q'" (x,7) . (1)
R X
is written as follows (refer'to Fig. 2):
AT AZT qil
ijk _ K- <. Tijk ijk (72)
AT pCp Ax'z . pilp

where the metal, m, subscrlpt has been dropped for s1mpl1c1ty Examining a node, k, at time, i,
the following apprommauons are made:

AT ™ Tige - Tioa, jk (73)
dT,.
e ijk “ijk
_21—'” Ax [ T T dx ’ (74)
o node mterface . node interface '
nearest channel farthest from channel
The values of the ‘temperature slopes at the "t‘wo"nbde"‘interfa'ces are approximated as follows:
Internal Node, K
O S ' T -
ijk _ 1 [ i-1,j. k=1 1 1, jk . 1 1, jk .i-l,j.k+l] (75)
T Ax e AX AX
AX -
Last, x', Node 1
The slope representation is the same as for the internal node, K, above with the symmetry
condition ' ’
sl LR
T, 1\ 76)

i-1,x = Ti-1, j, x4l

With this condition, the equatibns becomes
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2

A Tijx __1_,fTi-l,j,x-1 - Ti-l,jx ] (77)
2 T ax Ax :

Ax

Thermocouple, TC, Node

The node representation for the TC node is the same as (76) for the right side of the equation.

With the approximation

2 2
ATT.. A°T..
1]2TCz 1ZJX , (78)
AX Ax
the representation becomes
a%T T T
iTC _ 1 | “i-1,3,x-1 7 7i-1,jx (79)
AxZ T ax AX :

" First, 15, Node

Forced Convection and Nucleate Boiling—For a known surface temperature, the expression

for the first node becomes

2
A Ti'l

I Tis,is - Tien gt Tion, g - Tio, g2 80)
TTAx Ax]2 - AX .

Ax

DNB, Partial Film Boiling, and Film Boiling—The equation

z

- TijZ - Tij3" ..Tijx

Ty = X Ty (10)

expresses a heat balance in the plate where Tij is determined from known surface heat flux and
generation conditions by Eq (15).

Surface, S, Node

Forced Convection—By a heat balance on the 1st node, the surface conditions, with respect

to the node, can be expressed as

dT ij ;o "
4T S U, S (81)
dx i-1,js K i-1,js ijw
With the approximation
ZTijs ZTijl
s (82)
sz txz
alr H,. (T ST..) T, -T, . .
ijs _ 1 ij *ti-1, js ijw i-1,jl i-1,j2 _ (83
2 “ax|” K - } AX ’ )
Ax
Nucleate Boiling—The statement
Tijs = Tscrit (12)

expresses the empirical relationship that the wall temperature remains essentially constant, regard-

lege of hz, for a local boiling surface condition.

DNB, Partial Film Boiling, and Film Boiling—The equation

T.. =T

i = Tionis * Tigt - T (13)

jl i-1,31

is derived directly from the approximation
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ATis  2Tin
SE- Tty (84)
The use of the above repres.'entations with the Fourier modulus equation,
2
(ax) "~ _ ' S S ,
AT = 3. . S o (16)
(selected to insure plate stability), yields the plate Eqs (6)-(13).
Average Plate Temperature 4
) . "%
Forced Convection and Nucleate Boiling—The rigorous equation y
= _1 Y ’ ‘
Tij =5 fo T(x,7)dx (85)

is approximated by the average node temperature as given by Eq (14).

DNB, Partial Film Boiling, and Film Boiling—Equation (15) expresses the local change in

average temperature resulting from the instantaneous difference between the local heat production,

X n
Y {qti ax)
KZ1 ijk

and the local surfacc hcat flux, d;i]"

Fluid Equations

The fluid equations, as represented by Eqgs (17)-(23) are obtained by direct replaéemeht of

derivatives by finite differences.

Input Forcing Functions

The functional form of the input, Eqs (24)-(26), was determined from consideration ‘of the data
to be obtained from the Bettis electrically-heated test specimens (Fig. 4a).

The derivation-of Eq (27), based on Fig. 4b, is as follows.: If the total test section current, Ti’

is known, the total power production in the generation region of the assembly is

2. :
Pl total "M R, ‘ (86)

and the power production per generating region is

2
Pi region =M [ ZNF] R . (87)
since the total current is carried by plate regions on each side of the channel.

The resistance of ‘an individual node‘is

PLZ  PLZ
N I . o
R=Zs & ~ (88) '
P
. §
and the volume of a node is
V =axbz = Apz . (89)

Thus, the volumetric generation per generating node is
= = 2

P. . . Mp I. .
iregion ""E[ 7| _ 3o, (27)
v sal [Nv| 7 -
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For non-electrical tests, an equivalent Tq'i" must be known for the generating fegion and converted
to Ti input through Eq (27).
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