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ABSTRACT 

INTEGRATED INTRA-SUBASSEMBLY 

TREATMENT IN THE SASSYS-1 

LMR SYSTEMS ANALYSIS CODE 

by Floyd Dunn 

A hot channel treatment has been added to the SASSYS-1 LMR systems analysis code by 

providing for a multiple pin treatment of each of one or more subassemblies. This is an explicit 

calculation of intra-subassembly effects, not a hot-channel adjustment to a calculated average 

channel. Thus, the code can account for effects such as transient flow redistribution, both within 

a subassembly and among subassemblies. The code now provides a total integrated thermal 

hydraulic treatment including a multiple pin treatment within subassemblies, a multi-channel 

treatment of the whole core, and models for the primary coolant loops, the intermediate coolant 

loops, the steam generators, arid the balance of plant. Currently the multiple-pin option is only 

implemented for single-phase calculations. It is not applicable after the onset of boiling or pin 

disruption. The new multiple pin treatment is being verified with detailed temperature data from 

instrumented subassemblies in EBR-II, both steady-state and transient, with special emphasis on 

passive safety tests such as SHRT-45. For the SHRT-45 test, excellent agreement is obtained 

between code predictions and experimental measurements of coolant temperatures. 

vii 
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1.0 INTRODUCTION . 

The SASSYS-1 code1 is an integrated LMR (Liquid Meial Reactor) systems ~alysis code. 

It includes a point kinetics treatment for core neutronics and reactivity feedback .. It also includes 

a thermal hydraulic treatment. of the core, the primary GOolant system, and the intermediate 

coolant loops, coupled to a steam generator· modee and a balance-of-plant model3.4. In addition, 

the code contains a control system model5
• The SASSYS-1 code can handle any LMR design, 

loop or pool, with an arbitrary arrangement of components. The code is capable of analyzing 

a wide range of transients, from mild operational transients through more severe transients 

leading to sodium boiling in the core and possible melting of cladding and fuel. The main 

applications of the code have been in the analysis of passive safety and the analysis of shut-down 

heat removal. 

SASSYS-1 uses a multi-channel treatment to represent the reactor core. A channel models 

one pin, its associated coolant, and a structure which represents the wrapper wire and/or the 

subassembly duct wall. The whole length of the subassembly from coolant inlet to coolant outlet 

is modeled, including the pin section and reflector regions above and below the pins. The pin 

section includes the core and the axial blankets, as well as a gas plenum region. An axial mesh 

is used for a channel. At each axial node one coolant temperature is calculated·. Also at each 

axial node two radial temperature nodes are used for the structure and a number of radial nodes 

are used for the pin or the axial reflector. Previously, SASSYS-1 used one channel to represent 

a subassembly or" a group of similar subassemblies. The multi-channel treatment provided a 

means to represent different subassemblies with different power levels, flow rates, and fuel 

burn-ups. Usually an average pin was modelled for each group of subassemblies. Thus, 

detailed average temperatures were calculated for various subassemblies, but peaking within a 

subassembly was not calculated. 

The new multiple pin treatment was added to the code to account for pin-to-pin variations 

within a subassembly. This new multiple pin treatment can be used in at least two different 

ways. One approach is to use the new treatment to compute nominal or "best estimate" 

variations within a subassemblies ... Another approach is to compute hot channel behavior due 
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to postulated deviations in coolant flow rate, coolant tlow area, and pin power. When doing a 

whole-core analysis, one probably would not want the hot channel temperatures used in the 

react~vity feedback calculation or in the core outlet temper~tures that feed into the primary loop 

calculations. Therefore, one would probably use parallel treatments for the same subassembly: 

a nominal one-pin or multi-pin treatment used for reactivity feedback, plus a hot channel 

treatment decoupled from the r~ctivity feedback and from the primary loop calculation. The 

hot channel treatment would b~ de-coupled by setting reactivity feedback coefficients to zero and 

by setting the number of subassemblies represented by this treatment to zero. 

The . rimltiple pin model is· described in detail in Section 2 of this report. Section 3 

contains the multiple pin analysis of the EBR-11 SHRT-45 test. In addition to providing 

tl~perimental validation for the new model, the SHRT-45 analysis in this section provides a 

detailed description of how the new multiple pin model can be used. Appendix A contains short 

descriptions of the new subroutines added to the code for this model, as well as existing routines 

that were modified. The new input required to run the multiple pin model is described in 

Appendix B. 

2.0 MuLTiPLE PIN MODEL DESCRIPTION 

The new multiple pin treatment allows a number of coupled channels to be used to model 

a single subassembly. Thus a channel ~an represent a part of a subassembly instead of the whole 

subasserpbly. Peaking factors can .be mechanistically calculated by reducing coolant flow areas 

and flow rates or increasing pin power levels in some channels. 

2.1 Physical Model 

In the new multiple pin option, the regions above and below the pin section of a 

subassembly are still represented by a single channel; but up to nine channels can be used to 

represent the pin section. Each channel in the pin section can represent one or more concentric 

rows of pins and their associated coolant. It is also possible for channels to represent slices of 

pins for a subassembly with a strong lateral power skew or for one with a hot subassembly on 
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one side and a cool subassembly on the opposite side. Figure 1 illustrates one way that a 

number of channels can be used to model the pin section of a subassembly as concentric rings 

of pins and coolant subchannels. The thimble flow region in this figure is a feature of the EBR­

II XX09 instrumented subassembly and is not found in ordinary subassemblies. This case 

concentrates on the coolant subchannels and splits the pins. It is also possible to shift the 

channel boundaries half a pin and use. a pin-based representation with intact pins and split 

coolant subchannels. 

The new option accounts for coolant-to-coolant heat transfer between adjacent 

channels, including the effects of both conduction and turbulent mixing. It also accounts for 

subassembly-to-subassembly heat transfer from the duct wall of a subassembly, through the 

interstitial sodium, to the duct wall of a neighboring subassembly. In addition, axial conduction 

in the coolant is accounted for. 

Figure 2 illustrates the axial representation of the subassembly flow, with parallel 

flow paths through the pin section. Each channel used to represent the pin section of a 

subassembly has its own separate time-dependent flow rate, and the flow rates in all channels 

in a subassembly are driven by common pressures at the inlet and. outlet of the pin section. 

Thus, transient flow redistribution among channels is accounted for. The single flow rate in the 

regions above and below the pin section is the sum of the pin section flow rates, so the 

subassembly flow orifice sees the correct total flow rate. Even though the coolant-to-coolant 

heat transfer coefficient includes a term for turbulent mixing between coolant subchannels, one 

.effect that the flow calculation does not account for is mass flow between channels in the pin 

section, although cross-flow at the ends of the pin section is allowed. Therefore, if recirculation 

loops occur within a subassembly at low flows, the model would calculate them; but the 

recirculation loops· would go to the ends of the pin section. 
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\terofcore · e TTC =Top of Core Therm.ocouple Location 

e 14TC =Thermocouple, 14 em Above Top of Core 

Thimble Flow Region 

channe.119 

Figure 1. SASSYS-1 Multi-Channel Representation and Thermocouple 
Locations for the EBR-11 XX09 Instrumented Subassembly 
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. In the new model the coolant in channel I can transfer heat directly to the coolant 

in chanriel I-1 and channel I+ 1. · Using correiations of the same form as those used in the 

THI3D code6 and the HOJCHAN code7
, the channel-to-channel heat flow per pin per unit height 

from channel I to· channel I+ 1 is calculated as: 

where 

k. = average thermal conductivity of the coolant 

C = average specific heat 

,,, w1 = coolant mass flow per pin (kg/s) in channel I, 

and 

T1 = coolant temperature 

(1) 

In this equation U1 is, a geometry factor for thermal. conduction, and U2 is a product of a 

turbulent-mixing coefficient and a geometry fac~or for turbulent mixing between channels. Since 

a SASSYS-1 channel ust1a}ly models a group of coolant sub-channels, the values used for U1 and 

u2 must account for a combination of parallel and series heat flow paths between the middle of 

channel I and the middle of channel i + 1. Suba~sembly.:to-subassembly heat transfer is handled 

in a somewhat simpler manner. · For heat trans~er from t~e outer surface of the struc~ure in 

channel I to the outer surface of the structure in channel J, a constant value is u.sed .for the 

product of the heat transfer coefficient and the hf!at transfer area per unit height. 
. ,.• 

2.2 Numerical Methods 

Most of the transient heat transfer calcul~tions and flow rate calculations in 

SASSYS-1 use semi-implicit time differencing in order to obtain stable and accurate solutions 
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with reasonably long time steps. Before the onset of coolant boiling or pin disruption, time step 

sizes of a second or more are commonly used; and the code usually runs significantly faster than 

real time on a Cray XMP computer. 

From a numerical computation point of view, the two main tasks in adding the 

multiple pin model to the code were the coolant-to-coolant heat transfer calculation and the 

coolant flow rate calculation with parallel flow paths in the pin section. Both of these 

calculations use semi-implicit time differencing. In the single-pin model, coolant temperatures 

for all of the radial temperature nodes in the pin, coolant, and structure at one axial node are 

solved for simultaneously in order to obtain a semi-implicit time differencing solution without 

iteration. In the new multiple-pin treatment, this concept is carried one step further. At a given 

axial node, temperatures at all of the radial nodes for all channels representing a subassembly 

are solved for simultaneously. In the heat transfer calculations, the axial conduction terms, 

which are small, are treated with explicit forward time differencing so that axial nodes are 

decoupled and can be treated separately except for the coolant convection terms. The axial 

coupling due to the coolant convection terms is handled by starting at one end of the 

subassembly and solving for axial nodes one at a time in the direction of the flow. If flow has 

reversed in some channels but not in others, the calculation progresses in the direction of the 

dominant flow; and explicit forward.differencing is used for the coolant convection terms in the 

non-dominant flow direction channels. The subassembly-to-subassembly heat fluxes are 

calculated with explicit forward differencing in time, and this does impose a stability limit on 

the time step size. For typical subassembly duct wall. thicknesses, the explicit 

subassembly-to-subassembly heat flux calculation limits the maximum time step size to a value 

in the range from .25 to .5 seconds. For the coolant flow rate calculations, the incompressible 

flow momentum equations are linearized about conditions at the beginning of the time step. 

Then, flows at the end of the step are calculated for all channels in a subassembly 

simultaneously. 

A null transient is used to obtain steady-state temperatures at the start of the 

regular transient. First all coolant, pin, structure, and reflector temperatures in all subassemblies 

are set to the coolant inlet temperature. Then, the power levels and coolant flow rates are held 
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constant while a number of transient heat transfer time steps are made. Since the p.in thermal 

time constant and the coolant transit time through a subassembly are both less than a second, the 

null transient resu.lts conv{;!rge rapidly if reasonably large time steps are used. 

2.3 Detailed Mathematical Treatment 

The main computational parts of the new multiple pin model are the heat transfer 

calculations in the pin section of a subassembly, the coolant flow rate calculations for a 

subassem~ly' the subassembly-to-subassembly heat transfer, and changes to the driver routines 

to call the appropriate new routines at the proper times. The pin section heat transfer 

calculations are done in two new subroutines: TSHTM3 caiculates temperatures in the core and 

axial blankets, and TSHTM2 calculates temperatures in the gas plenum region. The existing 

TSHTNl still calculates temperatures in the reflector zones above and below .the pin section, but 

it was modified. TSHTNl had to be modified slightly to pick up mixed mean outlet 

temperatures from the multiple channels representing the, pin section. Also, axial conduction in 

the coolarit was added to TSHTNl. The new TSCLMl routine calculates transient coolant flow 

rates for a subassembly. The subassembly-to-"subassembly heat fluxes. are calculated in 

CHCHFL. 

2.3.1 Heat Transfer Calculations in the Core and Axial Blankets: 
Subroutine TSHTM3 

The multiple pin heat transfer calculations for the core and axial blankets 

in subroutinr TSHTM3 are similar to the single pin calculations in· the· existing subroutine 

TSHTN3, as described in reference 8. One difference is that TSHTN3 does one time step for 

one channel each time it is called, whereas TSHTM3 solves. for temperatures in all pins or 

channels representing a Sllbassembly when it is called. Also, TSHTM3 adds extra terms for 

coolant-to-coolant heat transfer; and TSHTM3 includes axial conduction in the coolant. 

Within a fuel pin, one-dimensional radial heat transfer is used. The basic heat transfer 

equation is: 
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aT 1 a at 
pC- = --{kr-)+Q at r ar ar (2) 

where 

T = temperature 

p - density 

c - specific heat 

r = radius 

k - thermal conductivity 

t. - time 

and 

Q = heat source per unit volume. 

This part of the calculation in TSHTM3 is identical to the corresponding calculation in TSHTN3. 

For the coolant in channel I, the heat transfer calculations are basically one-dimensional 

in the axial direction, with extra terms for coolant-to-coolant heat transfer from channel 1-1 and 

I+ 1. The basic heat transfer equation is: 

peA aT +~(weT) =QTA 
c at az c 

(3) 

where 

Ac = coolant flow area 

z - axial position 

w = coolant mass flow rate 

and 

QT = total heat source per unit volume 

The heat source contains a number of terms: 



where 

. and 

JO 

Qc = source due to direct heating of the coolant by neutrons and gamma rays, 

Qcc = heat flow from cladding to coolant, 

Qsc = heat flow from structure to coolant, 

Qax ...: axial conduction source, given by 

Q = .i. k aT 
.ax OZ OZ . 

Q' 1,1+1 -

where Q1,1+1 J~ given by equatiQn 1. 

(4) 

(5) 

(6) 

Finite differ¢ncing in space and time is used to solve these heat transfer equations .. Figure 
. . . . 

3 shows the axial and radial mesh used for a single channel. In the multiple pin model the pin 

section mesh is repeated for each channel, but the axial refl~tor zones are only·use<:Jin the first 
~ . . 

channel used to represent a subassembly. At each axial node in the core and axial blankets a 

number of radial node~ are usect for the fuel, three radial nodes are used for the cladding, one 

node is used in the coolant, and two.nodes are used in the Stf\JCture. All channels representing 

a subassembly must use the same axial mesh.·· Also, all subassemblies C<?nnected by 

subassembiy-io-subasse~bb' heat transfer must use the same axial mesh. 

For a giv~n time ~tep, equations 2 and 3 become lin~ finite difference equations. The 

temperatures are known at the beginning of the time step, and the temperatures at the end of the 

step are the· unknowns to pe solved for. Semi-implicit time differencing is used for all terms 

except the axial conduction term Qax, and the coolant-to-coolant terms Q_1,1 and Q1,1+1• The 
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Q1,1+ 1 axial conduction.term is cal·culated explicitly based on temperatures at the beginning of the 

time step. The coolant-to-coolant terms are calculated fully implicitly, using the coolant flow 

rates and temperatures at the end of the step. 

After finite differencing for one axial node, one obtains N .simultaneous linear equations 

in N u·nknowns, where the unknowns are the temperaturt:(S at the end of the time. step for all 

radial nodes in all chaimels represehting the subassembly. . These equations are solved by 

· Gaussiari ~limination. The equations are basically tri-diagonal, with extra non-tri-diagonal terms 

for. coolant~to-coolant heat transfer .between channels. No full N by N matrix is ever set up by 

TSHTM3, and a general full matrix solution package is not used. Instead, only non-zero terms 

are computed arid ston~d; and the Gaussian elimination solution was written specifically for this 
·, 

~et of equations. The r~sult is that the storage requirements vary linearly, rather than 

quadratic~ly, with the maximum allow~ble value for N; and the computation time varies 

linearly, rather than quadratically,with the actual value of N. 

2.3.2 Heat Transfer Calculations in the Gas Plenum Region: 
Subroutine TSHTM2 

Subroutine TSHTM2 does the heat transfer calculations for one time step 

for all axial nodes in the gas plenum region for a11 channels representing a subassembly when 

it is called. TSHTM2 is similar to TSHTM3, but TSHTM2 deals with fewer radial nodes. As 

shown in Figure 4, in the I>!enum region there are still two radial nodes in the structure and one 

in the coolant; but there is only one in the: cladding; c:md there are no fuel ~odes. Instead of fuel 

temperatures there is one. gas temperature common to all of the axial nodes is a pin. As in 

TSHTM3, for a given axial node TSHTM2 solves simultaneously for temperatures.at all radial 

nodes in all channels representing a suh,assembly. 

One special problem in TSHTM2 is the gas temperature, which is common to all axial 
' 

nodes in the gas plenum region of a pin. Axial nodes are handled one at a time, rather than 

simul~eously, whereas a semi-implicit time differencing treatment would require solving for 
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all axial npdes simultaneously. The new multiple-pin TSHTM2 routine handles this problem in 

a simple!. p1~ner than the old single-pin TSHTN2. The way that the gas temperature is handled 

in TSHTM2 is to calculate a separate gas temperature for each axial node. · At the beginning of 

the time step, the gas temperatures at all axial- nodes are set to one common value. Then 

separate values are calculated for each axial nod.e at the end of the step. Finally, an average of 

the separate values is calc~lated for the one common value at the end of the step. . . . . . 

2.3.3 Coolant Flow Rates: Subassembly TSCLMl 

The coolant flow rate calculation for ~ subassembly in the multipk:·pin 

routine TSCLMl is much more complex than the corresponding calculation in the single pin 

routine TSCNVl. As shown in Figure 2, the multiple pin calculation inv~lves multiple parallel 

flow paths in the pin section, in series with single flow paths in.the reflector regions. Therefore, 
• I • , 

the mul~pl~-:pin routine TSCLMl was Written from scratch, rather than starting from the single 

pin TSCNV 1. routine. 

~J.gure 5 illustrates ~e main varia~les us~ in TSCLMl. Incompressi~le flow is used for 

these calculations, so c~nservation of mass gives 

(7) 

where 

wr · = coolant rriass· flow rate per pin In the reflector zones, 

wpk = .Pin section coolant mass flow rate per pin in channel k, 

Nk - number of pins in channei k; 
am~ 

I = · channel·nuihber of the first channei repres!!nting the subassembly. 
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The mo~entum equation for the pin section is · 

-where 

- l~ngt~ of t~e. pins, . . 

- cooi~t flow area in channel k in the pin. section, 
:·; . 

t - time_,_ 

- coolant pressure at the bottom of the pins, . . . ,, 

- cool~t pressure at t~e top of the pins, 

JCPNTM . 

- pressure loss = ·r; . .::lpt .. 
. . JC 

jc=JCPNBT 

jc. - axial coolant node, . · 

JC:PNBT - ijr~t axial node in the pin section 
!. . I . . ·. . . 

JC:PNTM - last a.xial node in the.pin section, ' . 

and 

.::lPtj~, - pressure ioss iri axial node jc of channel k. 

The press4te lo~s contains. a number of terms: 

where 

.::lpkjc. "' .::l~frkjc + . .::lpgrkjc + .::lporfltjc. 
. '" + .::lpa~ckjc i i 

.::lpfrkjc - friction loss = 
. ~ : . ~ .. 

- grayity head. = 

fkjc .::lzjc W pk I VV pk I 
2 A ·'n P ckjc cpk bpk 

g -P.t· .::lz. 
. CJC ·jC 

(8) 

(a) 

(10) 

. (11) 

(12) 
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.!iporf kjc 
Kortje wpk I W.,t I 

- 2 
2pckjcAcpk 

= orifice loss = 

ilPacckjc = acceleration term =:= 

ilzjc = axial node length, 

fkj~ = friction factor in channel k at node jc, 

P~kjc - coolant density at bottom of node jc in channel k, 

· Pctjc - average coolant density in node jc in channel k, 

Dhpt = hydraulic diameter, 

and 

Korkjc - orifice coefficient in node jc of channel k. 

The friction factor is calculated as 

f,,, = { if R > R · e eL 

if Re < R eL 

where 

- correlation coefficients for the turbulent range, 

- Reynolds number = 
Dhpk I, wpk I · 

A J..l.tr.jc cpk 

P.kjc = viscosity of the coolant. 

· ReL = Reynolds number for transition from turbulent to laminar flow, 

(13) 

(14) 

(15) 

(16) 
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and . . . . 
. . 

- lami11ar fri(;ti'on factor correlation coefficient. 

After semi-implicit finite differencing in time and linearization of the pressure drop terms, 

applying equation 8 to a time step from t tot + ~t gives . 

where 
I. 

~.wPk 

~i>h 

wpk (t.+4t) - wllk_(t). 

= Pll (t + Llt) - Pll (t) 
,· .. 

= Pc (t+~t)- Pc (t) 
. . . ~ 

degree of implicitness 
; r 

- 1- 8 ... 
.2 . 

JCPNTM · 

K = ~ 
. ·wpk .. L ~kjc 

~pkjc 

~ortjc 

jc:=JCPNBT. 

a . 
= :pkjc =: Kfrt. J:C + K ~· + K k' 

a . WOio.JC llCC JC 

wpk 

; . . 

~ Prrtjc(P 
wpk(t) ·; 

if Rekjc < Rei 

(18) 

(19) 

(20) 

(21) 

(22) 

(23) 

(24) 

(25) 



and 

K acckjc 
= 2~Pacckjc(t) 

wpt(t) 

Equation 17 can then be written as 

API, - ~Pc = dOpk + dlpk AWpk 

where 

and 

= Pc(t) . - pb(t) + Appt(t) 

()2 
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Applying a similar process to the upper and lower reflector regions gives: 

.and 

where 

(26) 

(27) 

(28) 

(29) 

(30) 

(31) 

(32) 
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KZPIN-1 .· 

L - ~z'AcKZ - 82i.\t Kwt · . 

4z - l~mgth of zone kz 

.AcK'? - coolant flow area in zone kz 

KZPIN - axial zone number of the pin section 

KZM - last zone number 

JCPNBT-1 

Ap, = b i.\p . 
. . fJC 

jc=1 

M=?CM1 

i.\p' = ~ 'i.\p · . u L..J . . !',jc 
. jc=JCPNTP . - - :; 

i.\pljc 

JCPNBT 

JCPNTP. 

MZCMi 

•/ 

-

-

-

press~re loss in node jc o(a reflector zone 

first ~ial node in pin section 

·first 4ial node above the pin section 

last axial node 

(33) 

(34) 

. (35) 

(36) 

(37) 

(38) 
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and 

(39) 

Then, combining Eqs. (27) and (30) gives 

(40) 

where 

(41) 

(42) 

su = E 1 
(43) 

d;pk ' k 

and 

s, =E dopk 
(44) 

dlpk ' k 

Similarly, combining Eqs. (27) and (31) gives 

(45) 

where 



and 

Combining Eqs. ( 40) and. ( 45) gives 

Co + CI Bo 
1 - C1 B1 
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(46) 

(47) 

(48) 

Then APt, can be obtained from Eq. (40) and Awpt can· be obtained from Eq. (27)for each 

channel. 

After Pt,, Pc, and the coolant flow rates have been calcuhited for the end of the time step, 
. . 

it is possible to calcuiate the pressures. The pressure is calculated at the axial node boundaries. 

ppkjc is the pressure at the bottom (inlet end) of node jc in channel k. First, the nOdal pressure 

loss at t+At is calculated as 

(49) 

dwpk(t+At) 
and Appk (t+At) is calculated from Eq. (9). Then Eq. (8) is used to obtain dt 

Integ~ating the momentum equation over one .axial node gives 
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(50) 

Starting by setting 

(51) 

the code marches down the channel,· using Eq. (50) to obtain ppkjc after Ppkjc+t has been 

calculated. A similar· procedure is used for Calculating· the pressures in the upper and lower 

reflector zones. 

The equation used to compute the· degree of implicitness as a function of time step size 

in TSCMVl is 

where 

X 

T 

a 

b 

and . 

c 

·a + bx + x 2 

82 = 
2a + ex + x 2 

= lltlr 

= a time constant 

= 6.12992 

= 2.66054 

- 3.56284. 

(52) 

(53) 

The basis for this expression is given in Appendix 2~ 1 of reference 8. For a s.ingle channel 

treatment, the time constant, r. would be 

E. Ll<Z +(Li ) +(Li) 
KZ~l AcKZ A i A x 

T = ------......---
~pk + ~I+Kwu 

(54). 
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where. 

extra coolant inertia term at the subassembly inlet to account for inertia of 

the coolant in the inlet plenum, 

and 

same for the subassembly outlet. 

Since a simultaneous solution of flows in all channels of an assembly plus the lower and upper 
. ' . 

reflector zones is required, the overall time constant is calculated as 

L 
E iu +(Li) +(Li) p + 

EAcpk AKZ A. A kx.-KZPIN C I X k (55) T = 
K~J+~u + 

1 

I: 1 

~pk k 

2.3.4 Subassembly-to-Subassembly Heat Fluxes: Subroutine CHCHFL 

SASSYS-1 contained an old subassembly-to-subassembly heat transfer 

capability which was nev~r used, except for a few test calculations. This old capability had the 

advantage that it was numerically stable for any time step size, but it had the disadvantage that 
. ' 

it did not co~serve energy except in the limit of small time ·step sizes. Therefore, a new 

subasse.mbly-to-stibassenibly heat transfer capability has replaced the old one. The new 

capability conserves energy, but it imposes a stability limit on the maximum time step size. The 

stability limit is typically in the range of .2-.5 seconds. 
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At the beginning of each main time step, subroutine CHCHFL is called to calculate the 

heat flow per pin per unit length from the outer structure node of channel I to the outer structure 

node of channel J as 

where 

and 

user. 

(HA)
0 

QchUjc = N N (fSOijc - TSOJj) 
PJ SJ 

(56) 

Tsoijc ·-

NpJ -
NsJ -

(HA)u = 

outer structure node temperature in channel I at axial node jc, 

number of pins per channel in channel J, 

number of subassemblies represented by channel J, 

user supplied product of the heat transfer coefficient and the total contact 

perimeter between channel I and Channel J. 

The heat flows are calculated for all axial nodes, but only for I, J pairs specified by the 

The values of the heat flows are calculated using temperatures at the beginning of the 

main time step, but they are used for the whole step. The heat flow values are multiplied by · 

heat transfer time step sizes to obtain heat source terms for the outer structure node temperature 

calculations. 

2.3.5 Data Management for the Multiple Pin Option 

Implementation of the multiple pin option required modification of the 

data management philosophy is· SASSYS-1. Basically, the data management in SASSYS-1 was 

based on the idea of treating one channel at a time, and data for only one channel was accessibie 

at any given time. With the multiple pin treatment, it is necessary to deal with a number of 

channels simultaneously; so the old data management scheme was not sufficient. 
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The data management scheme is SASSYS-1 goes back many years to the SAS3D code. 

It was designed for optimum performance and portability on an earlier generation of computers 

with ·limited memory, sometimes a two level memory stmcture, and an ANSI Standard 

FORTRAN. 66 that severely limited the form of expressions that could be used for array 

subscripts. With current computers, these considerations no longer apply. Memory is plentiful, 

explicit two level memory structures are not used~ and the current ANSI Standard FORTRAN 

77 allows much more general subscript expressions; Therefore, it was possible to come up with 

modifications to the SASSYS-1 data management scheme that make it possible to access data for 

a number of channels simultaneously. without impairing performance or portability. 

The SAS3D data management scheme was developed in response to problems with the 

earlier SAS3A code. SAS3A handled channel-dependent data by adding a channel subscript to 

all channel-dependent variables. The channel subscript was dimensioned for 10 channels. All 

data, other than a few temporary variables, was stored in COMMON blocks that were available 

to all subroutines. This scheme had the advantage that all data for all channels was always 

available. This scheme· also had some disadvantages, both obvious and · subtle. One 

disadvantage was that the code required 10 channels worth of memory any time it was run, even 

if only one channel was actually being used for a particular case. At the time the SAS3A code 

was in use, most computers did not have enough memory to fit 10 channels worth of data. Even 

if enough memory was available, using a large amount of m~mory often required the use of non­

standard, system-dependent features that reduced code portability and made it difficult to take 

the code that ran on one computer and get it to run on another computer. Another obvious 

disadvantage was that SAS3D could not run any case bigger than 10 channels, even if enough 

memory was available. A subtle disadvantage of. the use of a channel subscript on arrays is that 

many computers use a data cache between the central processor and main memory. With a 

dimension of 10 for the channel subscript, about 90% of the data in the cache at any time may 

be for channels that ar:e riot currently being computed. Thus, the effectiveness of the cache is 

greatly reduced, and the code runs .slower. One common way some of these problems are 

handled is through the use of the standard FORTRAN variable dimensioning capability that 

allows setting of maximum dimensions at run time, based on the size of the problem being run. 

The standard variable · dimensioning approach is impractical or impossible with the 
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SAS3A/SAS3D/SASSYS-1 codes because they use literally thousands of separate variable names 

for channel-dependent quantities. 

The data management scheme developed for SAS3D and still used in SASSYS-1 uses a 

working memory and a storage area. All calculations are done with the data in the working 

memory. Data is stored in the storage.area when it is currently not needed. The working 

memory contains both temporary variables and permanent variables. All permanent variables 

and most temporary variables are put in COMMON blocks. The permanent variables are saved 

in the storage area when they are not needed in the working memory, whereas temporary 

variables are not saved from time step to time step. Data is moved from the working memory 

to the storage area and back in large blocks called data packs. Each data pack contains variables 

for only one channel or maybe for one module for one channel. The working memory is always 

a part of the central memory, whereas the storage area could in principle be either a dynamically 

allocated section of main memory or ·it could be on a disk. With a two level memory 

architecture, the working memory is in the smaller but faster level, whereas the storage area can 

be put in the larger but slower level. Data packs are moved between working memory and the 

storage area by a single subroutine, called DATMOV, which can be optimized for a particular 

computer. Code portability issues are then limited to the one routine DATMOV. 

The modifications to the data management scheme in SASSYS-1 for the multiple pin 

option are based on the fact that currently the storage area is always in a dynamically allocated 

section of main memory. Explicit two level memory architectures are not currently used; and 

putting the storage area on a disk has proved to be impractical, because disk 1/0 is much too 

slow to keep up with the central processor speeds for SASSYS-1. Also, memory is now cheap, 

and plenty of memory is available on all machines where SASSYS-1 is likely to be run. 

Another aspect of the data management that is taken advantage of in the modifications is that the 

ordering of variables for a channel in the data storage area is the same as the ordering in the 

working area of blank common. When more than one channel is used to represent a 

subassembly, ·the data packs for the first. channel are still moved into the working area by 

DATMOV, but the data for the rest of the channels stays in the storage area where it is accessed 

directly by adding the appropriate pointers to array subscripts. Thus, if T2(I,J) is a temperature 
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at radial node I of axial node J, then a multiple-pin routine such as TSHTM3 refers to this 

variable as T2(1+IPT,J), where IPT is the channel-dependent pointer. For the first channel in 

the subassembly,IPT is set to 0, since DATMOV has put the data for the first channel into the 

COMMON block where the FORTRAN compiler expects it to be. For other channels, IPT is 

set to the offset between the working memory location and the storage area location for the 

channel.. Sinee data packs are put into blank COMMON in the working memory in the same 

order thaf t~ey are stored. in the storage area, the value of the pointer for all floating point 

variables for a given channel is the same. Also, the pointer for all integers in a channel is the 

same. The pointer for a floating pint variable will be different from the pointer for an. integer 

if the word length of integers is different from the word length of floating point variables. The 

channel dependent pointers are co~puted once at the beginning of the run and stored in a labeled 

COMMON block where they can be used by all routines. The subassembly-to-subassembly heat 

flux routine CHCHFL accesses temperatures from many different channels. CHCHFL uses only 

pointers to access different channels. It does not use DATMOV at all. 

3.0 _ ~XPERIMENTAL VERIFI(:ATION 

A series of thermal-hydraulics tests9 has been performed in EBR-11 (Experimental Breeder 

Reactor-H) to demonstrate that a properly designed LMR with metal fuel can survive a number 

of antidpated transients without scram10
• One of these tests11

, the SHRT-45 (Shut-down Heat 

Removal Test-45) was a loss-of-primary-flow-without-scram from full power and full flow. This 

test was. pic~ed to use (or verification of the n~w multiple pin model for a number of reasons. 

First, this is the type of transient that SASSYS-1 was designed for and is often used for. 

Second, detailed temperature data is availablefor this test from thermocouples in the coolant in 

the XX09 instrumented subassembly.. Third, this was the most severe of the 

loss-of-flow-without-scram ~ests run in EBR-11. 
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3.1 SHRT-45 Test Description and Calculational Model 

The SASSYS-1 model for this test included a multi-channel core description with 

emphasis on the details of the XX09 instrumented subassembly, a detailed thermal hydraulic 

model for the primary coolant system, a detailed thermal hydraulic model for the intermediate 

heat transport system, and a simple steam. generator model. Nothing beyond the steam 

generators was modeled, and even the steam generators had very little influence on the core 

during the time scale of interest in this test. On the other hand, the primary coolant system 

behavior was important in this test; and one important aspect was the behavior of the two 

primary loop centrifugal pumps which drove the coolant through the core in the earlier part of 

the transient. In the later part of the transient the pumps had stopped, and primary loop natural 

circulation heads were dominant. The centrifugal pump model used in these calculations was 

the homologous pump model described in reference 12, based on the work of Wylie and 

Streeter13
•
14

• 

The whole core was represented in the calculational model. Table 1 describes the 34 

channels used for this case. Eight channels were used for single pin treatments of the bulk of 

the driver subassemblies, the control rod channels, the stainless steel reflector subassemblies, 

and some low power irradiation experimental subassemblies that were in the core. In addition, 

two channels were used for single pin representations of XX09 and another instrumented 

subassembly, XX10. Some of the subassemblies neighboring XX09 were similar enough in 

power and flow to be lumped together, so eight channels (channels 11 ~ 18) were used for two-pin 

representations of each of four neighboring subassemblies. For each of the neighboring 

subassemblies, one channel was used to represent the outer coolant and pins near XX09, and the 

other channel was used for the rest of the subassembly. Six channels were used for a multiple 

pin representation of XX09. Channels 25-30 were used for two-pin representations of the 

subassemblies next to XXIO, and channels 31-34 were used for XXIO. XXIO results are not 

included in this report. The steady-state channel powers and flows used in this model are based 

on the subassembly values given in reference 15. 
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Table 1. SASSYS.,l Channel Description for· SHRT -45 Analysis 

Coolanl 
Number or Power per Flow Rate 

Number or Pins per Pin per Pin 
Channel Suhll.lllleiDblies SuhB-mbly (kW) (kg/see.) Power/Row Description 

1 0 1 6.280 .04178 150.31 XX09.average pin 

2 0 1 .9168 .01951 46.99 XX10 average pin 

3 . 10 61 7.118 .0586~ 121.43 control, safety rods 

4 21 1 16.27 .16832 96.67 reflectors, rows 7,8 

5 7 91 .1997 .00761 26.24 low power experiments 

6 8 91 3.598 .04082 88.14 r. rowe 1,2,3 

7 19 91 7.286 .05806 125.49 drivers, rows 3,4 

8 8 91 . 6.499 .04723 137.60 drivers, row 5 

9 3C? 91 6.081 .04032 150.82 22 HFD, row 6; 140, row 7 

10 4 91 2.982 .02790 106.88 P, rows 6,7 

11 1 11 .259 .00801 32.33 X320 (402), pins near XX09 

12 1 80 .259 .00706 36.69 remainder of X320 

13 1 14 7.497 .10805 69.39 driver (403), outer row 

14 1 77 7.497 .04489 167.01 remainder of (403) 
,_ 

15 2 14 6.77 .09329 72.57 driven (502, 504), outer row 

16. 2 77 6.77 .03876 174.66 remainder of (502, 504) 

17 2 14 6.88 .08251 83.38 HFD (603, 604), outer row 

18 2 77 6.88 .03428 200.70 remainder of (603,604) 

19 1 1 3.8 .467 8.14 XX09, thimble flow region 

20 1 13 . 6.218 .07419 83.81 XX09, outer coolant row 

21 1 21 6.218 .03313 187.68 XX09. next coolant ro~ 

22 1 15 6.218 .03313 187.68 XX09, next coolant row . I 

23 1 9 6.218 .. 03313 187.68 XX09, next coolant row 

24 1 3 6.218 .03i23 199,07 XX09 center 

25 1 14 6.513 .10809 60.26 X400 (4C1). outer row 

26 1 77 6.511 .04491 144.98 remainder of X400 

27 4 14 6.497 .08793 73.89 2 0 (5B4,5C2), 2 HFD (665, 6C2) 

28 4 77 6.497 .03653 177.85 remainder of 2 0, 2 HFD 

29 1 14 3.062 .05511 55.56 P (6C1), outer row 

30 1 77 3.062 .02289 133.77 remainder of (6C1) 

31 i 1 .35 .0643 5.44 XX10 thim~le flow region 
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Coolant 
Number of Power per Flow Rale 

Number of Pins per PiD per PiD 
Channel SubaoaembUee Sub81181!11lbly (kW) (kg/see.) Power/ftow Description 

32 1 7 .898 .0245 36.65 XX 10 outer coolant row 

33 1 9 .898 .01123 79.96 XX10 next coolant row 

34 1 3 .898 .01123 79.96 XX10 inner coolant row 

Note: P - 1/2 driver fuel, 1/2 SST 

D - MK2 driver 

HFD - high flow driver 

Numbers in parenthesis indicate ·core location: (4D3) indicates row 4, sector D, location 3 

numbered clockwise in the sector. 

The XX09 instrumented subassembly16 is a 61 element subassembly containing 59 Mark h 

fuel elements and two conduit tubes. The conduits provide a passage through the core for 

thermocouple leads. Twenty-two of the fuel elements have their standard spacer wires replaced 

by spacer wire thermocouples, providing temperature measurements at various elevations. XX09 

simulates a driver subassembly. It is almost identical to a Mark II driver subassembly, except 

in XX09 the outer row of fuel pins is replaced by an extra hex can waJl and a thimble flow · 

region. 

Figure 1 shows the SASSYS-1 channel model used· to treat XX09 for these calculations. 

This figure also shows the locations of a row of spacer wire thermocouples running from comer 

to comer at the top of the core and another row of thermocouples located 14 em. above the top 

of the core. The readings from these thermocouples were used for comparison with calculated 

temperatures. The SASSYS-1 channels model concentric rows of coolant 'channels, and the 

thermocouples are located in the centers of these rows except for the 14TC thermocouple on pin 

39. 
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Outside of the subassembly wall there is a thimble flow region separating the subassembly 

wall from an outer thimble wall. This region is filled with coolant, and there l.s a small flow 

rate through the region. A separate SASSYS-1 channel (channel 19) is used t!l model the 

thimble flow region. This region required special modeling in SASSYS-1. There are no fuel 

pins in the thimble flow region, but SASSYS-1 puts a pin in each channel. ·Therefore, the pin 

in channel19 was made very small, with negligible heat capacity. and no power. The heat flow 

from the outside of the subassembly wall to the thimble flow re~ion was a special problem. The 

structure in channel 20 models the subassembly wall, so the multiple pin model was modified 

to allow for heat transfer directly froin the outer structure node of one channel (c:hannel 20) to 

the coolant of another channel (channel19). The structure of chcinnell9 represents the thimble 
I 

wall. Sub4:1sse~bly-to-subassembly heat ·flow was modeled from this wall to the neighboring 

supassemblies . 

. The nominf:ll size of the h~x can is slightly larger than the size needed to accommodate the 

pin bundle with a pitc:h determined by the nominal values for the pin diameter and the spacer 

wire, leaving aslight amount of extra room in the subassembly. For these calculations, it was 

assumed that the center 7 pins were spaced as tight as the spacer wire would allow, and the extra 

space was distributed. evenly over the rest of the subassembly. Therefore; channel 24, 

representing the center of the subassembly, has a slightly smaller coolant flow area per pin and 

a slightly lower initial flo~ rate than channels 21-23. Channel 20 has a larger coolant flow area 

and flow ra:te because of the extra space at the edge of the pin bundle. 

, Since the purpose of these calculations was verify the multiple pin thermal hydraulic model, 

reactivity feedback was not calculated. Instead; the power level was specified a~ a function of 

time during the transient, using the measured fission power and a computed decay heat power. 

The decay heat was calcu~ated from the ANSI light water reactor standard16 using the irradiation 

history for the .core loading. 

Two, special problems in the modelling of XX09 were obtaining the corre:ct pressure drop 

vs. coolant flow rate characteristics for the subassembly and obtaining the coolant-to-coolant heat 

transfer parameters ul and u2 of Equation 1. 
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3 .1.1 Hydraulic Modelling of XX09 · 

The pressure drop vs. flow rate characteristics of XX09 were measured in 

water flow tests before the subassembly was put into the reactor. When the usual SASSYS-1 

model was set up for this subassembly with the orifice pressure drop adjusted to give the 

measured total pressure drop at nominal flow, it was found that the calculated pressure drop at 

lower flows agreed poorly with the measured values. Since most of the pressure drop in XX09 

is through the inlet orifice holes, the treatment of the orifice pressure drop must be the main 

cause of the discrepancy. SASSYS-1 assumes that the pressure drop through an orifice is 

proportional to the ·square of the flow, with an orit1ce coefficient that is independent of Reynolds 

number. The XX09 measurements indicate that the orit1ce coefficient is a function of Reynolds 

number; and the pressure drop through the orifice holes is proportional to the flow raised to the 

Nth power, where N is less than 2. Therefore, the hydraulic modelling of XX09 was adjusted 

to match the measured behavior by adding fictitious friction pressure drop to the flow meter 

region and subtracting a corresponding amount from the orifice. A similar treatment was used 

for the Mark II driver subassemblies. 

To obtain the turbulent friction factor for XX09, the pin bundle multiplier of 

Novendstern18 was used with the smooth tube friction factor of Moody19
• The resulting friction 

factor was evaluated at a number of values of the Reynolds number and these results were fit 

in the form used by SASSYS-1. The laminar friction factor for the pin bundle was obtained 

from the correlation of Engel, Markley, and Bishop20
• The correlation used for XX09 and for 

the Mark II drivers was 

where 

f = {.3744 Re-·
258 

121/Re 

f = friction factor 

if Re ~ 2410 

if Re < 2410 
(57) 
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and 

Re = Reynolds numb~r. 

The transition at Re ::;: 2410 gives a continuous function with no jump in f. 

The pressure drop vs. flow characteristics ofXX09·were measured by Wendte21
•
22 in water 

tests over the I'allge fro.m nominal flow down to very low flow rates and even into reverse flow. 
~ . . 

After conversion to sodium at 800°f. (699.8K), the normal flow direction measurements can 

be fit by 

.. ,. 

where 

2.668x 105 [ :.]'·'' 'f w ~ 1 _ . 

wo 

1.725x 105 [ =.r~ if .1 > 
~p(Pa) = 

5.847x lo-t [~r, if .02 > 
wo . 

·. w 
6719-:. if .0053 

·w 
0 

~P :;::;; pressure drop, other than gravity le.a~ 

w = coolant flow rate 

.1 

w > 
wo 

:!!__;:; 
wo 

> w 
w 

0 

wo = nominal flow rate = .04364 kg/s =· 49.7 gpm 

.02 
(58) 

.0053 

> 0. 

At higher flow rates (w/wo > .1) this expressiqri fits all of the data points to within a few 

· percent, but at lower flow rates there is more scatter in the data. At the low end (w/w0 < .005) 

there is a scatter of about 20% in the data .. 
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Figures 6 and 7 show the correlations of equation 58 for XX09 pressure drop vs. flow 

with 800°F sodium. Also shown on these figures are the results SASSYS-1 would give with 

nominal dimensions used to calculate the friction and with a flow-squared orifice pressure drop. 

For the SASSYS-1 results, the orifice coefficient is set to the value required to match the 

measured total pressure drop at nominal flow. The results calculated with a flow-squared orifice 

drop deviate significantly from the measured values. At 5-7% of nominal flow, which is the 

flow range in SHRT-45 after the first 100 seconds, the deviation is about 15%. This deviation 

is much larger than the scatter in the measurements in this range. 

At nominal flow, friction accounts for about 25% of the total pressure drop, and the 

orifice accounts for the rest. If the friction pressure drop is proportional to the flow raised to 

the 1. 7 42 power, then the orifice pressure drop would have to be proportional to the flow raised 

to the 1. 925 power in order to give the measured result that the total pressure drop. is 

proportional to the flow raised to the 1. 88 power at higher flow rates. In order to provide better 

agreement between the calculated and measured pressure drop behavior of XX09, the hydraulic 

diameter in the flow meter section below the core was reduced from its actual value of .015875 

meters (5/8") to .008 m. for the SASSYS-1 calculations. This increased friction loss, and the 

orifice coefficient was reduced by a corresponding amount. The results after these adjustments 

are also shown in Figures 6 and 7: With these adjustments, the calculated and measured values 

agree well over the whole range of flows. For the Mark II drivers, similar adjustments were 

made: 25% of the orifice pressure drop was converted to friction. 

3.1.2 Coolant-to-Coolant Heat Transfer Coefficients 

For the thermal conduction ·part of the coolant-to-coolant heat transfer coefficients, 

an empirical shape factor correlation by Fukuda23 was used to obtain the shape factors for heat 

transfer between adjacent coolant subchannels. The correlation is: 

(2) 
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where 

S = spacing bet~een pins 

and 

D = pin diameter. · 

The subchannel values had to be added in parallel and in series to obtain overall channel. 

values. Al~()' a small correction was made to the thernial ~onfuction terms to account for heat 

conduction through. the. pins. For the turbulent mixing term~ the heat transfer coefficient 
. : . ' 

between neighboring coolant subchaimels was calculated as: 

c s· 
U 

.T . , 
2 = 

A.+ A. I 
I t+ 

(59) 

where 

CT = turbulent mixing coefficient 

··.and 

Ai :- coolant flow area in channel i. 

·For these calculations, :a value of .03 was used for the turbulent mixing coefficient, CT. This 
; '. 

value for CT is consistent ';\'ith the correlation of Cheng and Todreas, 24 which giv~s a value of 

· .023 ±~5% ~or this case. Again subchannel values had to· bc·added in parallel and in series to 

ol;>taip over~l channel values. 

. d 

• Table 2 lists the values of U 1 and U2 used for these calculations. 

Table 2 Coolant-to-Coolant Heat Transfer Coefficient Parameters 

·cna:nnel Ul u2 

20 l.04 1.785 
21 :.41 .872 
22 .36 .756 

. 23 .34 .734 

Note: See Equation 1 forthe use of U1 and U2• 
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3.2 Results 

Figure 8 shows the normalized power history used in these calculations, as well as 

the measured, and computed normalized total flows for XX09. The pumps trip and start coasting 

down at time zero. Pump 1 stops at 100.6 seconds, and pump 2 stops at 91.9 seconds. Figure 

9 shows the resulting coolant temperatures near the top of the core in XX09. The peak 

calculated temperature is for channel 24. The. peak measured value is an average of the values 

for ITC30 and TIC31. The average values are weighted values, weighted by the number of 

pins per channel in the SASSYS-1 model. 

The agreement between measured and calculated temperatures is remarkably good, 

especially considering the uncertainties in both the measurements and the calculations. These 

uncertainties include thermocouple calibration, thermocouple jitter, overall reactor power and 

flow, XX09 power and flow relative to the overall reactor values, uncertainties in model 

parameters, and the fact that bowing of the pins and the duct walls caused both initial distortions 

and transient distortions of the actual XX09 geometry from the perfect array of straight pins 

modeled in the ccilculations. To some extent, some of these uncertainties can be quantified. For 

instance, three different energy balances were made on the system before the start of the 

transient, giving three values that differ by 2-3%. Thus, the uncertainty in the power is at least 

2-:-3%. A 1% change in power corresponds to a change of about 1 K in top of core coolant 

temperature at the start of the transient, or 3 K at the peak. Also, examination of the 

thermocouple data from before the start of the transient, when temperatures should have been 

constant or varying slowly and smoothly, shows that the jitter in the readings for most 

thermocouples was 1 K or less; but the readings for TIC 34 varied within a range of more than 

4 K; and the readings for TIC 35 varied within a range of more than 2 K. Thus, thermocouple 

jitter probably contributes at least 1 K to the uncertainties. The difference between calculated 

and computed initial temperatures _is 5-8 K. This difference is probably within the calibration 

uncertainty of the thermocouples. Alternatively, a 5% change in power or flow in XX09 would 

account for this difference. Figure 10 shown the results of increasing the computed initial flow 

rate by 5% in XX09, adjusting the inlet orifice to match overall pressure drops, and then 
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running the same transient. Other than geometry distortions due to bowing or shifting of pins, 

probably the largest modeling uncertainties are in the parameters for coolant-to-coolant heat 

transfer. An exact value for the turbulent coefficient U2 can not be obtained from theoretical 

considerations, especially whe~ the contribution of the wire wrap is included. On the other 

hand, the thermal conduction shape factor U1 of Equation 58 is based on electrical analog 

measurements. In principle, U1 could also be calculated from detailed two-dimensional thermal 

conduction calculations. 

Figure 11 shows the computed transient flow redistribution for the center channel (channel 

24). As the flow drops during the transient, buoyancy effects become more important, and the 

flow in the hotter center channel increases relative to the average. The coolant temperature 

peaks at about 50 seconds, whereas the flow redistribution does not peak until the pumps stop 

at 90-100 seconds. At 50 seconds, flow redistribution added only about 8% to the center 

channel flow, corresponding to a change of about 28 K in peak temperature. At this point, the 

<:lifference between the peak and average temperatures was 58 K, so transient flow redistribution 

reduced the peak-to-average temperature difference by almost 50%. At 100 seconds, the change 

in center channel flow was about 13.8%, corresponding to a change of about 45 K in peak 

temperature. 

Figure 12 shows a comparison between calculated and measured individual thermocouple 

temperatures across the subassembly, from corner to corner, at one time during the transient. 

The computed and measured temperatures have very similar shapes, but the measured values 

reflect some · non-symmetric effects that are not accounted for in the concentric ring 

representation used for the calculations. One non~symmetric effect is a power skew across the 

subassembly: the power is highest in the direction toward the center of the core, leading to a 

non-symmetric temperature distribution. Another effect is bunching of the pins; the pin bundle 

is apparently tighter in the vicinity of thermocouples 30 to 33 than on the other side of the 

subassembly near thermocouples 28 and 29. The bunching in the center near thermocouples 30 

and 31 is accounted for in the calculation, but non-symmetric bunching near locations 32 and 

33 is not accounted for. 
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In addition to the top of core temperatures mentioned above, temperaure data is also 

available from the 14TC thermocouples located 14 em above the top of the core in XX09. 

Figure 1 shows the locations of these thermocouples. Comparisons between measured. and 

computed temperature .for these thermocouples are shown iri Figures 13-15. The computed 

values in these figures are for the case with 5% extra coolant flow. The computed temperatures 

agree well with the measured values except for the initial temperatures at the edge of the 

subassembly. The initial edge temperature measured by 14TC 43 was probably influence by 

bowing that tightened the pin bundle in the vicinity Of this thermocouple. 14TC 43 is near the 

. edge thermocouple TIC 35 at the top of the core. Before the start of the transient, TIC 35 read 

higher than TIC 34; but by four seconds into the transient, TIC 35 read lower than TTC 36 

and stayed lower for the rest of the transient. Apparently, the pin bundle in the vicinity of TIC 

36 and 14TC 43 was initially tighter than nominal before the start of the transient; and it 

loosened during the tr~sient. 

In addition to the XX09 thermocouple data, there is also SHRT -45 flowmeter data, both 

for XX09 flow and for system· flows. The flowmeter data poses special problems, in terms of 

agreement between different flowmeters that are measuring the same flow, in terms of initial 

steady-state normalization, in term of the accuracy or reliability of the relative transient values, 

and in terms of consistency between measured flows, powers, and temperatures. 

There are two flow meters in series in XX09. They give readings that differ by a factor 

of four,. so at least one. of them is wrong. The upper flowmeter reading for the initial stf119Y-
I 

state flow is 14% less than the computed value given in reference 15, so the upper flowmeter 

may have .been working moderately well, at least at higher flow rates. Therefore, the lower 

flowmeter data was ignored·; and all measured XX09 flows presented in this report are from the 

upper flowmeter. As shown in Figure 8, at higher flows, the measured and calculated 

normalized flows for XX09 agree quite well. At low flows the flowmeter readings show a lot 

of random fluctuations, and they are probably not reliable. Another XX09 flowmeter issue is 

calibration on normalization. Figure 16 shows the temperatures computed when the initial XX09 

flowrate was reduced by 14% to agree with the upper flowmeter, and the XX09 power was 

reduced by 18% so that the initial top of core coolant temperatures would agree with the 
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measured values. Powers and flows in the rest of the reaCtor were left unchanged for this 

calculation. In this case, with the initial XX09 coolant flow set equal to the flowmeter value, 

the agreement between calculated and measured transient coolant temperatures is significantly 

poorer than in the cases shown in Figures 9 and 10, with the initial XX09 coolant flow 

determined by EBRFLOW or the EBRFLOW value plus 5%. Figure 17 shows the normalized 

flowrates for these three cases. After normalizing to the steady-state value, the transient 

flowrates are relatively insensitive to the initial value; but again the EBRFLOW case or the 

EBRFLOW + 5% case agrees with the transient measurements b~tter than the case using the 

measured initial flowrate. On the basis of the transient temperature results, it appears that the 

EBRFLOW value for the initial flowrate is closer to the real value than the flowmeter value is. 

There are four operational primary system flowmeters in EBR-II: an EM flow meter 

between pump 2 and the high pressure inlet plenum, an EM flowmeter between pump 2 and the 

low pressure inlet plenum, and two outlet plenum flowmeters. The SASSYS-1 primary loop 

input was set up so that the initial steady-state flows agreed with the measured values for these 

four flowmeters. Figures 18 and 19 show the calculated and measured transient primary system 

flowrates. The outlet plenum flowmeters are not considered to be reliable or accurate at lower 

flows, so it is no surprise that the measured values differ significantly from each other and from 

the calculated values at lower flowrates. On the other hand, it is hoped that the EM flowmeters 

are reasonably accurate at low flows, and the computed and measured pump 2 to high pressure 

inlet plenum flows agree to within about 10% for the first 250 seconds of the transient. After 

that, the measured values drift lower with a fair amount of noise in the signal. 

In summary, at the 20% uncertainty level everything in the SHRT-45 analysis holds 

together: the measured temperatures are consistent with the measured powers and flows, and 

the calculated temperature and flowrates agree with the measured values where the measurements 

are considered to be reliable. Note that the initial steady-state coolant temperature rise across 

the core in XX09 is about 100 K, whereas at the time of the temperature peak the temperature 

rise is about 300 K. Therefore, a 1 % change in power or flow corresponds to a temperature 
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change of about 1 Kat the start of the.transient, or 3 Kat the temperature peale. At the 10% 

uncertainty level, some differences appear between measured and computed flowrates; and there 

are some difficulties in obtaining consistency between measured temperatures and measured 

powers and flows. The agreement between calculation and measurement is better for 

temperatures .than for coolant flowrates: most temperatures agree to within 5% or better. 

3.3 Assessment of Results 

The two main aspects ·of computing accurate temperatures for a case like this are 

getting the time-dependent average temperature right and getting the correct peak-to-average 

temperature difference. The peak-to-average temperature difference is determined mainly by 

the transient channel-to-channel flow distribution and the channel-to-channel heat transfer 

coefficients. On the other hand, the average temperature is determined mainly by the power 

level, the average coolant flow rate, and the heat flow to the thimble flow region and to 

neighboring subassemblies. In turn, the average coolant flow rate is determined mainly by the 

pressure drop vs. flow characteristics of the subassembly and by the pump head vs. flow and 

speed characteristics of the primary pumps, as well as the total coolant flow through the pumps. 

In the later parts of the transient, gravity heads in the whole primary system also have a large 

effect on coolant flows. Note that the earlier parts of this transient involve forced convection 

and turbulent flow, whereas the later parts involve natural circulation and laminar flow. In 

order to obtain the good agreement between measured and computed temperatures indicated in 

Figure 6, all of these factors must be computed fairly accurately. . Thus, these calculations 

provided a test of not only the new multiple pin model, but also of the overall thermal hydraulic 

modeling of the whole primary coolant system. 

4.0 MODEL ASSESSMENT 

This new multiple pin model has some large advantages, as well as some definite limitations. 

One limitation is that it is basically a two dimensional (r-z) model. A good analysis of a 

subassembly with a strong side-to-side power skew plus the normal overcooling of the edge pins . 

would probably require a model in which coolant in channel i communic~tes with more than just 
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channels i-1 and i + 1. ·Such a capability may be added to the code in the future. Another 

limitation is that since there is no cross-flow between channels in the pin section the model can 

not analyze an internal flow blockage. An important limitation of this model is that it only 

handles single phase coolant and no pin failure or pin disruption. Thus, it can not handle either 

severe accidents or the analysis of voiding due to gas release from pin failures as described in 

reference 25. Finally, the explicit forward time differencing treatment of the 

subassembly-to-subassembly heat ·transfer and the heat transfer to the thimble flow regiqn limit 

the maximum time step size that can be used, and thereby .~imit the computational speed. For 

the SHRT -45 ·analysis, a time step size of .2 seconds was used; whereas time steps of 1 second 

or larger are often used for SASSYS-1 runs; and time steps as large as 16 seconds have been 

used. If Hte detailed steam generator mo.del is used, th~ time ~tep size used for the core channel 

.analysis does not matter very much; since the detailed steam generator calculations and possibly 

some of the balance-of-plant calculations can dominate the computation time. On the other hand, 

SASSY~-1 cases, including this one, are often run with a simple steam generator model; and 

then th¢ core channel time .step size determines the computation time. The SHRT -45 case ran 

1.5 times as fast as real time on a Cray X:;MP computer, whereas the SASSYS-1 shut-down heat 

removai case reported in reference 26 ran 180 times as fast as real time on the same computer. 

Since shut-down heat r~moval cases sometimes involve transients lasting for days, a very rapid 
. ' 

computational speed is desirable for such cases. If such cases are to be run routinely with 

subassembly-to-subassembly heat transfer in SASSYS-1,. then the code will probably have to be 

modified to solve for temperatures in all interacting subassemblies simultaneously. Note that 

this tim~ step lirriitatio~ does ~ot apply tq the multiple pin treatment within a subassembly; only 

the subassembly-to-subassembly or the subassembly-to-thimble flow region calculations are 

numerically unstable with large time ;step sizes. 

The new multiple pin model has some tremendous advantages. It allows SASSYS-1 to 

calculate accurate .time ·dependent peak temperatures mechanistically in addition to the average 

temperatures the ·code previously 'Calculated. For many uses, peak temperatures are of more 

interest than average temperatures. Another advantage is that the peak temperature ·calculation 

is part of an integrated, single •code approach to the whole problem. Also, even with the time 

step limitations imposed py the ;subassembly.:to...:subassembly ;heat transfer calculations, the 
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multiple pin analysis still runs fast enough to be used for routine analysis in most cases. Finally, 

a very important consideration is that the detail provided by the multiple pin model makes it 

possible to make detailed comparisons with experimental data at a level never before possible 

with the code. Previously, a temperature calculated for an average pin could be compared with· 

thermocouple data; but the fact that the computed data fell somewhere within the range of the 

various. thermocouples could mask significant model limitations. Being able to calculate the 

temperatures seen by individual thermocouples gives a much better indication of the adequacy 

of the modeling. Also, having the total calculation in a single integrated code provides much 

better model validation than having the hot channel analysis in one code and the rest of the 

analysis in one or two other codes. Discrepancies between calculated and measured values can 

not be blamed on errors in another code or on inadequate coupling between codes. On the other 

hand, errors.in other codes or inadequate coupling between codes do n!Jt c9nfuse the issue and 

indicate poor agreement in cases where the hot channel analysis itself is adequate. Thus, an 

integrated treatment allows one to concentrate on the real modeling issues. Another aspect of 

model validation or verification is that even with subassembly-to-subassembly heat transfer, the 

code runs fast enough that for a given experiment it is feasible to run many calculations 

exploring the influence of variations in model parameters or the use of different models. 

5.0 CONCLUSIONS 

A multiple pin treatment has been added to SASSYS-1 in <>rder to calculate pin-to-pin and 

coolant subchannel-to-coolant subchannel temperature distributions. Computed transient peak 

and average coolant temperatures agree well with XX09 thermocouple data from the SHRT -45 .. 

test in EBR-11; indicating that not only are the intra-subassembly effects handled well, but the 

whole primary coolant system is modeled well. The new multiple pin treatment provides a way 

to compute accurate time-dependent 'peak temperatures within the framework of a single unified 

code. The new treatment also makes possible exact comparisons with detailed experimental 

data. 

There are a couple of additional conclusions from the SHRT-45 analysis. One conclusion 

IS that local bunching of pins due to bowing or shifting is an important contribution to 
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. . . 

temperature peaking: an analy~is of a S!Jbassembly with uniformly spaced pins with nominal 
. . . : •. . . . 

pitch will often under,-pr~jct th~ peak temperature. An.other conclusion is that the EBRFLOW 

prediction for the stea9y-statecoolant flow in XX09 in this test appears to· be more accura~e than . 

the flowmeter reading, wfliCh was 14%.lower. 
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. APPENDiX A 

SUBROUTINES THAT WERE ADDED OR MODIFIED 
FOR THE MULTIPLE PIN MODEL 

A number of new subroutines were written for the multiple pin model. In addition, 
modifications were made to a number of existing routines. 

New Subroutines: 

CHCHFL -- Calculates the subassembly-to-subassembly heat flux. Called at the beginning of 
each main time step. 

HBSMPM -- Multiple pin version of HBSMPL. Calculates the fuel-to-cladding bond gap 
conductance if the simple model is used for this purpose. 

SSCLMl -- Called at the end of the null transient to .setthe initial coolant pressures and 
saturation temperatures. Also adjusts the orifices at the bottom of the pin section so that all 
channels in a subassembly have the same pin section pressure drop. 

SSNULL -- Driver for the null transient. 

TSCLMl --Transient coolant flow rate and pressure calculations for channels using the multiple­
pin option. 

TSHTM2 --Multiple-pin version of TSHTN2. Transient temperatures in the gas plenum region. 

TSHTM3 -- Multiple-pin version of TSHTN3. Transient temperatures in the core and axial 
blanket regions. 

Modified Subroutines: 

DTHFND -- Sets heat transfer time step size for a subassembly. Modified to account for the 
stability limit due to the use of explicit coolant convection in some channels if flow has reversed 
in some, but not all, channels. 

POINST --Modified to set the pointers used to access directly the channel data in the storage 
area. 

SSINIT -- Modified to set all channel temperatures to the inlet temperature before the start of 
the null transient. Also calculates the initial value for the total subassembly flow if multiple 
channels are being used. 



SSPRIM -- MO<iified ~o pick up the correct total subassembly coolant flow rate when setting the 
initial parameters for coupling with PRIMAR4. - · 

SSTHRM -- Moqified to include a.:call tp SSNULL If the null· transient is called for. 

TSCLO --Modified to cail TSCLMl if the multiple pin option is used. 

TSCMPO -- Writes out data for plotting on unit 20. Modified to pick up and write out data for 
all channels used for a subassembly. 

. .. 

TSCNV3 -- Modified to use the correct ~oolant flow rate in the calculation of the coolant heat 
transfer coefficient. 

TSHTNl, TSIITN2, TSHTN3 -- Modified to include subassembly-to-subassembly h~t transfer 
by adding the heat flux from CHCHFL. to· the outer structure node. · · · 

TSHTN4 -- Modified to calculate the coolant heat transfer coefficient correctly when multiple--
channels are used for a subassembly.· · · 
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APPENDIX B 

NEW INPUT FOR THE MULTIPLE PIN MODEL 

Loc Name Meaning 

87 ISSNUL Number of time steps in the steady-state null transient for the core channels. 

88 IPRSNL Print out results every IPRSNL steps during the null transient. 

Block 11, OPCIN 

88 DTNULL ·Time step size for the steady-state null transient for the core channels. 

205 

206-
213 

214 

215 
-221 

284 

NCHCH 

ICHCH 
(K) 

JJMLTP 

JMPIN 

IAXCON 

Block 51, INPCHN 

Number of other channels that this channel is in contact with for duct wall-to­
duct wall heat transfer. Maximum 8. 

Channel number of the Kth channel that this channel is in contact with. See 
also Bl. 63. Joe. 82-89, HACHCH. If ICHCH > 1000, transfer heat from 
structure of TCH to coolant of ICHCH - 1000. 

Multiple pin option: 
0 No multiple pin treatment for this subassembly. 

> 0 This is the first of JJMLTP channels to represent the 
subassembly. 

< 0 This is one of the additional channels use to represent 
the subassembly. 

Reserved for later use by the multiple pin option. 

0 No axial conduction i.n the coolant. 
1 Axial conduction in the coolant. Not available if 

JJMLTP=O. 

Block 63, PMATCH 

82- HACHCH Channel-to-channel (duct wall-to-duct wall) heat transfer coefficient x area 
89 per unit length. 

Note: use the total duct wall contact area for all subassemblies involved. 

104 TAUINV Inverse of the heat transfer time constant. Used in computing the degree of 
implicitness for heat transfer calculations. 

Typical values: 
5.0 for metal fuel 
0.5 for oxide fuel 
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190 

UACH1 
UACH2 
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Block 64, COOLIN 

Channel-to-channel heat flow at axial riod~ j per pin in channel i per unit 
height' from coolant in ch.annel i to coolant in chaim~l i + 1 is calculated as: 

Q(i,j) ~ (U ACH l*kG) + UACH2 *cG)*(w(i) +w(l + 1))*(f(i,j)-T(i + l,j)) 
where . 

T (i,j) = coolant temperature 
k = thermal conductivity of the coolant 
c ::i:: coolant specific heat 
w = coolant flow rate 

k and c are calculated at the average of channel i and channel i + 1 coolant 
temperatures. · 
Note: UACH1 ail4 UACH2 are only used if JJMLTP.NE:O 

Comments on Using the New Options 

1. The multiple pin treatment only applies to the pin section. If a number of channels are used 

to represent a subassembly, the lower and upper reflector zones are only treated for the first . . 

of these channels. for the other channels, temperatures and coolant flow rates are only 

calculated. in the pin: section. This has a number of implications: 

(a) If channels F to L are used .to represent concentric rings ·of pins in a subassembly, and 

if duct wall-to-duct-wall heat trcmsfer is used for this subassembly, the channels should 

be .numbered from the outside in. Channel F should represent the outer ring. and . 

channel L should represent the inner ring. Otherwise, there will be no duct wall-to-duct 

wall heat transfer in the refleCtor zones. 

(b) In channel F, the coolant flow rate in the lower and upper zones is higher than in the 

piri. section, since the total assembly flow in the reflector zones is represented by ·the. 

one channel. 

(c) Some oftheinput variable,s for the reflector zo~es must be modified, rather than blindly 

using input from an old single channel per subassembly deck. If channel F represents 

n of the' total m pins in the subassembly, then the coolant flow area per pin in a 
' 

reflector zone is A/m, where A1 is the total area for the subassembly. Similarly, the 

structUre and reflector perimeter per pin must be based on n pins in the reflector zones, 

and the orifice coefficients must be modified. 
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2. If either a multiple pin treatment or duct wall-to-duct wall heat transfer is being used, the 

old steady-state initialization for the temperatures will not give accurate results, since it 

ignores channel-to-channel heat transfer·. In such cases, one should use the steady-state core 

channel null transient option (ISSNUL greater than zero and DTNULL greater than zero). 

In this case, the temperatures will all start at the inlet coolant plenum temperature. Then 

ISSNUL time steps of temperature calculations will be done for all channels, with the 

coolant flows held constant at their initial values.·. Coolant pressures are not calculated until 

the end of the null transient. 
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