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Abstract 

A tes t t r ans ien t performed at a he l i ca l c o i l sodium-to-water steam genera­

t o r t e s t f a c i l i t y was simulated using the MINET code. I t was determined that 

cor rect ca l cu la t i on of the sodium ou t le t temperature requires representat ion 

of heat capacitance of the s t r u c t u r e . 
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1. Introduction 

The MINET (Momentum Integral Network) code [1] heat exchanger model was 

used to analyze transient test data [2] provided by the Power Reactor and Nu­

clear Fuel Development Corp. (PNC) of Japan. Testing of the MINET model is 

part of a larger effort to facilitate and validate the use of the SSC/MINET 

code [3] for MONJU plant transient analysis. MONJU is a 280-MW(e) power-

generating prototype liquid-metal fast breeder reactor plant (loop-type) that 

utilizes helical coil heat exchangers between the intermediate loop sodium and 

the steam generator water/steam system. 

The same test data has been utilized in a previous study, using an earlier 

version of the MINET code. In the transient results reported at that time 

[4], MINET-calculated sodium outlet temperatures changed more quickly than 

those measured experimentally. At that time, the discrepancy was attributed 

to "an imprecise representation of the boiling boundary", an area that was 

already under revision. 

Since the previous analysis, major improvements have been made in the 

MINET code. The representation of the "boiling" and other heat transfer 

boundaries was improved. Further, a model was added to account for the heat 

storage in the structure. The new, improved version was then used to repeat 

the analysis. 

The first finding was that the tendency of MINET calculated temperatures 

(with no structure) to lead the experimentally determined value was unchanged, 

despite the improvement in heat transfer boundary representation. A second, 

and more important finding was that representation of the structural heat 

capacitance greatly improves the sodium temperatures calculated. 

2. MINET 

MINET (Momentum Integral NETwork) is a computer code developed for the 

transient analysis of in t r i ca te f l u i d flow and heat transfer networks, such as 

those found in the balance of plant in power generating f a c i l i t i e s . I t can be 

u t i l i zed as a stand-alone code, or interfaced to another computer code for 
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concurrent ana lys is . Through such coup l ing , a computer code cu r ren t l y l i m i t e d 

by e i t he r the lack of required component models or poor computational speed 

can be extended to more f u l l y represent the thermal hydraul ic system, thereby 

reducing the need fo r est imat ing essent ia l t r ans ien t boundary cond i t i ons . 

2.1 The Momentum In tegra l Network Method 

The method employed in the MINET code i s a major extension of a momentum 

in teg ra l method developed by Meyer [ 5 ] . Meyer in tegra ted the momentum equa­

t i o n over several l inked nodes, ca l l ed a segnjent, and used a segment average 

pressure, evaluated from the pressures at both ends. Nodal mass and energy 

conservat ion determined nodal f lows and en tha lp ies , accounting f o r f l u i d com­

pression and thermal expansion. 

In MINET, a network s t ruc tu re was b u i l t around Meyer's momentum i n t eg ra l 

model f o r the f low segment. In t h i s extended method, a system i s represented 

using one or more f low networks, connected to one another only through heat 

exchangers. Each network i s composed of segments, volumes and boundaries. 

Segments contain one or more p ipes, pumps, heat exchangers and va lves, each of 

which is represented using one or more nodes. Volumes represent voluminous 

components and s i g n i f i c a n t f low j unc t i ons . Volumes and boundaries are con­

nected by segments. 

In systems which can be represented by MINET, heat exchangers are f r e ­

quently shared by segments in two networks, with the f low from one segment 

passing through the tubes and the f low from the other passing on the outs ide. 

In order to decouple these segments during a t rans ien t time s tep , the tube 

temperatures are t reated e x p l i c i t l y in the heat t r ans fe r ca l cu l a t i ons , and are 

not advanced u n t i l the end of the s tep . 

With the segments and networks thus decoupled, MINET t rans ien t ca l cu la ­

t i ons proceed in a three step process, repeated f o r each network. The i n i t i a l 

step i s to march through the network segments, loading the segment matr ix 

equation 

As2<s = hls' (1) 
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and solv ing f o r the segment response ma t r i x , B̂s (^.^s" I s ) ' '^° ' ' ^ 

segment s wi th N̂  nodes, 2N5+2 l i near i zed equations are loaded, inc lud ing 

Ng nodal mass conservation equat ions, a segment momentum equat ion, and a 

t o t a l of N5+I donor-ce l l d i f ferenced nodal energy equations and segment i n ­

l e t enthalpy boundary cond i t i ons . Vector _Xs contains nodal in te r face en­

tha lp ies and f l ows , and vector y_^ includes changes in enthalpy and pressure 

in the modules at the segment ends. 

The second stage i s to march through the network volumes loading the 

network matr ix eauation 

Cn Vn = D^. (2) 

and so lv ing to advance volume enthalpies and pressures. For a network n w i th 

Np volumes N̂  conservat ion of mass and N^ conservation of energy equa­

t ions are loaded. The terms fo r the mass and energy enter ing and ex i t i ng the 

volumes are evaluated using the segment response matr ices, B^, thereby l i n k ­

ing the volumes. 

The f i n a l step is to march through the network segments, using the so lu­

t i o n from Eq. 2 to determine vector y^ . The segment response mat r i x , B̂ g, 

i s then m u l t i p l i e d by y g , and the nodal i n te r face enthalpies and flows are 

advanced. A f te r segment condi t ions are advanced in a l l networks, the heat ex­

changer tube temperatures are advanced. 

Two features of the method account fo r the f l e x i b i l i t y and speed of MINET. 

F i r s t , segment nodes connect only to immediately adjacent nodes, causing ma­

t r i x As t o be banded, except f o r the momentum equat ion. This allows the 

storage of matr ix Ag > and the so lu t ion of Eq. 1 , in close-packed form, i . e . , 

w i th large blocks of zeroes suppressed. Thus, the complexity of the f low net­

work i s absorbed e n t i r e l y i n Eq. 2, where the matrices are lower order. Se­

cond, because a segment average pressure is used, sa tura t ion propert ies are 

evaluated once per segment per s tep . 
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2.2 Component Models 

While the momentum integral network method forms the basis for the MINET 

code, several component models, called "modules", are used to determine key 

parameters in the basic conservation equations. These parameters include the 

heating term in the energy equation and the pressure loss term in the momentum 

equation. 

Segment Components 

Segment components include pipes, pumps, heat exchangers, valves, and tur­

bine stages. Each representative module contributes pressure "losses" to the 

segment momentum equation. 

Pipes 

Pipes are the simplest component to represent. Pressure losses due to 

f r i c t i o n , g r a v i t y , acce le ra t i on , and form ( i . e . , obs t ruc t ions) are ca lcu­

l a t e d . Module heat ing or coo l ing i s user- input as a funct ion of t ime . 

Pumps 

Pumps are essentially one node pipes with an additional pressure 

"loss" term due to the pump head. Coefficients for the pump head as a 

fourth order polynomial fitted function of the pump flow rate, at a refer­

ence pump speed, are input by the user. A family of curves is implied for 

all pump speeds, based on the assumption that the head varies with the 

square of the pump speed. The pump speed is presently determined in one 

of three ways: 1) a user-input value vs. time table, 2) a simple coast-

down model, or 3) a control system calculation. 

Valves 

Valves are bas i ca l l y one node pipes, w i th an add i t iona l pressure loss 

term due to the drop across the valve opening. The user has the option of 

ignor ing the p o s s i b i l i t y of c r i t i c a l f low at the valve o r i f i c e , or using 

c r i t i c a l f low models by Henry-Fauske or Moody, or an i sen t rop ic model fo r 

superheat, t o place an upper bound on the f low passing through the va lve. 

I f c r i t i c a l f low i s a n t i c i p a t e d , the valve must be i so la ted i n a segment 

by i t s e l f , as the imposi t ion of a local choked f low l i m i t is in c o n f l i c t 

wi th the segment i n teg ra l momentum equat ion. The valve pos i t ion can be: 
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1) user- input as a func t ion of t ime, 2) ca lcu la ted in response to pressure 

( s a f e t y / r e l i e f ) or f low (check) , or 3) determined by a contro l system c a l ­

c u l a t i o n . 

Heat Exchangers 

Heat exchangers are t rea ted as two pipes l inked via heat t rans fe r 

through the tube w a l l . The heat t r ans fe r from the tube to the f l u i d is 

ca lcu la ted at each time step and used in the nodal energy equations. A 

f i xed mesh noda l iza t ion is used, w i th any change in heat t rans fe r regime 

w i th in nodes factored i n t o the nodal heat f l ux c a l c u l a t i o n , i . e . , heat 

f l u x i s piecewise averaged. 

There are several heat exchanger designs in use, p a r t i c u l a r l y i f one 

includes the experimental u n i t s , which provide much of the t rans ien t data 

needed f o r code v a l i d a t i o n . A number of options are ava i lab le in MINET, 

inc lud ing co- and coun te r - f l ow; s t r a i g h t and he l i ca l tubes; and c o - a x i a l , 

square, and hex ( t r i a n g u l a r p i t ch ) tube con f igura t ions . 

Volumes 

Volumes are computational modules used to represent voluminous system 

components, as wel l as locat ions in a network where pressure must be ac­

cura te ly monitored, e . g . , s i g n i f i c a n t f low junc t ions . For example,one 

would use one or more volumes (connected by shor t , wide pipes) to repre­

sent a pressur izer or steam drum, or for a header between flow paths of 

unequal res is tance. Cur ren t l y , one can speci fy the geometry as a box 

shape, a v e r t i c a l or hor izonta l drum, or a p a r t i a l box or drum, as well as 

the operat ing cond i t i ons , i . e . , whether the contents are d i s t r i bu ted homo­

geneously o r , i f sa tu ra ted , d iv ided i n to l i q u i d and vapor regions. 

Boundaries 

External interfaces to the MINET system representation are provided 

through the boundary modules. At each boundary, two conditions are re­

quired: 1) pressure or flow, and 2) temperature, enthalpy, or quality 

(if saturated). These are supplied by the user or by another computer 

code. Generally, the temperature parameter will be used in the MINET 

calculations only when flow is entering the system. The exception to this 

rule is that the user can fix the temperature at an outlet boundary during 

the steady state, provided that some heating source is available for ad-
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justment by MINET. MINET will always calculate the unspecified flow/ 

pressure parameter and the temperature of the flow exiting the system, 

save for the one exception where the temperature is fixed by the user. 

With regard to pressure and flow, the user must provide the pressure at 

outlet boundaries and the flow at inlet boundaries for the steady state 

calculations. There is no restriction as to which parameter is specified 

for the transient calculations. The steady state restriction may be re­

laxed in future versions of MINET. 

Turbine Stages 

A turbine stage model has recently jbeen added to MINET. It is a 

quasi-static model that is based on known performance, as opposed to 

geometric detail. 

2.3 Constitutive Relations 

In addition to the basic MINET method and the supporting component mod­

els, various constitutive relations are needed for fluid properties and heat 

transfer. Currently MINET contains properties and correlations for water/ 

steam, air, sodium, and eutectic NaK. 

Because of the complexity introduced by phase changes, the package of 

functions for water and steam is the most extensive. The property functions 

are based on polynomial fits of the 1967 ASME steam tables. The heat transfer 

correlations include those for subcooled convection, subcooled nucleate boil­

ing, forced convection vaporization, film boiling, superheated convection, and 

filmwise condensation. 

Air is treated as an ideal gas, but the property functions are programmed 

to parallel the functions for water/steam. A heat transfer correlation for 

air crossing heated tubes is available in MINET, and other correlations can 

easily be added as they are needed. 

Sodium and NaK are assumed to be subcooled, and in that state they are es­

sentially incompressible. Both are treated as thermally expandable, i.e., the 

density changes with temperature. The property functions are programmed to 

parallel those for water/steam and air. Heat transfer correlations are avail­

able for both fluids, whether passing inside or outside of tubes. In princi­

ple, MINET could analyze boiling or superheating in either fluid, once appro­

priate properties and correlations have been added. 
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2.4 The MINET Code 

The MINET code is r e l a t i v e l y small and f a s t running, due to modular pro­

gramming, carefu l data s t r u c t u r i n g , and an underly ing numerical method tha t 

allows a large problem t o be broken down in to several small ones. In addi­

t i o n , steps have been taken to maximize the range of problems that can be 

analyzed, as wel l as the po ten t ia l f o r concurrent app l i ca t i on , i . e . , w i th 

another computer code. 

Data Structure 

MINET i s va r i ab l y dimensioned, w i th nearly a l l of the pr inc ipa l data re­

s id ing in a large "conta iner" a r ray . Pointers are defined for each va r i ab le , 

which ind ica te the pos i t i on in the container array where the values for the 

var iable are loca ted . The contents o f , and pointers f o r , the container array 

are c a r e f u l l y preserved throughout the ca l cu la t i ons . 

Most of the storage space used f o r ca lcu la t ions is accessed through data 

abs t rac t ions . The data abs t rac t ion package consists of funct ions which manage 

a container array as wel l as the accessing of the a r ray , through pointers sim­

i l a r to those used in the p r inc ipa l conta iner . Through the data abs t rac t ions , 

MINET can create storage fo r a matr ix equat ion, perform the matr ix ca lcu la ­

t i o n s , and de-a l locate the storage space, so that i t i s avai lab le for other 

ca l cu l a t i ons . Thus, the data abst ract ions f a c i l i t a t e the e f f i c i e n t use and 

reuse of storage space, whi le masking the de ta i l s of container management from 

high leve l MINET subrout ines. 

Input Processor 

The MINET input processor reads i n a deck of f ree-format input records, 

and temporar i ly stores the data using data abst rac t ions . I t then processes 

the data , l i n k i n g the various components i n to segments and networks. The data 

i s then organized according to computational module number, segment number, 

and network number, and loaded i n t o the p r inc ipa l conta iner . 

Steady State Calculat ions 

At the beginning of the steady s ta te ca l cu la t i ons , the system conf igura­

t i o n , and component geometries and performance are known, as are the f low 

rates and temperatures at i n l e t boundaries and the pressures at ou t l e t bound­

a r i e s . The temperature at an ou t l e t boundary i s also known when i t has been 
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" f i x e d " by the user. In a d d i t i o n , the form loss factors fo r each segment 

component, the valve p o s i t i o n s , the pump speeds, and the i n i t i a l level i n any 

volume w i t h separated (saturated) contents are a l l known. The user 's e s t i ­

mates of the energy t rans fe r red i n t o or across (heat exchangers) components 

are t reated as "known" i f poss ib le , but are subject to change i f they cont ra­

d i c t the boundary cond i t i ons . The user 's estimates of the i n i t i a l flows out 

o f the volume ports and the network pressures are used only to i n i t i a l i z e the 

i t e r a t i v e process. 

The steady s ta te ca l cu la t i on is a four step i t e r a t i v e process. F i r s t , 

energy t r ans fe r rates throughout the system are checked against boundary con­

d i t i o n s , and any required changes w i l l be made through energy adjustment f ac ­

t o r s . Second, the adjusted energy t rans fe r rates w i l l be used to determine 

segment, volume, and boundary enthalp ies in each network. T h i r d , pressure 

losses w i l l be evaluated f o r every segment in each network, f o r current f lows 

and en tha lp ies . During t h i s s tep , the heat exchangers must be i n i t i a l i z e d , 

w i th an area cor rec t ion fac to r used to resolve any discrepancies between the 

required energy t r ans fe r rate and tha t ind icated by the heat t r ans fe r co r re ­

l a t i o n s . Fourth, the segment f low rates and volumes and i n l e t boundary pres­

sures are adjusted. At t h i s p o i n t , i f a l l the system enthalpies are not con­

verged (from Step 2 ) , the process i s repeated, s t a r t i n g again at the f i r s t 

s tep . 

Any adjustment fac to rs for energy or heat t r ans fe r w i l l be pr in ted as 

par t of the steady s ta te ca l cu la t i ons . Should any of these factors be s i g n i f i ­

can t l y d i f f e r e n t than 1.0, the user i s expected to review the input data f o r 

incons is tenc ies . 

MINET Transient Calcu la t ions 

The t rans ien t ca lcu la t ions are based on the momentum in teg ra l network 

method described e a r l i e r . Adjustment factors determined during the steady 

s ta te ca lcu la t ions are appl ied cons is ten t l y in the t rans ien t computations. 

Transients are dr iven by changes at the boundaries, v ia the pump or tu rb ine 

speeds or valve p o s i t i o n s , and through the heat sink term i n non-heat ex­

changer modules. A l l of these parameters can be con t ro l l ed through user- input 

value vs. t ime t a b l e s . A l t e r n a t e l y , pumps and turb ines can be t r i pped and 

coasted down and valves can be t r i pped open and closed in response to pressure 

( s a f e t y / r e l i e f ) or f low (check). A compatible generic cont ro l system is p lan­

ned, although not cu r ren t l y ava i l ab l e . 
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3. Experimental Fac i l i t y and Model: 

Because the helical co i l steam generator test f a c i l i t y contains informa­

t ion which is proprietary to PNC, the description provided here is very 

l im i ted . Thus, we w i l l only provide enough information to f a c i l i t a t e 

understanding of the work described herein. 

The f a c i l i t y is composed of a number of parallel coaxial hel ica l -coi l 

tubes. A side and an end view of one such tube are provided in Figures 1 and 

2. Water enters the bottom of the un i t , inside the inner of the two flow 

paths, and is heated unt i l i t exits as superheated steam at the top of the 

un i t . Sodium enters the top of the unit and passes along the outside flow 

path, and exits at the bottom, at a somewhat reduced temperature. There are 

several thermocouples along the flow paths, par t icu lar ly in the tube analyzed 

using MINET. Pressures and mass flow rates are also closely monitored. 

When one considers the structure of the test f a c i l i t y , the region bounded 

by D3 and D4 in Figure 2 is of primary importance. As there is reported­

ly insulat ion along the outside of the co-axial tubes, heat losses to the atmo­

sphere are unlikely to be s ign i f i cant . The tube support structure and inst ru­

mentation w i l l impact on the tota l heat capacitance, creating an effect ive 

outer diameter D5 (not shown), which should be somewhat larger than D^. 

The heat transfer area between the outer tube structure and the sodium is 

simply: 

A = irD3Ji, (1) 

where a is length. The structure mass i s : 

M= f " p ( D 5 2 - D 3 2 ) , (2) 

where p is the material density. Of the parameters in Eqs (1) and (2 ) , the 

only s igni f icant uncertainty is in the value of effective diameter D5. 
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Figure 1 . A Co-Axial Helical Coil Tube 

Figures 2. Co-Axial Tubes, End View 
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In order to quantify this parameter D5, we identify a reference thick­

ness, t.j, such that 

ti = D2-D1, (3) 

i.e., the thickness of the tube between the water/steam and the sodium. 

Against this, we will compare the thickness of the effective outer structural 

region, t, defined as: 

t = D5-D3. (4) 

In the analysis to follow, five cases will be considered, using assumed 

values for t of: 0, ti, 1 .Stj, 2.0ti, and lO^'ti (i.e.,infinite). 

4. Steady State Analysis: 

Geometric details and initial conditions for a 70% load test, including 

the two mass flow rates, two pressures, and the inlet and outlet temperatues 

for both sides, were input to MINET. MINET calculated the ititial tempera­

tures and pressures throughout. Using the standard package of MINET heat 

transfer correlations, a 1% adjustment in heat transfer area had to be made to 

match the measured conditions. (Note: Up to a 10% adjustment is considered 

to be reasonable.) Nineteen axial nodes were used in representing the heat 

exchanger. 

The calculated and measured temperature distributions are shown in Figure 

3. The error in the two phase region, where MINET is calculating a signifi­

cantly higher sodium temperature, is attributed to the smearing of the criti­

cal heat flux (CHF) region due to the slant of the helical coil. This can be 

illustrated using Figure 4, which shows CHF in a slanting helical coil tube. 

Such slanting leads to a gradual CHF, and increasingly more of the heat trans­

fer area is dried out as one passes along to the right. Instead of a gradual 

transition, MINET assumes a sharp transition, causing an overprediction of the 

heat transfer rate before CHF and an underprediction after. 
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Figure 4. Critical Heat Flux (CHF) In Coiled Tube 
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I f one were designing a model purely for th is type of heat exchanger, 

rather that a generalized model for a system's code, one could well pursue a 

better representation of the behavior i l lus t ra ted in Figure 4. However, such 

an ef for t is not currently planned for MINET, as long as an adequate predic­

t ion of the in le t and out let temperatures of the unit under transient condi­

tions can be obtained. 

5. Transient Analysis: 

The transient simulated was a 20% step reduction in feedwater mass flow 

rate after a 25 s null t ransient. Steam out\et pressure, which decreases in 

response to the reduced feedwater f low, was input as a transient boundary con­

d i t i on . Feedwater temperature, sodium in le t mass flow rate and temperature, 

and sodium outlet pressure were held constant. Temperatures at the heat ex­

changer in lets and out le ts , as observed and calculated, are shown in Figures 

5-9. Approximately 200 seconds of CDC 7600 CPU time were used to simulate 

each of the 500 second transients. 

5.1 No Structural Mass: 

The case with no structural mass was re-run with the current version of 

MINET, using the improved representation of the boundaries between heat trans­

fer regimes. The results are shown in Figures 5, and almost exactly duplicate 

the results obtained with the older version of MINET and reported in Reference 

4. As can be seen, the code does very well in predicting the steam outlet 

temperature, but calculates the increase in the sodium outlet temperature as 

developing more quickly than was measured experimentally. 

5.2 "Effective" Structural Thickness Assumed at 100% Reference Thickness: 

The temperature response for a case with structure as thick as the tube 

between the water/steam and sodium, is shown in Figure 6. Note that the ten­

dency for MINET calculated sodium outlet temperatures to lead the measured 

values has been significantly reduced. This is because the structure tempera­

ture starts out the same as the adjacent sodium, and as the sodium heats up, 

it gives off heat to the structure, so as to raise the structure temperature 

as well. Thus, it takes more time for the sodium temperature to increase to 

the new equilibium value. 
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Figure 5. Transient Temperatures with No Structure 



HELICAL COIL 
HEAT EXCHANGER 

TEMPERATURES 

MINET 
o SODIUM 
A STEAM 
PNC Data 
+ SODIUM 
X STEAM 

T T 
4 5 6 
Time(min) 

10 
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5.3 "Effective" Structural Thickness Assumed at 150% Reference Thickness 

The transient response when the structural thickness assumed to be 1.5 

times the inner tube thickness is given in Figure 7. As can be seen, the sod­

ium outlet temperature response has been slowed significantly, and is ap­

proaching the experimentally determined response. 

5.4 "Effective" Structural Thickness Assumed at 200% Reference Thickness 

The transient response when the structure is assumed to be twice as thick 

as the inner tube thickness is shown in Figure 8. With this amount of struc­

ture, the MINET calculated temperatures nearly match those measured experi­

mentally. In fact, judging by the calculated response and our knowledge of 

the facility, it seems very likely that this estimate of the structural mass 

is close to the actual value. 

5.5 Infinite Structural Mass: 

If one carries the structure argument to the extreme, and utilizes an es­

sentially infinite mass, the response is as shown in Figure 9. With infinite 

structural mass, the sodium temperatures are virtually unchanged, at least for 

500 seconds. Further, the steam outlet temperatures no longer change as much 

because the sodium temperature near the steam outlet is holding constant 

rather than increasing somewhat, as it was before. Clearly one can not real­

istically assume infinite structural mass and obtain realistic results. 

6. Conclusions: 

At this point it becomes obvious that the principal reason for the pre­

viously noted error in MINET-predicted sodium outlet temperature was the 

failure to account for the structure that forms the outer boundary for the 

sodium flow path. Further, it appears that the effective thickness of the 

structural region, which includes such materials as support structure and 

instrumentation, is about twice as thick as the inner tube thickness. 

The original MINET heat exchanger model did not allow representation of 

such structure, as larger multi-tube units were envisioned for representation. 

For these heat exchangers, with larger numbers of tubes and proportionately 

less structure per tube, one can often obtain a reasonably good prediction 

without representing the structure. 
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A second interesting point is that one can predict the transient response 

of the exit temperatures while a s igni f icant error remains in calculated tem­

peratures near the c r i t i c a l heat f lux locat ion. This may be due to the ten­

dency of errors below and above the CHF location to cancel out. 

In conclusion, compensation for the effect of structural mass reduces, and 

perhaps even eliminates, any s igni f icant differences between the MINET 

predicted temperature response and the experimentally determined one, at least 

at the component boundaries. As th is is the principal goal in respresenting a 

heat exchanger as part of a system-wide representation, th is study supports 

the use of MINET in the planned SSC/MINET simulation of the MONJU f a c i l i t y . 
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