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I STATEI%#T OF PROBLEM 

Investigate 
to &tennine the steady state,  par t  load characterist ics under various operating 

the performance of the "PF sodium heat transfer components i n  order 

conditions , 

:I SuMpllARYOF~~Ts 

The complete eteady s t a t e  temp 
heat tramfer coefficients throughout the sodium &eat transfer systems as f'unctiona 
of reactor load are shown i n  Figures 7 through 16. 
of curves'describlng the them1 performance of the heat transfer systems f o r  
a l l  operating conditions analyzed, The thermal behavior of '  the sodium heat transfel 
system assuming the reactor ou t le t  temperature and turbine thro t t le  steam pressure 
and temperature constant has b 

1, Operation with stant superheakr out le t  steam temperature 
2, 

atura distributions, variations of flow rates and 

Each Figure consists of a set  

studied fo r  the f ollawine operation conditions: 

Operation with equal flow rates in the primary and secondary loops over the 
entire load range 
Operation with reactor i 
flow rate , 

temperature varied linearly w i t h  the primary sodiur 

Parbload characterist ics of the expected sodium wid steam h p e r a t u r e s ,  f l a w  rates 
and heat transfer coefficients w i t h  the rest r ic t ions of Condition 1 and 2 above,are 
presented i n  Figures 7 and 8 and Figures 9 and 10, respectively, These curves 

J 
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are  calculated f o r  three feedheaters i n  service and a fouled steam gen- 
erator  with fouling factors of 0.0005 and 0.0010 f o r  the evaporator and 
superheater respectively, 

Par t  load characterist ics of the many variables mentioned above with' the 
res t r ic t ion  of Condition 3 are presented i n  Figures13 through14 
cases were investigated f o r  this method of operation, 
the actual features of the presently designed primary f iow ra te  control 
and is therefore of greater importance, 
the appropriate figure numberso 

Several 
kince it represents 

These cases are  noted below with 

Feedheaters in service Condition of Stem Figure No, 
Generator 

clean 13 
I clean 14 

fouled 15 : fouled 16 

The! cmputer program developed f o r  calculation of the heat transfer system 
variables f o r  Condition 1 is presently available for use under Production 
Deck No, 3W47l.. 
Production Deck No, 3w-082. 
ment of the Rocketdyne Division. 

Each set of curves consist of six graphs in the following sequence: 

The code fo r  Condition 2 and 3 is  available under 
These decks are on f i l e  a t  the ED€% Depart- 

!be first graph shows the sodium and steam temperature variations 
with load, while the second graph depicts the variations with the 
reactor load of the primary sodium flow rate,  steam flow rate, prjmaq 
to secondary flow rata ra t io ,  bypass f l o w  rate and the bypass as 8 

percentage of the evaporator steaming rate. 'he th i rd  graph sham th 
variation inevaporakr and superheater heat loads and the ratio of 
these heat loads w i t h  *.e reactor thennal load. 
graphs show the overall heat transfer coefficients of the three, sodiurr 
heat transfer components in one loop of the system. 

Figures 11 and 12 present the load characterist ics of the sygtem when 
reactor temperature differential  i s  held constant a t  338 F, i n  e r  words the reactor I n l e t  temperature 18 held constant a t  607 F 

rather than varied l inear ly  w i t h  the tpximary sodium flow rete as in 
Condition 3. The l inear  variation of the reactor-inlet temperature 
with the primary flow ra te  was based ob the relaaonship 

' 

The remaining three 

Tnri (Reference 1) 

where %,pN represents the primary flow r a t e  a t  normal f u l l  load op- 
era tion, 
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With reference to  th i s  l a s t  mentioned condition, it is  seen that  the temp. 
aratfwe variations over the load range are i n  general f a r  more sensit ive 
t o  the Condition of the steam generator then it is to  the feed water tenp 
e r a t w ,  Therefore, feed water temperature is not donsidered suitable .foi 
purposes of control and plant operation with 4 feed heaters 38 recomendec 
except a t  very low loads to  improve the overall efficiency of the p l p t .  

The evaporator w i l l  produce more steam when operating with 4 feed heaters 
due to the higher. feed water temperature, 
pressure w i l l  be higher i f  the same turbine thro t t le  steam pressure is to 
be maintained, 
Fig, lsa and Fig. 16ta it is seen tha t  the evaporator temperature increase8 
*om 530 F to 532 F at 250 Nw when using the 4th feed heater and thus t&e 
evaporator pressure w i l l  increase from 885 psia t o  900 psia, the corres- 
pondhg saturation pressures. 

The bypass flaw rate into the attemporator is not affected by the feed 
water temperature, However, it is rather sensit ive t o  the condition of 
the steam generator. A clean superheater produces much higher temper- 
ature stem and thus more 'saturated steam bypass is required to reduce 
the turbine steam temperature t o  a reasondble value, For a clean steam 
generator this bypass flow rate exhibits a maximum of 2vOO lb/hr at 
about 210 Biw reactor output (See Fig, I4b). If the steam generator is 
i n  fouled conditibn however, t h i s  maximum bypass f l o w  ra te  wouldbe re- 
duced to 22,800 Xb/hr a t  a reactor load of 155 24w (see Fig,., 1%). 

The pr- to secondary sodium flow rate r a t io  does not depend upon feed 
water temperature either; however, it appears t ha t  gradual fouling of 

team generator will tend t o  reduce this ra t io ,  particularly a t  
higher loads, In  general it may be stated therefore tha t  the consequenceE 
of fouling of the steam generator for  the same reactor load for. the l a s t  
mentioned operating condition.; are as followst 

Therefore the evaporator 

I n  fa&, when comparing the temperature profiles of 

Decrease of superheater sodiuin i n l e t  temperature 
Decrease of superheater steam out le t  temperature 
Decrease of evaporator sodium i n l e t  temperature 
Increase of evaporator sodium out le t  temperature 
Decrease of superheater bypass flow rate 
Increase of secondary sodium flow r a t e  
Decrease of evaporator heat transfer coefficient 
Decrease of super 

Primary flow ra te  
by fouling of the steam generator. 

r heat transfer coefficient 

steam flow rate are  not inflaenwd 

The influence of higher feed water temperature on the sodium heat 
transfer system a t  the same reactor power when operating under condition 
3 is as followst 

i 

6 

t 

I 
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Decrease of superheater steam out le t  temperature 
Decrease of evaporator sodium i n l e t  temperature 
Increase of steam flow rate 
Decrease of evaporator heat load 
Increase of superheater heat load 
Increase of superheater heat transfer coefficient 

Sodium hot l e g  ternperatures,maximum bypass flow,and primary flow rate 
do not change with higher feed water temperature. 
flow rate w i l l  change very s l igh t ly  however,due to a higher evaporator 
temperature . 

The secondary sodium 

The constant superheater ou t le t  steam temperature operation (Fig. 7) 
shows unique features in temperature and flow rate prof i les  8s compared 
with the prof i les  of other operating conditions. Immediately evident is 
the tendency of the superheater inlet and out le t  sodium temperatures to 
decrease with load (Fig.7a). Also it appears to be the only condition 
studied where the primary sodium flow rate is smaller than the secondary 
sodium flow rate (Fig. 7b). This is  not surprising, however, when con- 
sidering the much larger reactor temperature difference created by the 
fairly rapid drop i n  reactor sodium l n l d  temperature, being forced down 
by the decreasing temperature approach at  the cold end of the intkr- 
mediate heat exchanger. 
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UI, m H O D  OF CALCULATION 

Iteneral Assumptions 

'In the solution of the problem, the following assumptions are included 
or implied2 

1. Specific heat f o r  sodiwn is a constant 
2, The IHX, and superheater are %rue counter flow heat exchangers 
3. The evaporator bulk mperature i s  constant a t  any o m  heat 

load 
4. There is no moisture c over t o  the superheater 
5. Sodium temperature and flow ra tes  are the same in all three loop8 
6. Sodium flow is turbulent a t  a l l  flow rates 
7. %%e& properties of steam can be epproximated t o  a good degree of 

accuracy by a f36fynomial reprshseritx%ian;of.:the temperature range 
under consideration 

8 ,  The turbine system will absorb the ent i re  reactor thermal output a t  
any time 

9. The superheated steam from the superheater and the saturated steam 
from the evaporator w i l l  be perfectly mixed within the attemporator. 

In order t o  stucty the s 
variablesrof thdLaodim %..transfer sygtem; .8 se 
equations uas H e e d  to  desaclbe the characterist ics of the system under 
part load conditions, 
at ion is Otle'bf,,the three hea transfer loops of the Hallam Nuclear 

mathematical convenience the system was didded  in to  four components; 
evaporator, spperheater, attemporator, and intermediate heat exohanger, 
It i s  then possible t o  express the thermal performance of these compon-" 
ents i n  term of the temperatures and f l a w  rates, which areTthe depend- 
entvar iab les  of the system, 
system is the reactor the& power considering the steam presGure and + 

tempekature at the turbine th ro t t l e  8s well PS the reactor ou t l e t  sodium 
temperature constant. The remaining eystem variables will adjust  them- 
selves as dictated by +e operating procedure under consideratAon, the 
reactor thermal power and %he heat transfer and thermodybmic relotlon- 
ships expressed by the equat 

The s y s k e m  equations, 1 
variables i n  tenas of one another and may in principal be solved for 
each value of % (the reactor thermal power) when the rest r ic t ions on 
the system have been decided. The equations are 
ental. O m  f o r  solution on the d ig i t a l  computer, 

I n  particular, the variable thermodymnic functions must be pepresented 
by polynomials, i n  order to obtain f a i r l y  accurate representation over 
the en t i re  range of- in te res te  

state behavior of t h e .  

The! sodium heat transfer system under consider- 

. Pawer Facility,shau?l ~chemati on Figure 1. For the Bake of 

The only independent variable,of the 

L c *  number, are now set up relat ing these 

ssed i n  transchdi-l 

. . .  

. .  

_ .  

I .  

. .  

t 

I 
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There ere three such thermodymdc functions required f o r  the soLu%icrn 
of the system equations. They are approximated by 2nd order polynomials 
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data to be represented. 
higher order polynomial t o  avoid the occurrence of extremities i n  the 
cimves between the points. These t hemodyndc  functions are: the sat-  
urated steam temperature and enthalpy i n  the evaporator, and the feed 

' 

water enthalpy entering the evaporatoro 
steam temperature and enthaxpy variation respectively, have been plotted 
as a function of the evaporator steaming rate i n  lb/hro These curves . . 
have been obtained by combining the temperature and enthalpy variations 

that the evaporator pressure increases with the square of the steam flow 

A 2nd order curvefit  was chosen in  favor of a 

On Figures 2 and 3, the saturated 

. with the saturation pressure from the steam tables and the assumption 
, 

. I  rate. 

I n  order t o  keep the number of thermodynamic functions t o  a minimum the 
saturated lrquid enthalpy in the evaporator was assumed t o  be smaller,thaB 
the saturated water temperature Tss by a constant valueo 
the specific heat of the l iqu id  ta be constant, which is quite acceptable 
when the temperature changes are m a l l  (Reference 5) .  
feed water temperature o r  rather enthalpy wi th  thermal load is p l a t b d  
on Figures 4 and 5, being derived from the best available s t e e  plant 
cycle heat balance data available a t  present (Reference 1). 

System Squatlow. ,fk .. Component Representation 

The thermal behavior of the system was described by the following set of 
equations pertaining t o  the four  heat transfer components in the system. 
For each component i n  the circuit ,  the  heat and mass balance equations 
were urktten, together with the characterist ic equations representing the 
steady s t a t e  response. 

Evaporator 

This assumes 

'he variat ion of 

I '  

These equations are as follows: 

+ z1 
1. 

2. q " X 1  

4. Q e  Wse Hseo -'H* + PCBD, WBe HSat 0 % 

730-V-45 (REV 5-59) 
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The constants f o r  these equawond are idhntified and l i s t e d  i n  the 
Appendices and may be fixed a t  a& reasonable value depending on the 
description of the heat transfer system under study. 

Evaporator Representatian 

From a heat transfer point of view, the evaporator is the simplest heat 
exchanger of the four (the attemperator i s  a mixing devise rather than 
a heat exchanger), due t o  the f a c t  t ha t  one f lu id  is changing phase and 
therefore the evaporator has approximately isothermal tube walls at any 
one heat load, 

730-V-45 (REV 5-59] 
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'The heat balance of any point i n  the 

or 
Ae 

0 /& 

evaporator gives: 

730-V-45 (REV 5-59) 

* 
which upon integration yields 

.. 
Admittedly, the thermal conductance U i s  a function of the tube, length 
as lJ depends on the local  heat flux which is greater a t  the hot end than 
a t  the cold end of the evaporator. 
heat of sodium, an average t h e m 1  conductance U may be calculated such ' 

#at 

However, assuming a constant specific 

This value o f  U was found 
for fouled condition (Refe 

0 Btu/ft*fF/hr at  design conditions 

manner to  make integration of 

possible, U will also vary w i t h ,  the sodium F' 

f low rate and the average heat flux i n  the evaporator, 
dependency of U with reac 

The overall  them.al conductance (Ue), may be expressed as follows: 

This is  the 
ermal power t h a t  must be found, 

;- 1 - = Rs + Rb + R t  + Rfo 
*e 
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while the boiling resistance varies with the average heat flu Qk across 
the evaporator sccording ta Rb - l/hb, 

After some algebraic manipulation, inserting the known constants of 
evaporator tube design.and using an average value for  the thermal 
diffusivity of  sodium o( , i n  

ator pressure, or, 

730-V-45 (REV 5-59) 
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The second tern of t h i s  equation allows f o r  a certain mount of contin-. 
uous evaporator blowdown which is necessary t o  maintain a reasonable 
impurities leve l  i n  the evaporatoro 

Superheater &epresentat.&on 

HhUe equation 5 is self explanato-4’ equation 6 is not quite BO obvious 
This relationship elhinates a nodal i t e ra t ion  procedure ordinarily re= 
quired since the specific heat of steam (QS) varies msrkedly #ith temp= 
erature and very s l igh t ly  w i t h  pressure and thbs wi th  flaw rate. For 
the particular system under study, the superheater ou t l e t  sfem pressure 
and temperature are permitted t o  vary over a very l imited range while thi 
steam flaw ra te  may vary from zero t o  f u l l  flow. The writer .found that  
f o r  this limited range of ‘superheater ou t le t  steam temperature, the ’ 

steam enthalpy rise in the superheater may be represented by a l inear  
Function of the out le t  twperature w i t h  remarkable accuracy. The stearn 
enthalpy rise variat ion:-~cludes the s l i g h t  pressure changes i n  the supex 
.heater due t o  variable steam flow rates. This relationship 55 erhown on 
Figure 6. hun t ion  6 defines the variable Cps very simply as a contin- 
uous function of steam enthilpy, This method f a c i l i t a t e s  computer codin, 
as the solution t o  the entire*problem requires i t e ra t ion  on o m  variable 

/ a t  a time only, rather than two simultaneously and eliminates an i t e r -  
ation aubroutine which would otherwise be neceersarg. 

Equation 7 describes the superheater effectiveness,:Fn’.timns;sf :themes- 
pactive flow rates, temperatures and them conductance in a similar 
manner as described f o r  the evaporator. 

. 

. 

The thermal conductance of the superheater (Us) can be expressed as  
follows I 

‘ 

I n  a similar fashion as described previously f o r  the .(evaporator the tube 
metal and fouling reslstanae (at and Rf) are  constant. Rt may be deter- 
mi*d from physical dab and Rf is given i n  A I ’ S  qeu i f i ca t ion  No. AT!& 
354 (Reference l l ) o  
sodium resistance i n  the evaporator multiplied by the 0.4 power of the 
ratlb of the number of tubes In the evaporator and superheater as the 
tubes used i n  both these u n i t s  are identical. 
resistance i n  t h e  superheater is thus knoun. A 6urvey of the l i t e r a tu re  
on she l l  side heat transfer reveal8 tha t  t he  shell  side film coefficient 
(h) i n  orifioe baffled heat exchangers varies with the  0.6 power of the 
mass flow rate of the she l l  s ide fluid and in this case $8 proport$oW 
t o  the 0.6 power of the steam flaw rate. 

Admittedly, t!!e shell side f i l n  coefficient depends also on the  Prandtl 
number of the superheated steam which s t r i c t l y  speaking would vary with 
the local kmperature and t o  a s l i gh t  degree also pressure in the super- 
heater. 

The tube side sodium resistance is equal to the 

The tube side film 

730-V-45 (REV 5-60)  



- 

ATOM ICs INTERNATIONAL i 
A Division of North American Aviation, Inc. 

NO. &093 

PAGE 11 OF- 
DATE 

It may be shown however, t ha t  i t s  influence is  not dignificant as com- 
pared with the h p o l d s  number and within the scope of this work, the 
Prandtl number was considered constant, 

’Thus the eauation for the thermal conductance reduces t o  

and after substituting the valucs f o r  the constants: 

The proportionality’factor P2, was selected a t  6.35 to  give a Us of 175 
at  the design f l o w  rate (for fouled condLtion) as claimed by the steam 
generator m f  acturer (Reference 2 ) . 
Attemporator Representation 

Where a total of four equations is necessary t o  describe the heat‘ trans- 
fer i n  each of the other three components, only one can be writ ten f o r  
the attemporatore 
of the steam enthalpy and flow rates entering and leaving’the attemporator 
The enthalpy of the sham (and thus the temperature when the pressure is 
constant) t o  the turbine is fixed a t  a constant value. 

Equation 9 is thus self-explanatory, 
the steam flow through the superheater equals the enthalpy difference of 
the total steam flow between evaporator ou t le t  and turbine thro t t le  inlet, 
This i s  readily seen to be h e  when one realiaes that the superheater i s  
the only component between theevaporator and the turbine that  increases 
the steam energy content, 

This equation represents the heat and mass balance 

It states that  the enthalpy rise of 

IHX Representation . 

While equations 10 and 3.1, describe the sodium enthalpy change In  the IHX 
on the prjmary and secondary side, equation 12  expresses the heat balance 
between the two media i n  the IHX and is similar to equation 7 derived 
f o r  the superheater. 
i n  terms of primary and secondary sodium flow i n  Equation l3,, 

The overall heat transfer coefficient (U,) is stated 
If 

is the constant tube metal resistance, then the she l l  side film 
where coeffic 9 ent  may be assumed to vary with the 0.6 power of the secondary 
flow, while the tube side film resistance would vary w i t h  the 0.4 power of 

730-V-45 (REV S-S@) 
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the primary sodium flow, As the resistances a re  inversely proportional 
t o  the film coefficients, one pnay write 

As 23 and X3 are fa ip ly  accurately @awn Y3 wa8 selected t o  give a value 
of U = l l t S  a t  

= W - 3.0 x loo6 lbs/hr 
*n,P ns8 

as quoted by the manufacturer of t h i s  component (Reference 7). 

IV C@lPUTER SoLunONs 

As stated earlier, the 13 system equations expressing 15 variables as 
functions of one another (when inrplying constant steam conditions t o  
turbine) cannot be solved unless a t  least two variables are chosen as 
fixed values. The reactor.sodim out le t  temperature is  obviously one of 
these f ixed values and the second rea t r ic t ion  may be selected i n  accord- 
ance with the desired 

Xn order t o  analyse 
operating conditions described under #Summary of ResultsW of this TDR, 
it was necessarg to develop .two ter codes, which were programmed 
In Forwan f o r  the I M  709 digi 

O m  of the two computer codes a mplete heat transfer system 
when constant superheater steam out le t  temperature is desired, The other 
computer program solves the heat transfer system when the flow ra t e  o r  
temperatures are controlled in the primary loop and is therefore applicabf 
when pa r t  load characteristics- of the plant  must be studied under the 
provision of operating procedure No, 2 and 3 as outlined i n  the tfSummary 
of Results" i n  this  TDR. 

When operating with constant superheater ou t le t  steam temperature, the 
need for an a t t a p o r a t o r  no longer e x i s t s  and therefore tha t  particular 
program had to be different f o r  that operating condition, while the super- 
heater ou t le t  steam temperature must be specified, &hover, it is not 
immediately possible ta compute the primary sodium flow rate from the 
reactor thermal load, as can be done f o r  the other two operating pro- 
cedures . 
1. 

rating procedure 

ubject heat transfer system under the three 

4 

Operation with constant &earn temperature a t  superheater ou t le t  

For computer solutions of this condition, some of the equations were 
combined i n  such a flanner as t o  make solution of the steam flow rate 
immedately possible: It is seen from Equation 6 that f o r  t h i s  case, 
the superheater load is l inear  With the steam flow ra te  and t h i s  com- 
bined with Equation b, the s t e m  flow r a t e  may be quickly computed, 

I 
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With the evaporator and superheater thermal load known, the sodium 
f low r a t e  i n  the secondary loop is found with the use of Equations 
1, 2, 3, 6, 7, m d  80 Finally, EquatAons 10, 12 and 13 determine 
the primary sodium flow rate and the reactor sodium inlet temperature, 
Now all the variables are known and plotted against the reactor t h e m  

variations and heat transfer coefficient profiles are shown as a 
function of reactor load. 

2. Operation with constznt balanced sodium flow r a b s  

When the sodium flow rates  are always balanced, the steam temperature 
w i l l  r ise  a t  lower loads, 
controlled a t  a constant value through bypassing some of the saturate( 
stew from the evaporator around the superheater and mixing t h i s  
saturated steam with the  superheated steam leaving the superheater. 

For th i s  cona t ion  a new variable is introduced viz, the steam flaw 
rafk through the superheater, s ince- the evaporator steaming r a t e  is 
not equal t0 #e steam flow ra te  i n  the superheater, 
readily ver i f ied fo r  t h i s  case tha t  the superheater thermal load 
depends on the evaporator steaming r a t e  only and therefore, when 
combining Equations 6 and 9 w i t h  the evaporator load statement of 
h;quation 4, the evaporator shaming ra te  m y  readily be computed, 

. load  (Qr ). On Fip;ures';7 and 8, the temperature profiles,  flow r a t s  

The steam temperature t o  the turbine is 

Howevert it is 

To f ind the secondary sodium flow rata ,  a different  procedure mat 
be used than the one employed in t h e  prevtous case, as the steam flow 
rate i n  the superheater %nonot known yet and therefore Equations 6, 
7, and'8 cannot be used tb compute the secondary sodium flow ra teo  
The method of attack is now t u  make use of the f a c t  that f o r  balanced 
flow ra tes  i n  the XW,.'the M"D In the UIX is equal to  the teanperature 
difference a t  the hot end (or'cold end) of the I=. 
relationship which states t ha t  the sodium inlet temperature to the 
superheater ib:  dependent on the secondary sodium flow r a t e  only. 
However, as the evaporator and thus also the superheater thermal 
load are knawn,Equations 1, 2, and 5; may be combined t o  give a second 
relationship s ta t ing  the superheater sodium inlet temperature as a 
function of the, secondary sodium flow ra teo  Equating the superheater 
sodium inlet temperature from these two equations, a transcedental 
equation r e su l t s  which was%olved for the secondary sodium flow rate. 

To complete the problem, the superheater steam flow ra te  was computed 
from Equations 6 and 7, and a l l  unknowns are now determiwd T d e r  the 
conditions s ta ted by t h i s  operating procedureo It I s  PO s i b l e  t h a t  f 
fo r  higher than normal loads, the stipulatmkstbam flow ! ,a te  would 
become greater than the evaporator steaming rate; As thf', aburdity 
of 8 negative superheater bypass f low is obvious, a teetiwas build in 
the program such t h a t  i n  the event that  this occurs, thejsodim and 
steam flow ra tes  are recomputed t o  give a superheater bypass'flow 
equal t o  zero while the sterkm temperature to turbine uil$ be lower 
than i n i t i a l l y  required, On Figures 9 and 10, the tenperature and 
heat t ransfer  coefficient prof i les  with the flow r a t e  lrariatiom are 
shown as a function of reactor load, 

This affords a 

- 

' :  
I *  
i F 
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3. Operation with controlled reactor sodium inlet  temperature 

While the aforementioned cases a r sde f in i t e ly  of academic interest, the 
solution, to the problem under the rb tr ic t ions of t h i s  case is far more 
important, as t h e  control and pmtec t ve system f o r  the H a l l a m  Nuclear 
Power Faci l i ty  is designed to regulaa  the primary sodium flow rate as 
a function of the sodium i n l e t  t empd tu re  to the reactor. Therefore, 
this operating condition has been iwest igated f o r  either 3 or h feed 
heaters i n  service 8;G k d l  as for clean and fouled heat transfer capon- 
ents. 

The control function which programs the primary f l o w  rate with the 
yeactor sodium in le t  temperature i n  a closed loop system, may be any 
arbi t rary f i c t i o n ;  however, as the presently designed control system , 

is based on a linear relationship, the code was developed t o  aucommo- 
date l inear  functions, A minor change i n  the 'program is necessary when 
ueing control functions other than l inear,  

This thirhf. condition is  an extension of the c r i t e r i a  discussed under 
condition 2, and logically its description runs parallel to  that  of 
condition 2. The only exception being. t h a t  when comidering the 
thermal equilibrium of the IHX, a different relationship exists bet- 
tween the sodim h l e t  temperature to  the superheater and the secondary 
sodim flow ratg,.as the "D of the intermediate heat exchanger no 
longer equals the .temperature difference a t  its hot or cold end 
the previous caseo Inspection of Equation 10 reveals however, that wher 
the r e a c b r  sodium inlet  temperature fs expressed as a function of the 
prlrnarg sodium flow rate, both tare dependent on the reactor thermal 
load and may be readily.computed, 

I n  the  development o 
tween reactor sodi 
assumed of the fom 

. ,  

hfs computer program a linear relationship be- 
let temperature and primary sodim flow rate fa 

(Reference 1 )  T,i * Cfl + cf2 . Wn,p_. 
wn,PN 

The question nm remains as t o  what the primary sodium flaw ra te  I s  a t  
full load (Wn,pN), 8s 

Cf, 

w i l l  establish the s l o h  of the  l inear  function. This f u l l  load pr- 
flow r a t e  depends on the reactor sodium Outlet temperature as  w e l l  as 
the f u l l  reactor load and in order to  make the program suitable f o r  
higher reactor sodium outlet  temperatures and thermal loads, the linear 

730-V-45 (REV 5-591 - 
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function in question was rewritten in to  the form 

TWi - S W 

n = CP1 and S ,@ 

nDp 
f 2  cg, Tmo - (Cfl + Cf*) 

RNP 1.13 lob  
where 

I '  

For the solution of the !problem, the Cf and RNP, (the 
n o m 1  f u l l  load reach? power tn Hwty must be fur&he% as  additional 
tnput data. To study the thermal. behavior of the sodium heat transfer 
system with a constant reactor temperature drop it is merely required 
to s t a t e  Cf2 
sodium i n l e t  temperature as may be desired. 

uantit ies Cf 

= 0 and C f i  w i l l  then represent any constant reactor 
' 

Combinstion of equation 10, 11, 1 2  and 13 w i t h  the known l inear  control 
function of reactor sodium i n l e t  temperature in terms of the primary 
sodium f l o w  rate,  readily establishes a relationship expressing the 
sodium inlet temperature t o  the superheater as a function of the second 
ary sodium flow rate. Equating t h i s  expression with the relationship 
mentioned under condition 2 obtained by algebraic manipulation of 
equation 1, 2, and 6, the secondary sodim f l o w  ra ta  is computed fram 
the result ing transcendenthll equation, The r eh inde r  of %he +-program 3s 
identical t0 t ha t  discussed under condition 2. , On FiguredJ.3 through 
16 the temperature and heat transfer coefficient profiles w i t h  the f l o w  
rate variations are s h m  es a function of reactor load, 

A8 pointed out, conditions 3 differ only i n  the relationship . 
between the ,pperheater so emperature and .the secondary sodim 
flaw rate, therefore both aY be cal-culated w i t h  the t"Ae -- 
puter program, 

An indication i n  the input data is required as t c  whether . opwating 
condition 2 o r  3 needs G-be computed, The program w i U  then inser t  
the ppproprbte equatfans pertaining t o  the condition under consideto'., 
ation, The constank L;fl and Cfi are used f o r  t h i s  purpose and when ' 

specifying Cf i  Cf2 ' the  computations ldll be made with 
rest r ic t ions of equal and seeon- flow rates over *e'load 
range 

$ 

1 ,  

I :. 3 

1 
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B, Nomenclature 

t Tnei 

x 0 

Y m 

2 .  I 

PCBD = 

Evaporator saturated steam (or liquid) temperature, OF 

Superheater out le t  steam temperature, bF 
Evaporator sodium i n l e t  tem rature o r  (superheater 

Evaporator sodium out le t  temperature, F 

Superheater sodium inlet temperature, 9 
Reactor sodium i n l e t  temperature, OF 

Reactor sodium outlet  temperature, 3 

0 

sodium out le t  temperature , G 

Primary sodium flow rate,  lbs/hr 

Secondary sodium flow rate, lbs/hr 

Evaporator steaming rate, lbs/hr 

Superheater steam flow rate, lbs/hr 

Overall evaporator heat transfer coefficient Btu/%'-ft2-h 

Overall evaporator heat transfer coefficient Btu/%-ft2-h 

Overall I€€X heat transfer coefficient, BtufF-ft2-k 

Evaporator thermal load, Btu/hr' 

Superheater thermal load, Btu/hr 

Specific heat of sodium, BtupF-lb 

' 

. 

Specific heat of stem, Btu/oFrlb 

ter steam enthalpy function coefficient, 

Superheater steam enthalpy function constant, Btu/lb 

Proportionality constant f o r  tube si& heat transfer 

Proportionality consta'nt for shell side heat transfer 

Tube resistance 

Evaporator blowdown as  percent of steaming r a t e  

CbO 018 
730-V-45 (REV 5-59) 
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cfl 

Cf2 
w 
RTMJ 

%ao 

Hsat 

%eo 

Appendix B 

Reactor inlet temperature control function constant, 9 
Reactor i n l e t  temperature control. funktion coefficient, 

De6ign capability of reactor i n  tnh 

Heactor thermal load in tmw 

Enthalpy of superheated steam t o  turbine, Btu/lb . .  

Enthalpy of saturated l iquid in  evaporator, I .  Btu/lb 

Enthalpy of saturated s t e m  to superheater, Btu/lb 

Enthalpy of feedwater to  evaporator, Btu/lb 

Evaporator heat transfer surface, f t2  

Superheater heat transfer surface, f t2  

XHX heat transfer surface, f t2  

? 

Description of input dhta require& by the promam 

There are two types of input data necessary’to solve a particular problem 
of interest ,  

1, General input data describing a e  s ize  of the components, reactor 
thermal load and sodium outlet temperature, condition of heat transfer 
surfaces and thennodynamic relations describing variations of feed 
water temperature, evaporator temperature and saturated s t e m  
enthalpy with load as well as the two constants of the l inear  relation 
ship between the steam enthalpy increase in’the superheater and the 
steam ou t l e t  temperature 

Most of t h i s  therma 
Tables once the turbine throt t le  pressure and the fill load evaporator 
pressure have been decided upon. 
w i t h  load m y  be estimated from turbine heat balance calculations. 

i c  information is available from the Steam 

The feedwater temperature variation 

I . .  
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I 

the turbine steam must be sezected, while the quantities C f l ,  CfZ, 
and RNP should be put equal to 0, which w i l l  ins t ruc t  the computer 
t o  use only tha t  par t  of the program appropriate f o r  the solution 
of the problem when the sodium flow rates in  the I H X  are balanced 
a t  all loads. 

Wen the solution of Case 3 5s desired, the quantit ies Cfi, Cf2 
and RNP must be given together with the turbine s t e m  enthalpy. ’ 

The reactor i n l e t  temperature prof i le  with primary sodium flow 
ra t e  is now determined and the computer w i l l  solve the remaining 
variables over the load range. 

i 
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r- Statement of calculation procedures t o  detemine,the flow rates, tsmpe 
atures and heat transfer coefficients f o r  each method of operation 

2. Bera t ion  w i t h  constant steam temperature et the superheater outlet 

Combination of equations 1 and 6, solves for W,,, as ,Tsso is given as 
input data and Wee * Wss 

i 

This equation w i l l  rapidly converge tothe correct value of Wee. 

When combining equations 1, 3, 5, 6, and 7* one may write after some 
W p u l a t i o n t  

steam flaw rate known, the sodium 
are computed by m e a n s  of the temperatures i n  

appropriate equations 

The e6aporator temperature T,, is known as a function of the evaporator 
pressure and thus tlie s t e m  f low rate. 

Further t 
Equations I and 3 Qe +-,. * 

Tnei gnWn) Tse + 

Tneo - Tmi - 
w,,sCpn (1 - eoU@'Lf?r 

Equation 1 Qe 
Wn, sCPn 

n 

Finally, the primary sodium flow rate Wn,p iS computed by combining 
equations 10, 11 and 1 2  to yield: 



ATOM ICs lNTERNATIONAL 
A Division of North American Aviation, Inc. 

NO. 4093 NO. 4093 
DATE Aunust 10, 1959 
PAGE - 23- OFL 

(Two is input) 

Equations 2, 8, and 13, re la te  the value of the heat transfer coeffici- 
e n t s ' + ~  the steam and sodium f l o w  ra tes  and are  thus also definedo 

This completes the solution of the temperatures and flow ra tes  w i t h  
t h e  constant superheater ou t le t  steam temperature conditionso 

2. Operation with constant balanced sodium flow r a t e s  

If constqnt s t e m  temperature at the turbine thro t t le  is desired, the 
attemporator must be used t o  reduce the higher superheater ou t le t  
steam temperature to the constant value specified a t  the turbine 
throttle. This' introduces a new unknown f low r a t e  W,,, the superheater 
steam flow rate, as the, s h a m  flow through the superheater no longer 
equals the evaporator steaming rate, 

However, when combining the att&p,orator re la t ion (Equation 9 )  with 
Equations 4 and 6, an expression may be writ ten that permits immediate 
calculation of the evaporator steamihg rate,  

Qr 
'se * h seo Hfi + PCBD &at Ha) 

This w i l l  readily converge t o  the correct value of Wse and thus the 
steam generator heat loads aret 

Q s - Q r = Q e ~  

Combination of equations 1, 3 and 5 yields 

For equal flow rates I n  the IHX, equation 1 2  reduces 

n,P , for the limiting case when Wn,e W' 

t o  

LbO 022 
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Therefore, the transcendental equation f o r  the sodium flow r a t e  is: 
0 UeAe 

Qr - Q8 e w,cp, Qr 
WnQn (T- - Tee - U& 1 = 

(1 ” e= 

T,, is  given as SL function of the evaporator steaming rate and the 
heat transfer coefficients U, and ox are defined by equations 2 and 13 
as  being dependent upon the sodium flow rate and the evaporator heat 
load Q,. The computer solves the sodium f low rate from the above 
equation by i teration, 

Next, the sodium temperatures i n  the secondary and primary loops are 
computed from the appropriate equations as follows: 

Qe 
%eo Tnei 

Qr 
Tnri = Tmo ‘wncpn 

Finally, the superheater steam flow is determined by combining equation 
6 and 7 to yields 

(Equation 6) 
Qs 

cn % 

uhere Cps - 
Tse) wss 

L+&-  S ‘72 

and Us is defined by equation 8 ao a finction of the known sodium f l o w  
rate and the superheater steam flow. 

Following the calculation of the steam temperature a t  the superheater 
ou t le t  ‘from: 

Qs 
%so a %e+ E 

q e  solution to t h i s  problem is  now complete, 023 GbO 
730-V-45 (REV 5-59] 
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30 ratiw with controlled reactor sodium inlet  tmperature 

The first part of the approach t o  the solution of t h i s  problem is 
ident ical  to that discussed under the previqus method of operation, 
however, the relationship f o r  T,i valid for: equal flow rates i n  the 
IHX i s  no longer applicable and a different bxpression f o r  Tmi  must 
be found t o  determine the secondzry sodium fkow rate. 

To circumvent the apparent difficulty,  the ptimary sodium flow rate 

8 l inear  relationship of the form: 

I 
and the reactor sodium inlet temperature me computed first, Assuming 

r 

and combining this expression with Equation 10, it may be readily 
verified that: 

. T,i2 - (Two + Cfi) Tmi  + C f i  TNY, + Cf2 Qr - 0  
wn,PN 

I 

being quadratio equations i n  Tmi &d W n, P respectively and thus 
readily solved, f o r  any arb i t ra ty  value of Qr. For other than linear 
f'unctions between Tnri andWnlp, used by the protective system, these 
two quantit ies may be found by solving t h i s  a rb i t ra rg  relationship 
simultaneously w i t h  Equation 10 by an i te ra t ive  procedure. 

%he question remains as t o  what'the exact value of the primary sodium 
flow rate might be under normal Full load operating conditions. This 
may be found from the quadratic expression of Wn,p. Remanbering that 
a t  f u l l  load . 

and replacing Qr by the design value of the fu l l  load reactor power 
RIP, which must be given as h p u t  data i n  megawatts, it l a  eas i ly  
seen t h a t  

' 

RNP 1.1376106 
! P 

wn¶PN cp,(Tmo-cf~-cf~ 1 .i 

and Wn N i s  thus computed fr  available input bta ,  It is  now 
possible t o  derive. a transcendental expression relat ing the super- 

' 

heater sodiwn inlet  temperature to the secondary sodium flow rate by 
combining equations 10, 11 and I2 as follows: 

t P  

730-V-45 (REV 5-59) 
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w%’ (Re % s -1) 
n,s n #P 

T n s i  = Tnro = 

This expression combkned with the relation derived ear l ier :  
.I W e  

Q r - b e  kn, sWn + -4 

Tnsi - Tse - . .  

gives a single transcendental equation i n  W 
calculation of the secondary sodium flow rab as all the remaining 
quantities i n  this equation m e  known o r  have been determined. 

It m a y  be seen tha t  the f l o w  rates  can be expressed only i n  trans- 
cendental equations. 
a l l  cases when the solution of flow rates is required. 

only,which affords 

Therefore i te ra t ive  procedures must be used in 

The remainder of t h i s  problem is now readily calculated f r o m  the 
appropriate equations as follows: 

Equation 1 

Equation 11 

. 

W 
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