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MULTI-NODE 5IMJLATI0N OF THE FFTF IN3ERMEDIATE 

HEAT EXCHANGffi 

SUMARY MP roNGLUSIONS 

A tube and shel l counter flow heat exchanger i s used i n each primary loop of 
the IFTF Ooncep.tual tesignC^) with l iquid sodium as the primary and secondary 
coolants , A multi-node model of the intermediate heat exchanger (IHX) was 
developed and i s being used i n a four node configuration with the FFTF dynanri. 
analog simulation, 1 ser ies of t e s t s using 1, 2, kg and 8 nodes for the IHX 
simulation indicated tha t a four-node model w i l l adequately represent the 
process» 

MDEL DE¥EIX)PMENT 

Tpx(x) ^ Tp2(x+dx) 

FIGURE 1. Pictorial ¥iew, Gouater 
Current Heat Exclianger 

Tgx(x) SX(x+dx) 
X x+dx 

FIGURE 2 , Di f fe ren t ia l Counter 
Current Heat ^changer 

Figure 1 shows a fundamental '(riew of a s ingle pass counter current heat 
exchanger^ Figure 2 i s a heat exchanger slab with length dx, heat t ransfer 
area dA, and heat t ransfer r a t e dq. The primary i n l e t and ou t l e t tempera­
tures of the slab are Tpx(x) and Tpj(x + dx)^ respec t ive ly . Likewise, the 
secondary i n l e t and ou t le t ten^eratures of the slab are Tgx(x + dx) and 
Tsx(x). There i s a d i f f e r en t i a l heat capacity-mass product associated with 
both primary and secondary sided", d(MO)px and d(MG)sx* which take i n t o 
account both metal and coolant masses and heat capac i t i e s . Thus, 
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d(MC)px = CcpxdMcpx + C^^Mj^x ^^^ 

and 

d(MC)sx = CQgxdMQsx + Cjcxdljigx (2) 

where the subscripts G and M refer to coolant and metal^ respectively^ The 
differential mass quantities can be written ast 

dMcpx = AcpxPcpx^ (3) 

^%SX ' AcsxPcsx*^ (^5 

d%X = %PXPWX^ ^^> 

*MSX = %SX%SX*^ (^5 

The heat storage rates in primary and secondary differential volumes ares 

% - % n - Qpout - '̂ ^ (7) 

d Q s - Q s i „ - Qg^^t^dq (8) 

where the in le t and outlet heat flow rates areg 

Qpin ^ %CcpxTpx(x,t) (9) 

%out " Wp̂ GPl'̂ px̂ ^ * ^^'^^ (^°^ 

%in = VcSX^Slf^ * ^'^^ ^^^^ 

Qsout = ^ s%sxV^^*^ ^^^^ 

The temperatures at x + dx arei 

dTpx 
Tpx(x • dx,t) = Tpx(x,t) * - ^ dx (13) 

and 

5Tsx 
TgxCx • dx,t) = Tgx(x,t) * - ^ dx (U4) 
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The heat t ransfer r a t e i s : 

dq = UfiA^ Tpx(x) - Tgj(x) (15) 

where the differential heat transfer area is 

dAx 

dx 

For a uniform area distribution, 

dx Lx 

Thus, the differential heat transfer rate isj 

dq = (Tpx^Tsx)dx (16) 

The heat storage r a t e s , d ^ and dQ®, can also be wri t ten as 

dQp = d(MC)px § 7 — C^7) 

(18) 

and 
aTsx(x,t) 

d Q s ^ d d O g x — 5 ^ — 

Substi tuting Equations (9) and (10) in to ( 7 ) | and (11) and (12) in to (8) 
yields? 

dQp = WpCQpxrTpx(x,t) - Tpx(x + dx,t) - dq 

and 

dQg = WgCcpxpsxCx ^ dx,t) ^ Tgx(x,t)J ^ dq 

Substi tution of Equations (13) and (li^.) y ie lds i 

dQp = - WpCcpx ^ dx - dq (19) 



-7-

and 

Combination of Equations (1) through (6) and substitution in (17) and (l8) 
yieldsi 

9Tpx 
dQp = (Acpx Popx CQPX * Aj^x ̂ MPX °MPx) " ^ ^ ^̂ ^̂  

and 
aTgx 

dQg = (Acsx Pcsx CcSX * % x PMSX °MSX> "aT ̂ ^ ^22) 

Substituting Bjuations (16), (21), and (22) into (19) and (20) and cancellation 
of dx yieldsi 

(Agpx Pppj CQPJ + A^^ Pjjpx ̂ j ) g^ 

dTpx PxAx / \ 
™ V c p x " ^ ^x i^P^^^sxj 

(23) 

and 

s%x 
^^csx PQSX °CSX * %sx PMSX °MSX^ 'Tt 

NOSilL EQUATIONS 

Equations (23) and (2i|.) are the basic partial differential equations for a 
counter current heat exchanger. The method of finite differences was used 
to develop a multi-node mathematical model consisting of a set of ordinary 
differential equations. 

Central and backward difference methods were used to develop multi-node models 
of the IHXo The backward difference method was chosen for use with the IfTF 
dynamics simulation because certain unrealistic effects associated with cen­
tral difference simulation of counter current heat exchangers are not present 
when backward difference is used. This can be demonstrated by referring to 
Figure 3 and the central difference slope equations for equal spacing? 



-8-

5T ilM 
ax 

(̂K-»-l)PX " ^(K-l)PX 
2to 

For demonstration purposes assume tha t secondary flow i s low, primary flow 
i s high, and a temperature increase i s presented to the secondary i n l e t 
^(ny)SX° Pi'imary ou t l e t tenperature T/^ Apj increases quickly due to heat 
t ransfer but T/nx)SX ^^^ l i t t l e immediate effect on '^(•^Y-DQX since secondary 
flow rate i s loWo Thus, T(ny_i)px has l i t t l e change due to '^(nr-Dsi '^^'^ 
i s affected by T̂ ^̂  ^px since and increase i n T/̂ ^ \px causes the temperature 
gradient a t Tfnv-llpx ^° increase . From Biuation (23) , the r e s u l t i s tha t 
^(nY-I)PX decreases when T/^ ^px inc reases . Since the primary coolant a t 
^(n IPX ^^ •^(nx)PX ^® flowing out of the heat exchanger, any ef fec t of 
^(n )PX ^P°" ^ (ny l lPX ^^ u n r e a l i s t i c . The backward difference method does 

not present these inaccuracies i n the d.mulation and was, therefore , chosen 
for the FFTF dynamics simulation. 

Figure 3 shows the temperature d i s t r i bu t ion of the primary and secondary sides 
of the heat exchanger and the r e l a t i v e locat ions of the nodes. 

NODE 10 . (I 

Wp 

T(2)PX 

'~'-'™ 0^(nx)PX 

{2)SX 

Wc 

^(nx)SX 

n j 
- • P - X 

FIGURE 3 

Nodalized Heat Exchanger Temperature p ro f i l e 
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The nodes are numbered from zero to nx (the number of nodes in the heat 
exchanger model). The primary and secondary inlet temperatures (inputs) 
are T(o)px â d T(nx)SX> respectively. The outlet temperatures are T/^y^pj 
and T/Q^gj. The spacing between node K-1 and node K is Axj^^ If a uniform 
spacing of nodes is to be used, all the Ax^x ŝ ® %/^X' 

Using the backward finite difference method and since primary coolant flow 
is from the left (Hgure 3), the primary tenperature gradient at the K̂ ** node 
isi 

BT PX 
Sx 

K 

^(K)PX- T(K^l)Px 

AXKX 
(25) 

Likewise, fo r the secondary s ide , since heat flow i s from the r i g h t , the 
backward difference method givesi 

Sx 
K 

^(K»1)5X " ^(K)SX 

^^(K+1)X 
(26) 

The p a r t i a l der ivat ives with respec t to time reduce to the t o t a l der iva t ives i 

STpx 
&t 

dT IKIM 
dt 

(27) 

K 

at 

dT ilM 
dt 

(28) 

Subst i tut ing Equations (25), (26) , (27) , and (28) in to Equations (23) and 
(2li), 

^^pxPcpx^cpx * %xPiffx°ipx^ - _ 2 — = 

WpCQpx % % 
^ (T(K^l)PI - T ( i )p i ) -" ^ (^(I)PX ^ \ m i ^ (29) 



-10-

dTf 
^^sxPos^csx * %sxftex°Msx) - 4 r ^ ' 

a t 

^ ^ , ( \ K * y s X - ^(K)SX) * ? (^(K)PX - (̂K5SX5 ^O) 

SAMPLE RESULTS 

Equations (29) and (30) are used i n the FFTF dynamics simulation for repre­
sentation of the IHXa A ser ies of runs were made using 1, 2 . ii, and 8 nodes 
•with aheat exchanger simulation using FFTF IHX parameters ,(2) ^ sample of 
the tenperature p ro f i l e s obtained as a function of time for the d i f ferent 
multi-node cases i s shown in Figures k$ 5„ 6, and 7. The eondittons used for 
the runs shown werei 

Wp and Wg = constant (2270 lb /sec) 

T(nx)SX = constant (575 °F) 

T/QAPX = decaying exponential from 975° to 775° with a 
tinB constant of one second 

Increasing the number of nodes increases t ransport lag accuracyo This i s seen 
by inspection of the terrperature p ro f i l e s shown i n Figures i|. through 7. The 
four and eight node cases (Figures 6 and 7) show the temperature disturbance 
i s propagated along the length of the primary side of the heat exchanger with 
respect to both lag t ine and at tenuation of the wave. The wave i s not pre­
sent with one node (Figure k), and only s l i g h t l y present with two nodes 
(Figure 5)« Comparison of the I4 and 8 node models shows t h a t l i t t l e accuracy 
i s gained by using eight nodes. Therefore, four nodes was chosen as the 
best conpromise between accuracy and computer equipment. 

The analog simulation diagram of the IHX i s shown in Figure 8, A four node 
model of the IHX i s used. Flow r a t e mul t ip l ica t ions are performed by servo-
mul t ip l ie r s (not shown on diagram). The simulation has been constructed 
>ath constant heat t ransfer coeff icient tha t represents design conditions 
(see ^pendix)o The representat ion of a var iable heat t r ans fe r coeff ic ient 
^ 1 1 be introduced In the. simulation as a deviation from d e ^ g n conditions 
so tha t the scaling of non-linear equipment can be kept as low as poss ib le . 
Calculations of the heat exchanger parameters are given i n the Appendix. 
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FIGURE 6, Heat Exchanger P r o f i l e , Four Nodes 
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APPEIDII A 

Calculation of Heat Exchanger Constants 

The ffTF intermediate heat exchanger is to have 656 tubes, each 2I4 feet long 
arranged in a triangular pattern^ The basic geometry isO) shown in 
Figure 9. 

FIGUHE 9 

Intermediate Heat Exchanger Tube Geometry 

The dimensions of the IHX^ ^ arei 

Symbol 

"TX 

% 

h 
\ 

P 

Quantity 

Number of tubes in IHX 

Tube length 

Tube ins ide diameter 

Tube outside diameter 

Tute p i tch 

Yalue 

656 

2h f t 

,902 i n . 

1.000 i n . 

1,375 itto 

The area of primary coolant flow (shell side) isi 
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h?i ^ "TX 
p p 

12(4) -TZ^ Ii 

^ "TX 

= 3.88 ft2 

2Yr 

2 V J p2 - TT D 2 

-1 

The area of secondary coolant flow (tube side) isi 

^TX " %^ 

^sx=—Y~~ 
= 2,95 ft^ 

The cross sectional area of the tubes isi 

-nj^(TrA)(Do- Di)(B^ • D^) 

- .665 ft^ 

The mass and specific heat of the tubes is lumped into the secondary side of 
of the exchanger, 

AMSX = O»^5 t̂̂  

The heat transfer area isi 

% = "TX%"% 

= 3720 f t2 

The value of heat transfer coefficient to be used at design conditions can 
be obtained from 

= 0 
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Where AT^ i s the log mean temperature difference (125 °F) , Therefore, 

% % = (2270 lb / sec ) ( , 31 Btu/lb °F)(975 °F - 700 °F) 
% (211 f t ) (125 OF) 

= 6li,5 Btu/sec °F f t 

6 f t ^„, Btu 
Ux = (6U.5 Btu/sec °F f t ) J ^ ^ ^ = -loii ^^^ op ,^2 

Sodium dens i t ies for primary and secondary s ides are approximately 52,7 and 
53<.8 l b / f t 3 , respect ive ly . These values represent the dens i t i e s a t bulk 
design temperatures and are accurate to within * 1,3 percent per 100 °F 
var ia t ion in temperature. The specific heat fo r sodium i s 0.31 
Btu/lb OF t 3% for temperatures between iiOO and 2000 op. Therefore, 

ĈPXPCPX̂ CPX " ^^'^^ f t2) (52 ,7 lb / f t2 ) ( ,305 Btu/lb-°F) = 62,1^ Btu/f t °F 

%PXPMPX%PX "̂  ° 

\SXPCSX°CSI " ^^'^^ f t2)(53.8 lb / f t3 ) ( ,305 Btu/lb-^F) = W,8 Btu/f t °F 

%SXPMSxSffiX " ^'^^^ ft^)(l|8l4 l b / f t ^ ) ( , 12 Btu/lb-°F) = 3 8 , 6 Btu/f t °F 

For uniform spacing of four nodes, 

Ax^j = "L-iMj = 6,0 fee t for a l l nodes. 
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NOlffilfCLATUEE 

Symbol 

'̂ CPX 

-̂ csx 

°CPX 

°CSX 

%PX 

%SX 

% 

%x 

%sx 

%'X 

%x 

"x 

"TX 

q 

Qp 

% 

^Pin 

® 

^Pout 

Description 

^ e a , cross sect ion, coolant, 
primary 

i r e a , cross seetion^ coolant, 
secondary 

Area, cross sect ion, metal primary 

i r e a , cross section metal secondary 

i r e a , heat t ransfer surface 

Specific heat , coolant, primary 

Specific heat , coolant, secondary 

Specific heat, nBtal, primary 

Specific heat, metal, secoiriary 

Length, tubes 

Mass, coolant, primary 

Mass, coolant, secondary 

Mass, metal, primary 

Mass, metal, secondary 

lumlter of nodes i n model 

lumber of tubes 

Heat t ransfer r a t e primary to 
secondary 

Heat storage r a t e , primary 

Heat storage r a t e , secondary 

Heat i n l e t r a t e to primary d i f fe r ­
e n t i a l section 

Heat ou t l e t ra te "from primary 
d i f f e ren t i a l sect ion 

Heat i n l e t r a t e to secondary 
d i f f e r en t i a l section 

Value Units 

3.88 

2.95 

0 

0,^5 

3720 

.31 

.31 

.12 

2h 

h 

656 

ft̂  

ft^ 

ft2 

ft2 

ft2 

Btu/lb°P 

Btu/lb°F 

Btu/lb°F 

Btu/lb°F 

ft 

lb 

lb 

lb 

lb 

Btu/sec 

Btu/sec 

Btu/sec 

Btu/sec 

Btu/sec 

Btu/sec 
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Symbol Descilption Value Units 

Q- . Heat outlet rate from secondary Btu/seo 
^®^^ differential section 

t time sec 

^(K)PX Temperature, K node, primary °P 

T/g\qy Tenperature^ K node, secondary F 

Tpj(x) Ten^erature, primary, as function °F 
of distance 

T„_(x) Temperature, secondaiy, as function ®F 
S^ of distance 

U Heat transfer coefficient Btu/ft -sec- F 

Wp Flow rate pxlaary lb/sec 

Wg Plow rate secondary lb/sec 

X distance ft 

Ax Distance between node k - 1 and node k 6 f t 
KX 

p„pj Itensity, coolant, primary 52»7 lb / f t 
3 

pQgy Density, coolant, secondary 53.8 lb/ft 
3 

Ojmy Dens i ty , me ta l , p r imary lb / f t 
3 

^ y tensity, B»tal, secondary h&4. lb/ft 


