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MULTI-NODE SIMULATION OF THE FFTF INTERMEDIATE

HEAT EXCHANGER

SUMMARY AND CONCLUSIONS

A tube and shell counter flow heat exchanger is used in each primary loop of
the FFTF Conceplual Design(l) with liquid sodium as the primary and secondary
coolants. A multi-node model of the intermediate heat exchanger (IHX) was
developed and is being used in a four node configuration with the FFIF dynamics
analog simulation. A series of tests using 1, 2, L, and 8 nodes for the IHX
simulation indicated that a four-node model will adequately represent the
process.

MODEL DEVELOPMENT
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FIGURE 1. Pictorial View, Counter X x+dx

Current Heat Exchanger

FIGURE 2. Differential Counter
Current Heat Exchanger

Figure 1 shows a fundamental view of a single pass counter current heat
exchanger. Figure 2 is a heat exchanger slab with length dx, heat transfer
area dA, and heat transfer rate dg. The primary inlet and outlet tempera-
tures of the slab are Tpy(x) and Tpy(x + dx), respectively. ILikewise, the
secondary inlet and outlet temperatures of the slab are Tgy(x + dx) and
Tgy(x). There is a differential heat capacity-mass product associated with
both primary and secondary sided, d(MC)py and d(MC)gy, which take into
account both metal and coolant masses and heat capacities. Thus,
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d(MC)py = CepxdMgpx * CypxiMypx (1)

and

d(MC)gx = CosyxMesx * CumsxMysy (2)

where the subscripts C and M refer to coolant and metal, respectively. The
differential mass quantities can be written as:

dMcpx = AgpxPcpyd* (3)
dosx = AosxPosx* (1)
dMypy = AorPrpyd® (5)
dMysx = AysxPMsxd® (6)

The heat storage rates in primary and secondary differential volumes are:

4Qp = Qpin = YPous, = % (7)
Qg = Qgin = Ygout * W (8)

where the inlet and outlet heat flow rates are:

Gpin = “pCopyTpx(%st) (9)

éPout = WpCopyTpy(X + dx, 1) (10)
Qgin = WeCogylay(X * 0Xst) (11)
Qsout = Y5CogyTax(%st) (12)

The temperatures at x ¢ dx are:

oTpx
TPX(x + dx,t) = TPX(x,t.) + = dx (13)
and
- oTgy
Tgy(x + dx,t) = Tog(%st) + 5 dx (1)



The heat transfer rate is:

dq = UydAy E‘Px(x) - Tsx(x)} (15)
where the differential heat transfer area is
dA
X
= —= dx .
dAy -
For a uniform area distribution,
dAX _ AX
dx X
Thus, the differential heat transfer rate is:
Uxhx .
The heat storage rates, dép and dés, can also be written as
. OTpy(x, t)
dQp = d(MC)px ~ 3¢ (17)
and ;
Tay(x,t
o x 3
dQg = d(MG)SX—-E-a-E-—- (18)
Substituting Equations (9) and (10) into (7); and (11l) and (12) into (8)
yields:
. 7
dQp = WPCCPX[TPX(x’t) = Tpy(x + dx, )| - dg
and
dQg = sCepy l:Tsx(x *ax,) - Tgp(%,8)| + dg
Substitution of Equations (13) and (1L) yields:
. dT -
PX
dQ, = = w0 — dx - dg 19
p = = “plopx 5 (19)
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and

, Bgy )
Q5 = Wlogx 3 OX * 9a (20)

Combination of Bquations (1) through (6) and substitution in (17) and (18)
yieldss

e 21
dQp = (Agpy Pgpy Cepx * Apx Owpx Cwpx) 3p (21)

and

aTSX
Q5 = (Agsx Posx Cosx * Amsx Pusx Cusx) "I OX (22)

Substituting Equations (16}, (21), and (22) into (19) and (20) and cancellation
of dx yields:

(Acpx Pepx Scpx * Apx Pex Gex) 5o

T UvA
PX p.Gy ¢ .
— e [ ) 23)
= Wplepx ox Ly ( PX ™ 78X (
and
BTSX
(Acsy Posx Cosx * Musx Pusx Cwsy) ~3¢
ey  Uyd
sx  Uxhx
"slesx 5 T I, (Tpx - TSX) (2L)

NODAL: EQUATIONS

Equations (23) and (24) 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-nocde models
of the IHX. Tne backward difference method was chosen for use with the FFTF
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:
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= Fe

(xypx| . T(keL)Px ~ T(k-1)PX
dx 246x

For demonstration purposes assume that secondary flow is low, primary flow
is nigh, and a temperature increase is presented to the secondary inlet
T(n )SK° Primary outlet temperature T(n )PX increases quickly due to heat

transfer but T(pny)sx has little immediate effect on T(nx 1)8X since secondary
flow rate is low., Thus, T(ng-1)px has little change due to T(ny-1)sx Put

is affected by T(nx)PX since and increase in T(nX)PX causes the temperature
gradient at T(nx—l)PX to increase. From Equation (23), the result is that
T(nx~l)PX decreases when T(nx)PX increases. Since the primary coolant at
T(n )PX is T(nx)PX is flowing out of the heat exchanger, any effect of

T(n jpx Upon T(nx-l)PX is unrealistic. The backward difference method does
not present these inaccuracies in the simulation and was, therefore, chosen
for the FFTF dynamics simulation.

Figure 3 shows the temperature distribution of the primary and secondary sides
of the heat exchanger and the relative locations of the nodes.,

A
{ T(o)rx
Wp
(1 ——=
% T(2)px
jea) \‘-
By - T(
- ——0(ny)PX
& | T(o)sx X
T(1)sx
(2)sx
P €
B
NODE NO, ¢ 1 2 eoo s ny
. : oo } g X
0 Ly
FIGURE 3

Nodalized Heat Exchanger Temperature Profile
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The nodes are numbered from zero to ny (the number of nodes in the heat
exchanger model). The primary and secondary inlet temperatures (inputs)
are T(o)px and T(ny)sxs respectively. The outlet temperatures are T(ny)px

and T o)sxe The spacing between node K~1 and node K is Axgy. If a uniform
spacing”’of nodes is to be used, all the Axgy are Ly/ny.

Using the backward finite difference method and since primary coolant flow
is from the left (Figure 3), the primary temperature gradient at the X8 node
is:

OTpx | . T(xypx = Trx19px (25)
3x &xyy
K

Likewise, for the secondary side, since heat flow is from the right, the
backward difference method gives: f

oTgx| _ T(xs1lysx = T(x)sx (26
ox . AX(K+1)X

The partial derivatives with respect to time reduce to the total derivatives:

3Tpx 4T gypx

5 |  dt (27)
X
a7 a7
sx| _ 9T(x)sx (28)
ot at
X

?uﬁ;tituting Equations (25}, (26), (27), and (28) into Equations (23) and
2 3

ar
(AgpxrepxCorx * ApxPupxCrpx) “%E'c =

wpC Uxhx
ix;ix (T(g-1)Px - (PE) = Iy Texex = Txysr! e
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a7

(AcsxPosxCosx ¢ MusxPusxCusx) —%)—S)—( -
wsCosx _ Uxdx (7 . : (309
8% e 1)x (T(rerysx = H(xyse) * Iy « (KPX ™ “(K)sK

SAVMPLE RESULTS

Equations (29) and (30) are used in the FFIF dynamics simulation for repre-
sentation of the IHX. A series of runs were made using 1, 2, 4, and 8 nodes
with aheat exchanger simulation using FFIF IHX parametersa(zs A sample of
the temperature profiles obtained as a function of time for the different

multi~node cases is shown in Figures L, 5, 6, and 7. The conditions used for
the runs shown were:

wp and wg = constant (2270 lb/sec)
T(nX)SX = constant (575 °F)
T(O)PX = decaying exponential from 975% to 775° with a

time constant of one second

Increasing the number of nodes increases transport lag accuracy. This is seen
by inspection of the temperature profiles shown in Figures L through 7. The
four and eight node cases (Figures 6 and 7) show the temperature disturbance
is propagated along the length of the primary side of the heat exchanger with
respect to both lag time and attenuation of the wave. The wave is not pre-
sent with one node (Figure L), and only slightly present with two nodes
(Figure 5). Comparison of the L and 8 node models shows that little accuracy
is gained by using eight nodes, Therefore, four nodes was chosen as the

best compromise between accuracy and computer equipment.

The analog simulation diagram of the IHX is shown in Figure 8. A four node
model of the IHX is used. Flow rate multiplications are performed by servo=-
multipliers (not shown on diagram). The simulation has been constructed
wrth constant heat transfer coefficient that represents design conditions
(see Appendix). The representation of a variable heat transfer coefficient
will be introduced in the simulation as a deviation from design conditions
so that the scaling of non-linear equipment can be kept as low as possible.
Calculations of the heat exchanger parameters are given in the Appendix.
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Hea}, Exchanger Temperature Erofile, Two [Todes

FIGURE 5.
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APPENDIX A

Calculation of Heat Exchanger Constants

! The FFIF intermediate heat exchanger is to have 656 tubes, each 2l feet long
arranged in a triangular pattern. The basic geometry is(ﬁ) shown in
Figure 9.

>
; ljrt:‘Di-P{ '

FIGURE 9
Intermediate Heat Exchanger Tube Geometry
The dimensions of the IHX(l) ares
Symbol Quantity Value
Npy Number of tubes in IHX 656
Ly Tube length 2L £t
Dy Tube inside diameter +902 in.
b, Tube outside diameter 1.000 in.
P Tube pitch 1,375 in.

The area of primary coolant flow (shell side) is:

§‘ ‘
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P By T 2
uno]

Ty [12(%) 2\/5‘ (E -
E—?[Z'\/EPZ - 'eroz]

3,88 £t2

Acpx

The area of secondary coolant flow (tube side) is:

2
Mgy 7 Dy

Agsx = —

2.95 ftz

The cross sectional area of the tubes is:

#

Apyes = Ppy( 4302 - %)

L}

nTX( "/}-‘)(Do = Di)(no * Dj_)

i

.665 £t°

Tne mass and specific heat of the tubes is lumped into the secondary side of

of the exchanger.
- 2
AMSX = 0,665 £t
The neat transfer area is:
Ay = npyLymDy

= 3720 £t2

A

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

be obtained from:

&

wpCopx UxAx
(T - P - ommes (T =
Iy (o)X = T(ng)pX) Ly X
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where ATy is the log mean temperature difference (125 OF). Therefore,

Uphx . (2270 1b/sec)(.3L Btu/lb °F)(975 OF - 700 °F)
Ly (2L £+)(125 oF)

= 64.5 Btu/sec °F £t

o 6ft - 1h_B.E-u-'-_—-——
Uy = (6L.5 Btu/sec °F ft) 3720 £t 0 sec OF £t2

Sodium densities for primary and secondary sides are approximately 52.7 and
53.8 lb/ft3, respectively., These values represent the densities at bulk
design temperatures and are accurate to within ¥ 1.3 percent per 100 OF
variation in temperature. The specific heat for sodium is 0.3l

Btu/lb OF * 3% for temperatures between LOO and 2000 °F. Therefore,

AgpxPepxCopx = (3.88 ftz)(52,7 1b/ft3)(,305 Btu/1v-°F) = 62.L Btu/ft °F

i

hpxepxbpx = 0

AssyPosxCosg = (2°95 ££2)(53.8 1b/£t3)(.305 Btu/1b-°F) = L8.8 Btu/ft °F

AsxPysyCusy = ( -665 £629(L8l 1o/et7)( .12 Btu/16-OF) = 38.6 Btu/ft °F

For uniform spacing of four nodes;

Mgy = LX/nX = 6,0 feet for all nodes,
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NOMENCLATURE

Symbol Description Value Units

Aspy Area, cross section, coolant, 3.88 ft2
primary

Aosy Area, cross section, coolant, 2.95 ft-z
secondary

Agsy Area, cross section, metal primary O ftz

AMSX Area, cross section metal secondary 0.665 ft2

AX Area, heat transfer surface 3720 £12

Copy Specific heat, coolant, primary 31 Btu/1b°F

Cosx Specific heat, coolant, secondary .31 Btu/16°F

Cpxt Specific heat, metal, primary Btu/1b°F

Cysx Specific heat, metal, secondary .12 Btu/1o°F

Ly Length, tubes 2l £t

MCPX Mass, coolant, primary 1b

Maogx Mass, coolant, secondary 1b

MMPX Mass, metal, primary 1b

MMSX Mass, metal, secondary 1b

Ny Number of nodes in model L

Ny Number of tubes 656

q Heat transfer rate primary to Btu/sec
gecondary

éP Heat storage rate, primary Btu/sec

éS Heat storage rate, secondary Btu/sec

éPin Heat inlet rate ® primary differ- Btu/sec
ential section

éPout Heat outlet rate from primary Btu/sec
differential section

éSin Heat inlet rate to secondary Btu/sec

differential section
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Description Value

Heat outlet rate from secondary
differential section

time

b

Temperature, K h node, primary

th

Temperature, K~ node, secondary

Temperature, primary, as function
of distance

Temperature, secondary, as function
of distance

Heat transfer coefficient

Flow rate primary

Flow rate secondary

distance

Distance between node k-1 and node k 6
Density, coolant, primary 52.7
Density, coolant, secondary 53.8
Density, metal; primary

Density, metal, secondary L8k

Units

Btu/sec

°p

Btu/ftz-sec-oF
1o/sec

1b/sec

£t
£t
1o/t
lb/ft3
1b/ft3
1b/ft3



