








Figure 2-11. GUI and workspace of the current tritium behavior analysis code.

2.2 Follow-up of THYTAN Verification Study

This work paralleled the development of INL tritium behavior analysis code described in the previous
section by performing some verification works of THYTAN code developed by Japan Atomic Energy
Agency and used by Ohashi and Sherman (2007). In order to understand THYTAN code and the Tritium
birth mechanism in the HTGR core, we followed up by using the same process used by Ohashi and
Sherman (2006) for the Peach Bottom reactor (Scheftel, Baldwin, and Tomlin 1976; Wichner and Dyer
1979).

Figure 2-12 shows a schematic of the Peach Bottom primary loop. The primary circuit consisted
of two loops, each containing a helium compressor and steam generator. The total helium flow of
210,000 kg/h was divided equally between the two loops. Coolant temperatures at the core inlet and outlet
of the rector vessel were 345 and 714°C, respectively, and the primary loop pressure was approximately
2.4 MPa (335 psig). The reactor and steam generator were connected by a concentric duct. Coolant
exiting the reactor flows in the inner pipe of the concentric duct. The steam generators were forced
recirculation, drum type boilers that have pendant U-tube economizer, evaporator, and superheater
sections.

The tritium birth of the Peach Bottom HTGR at the Core 2 operation was evaluated by Wichner and
Dyer (1979), and their data was used by Ohashi and Sherman (1979) to verify THYTAN code. Our
calculation results about tritium birth in the reactor core were compared to the data reported by them.
Finally, the THYTAN input for the Peach Bottom core was used as basic data for the core input designed
for the VHTR with 600 MWt.
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Figure 2-12. Primary coolant system of the Peach Bottom reactor (Wichner and Dyer
1979).

2.21 Verification of Core Model

Four main tritium sources were taken into consideration in our effort to verify THYTAN code.
Birth of tritium by ternary fission
Birth of tritium from lithium
Birth of tritium from *He in the coolant

Birth of tritium from '°B.

2.2.1.1 Birth from Ternary Fission

The following analytical solution was used to estimate the tritium birth in fuel by ternary fission.

Nr(f-)zK-}_)-Y(%J

(2-30)

where

Nr(t, ) = atoms of tritium at time? ,

K = fission rate per thermal megawatt (3.121 x 10'° fissions/MW/s)

Y = average yield per fission (1 x 10™)

A = tritium decay constant (1.793 x 10"% ™).

An average power, P was calculated using the following equation.
p=rp,,(EFPD/ ff) (2-31)
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where
P = rated power (115 MWt)
EFP
ty = duration of Core 2 operation, including shutdown (1.34 x 10 s or 1550 days).

equivalent full power days at EOL (897 days)

Table 2-1 summarizes the computed and reported results. The reported tritium birth by ternary fission
during 1,550 days was 1,210 Ci (= 4.43e13 Bq). The calculated value by THYTAN shows very good
agreement with the reported and analytical values.

Table 2-1. Comparison of tritium activity by ternary fission.

Activity
Computed Solution from
Reported Value Analytical THYTAN (Ohashi and Computed Solution
(Wichner and Dyer 1979) Solution Sherman 2007) by Current Work
(€D (Bg) (Bg) (Bg) (Bq)
1,210 4.43 x 10" 4.43 x 10" 4.42 x 10" 4.42 x 10"

2.2.1.2  Birth from Lithium

The birth of tritium from Lithium was estimated by the following analytical solution:

Nr(ty)= buTuisr - No(0) [exp(= g - orier 15 )—expl=2-1,)]
A _¢zh * O Li6T

(2-32)
where
Nr(t;) = atoms of tritium from °Li at time ¢,
oLer = effective cross section for °Li (n, o) T (4.08 x 10 sz)
Ne(0) = initial amount of °Li atoms.

Table 2-2 summarizes the reported and computed tritium activity. The parameters for the calculation
of each graphite components are listed in Tables 2-3 and 2-4 (Ohashi and Sherman 2007). The radial
reflector was not replaced at the end of the Core 1 operation. Therefore, the tritium activities in the
removal radial reflector and the permanent radial reflector are calculated sequentially.

As reported by Ohashi and Sherman (2007), there were some unknown discrepancies between
reported values and the THYTAN calculation that have not yet been revealed. Still, the computed solution
by THYTAN showed good agreement with the analytical solution for each component. Our THYTAN
solution shows very slight discrepancies with the values reported by Ohashi and Sherman because of the
different time step size. However, the discrepancies were still within 1% of the analytical solution.
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Table 2-2. Comparison of tritium activity from 6Li at the Core 2 operation of the Peach Bottom reactor.

Activity
THYTAN
Analytical (Ohashi and THYTAN
Graphite Reported Value Solution Sherman 2007) | (Current Work)
Component (8)) B9 Bg Bg Bg

Sleeve 14.0 5.13 x 10" 5.12 x 10" 5.12 x 10" 5.10 x 10"
Spine 1.0 3.66 x 10" 3.78 x 10" 3.78 x 10" 3.77 x 10"
i%“;gt‘gl radial 164 | 6.01x10" 576 x 10" 575 x 10" 574 x 10"
feeég;igfm radial 188 | 6.89 x 10" 6.72 x 10" 6.69 x 10" 6.68 x 10"
Axial reflector 9.2 3.37 x 10" 3.42 x 101 3.42 x 10" 3.41 % 101
Fuel matrix 13.1 4.80 x 10" 5.68 x 10" 5.68 x 10" 5.67 x 10"

Table 2-3. Parameters for the calculation of tritium birth from °Li (Ohashi and Sherman 2007).

Thermal Neutron Flux Initial Amount of °Li
Component (neutrons/cm’/s) (moles)
Sleeve 2.82 x 10" 6.99 x 10™
Spine 2.82 x 10" 517 x10°
. Core 1:2.57 x 10" 4
Removal radial reflector 5 7.56 x 10
Core 2:2.82 x 10
, Core 1:1.28 x 10" B
Permanent radial reflector 5 1.12 x 10
Core2:1.41 x10
Axial reflector 1.41 x 10" 6.74 x 10™
Fuel matrix 2.82 x 10" 7.76 x 10™

Table 2-4. Input data of THYTAN for calculation of tritium birth from °Li (Ohashi and Sherman 2007).

Lithium Concentration Graphite Weight
Component (ppm) (kg)
Sleeve 0.007 9.37 x 10°
Spine 0.001 4.85 x 10°
Removal radial reflector 0.007 1.01 x 10*
Permanent radial reflector 0.007 1.50 x 10*
Axial reflector 0.007 9.03 x 10°
Fuel matrix 0.010 7.28 x 10°
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2.2.1.3  Birth from *He in the Coolant

The birth of tritium from *He was estimated by the following analytical equations (Wichner and Dyer
1979).

(Vl +V7)‘¢zh O Hest * N3

Nri = AV
Q+4- (2-33)

for the sleeve graphite

1- -
NTZ(tf):%'¢th * O He3T N3|:M:|

4 (2-34)
for the removal radial reflector
Nr3 (f_/'):% @i - O et * N3 {%}
(2-35)
for the permanent radial reflector
Nty (tf)=% O3 - Opesr - N3 {w}
(2-36)
for the axial reflector
Nrs(tf)=V—V5‘¢m,2 “ O He3T 'N3[%}
(2-37)
where
Nr; = total moles of tritium circulating in the reactor with the coolant
Ny, = total moles of tritium born in the sleeve graphite from *He
Nr3 = total moles of tritium born in the removal radial reflector from ‘He
Nry, = total moles of tritium born in the permanent reflector from He
Nrs = total moles of tritium born in the axial reflector from He
" = volume of coolant passage in core (1.77 x 10° cm®)
V, = ex-core primary system volume (1.88 x 10® cm’)
V3 = connected porosity in sleeve graphite (3.44 x 10° cm®)
Vs = connected porosity in removal radial reflector (8.46 x 10° cm’)
Vs = connected porosity in axial reflector (3.92 x 10° cm”)
Ve = connected porosity in permanent radial reflector (2.32 x 10° cm”)
Z = purge flow volume within the fuel elements (6.32 x 10° cm”)
Vv = effective helium volume of the primary system

(Vi +V +V5 + V4 + Vs + V5 [1.94 x 10° cm’])
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i = average thermal neutron flux in core and removal radial reflector,
Core 2 (2.82 x 10" neutrons/cm?/s)
éno =  average thermal neutron flux in axial reflector (1.41 x 10" neutrons/cm*/s)
¢ms3 =  average thermal neutron flux in permanent radial reflector (1.41 x 10" neutrons/cm?/s)
ouar =  effective cross section for *He (n,p) T (2.28 x 10! crnz)
0 = flow to chemical cleanup system plus 10% of fuel element purge flow

(01 (2.40 x 10* cm’/s)) + leakage flow rate from primary system ( Q5 [25.5 cm’/s]).

The total moles of *He in the primary system, N, is governed by the relation in the following
equation:

dﬂ:_GHdT -N3{[Vl +V3+ Vs + V7J'¢zh +(V5 + Véj'(ﬁm,z}"‘Qz(PHe]i —[3He])

dt v v (2-38)
where
[3He]i = “He concentration in makeup helium (5.78 x 10! moles/cm’ based on 0.16 ppm *He in
helium)
[3He] = “He concentration in primary system (= N5 /V ).

Table 2-5 summarizes the calculated tritium birth from *He in the Core 2 operation in the Peach
Bottom reactor. The input parameters were summarized in Tables 2-6 and 2-7. Ohashi and Sherman
(2007) reported that the values are larger than both analytical and computed solutions within 10-60%.
However, the reason is still unknown. On the other hand, the computed results show good agreement with
analytical solutions.

Table 2-5. Comparison of tritium activity from *He at the Core 2 operation of the Peach Bottom HTGR.

Activity
THYTAN
Analytical (Ohashi and THYTAN
Reported Value Solution Sherman 2007) (Current)
Region (®)) (Bq) (Bq) (Bq) (Bq)

In sleeve graphite 54 | 1.98x10" | 1.31x10" 1.26 x 10" 1.26 x 10"

In removal radial reflector | 13.5 | 4.95x 10" | 3.20 x 10" 3.09 x 10" 3.09 x 10"

In permanent radial 155 | 5.68x10" | 543 x 10" 5.04 x 10" 5.4 x 10"
reflector

In axial reflector 3.1 | 1.14x10"% | 9.17 x 10" 8.86 x 10" 8.86 x 10"

Table 2-6. Input data of THYTAN for calculation of tritium birth from *He (Ohashi and Sherman 2007).

Parameter Unit Value
Effective cross section for *He (n, p) T cm 2.28 x 107!
*He concentration in makeup helium ppm 0.16
Helium inventory in primary system kg 269
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Table 2-7. Input data for the subnode of THYTAN for the calculation of tritium birth from *He (Ohashi
and Sherman 2007).

Thermal Neutron Flux Helium Inventory
Subnode (neutrons/cm”/s) (kg)
In circulating coolant 2.82 x 10" 3.33
In sleeve graphite 2.82 x 10" 0.477
In removal radial reflector 2.82 x 10" 1.17
In permanent radial reflector 1.41 x 10" 3.22
In axial reflector 1.41 x 10" 0.543

2.2.1.4  Birth from °B

The tritium birth from '°B was evaluated by the following equation:

Ml —epleat)-onl20,)
e G el 2
o (exp(-a-t;)-exp(-2-/))
(2-a) (2-39)
where
a = B b OsioLiz
b = ¢/ OLi7T
¢ = ¢/ Osior
p = self-shielding factor (0.0141)
i = average thermal neutron flux (2.82 x 10" neutrons/cm*/s)
Pr = average fast neutron flux (2.26 x 10" neutrons/cm?/s)
oson = effective cross section for "B (n,a) "Li (1.63 x 107" cm?)
ounr = effective cross section for "Li (n, na) *H (1.53 x 10 cm?)
opor = effective cross section for "B (n, 2a) *H (5.00 x 10 cm?)

Nio(0) = initial amount of '°B atoms (20.15 moles).

Tritium from "B is produced in the poisoned spine and in the control rod. However, since the boron
level and control rod position varies with time in the control rod, only poisoned spine was taken into
consideration here. Table 2-8 shows the calculation result and reported values. Computed values show
good agreement with the analytical solutions.
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Table 2-8. Comparison of tritium activity from '°B in the poisoned spine at the Core 2 operation of Peach

Bottom reactor.

Activity
THYTAN
Analytical (Ohashi and THYTAN
Reported Value Solution Sherman 2007) (Current Work)
(Ci) (Bg) (Bg) (Bg) (Bg)
85.7 3.14 x 10" 3.19 x 10" 3.18 x 10" 3.18 x 10"

2.2.2

Verification of Permeation Model

The tritium permeation rate of the heat transfer tubing obtained from the Peach Bottom HTGR steam
generator at the end of life was reported by Yang, Baugh, and Baldwin (1977). The reported permeation
rate, J, of the Incoloy 800 super-heater tubing, steel evaporator tubing, and low-carbon steel economizer
are as follows:

for the economizer

J =7.78x10! -exp(~4500/T) (493 K—623 K) [uCi/m*/h] (2-40)
for the evaporator

J =6.97x103 -exp(~6830/T) (573 K—693 K) [uCi/m*/h] (2-41)
for the superheater

J =1.72x10% -exp(- 6440/T) (673 K—973 K) [uCi/m?/h]. (2-42)

Calculation of the tritium permeation rate for the superheater, evaporator, and economizer was carried
out by THYTAN using both permeation rates and compared to the reported correlations. Table 2-9 shows
the size and dimension of the heat exchangers. The experimental conditions—tritium concentration in the
feed side of 0.461 ppb, feed helium pressure of 0.1013 x 10° Pa, and the permeation chamber pressure of
1.33 x 10 Pa—were employed as boundary conditions. The effect of impurity hydrogen was ignored.
The hydrogen concentration of 199 ppm was assumed for the boundary condition for the primary side.

Table 2-9. The heat transfer tube dimensions of the steam generator in the Peach Bottom reactor (Ohashi
and Sherman 2007).

Effective Area Outer Radius Inner Radius
Sample (m?) (m) (m)
Economizer (inlet) 103.47 x 10 9.525 x 10” 7.300 x 107
Evaporator (inlet) 68.34 x 10™ 6.350 x 107 4.775 x 107
Superheater (inlet) 90.16 x 10™ 9.525 x 107 6.350 x 107

Table 2-10 summarizes the analytical solutions of Equations (2-40) through (2-42) and the computed
results. As shown in this table, the computed solution is in good agreement with the analytical solution.
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Table 2-10. Comparison of permeation rate.

Computed Solution from THYTAN
Ohashi and Sherman
Analytical Solutions (2007) Current Work
Temp. Permeation Rate Permeation rate Permeation rate
(K) (nCi/m?/h) (nCi/m*/h) (nCi/m*/h)
673 1.202 x 10 1.202 x 10™ 1.202 x 10
(Si‘rllll’:tr)heater 823 6.873 x 10°! 6.876 x 10°! 6.876 x 10°!
973 2.298 2.297 2.297
573 4.640 x 107 4.644 x 107 4.644 x 107
](Eizf‘é’t;’rator 633 1.436 x 10" 1.437 x 10" 1.437 x 10"
693 3.656 x 10" 3.658 x 10! 3.658 x 10"
_ 493 8.450 x 10 8.454 x 107 8.454 x 10
;Ei;‘l’;‘))mlzer 558 2.447 x 107 2.448 x 107 2.448 x 107
623 5.676 x 10 5.678 x 107 5.678 x 107
2.2.3 Verification of Leak Model

In order to verify the leak model of THYTAN, the tritium concentration in the containment vessel
was estimated by THYTAN, using the reported leak rate and the tritium concentration in the primary
loop as Ohashi and Sherman (2007) did. The numerical analysis result from THYTAN on the tritium
concentration in the containment vessel was compared with the experimental result and the reported
analytical solution. Figure 2-13 shows the calculation of leakage by THYTAN code.

0.0025 - . L , L .
In primary coolant (by THYTAN)
o 0.0020
Q.
Z
c
i)
£ 00015+ In containment
§ (analytic solution)
C
O .
(E) 0.0010 In containment Iré;]:ontammer;tob% T|;|1Y1'2%l(\)l7
3 (experimental data) (Sherman and Ohashi ( )
=
~ 000054 / ——————————————————————————————————————————————————————————————————————————————
I
____—
0.0000 A e : : : .
0 50 100 150 200
Time (days) In containment by THYTAN

(Sherman and Ohashi (2007))

Figure 2-13. Comparison of tritium concentrations in the containment
vessel of the Peach Bottom reactor.
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The input data of THYTAN is summarized in Table 2-11. Because information on the containment
vessel temperature is not available, the average containment vessel temperature is assumed to be 323 K.
The tritium concentration in the primary loop of 2 x 10 ° uCi/ecm’ corresponds to 1.98 x 10 * ppb under
the reported average temperature of 809 K and a pressure of 23 atm in the primary coolant. In order to

keep the tritium concentration in the primary coolant 1.98 x 10 * ppb, the tritium release rate to the

primary coolant was adjusted by the core model. The initial concentration of tritium in the containment

vessel was set at 0.

As a result, the computed tritium concentration by THYTAN code showed good agreement with

analytical solutions. However, the computed solutions were less than the reported experimental data
observed in 1971 during the special tritium survey.

Table 2-11. Input data of THYTAN for verification of the leak model (Ohashi and Sherman 2007).

Parameter Unit Value
Leak rate from primary to containment vessel 1/h 4.15x10*?
Primary loop volume m’ 232
Primary loop pressure Pa 2.33 x10°°
Primary loop temperature K 809
Leak rate from containment vessel to atmosphere 1/h 4.17 x 10*¢
Containment vessel volume m’ 1.56 x 10*¢
Containment vessel pressure Pa 1.57 x 10°¢
Containment vessel temperature K 323 °

a. Based on 3.2 kg/day.
b. Based on 23 atm.
c. Based on 0.1%/day.

e. Based on 8 psig.
f. Assumed.

d. Based on a nitrogen volume of 2.04 x 104 m® at a pressure of 1.57 x 10° Pa and assumed temperature of 323 K.

2.2.4 \Verification of Purification System Model

The purification system model was verified by the following simple analytical equation:

ac,
Vi dt] =—Rpr,,;

=—Fpp pe 1 - Cij

The solution for Cij is found in the following equation:

C,‘,j (t) = CO,i,j . exp{—%- t]
J

where

Co,,; = initial concentration of chemical i in node j [m® (STP)/m’ (STP)].

(2-43)

(2-44)

Table 2-13 summarizes the boundary conditions for verification of the purification system model. The

HT concentration was calculated during 3,000 sec.
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Table 2-12. THYTAN boundary conditions for verification of the purification system model (Ohashi and

Sherman 2007).
Parameter Symbol Unit Value
Inventory V; m’ (STP) 1
Helium flow rate at purification Frr 1o m’ (STP) 1.0 x 107
system
Fractional efficiency of purification nur — 0.9
system for HT
Initial concentration of HT Conr.; m’® (STP)/m’ (STP) 1.0 x 107

Figure 2-14 shows the comparisons between analytical solution and computational results by
THYTAN. As shown in this figure, both the analytical solution and the THYTAN results are in good

agreement.

1.20E-009 T

1.00E-009

8.00E-010 —

6.00E-010

4.00E-010 —

HT concentration

2.00E-010

0.00E+000 —

T T T T T T
® Analytical Solution
THYTAN solution (Ohashi and Sherman, 2007)

—— THYTAN solution (Current Work)

T T T
500 1000

1500 2000 2500

Time (s)

T
3000

3500

Figure 2-14. Comparisons between analytical solution and THYTAN results
for verification of the purification system.

2.3 Development of THYTAN Core Input for Transient Analysis of

VHTR Tritium Behaviors

For simplicity, Ohashi and Sherman’s (2006) previous tritium analysis of NGNP systems assumed
that the tritium generation from the reactor core was to be constant based on the average tritium
generation data from other HTGRs. However, because impurities and system conditions are continuously
changing during plant operation, the tritium generation should be considered time variant functions for
dynamic simulations. Lots of additional data are required for dynamic simulation, including tritium
source terms, component sizes, and details of plant operating history and conditions. In this fiscal year,
we developed a THYTAN VHTR core input file for later transient simulation by upgrading Ohashi and

Sherman’s steady-state input.
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As previously described, tritium is produced in the VHTR by various sources such as ternary fissions
and activation reactions with impurities and boron in the materials. The helium coolant itself is also a
tritium source in the form of neutron absorbing nuclide *He with its extremely low isotope abundance.
Table 2-13 summarizes the tritium production reaction and cross section (Wichner 1979).

Table 2-13. Tritium production reaction and cross section (Wichner 1979).

Production Reaction Cross section (barns) Energy range (eV)
*He(n,p)T 2,280 0-2.38
SLi(n,a)T 408 0-2.38
"B(n,2a)T 0.050 >0.18x10°
'"B(n,a)'Li 1,630 0-2.38
"Li(n,n’a)T 0.153 >0.18x10°

Compared with these sources, the contributions of other tritium producing reactions with nuclides
such as *Be or "°C are negligible (Steinwarz et al. 1984).

231 Input Parameters for Tritium Source from Ternary Fission

If we assume an average yield (Y) of tritium atoms per fission, the tritium production rate from
fission can be expressed as

@ = KYP(t) — AN, (¢) (2-45)
where

N, (¢t) = atoms of tritium at time t

K = fission rate per thermal megawatt (=3.121X10'° fissions/sec MWt)

P(t) = power at time t (MWt)

A = decay constant (1.793X10” sec™)

Y = average yield per fission (1X10™).

Table 2-14 summarizes the necessary information for tritium source of ternary fission.

Table 2-14. Basic data for THYTAN evaluation of ternary fission.

Unit Values
Reactor Power (P) MWt 600
Fission Rate (K) Fissions/MW sec | 3.12el6
Average Yield Per Fission (Y) 1/fission 1.0e-4
Failure Fraction of Fuel Particles - 0.3

2.3.2 Input Parameters for Tritium Source from He in the Coolant

Tritium is produced from *He via an (n,P) reaction with thermal neutrons. The level of *He
contamination in commercially available sources varies, but in general, helium from natural gas wells
contains approximately 0.2 ppm, while the *He level in the atmospheric is about 10 times higher than that
(Steinwarz et al. 1980). Hence, this report assumes the *He supply level to be 0.2 ppm.
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Generally, the He coolant suffers from leakage during routine operations. In Dragon, the leak rate
reached 2.0 kg/day at the beginning of 1974 and after months of research a number of leaks were found in
the stainless steel pipe work leading to the helium purification plant (Simon et. al. 1980). To compensate
for helium leaks, fresh helium should be continuously added to the primary circuit. In this work, the
tritium leakage rate and total helium inventory were assumed to be 0.01%/day (1.57e-9 sec-') and
4,535 kg, respectively (Yook 2007).

The inventory of the primary system includes the coolant passages between the fuel elements (V,),
and the piping, plenums, and steam-generator tubing forming the ex-core primary system volume (V,). In
addition, the connected porosity in portions of the graphite core components is readily accessible to *He
permeation (V,, V3, Vs, Vg and V5). Therefore, the effective He volume of the primary system includes

V=V+V,+V,+V,+V,+V, (2-46)
where

V, = Volume of coolant passages in core

V, = ex-core primary system volume

V, = connected porosity in sleeve graphite

V, = connected porosity in removable radial reflector

V, = connected porosity in axial reflector

Vi, = connected porosity in permanent radial reflector

Tables 2-15 and 2-16 summarize the parameters used for estimating tritium production from *He in
this work (Yook 2007).

Table 2-15. Basic data for THYTAN evaluation of *He Source.

Unit Values
Primary Helium Inventory kg 4,536
Helium Supply Rate 1/sec 1.57¢-9
*He Concentration in Supply Helium ppm 0.2

Table 2-16. Parameters used for estimating tritium production from *He.

Inventory Thermal Neutron Flux | Ratio of release
(kg) (n/cm’ sec) to birth rate
Coolant Passage in the Core (V)) 109 3.73el3 1.0
Ex-core Loop (V>) 4370 0 1.0
Central Graphite Passage (V3) 0 3.73e13 1.0
Removal Passage (V) 21 3.73el3 1.0
Axial Passage (Vs) 39 3.73el3 1.0
Permanent Passage (V) 0 3.73el3 1.0
Purge Flow Passage (V,) 0 3.73e13 1.0

Tritons from the *He(n,p)T reaction in the primary coolant will come to rest in solids as fractions,
which vary from region to region depending on the space associated with channels and fabricated holes,
clearance annuli, and pores (GA 2006).
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The recoil energy of a triton is about 0.2 MeV leading to an estimated range of 0.05 cm in helium at
47.6 atm and 1,000°C. In the case of pores, because they are generally smaller than 0.05 cm, the fraction
bound is taken as unity (GA 2006). A planar approximation is used for the clearance annuli (tolerances
between graphite blocks or between the fuel rods and the graphite blocks containing them). If the width of
the gap exceeds the recoil range,

Fraction Bound = range /(2 - width), range < width , (2-47)
If the width of the gap is less than the recoil range,

Fraction Bound = (range — width/2)/ range, range > width (2-48)
For large cylindrical channels or holes,

Fraction Bound = range/ channel diameter (2-49)

The fraction bound for this work was determined to be 0.025 by Equation (2-49); therefore, the
release rate is 0.975.

2.3.3 Input Parameters for Tritium Source from Li in Graphite

The necessary parameter for Li source in graphite are summarized in Table 2-17. Generally, the Li
level in graphite is too low to determine an appropriate average concentration for large graphite mass
from the perspective of analytical chemistry and the sampling procedure. Furthermore, the Li content in
graphite varies with the production region and company. For example, AVR has the core and reflector
graphite with 0.5 ppm and 0.1 ppm in Li level, respectively (Steinwartz 1980), while High Temperature
Reactor-10 Megawatt (HTR-10) assumes 10 ppb (Steinwartz 1984). The Li concentration is around 5 ppb
in ATR-2E block graphite and less than 0.8 ppb in spherical graphite fuel elements (Kirch et al. 1980).
The Li concentrations for Peach Bottom were measured in the selected samples of Peach Bottom graphite,
and the average of these values yields 7.0 ppb. In this report, the value 7.0 ppb was assumed.

The release rate of tritium, which is bound interstitially in graphite, is expected to be quite slow
because a temperature of at least 1,200°C is required for tritium desorption from graphite. A retention
fraction of 0.99 was used for this work, based on the recommendation of TRITGO (computer model)
manual (GA 20006).

The weight of the graphite was determined by the volume of the region multiplied by graphite density
(1.74 g/em’) (Park et al. 2007).

Table 2-17. Parameters used for estimating tritium production from Li.

Impurity Weight of Thermal Fast Neutron
Concentration Graphite Neutron Flux Flux
(ppm) (kg) (n/cm?’ sec) (n/cm?” sec)
Inner Core 0.007 44452 3.73¢13 7.02¢13
Outer Core 0.007 45359 3.73el13 7.02¢13
Top Reflector 0.007 23768 3.73e13 3.68¢e13
Bottom Reflector 0.007 31706 3.73e13 3.68¢e13
Inner Reflector 0.007 128366 3.73el3 3.68e13
Side Reflector 0.007 417359 3.73el3 3.68el3
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2.3.4 Input Parameters for Tritium Source from '°B in Graphite

Tritium formed from the boron in the control rods is not easily estimated because of the varying
quantity in the active core. In addition, the mass of boron in the control rods is not specified in any
reference and can be surmised only from the amount of excess reactivity they control.

According to Peach Bottom reactor data (Wicher et al. 1979), tritium generated in the control rods are
the main source of tritium generation in the neutron reaction. But, the most of tritium in the control rods
remains within the generated site (Yook 2007).

The input of the tritium source from '°B was developed based on the TRITGO input for VHTR by
Park et al. (2007).

Table 2-18. Parameters used for estimating tritium production from Li.

Boron Regional Thermal Fast Neutron
Concentration Weight Neutron Flux Flux

(ppm) (kg) (n/cm’ sec) (n/cm’ sec)
Inner Core 41 44 452 3.73el3 7.02e13
Outer Core 41 45,359 3.73e13 7.02¢13
Top Reflector 2 23,768 3.73el3 3.68el13
Bottom Reflector 2 31,706 3.73el3 3.68el3
Inner Reflector 2 128,366 3.73el3 3.68el3
Side Reflector 2 417,359 3.73el3 3.68¢e13
Control Rod le6 251 1.2¢13 1.2e13

2.4 Evaluation of the Effective Thickness for
Tritium Permeation in PCHEs
In the VHTR system, heat exchangers are the main route of tritium permeation. Therefore, when we
estimate the tritium distributions and contamination levels in hydrogen from the hydrogen production

plant, it is very important to predict accurate tritium penetration rates. Generally, the tritium penetration
rate (Nyr) is determined by the following equation:

NHT :?'k'(PHT,hn _PHT,ln)

(2-50)

where

A = heat transfer area or surface area [m’]

/ = thickness of heat transfer tube or component casing [m]

k= permeability of HT [m’ (STP)/m/s/Pa’"]

Py, = partial pressure of HT at high pressure side [Pa]

Pyr, = vpartial pressure of HT at low pressure side [Pa]

N = order of permeation.

Applying this equation to shell-and-tube type heat exchangers is quite easy and straight forward.
However, when applying it to PCHESs, we meet some difficulties for determining the thickness of heat
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transfer tubes because of the unique shape and geometry of these channels. Tritium penetration rates vary
significantly along the channel surface as shown in the previous chapter. For this reason, the effective
thickness of the tritium penetration path in PCHEs was estimated in this section.

When using geometries other than the typical shapes such as circles and plates, it is often useful to
calculate an effective thickness for a model. This thickness represents the thickness of a plate that would
have the same flux rate as the model itself. In order to estimate the effective thickness of PCHEs,
Equation (2-50) was modified to the following diffusion equations by substituting Py7" with Xpr.

k
NHT = _(XHT,h _XHT,I) (2-51)
teﬁ” .
where
ty = effective thickness for tritium permeation [m]
Xyr = B HTn

To determine the Nyr, COMSOL software and modeling used in Section 1.4.1 were also used in here.
The boundary conditions of Xyr and the values of £ were also determined based on this model.
Theoretically, the effective thickness is independent of diffusivity, concentration, flux, temperature,
pressure, and flow rates. The effective thickness can be obtained by the following equation:

k

tejf. = _(XHT,h - XHT,] ) (2-52)
HT

In the above equation, k and Xyt are fixed values during the calculations for a given temperature,
pressure and boundary trititum concentration. However, Ny and A are variables related to the channel
dimensions—diameter, plate thickness, and horizontal pitches—used in the modeling. Therefore, the
different effective thicknesses will be obtained for the different channel dimensions by Equation (2-52)
because of the different Nty values calculated by COMSOL.

Similar to Chapter 1.4.1, two channel configurations were taken into consideration: standard in-line
configuration and off-set configuration. The reference PCHE configuration had a plate thickness of
0.96 mm (t,= 0.96 mm) and a pitch of 1.464 mm (p = 1.464 mm). The diameter of the semicircular ports
was 1.2 mm (d;= 1.2 mm). Calculations were performed for five horizontal pitches (1.332 mm,
1.464 mm, 1.728 mm, 1.992 mm, and 2.5 mm), and five plate thicknesses (0.69 mm, 0.96 mm, 1.32 mm,
2.54 mm, and 3.48 mm).The horizontal pitch, plate thickness, and diameter are shown on Figure 2-15.
The offset model was made by shifting every other plate by half the model’s pitch.

Table 2-19 summarizes the effective thicknesses of the reference geometry for various temperatures.
As shown in the table, the effective thickness is not affected by the temperature, and it confirms that the
permeability does not affect the effective thickness. In this table, the effective thickness in the off-set
geometry is a little bit larger than in the standard geometry, which is because the diffusion path in the off-
set design is larger than the standard design. However, the differences are very slight. One important
finding in this result is that the effective thickness (0.49 mm) in the PCHE is much smaller than the
average thickness between two channels (0.66 mm), which is because most of the tritium has penetrated
through the shortest parts of the channel distance. Therefore, determination of the tube thickness by the
average channel distance may result in much less tritium penetration through this PCHE walls.
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Diameter

Plate Thickness s
(Vertical Pitch) Plate Thickness
(Vertical Pitch)

(a) Standard in-line configuration (b) Off-set configuration
Figure 2-15. PCHE channel configurations.

Table 2-19. Effective Thickness over a Temperature Range.

Effective Thickness | Effective Thickness
for Mass Flux for Mass Flux
(m) (m)
Initial Offset

500°C 0.0004876 0.000491788
600°C 0.00048787 0.000492015
700°C 0.0004882 0.000492604
800°C 0.000488612 0.000493233
900°C 0.000489025 0.00049379

In order to correlate the effective thickness as a function of channel dimensions (channel diameter,
plate thickness, and horizontal pitch), the effective thicknesses have been obtained by Equation (2-52) and
COMSOL modeling of various channel dimensions. Figure 2-16 shows the effective thickness of the
PCHE for various pitch-to-diameter ratios in vertical and horizontal directions, which is increased with
vertical pitches, and decreased with horizontal pitches. However, the effect of the vertical pitch is more
significant.
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(a) Standard configuration.
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Figure 2-16. Effective thickness for various channel dimensions
(diameter, pitch and thickness).

By regressing the data shown in Figure 2-18, the effective thickness correlations were developed for
standard and offset configurations. In order to generalize the correlations, all the geometric parameters
were normalized by the channel diameter, d. Therefore, the dimensionless effective thickness (t.s/d) was
finally expressed by dimensionless plate thickness (t,/d) and dimensionless pitch (p/d). The correlations

for both standard and off-set configurations are described below.
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3. SUMMARY

Two important issues associated with VHTR systems were investigated: heat exchangers and tritium
permeation. The tasks performed and results obtained in this study are summarized in this section.

3.1 Design Options for NGNP Heat Exchanger

3.11 Heat Exchanger Thermal Design and Design Options

The following heat exchanger options, applicable to VHTRs, were selected from three categories
(heat exchanger types, heat exchanger serial arrangement, and PCHE channel layouts) for consideration
in this report:

Heat exchanger types: PCHE, shell-and-tube, and helical coil
Heat exchanger arrangements: single- and two-stage
PCHE channel layout configurations: standard in-line and off-set configurations

In addition, cross-flow and counter-current flow were considered in the PCHE design, and straight pipe
and U-tube configurations were considered in the shell-and-tube heat exchanger design.

The reference reactor had 600 MWt, and two different system configurations were considered for the
thermal design. The following results were obtained from this research:

The PCHE has much smaller size (or volume) than the tubular type heat exchangers (shell-and-tube or
helical coil). In high temperature applications, the smaller volume of heat exchanger is generally
preferred because (1) the high alloy metals or ceramics are very costly, and (2) the smaller heat
exchanger can reduce the total system size. The total core volumes for exchanging heat are 5—6 m’ for
the PCHE design, 400-600 m® for the shell-and-tube design, and 160190 m’ for the helical coil
design. The small size of the PCHEs contributes to the high surface area density and the high heat
transfer coefficient caused by the small channel size.

The PCHE has much smaller heat transfer area compared to other options. The reduced heat transfer area
leads to less tritium penetration through the heat exchangers. For 600 MWt design, the heat exchanger
requires about 4,500—6,500 m* for PCHEs, 28,000—32,000 m” for shell-and-tube heat exchangers, and
13,000 m* for helical coil heat exchangers. When considering the effect of heat exchanger wall
thickness together, the PCHE is estimated to show about one-half less tritium penetration than the
shell-and-tube design.

The PCHE shows better heat transfer performance than other types, but it requires much larger friction
loss at the same flow length. Therefore, for the same pressure drop, the PCHE requires too short a
flow length, which would lead to potential thermal stress problems because the temperature gradient
in the flow direction is too large.

The PCHE requires a large number of small modules for large duty, which would lead to a very complex
system. The PCHE design also requires a complex manifold and flow connections between modules.

The shell-and-tube and helical coil designs are proven technologies, and the problems and limitation of
the heat exchangers are well identified. It is therefore more easily applied to the VHTR application in
the near term. The PCHE needs more research and validation for the VHTR application.

Tubular heat exchangers allow in-service inspections and have well-established maintenance methods,
whereas defects and failures in PCHE during operations will be hard to find and maintenance will be
more difficult compared to the tubular design.
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A two-stage heat exchanger arrangement has been proposed in to reduce risk and cost for VHTR
applications. The two-stage concept splits the heat exchanger into two modules—a high temperature
unit and low temperature unit—at the separation temperature of 750°C. The high temperature unit is
designed for replacement within the plant’s lifetime while the low temperature unit is designed for
lifetime operation. Alloy 800H is a potential candidate for the low temperature unit; Alloys 617 and
230 are candidates for the high temperature unit. Conceptually, this is very good, but according
calculations, the high temperature unit requires almost two-thirds of the total heat exchanger size,
which means that the most of that unit should be replaced during the plant’s lifetime. This is
impractical when compared to the single-stage design.

An 800°C separation temperature was considered in order to reduce the size of the high temperature unit.
The size of the LMTD was even decreased compared to the 760°C case, but the duty of the high
temperature unit was significantly reduced, resulting in a significant reduction in heat exchanger
capacity. In this design, the size of the high temperature unit was about one-half that of the total heat
exchanger size. However, in this scenario, the material for the low temperature unit is required to be
Alloy 617 or 230. We therefore will need some optimization study to determine the best separation
temperature.

3.1.2 Stress Analysis of the VHTR Heat Exchangers

Simple stress analyses on the PCHE and the tubular heat exchangers were performed. Based on these
analyses, the lifetimes of the reference design IHXs and SHXs have been estimated and the thickness
required for a certain lifetime has been calculated. For conservative analyses, Alloy 617 has been selected
as the structure material. The maximum pressure difference between hot and cold channels was 1.0 MPa
for the IHX, 2.0 MPa for the SHX, and 5.0 MPa for another SHX. The following results were obtained
from this research:

The IHX lifetime of the reference design is about 35 years for the PCHE design, and 10 years for the
tubular design at the operating temperature of 900°C. The reason for the longer lifetime of the PCHE
design is because of the larger thickness-to-channel radius ratio (t/r;). The values of t/r; for the tubular
design with commercial pipes are less than 0.3, while the values for PCHE are usually more than 0.5.

The lifetime of the PCHE for SHX with AP,,,x = 2.0 is close to the IHX, but for the shell-and-tube design
at 900°C drops to 1.5 years. This is because of the low t/r; values. It means that the PCHE is
theoretically more secure than the shell-and-tube design in the aspect of mechanical stress.

The lifetime of the PCHE for SHX with AP.x = 5.0 is about 4,000 hours at 900°C. The reference tubular
design cannot be operated at this condition. Based on this analysis, the PCHE is also inadequate for
this application because 4,000 hours is still too short a period when compared to the whole plant’s
lifetime (about 50 years).

The tube wall or plate thickness required for some VHTR operating conditions were analyzed in this
report. According to the results, the PCHE type is more suitable for VHTR applications than the
tubular design because the tubular design would require a large tube thickness to accommodate
commercially available pipes.

3.1.3 Computational Analysis of PCHE Channel Configuration Options

Two channel configurations of the PCHEs were investigated using Finite Element Methods (FEM)
focused on heat transfer, tritium diffusion, and stress. The two channel options considered are standard in-
line and off-set. COMSOL Multiphysics software was used to analyze heat transfer and tritium diffusion.
Various horizontal channel pitches and plate thicknesses were taken into consideration. ABAQUS ® (ver.
6.75) was used to perform stress analyses. The following results were obtained from this research:
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The effect of the standard off-set option on the heat transfer was very slight because the heat transfer
resistance in the heat exchanger is mainly on the fluid boundary layers.

Off-setting the channels slightly decreased the rate of tritium diffusion because the main resistance of the
tritium diffusion is in the solid metal structure. However, the reduction is negligible.

Increasing the plate thickness significantly reduces the heat transfer and diffusion rate, and increasing the
horizontal pitch slightly increases the diffusion rate. However, the effect of the horizontal pitch was
much smaller than the plate thickness. The tritium rate increases with the horizontal pitch because the
dead spot decreases on the channel side.

The off-set design reduced stress concentration by a maximum of 50%, which is significant, since the
lifetime of the materials are exponentially decreased by the maximum stress. The 50% stress
reduction will lead to a significant increase in unit lifetime.

3.2 Tritium Behavior Study in the VHTR System

3.21 Heat Exchanger Thermal Design and Design Options

In the VHTR hydrogen system, trititum permeation from the core into the produced hydrogen is a
serious concern because the tritium can easily permeate high temperature heat exchanger tubes and
contaminate the product hydrogen. In this report, several separate works have been performed for analysis
of the tritium behaviors in the VHTR hydrogen system. The following results were obtained from this
research:

A portion of dynamic trititum behavior analysis code was developed using a MATLAB Simulink software
package. In this code, (1) tritium generations by five different sources (Ternary fission and neutron
reactions of °Li, 'Li, '°B and *He), (2) tritium penetration through metals, (3) leakage of coolant, and
(4) purification system were considered using the mass balance equations of various species (HT, Hy,
H,0, HTO, etc.). The code is based on the graphical user interface that allows users to drag-and-drop
when analyzing and estimating tritium behaviors in complex systems.

In parallel with code development, the THYTAN code used by Ohashi and Sherman (2006) was
successfully verified by comparing the analytical solutions with Peach Bottom data. The code inputs
were also prepared for transient analysis of the VHTR hydrogen system.

As the first step of the transient tritium behavior analysis in the VHTR hydrogen system, the THYTAN
tritium generation input file was developed. The input data were collected from various sources.

A FEM analysis was performed using COMSOL Multiphysics to get a more accurate prediction of the
tritium permeation through the heat exchangers. Based on that analysis, the effective thickness of the
models was much less than the average because the majority of the tritium passes through the middle
of the models. Therefore, the effective thickness is more similar to the minimum thickness than to the
average distance. A general correlation to predict the effective thickness for tritium permeation was
developed which selected tube diameter, horizontal pitch, and plate thickness as the main variables.
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Appendix A
High Temperature Heat Exchanger Selection and
Design Guideline

Heat exchanger design is generally flexible depending on the criteria and designer’s decision. This
appendix briefly summarizes the methods and guidelines for selecting and designing heat exchangers. It
especially focuses on the high temperature heat exchanger (HTHE) design, which was extensively
considered for the intermediate heat exchanger (IHX) design process described in Appendix B.

A-1. GENERAL HTHE ISSUES

HTHE technology has become important for improving performance in power generation. For this
reason, many researchers have been studying the development of a heat exchanger operating with high
temperature gas. The HTHE has some different characteristics compared with the general low
temperature heat exchangers because of high temperatures and pressures. Sunden (2005) summarizes
these characteristics as follows:

Radiation heat transfer may have a significant role in the high temperature units.

Tube diameters and pitch should be larger in high temperature units so that the pressure drop is kept low.
The cost of adding a fan or blower to work at high temperatures might be prohibitive.

Even though the gases have low heat transfer coefficients, fins are generally not used in high temperature
units because (a) the gaseous stream usually carries suspended dirt particles that will foul or fill up the
space between the fins and make a finned tube worse than a plain, and (b) the gas velocity is low
because of low available pressure drop, hence, the advantage of fins is negligible.

The materials for construction are different in both cases. High temperature units use ceramics or high
alloy and costly tubing; low-temperature units usually use low alloy tubing.

The selection of materials, their thicknesses, and the mechanical design are governed by the thermal stress
in the high temperature units. Other factors to consider are the extent of material oxidation, thermal
shock bearing capability, erosion because of suspended dirt particles, and fouling and corrosion
because of metallic salts, sulfates, etc. Stress analysis has to be carried out for a safe and reliable
design.

Differential expansion is an important factor in high temperature units and should be accounted for by
using expansion bellows or bayonet-type units. Floating tube sheets cannot generally by used,
because sealing gasket or packing materials do not work effectively at such high temperatures.

Heat losses from the outside surface to the environment have to be considered in the mechanical design of
the unit and the foundation design.

Gases, air, or liquid metals and molten salts are preferred over steam for high temperature heat transfer
because the latter requires a thick shell and tubes to contain its high pressure.

Therefore, the followings should be considered in design of IHX (Sunden 2005):

The thermal stress during the startup, shutdown, and load fluctuations of HTHESs, can be significant. Heat
exchangers must be designed accordingly for reliability and long life.

The thermal capacitance should be reduced for high temperature heat exchangers for shorter startup time.

High temperature heat exchangers require costly materials, which contributes to the high balance of
power plant cost. Heat exchanger costs increase significantly with temperatures above 675°C.

A-2. HEAT EXCHANGERS TYPES AND CLASSIFICATIONS
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Heat exchangers are used in a variety of applications, including power production, process, chemical
and food industry, electronics, environmental engineering, waste heat recovery, manufacturing industry,
air conditioning, refrigeration, and space application. Heat exchangers can be generally classified as
follows (Kakac and Liu 2002):

Recuperator/Regenerator

Recuperations
Regenerations
Transfer Process

Direct contact
Indirect contact

Geometry of Construction

Tubular heat exchanger

Double pipe heat exchanger

High pressure (in both side)

Low heat transfer area

Shell and Tube heat exchanger

Thermal expansion problem

Cleaning

Spiral tube type heat exchanger

Thermal expansion problem

Cleaning problem

Plate heat exchanger

Gasketed plate heat exchanger (25 bar, 250°C)

Spiral plate heat exchanger (15 bar, 500°C)

Lamella heat exchanger (35 bar, 500°C)

Extended surface heat exchanger

Plate-fin heat exchanger

Tubular-fin heat exchanger (Gas to Liquid)
Heat Transfer Mechanism

Single-phase convection on both sides
Single-phase convection on one side, two-phase convection on the other side
Two-phase convection on both sides

Flow Arrangement

Parallel flow
Counter flow
Cross flow.

The heat exchanger type is usually determined in terms of their construction and geometrical features.
As seen in the above categorization, there are two main types of heat exchangers: tubular and plate.
Tubular heat exchangers are built of circular tubes. One fluid flows inside the tubes and the other flows
on the outside of the tubes. Tube diameter, the number of tubes, the tube length, the pitch of the tubes,
and the tube arrangement are flexible. Shell-and-tube type or helical-coil (spiral-tube) type are in this
category. Shell-and-tube heat exchangers are the most adaptive type of heat exchangers (see
Figure A-1(a)). They are built of round tubes mounted in large cylindrical shells. They provide a
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relatively large ratio of heat transfer area to volume and weight and can be easily cleaned. They provide
great flexibility to meet almost any service requirement. Helical-coil type heat exchangers consists of
spirally wound coils placed in a shell (see Figure A-1(b)). The heat transfer coefficient is higher in a
spiral tube than in a straight tube. Spiral-tube heat exchangers are generally suitable for thermal expansion
and clean fluids, since cleaning is almost impossible.

Connections .
Tubesheet

L

(a) Shell-and-tube heat exchanger (b) Helical-coil heat exchanger
Figure A-1. Tubular type heat exchangers.

Plate-type heat exchangers are built of thin plates forming flow channels. The fluid streams are
separated by flat plates with smooth or corrugated fins. Compact heat exchangers, including plate-fin heat
exchangers, printed circuit heat exchangers (PCHE), and tubular-fin heat exchangers, are in this category
(see Figure A-2). A heat exchanger having a surface area density greater than about 700 m*/m’ is quite
arbitrary and referred to as a compact heat exchanger. Compact heat exchangers are widely used in
industry, especially as gas-to-gas heat exchangers or liquid-to-gas heat exchangers.

Figure A-2. Printed circuit heat exchanger (PCHE).

Table A-1 summarizes the degree of compactness for different types of heat exchangers. The
compactness of heat exchanger can be described by surface area density. This table shows that the PCHE
has much larger surface area density, 2,000 m?/m’, than the shell-and-tube heat exchangers, 100 m*/m’. It
means that conceptually, the PCHE can be much smaller an perform the same as the shell-and-tube types.

Table A-1. Comparisons of heat exchanger compactness.
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Exchanger Type Channel Size Area Density
Shell & Tube 10-50 mm 100 m*/m’
Plate type 5 mm 200 m*/m’
Plate fin 2 mm 1,000 m*/m’
PCHE 1 mm 2,000 m*/m’

Table A-2 shows the usual operating ranges of heat exchangers. According to this table, PCHE can
withstand the highest pressure and temperature (900°C, 1,000 bar). Shell-and-tube type can be operated
up to 650°C and 1,400 bar. Other types of heat exchangers cannot be operated at high temperature and
pressure conditions.

Table A-2. Usual operating ranges (can be wider with special materials).

Exchanger Type Temperature [°C] Pressure [bar]
Shell & Tube -25-650 300/1,400
Gasketted Plate Frame -35-180 25
Brazed PHE -195-200 30
Welded PHEs ~ 350 70
Spiral HE ~ 400 18
Plate-fin (PFHE) ~ 65 90
PCHE -200-900 1,000

A-3. GENERAL SELECTION GUIDELINE FOR HEAT EXCHANGERS

Bell (1981) suggested the following criteria for heat exchanger selection from various types:
It must satisfy the process specification (performance): temperature and pressure.

It must withstand service conditions of the plant environment (reliability): temperature, pressure and
fouling.

It must be maintainable for cleaning or replacement of a special component.
It should be cost effective: installed, operating, and maintenance costs

Site requirements or limitations: diameter, length, weight, and tube configurations, and lifting and
servicing capability or inventory considerations.

Therefore, the followings are considered as main design factors for the selection and design of the
IHX in a VHTR.

Materials

Pressure drop

Pressure level

Fouling

Manufacturing techniques
Size

Cost
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Corrosion control

Cleaning problem.

A-4. MATERIAL SELECTION FOR HIGH TEMPERATURE
HEAT EXCHANGERS

In the high temperature application, one of the most important things is material selection. There are
four main categories of high temperature materials; high temperature nickel-based alloy, high temperature
ferritic steels and advanced carbon, silicon carbide composite (SiC), and ceramics. (Sunden 2005)

High temperature nickel based material has good potential for helium and molten salts up to 750°C.
High temperature ferrite steels shows good performance under fusion and fission neutron irradiation, to
temperature around 750°C. Advanced carbon and silicon carbide composite has excellent mechanical
strength to temperatures exceeding 1,000°C. It is currently used for high temperature rocket nozzles to
eliminate the need for nozzle cooling and for thermal protection of the space shuttle nose and wing
leading edges. Many options are available that trade fabrication flexibility and cost, neutron irradiation
performance, and coolant compatibility. Table A-3 compares the properties of most commonly used high
temperature materials (Ohadi and Buckley 2001). It includes Ni based alloy, Ceramic materials and
Carbon and SiC composite. Figure A-3 shows the specific strength versus temperature for various
composite materials.

Table A-3. Selected properties of most commonly used high temperature materials and fabrication
technologies (Ohadi and Buckley 2001).

High temp. material/ Metallic MNi alloys Ceramics oxides of Al, Si, Sr, Ti, ¥,  Carbon-carbon Carbon fiber-5iC

fabrication technology  (Inconel T18) Be, Zr, B und SiN, AIN, B4C, BN, composite compaosite
WC94/C06
Temperature range 12001250 =C 1500-2500 =C 3300 =C (inert 14001650 =C
environment) 1400
1650F C (with SiC
layer)
Density .19 g/em’ 1.B-1495 225 1.7-2.2
Hardness 250-410 (Brinell) 400-3000 kgffmm? (V) 0.5-1.0 (Mohs) 2400-3300 (V)
Elongation <15 % NiA N/A
Tensile strength 2001360 MPa 4R-Z000 33 (Bulk Mod.) 14004500
Tensile modulus 50 GPa 140600 4.8 140-720
Strength of HE Strength — adequate, Strength — not adequate, low Strength — poor, Highest due to carbon
but limited due to mechanical parameters for stress. oxidation starts fiber and SiC
creep and thermal exp Good thermal and at 300 =C

Electrical conductivity
Thermal conductivity
Thermal expansion

Comments

125 p€d em
1.2 W/m K
I3E-06 /K

Metallic expansion
Joints are the weak link

electrical parameters
JE - 06-1E+18 Q2 ¢cm
0.05 - 300

0.54-10E — 06 1/K

Often very expensive fabrication
cost for conventional applications.

Technology proprietary for the most

part. Technologically hard to
produce

1375 pf) em
80-240
0.6-43E—-06 VK

Life-time is low even
protected by SiC
(adhesion is poor)

1375 p) cm

Today up to 1200
—0.26-(—1.5) E—-06 I/
K (Longitudimal) +25
E — 06 VK (Trans-
verse)

Comparatively less
expensive, successful
proprietary fabrication
technologes available.

119



GRAPHITES
POLYIMIDE,

2400 - {CONTINUCUS FIBER)
ALUMINUM
METAL-MATAIX
gg;:”’ﬂ (CONTINUOUS FIBER)
2,000 |-

2T 1)

SPECIFIC STRENQTH
pai l8An.? = 107 98 kel TO 4,000°F

1,500 - PROTECTED CARBON/CARBON

TITANIUM METAL-MATRIX
1.000 & 40 kal TO 4,009°F

FROTECTED

POWDERED CARBOMICARBON
ALUMINUMS =7
soof
STEELS, TITANIUMS,
CONVENTIONAL SUPER ALLOYS
ALUMINUMS
o 1 1 1 1 1 ] I3
[} 200 400 800 800 1,000 1,200 1,400 1.600 1,800

TEMPERATURE (*F)

PARTICULATE REINFORACED
POWDERED ALUMINUMS

Figure A-3. Specific strength vs. temperature (Brent 1989).

Dewson and Li [2005] carried out some material selection studies for VHTR IHXs. They selected
eight candidate materials based on ASME VIII (Boiler and Pressure Vessel Code) and compared them.
The materials included Alloy 617, Alloy 556, Alloy 800H, Alloy 880 HT, Alloy 330, Alloy 230, Alloy
heat exchanger, 253 MA. Table A-4 lists the allowable design stress (S) at 898°C, the minimum required
mechanical properties (ultimate tensile stress [UTS]), 0.2% proof stress (0.2%PS), and elongation (El) at
room temperature together with the nominal compositions of the alloys. They extensively compared the
mechanical properties, physical properties, and corrosion resistance for the candidate materials, and
finally concluded that Alloy 617 and 230 are the most suitable materials for an IHX.

Table A-4. Candidate materials for IHXs of VHTR (Dewson and Li 2005).

Thax | S898°C UTS | 0.2%PS El Nominal compositions
Alloys | UNSNo | (°C) | (MPa) | (MPa) | (MPa) | (%) (WE%)

617 NO6617 | 982 | 124 655 240 30 | 52Ni-22Cr-13Co-9Mo-1.2Al
21Ni-30Fe-22Cr-18Co-3Mo-

556 R30556 | 898 | 11.0 690 310 40 |2

R00HT | N08811 | 898 | 63 450 170 30 | 33Ni-42Fe-21Cr

R00H | NO8810 | 898 | 5.9 450 170 30 | 33Ni-42Fe-21Cr

330 NO08330 | 898 | 323 483 207 30 | Fe-35Ni-19Cr-1.25Si

230 N06230 | 898 | 103 760 310 40 37££§2Cr—14W—2M0—0.3A1—

HX N06002 | 898 8.3 655 240 35 | 47Ni-22Cr-9Mo-18Fe

253MA | S30815 | 898 | 4.9 600 310 40 | Fe-21Cr-11Ni-0.2N
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A-5. HEAT EXCHANGER DESIGN METHODOLOGY

A selected heat exchanger must satisfy the process requirements with the allowable pressure drops
until the next scheduled cleaning of the plant. The basic logical structure of the process heat exchanger
design procedure summarized in this section is well explained by Bell (2003).

Figure A-4 shows the diagram of the logical process for heat exchanger design. The fundamental goal
of any such process is to find the optimal design among the infinite set of designs that could satisfy the
thermal/hydraulic and mechanical requirements. Because of large number of qualitative factors in the
design process, optimal needs to be considered broadly. Generally, the design process aims at the least
costly (which usually means the smallest) heat exchangers that meet the required thermal duty within the
allowed pressure drops and satisfy mechanical requirements.
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Figure A-4. Basic logical structure of the process heat exchanger
design procedure (Bell 2005).
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The first step of the design procedure is to define the problem and provide the designer with all the
data required to solve the problem. This will include the flow rates, compositions, temperatures,
pressures, etc.; design fouling resistances based on the experience with the same or similar materials; and
additional requirements and limitations on diameter, length, weight, piping connections, supports, and
construction features.

The next step is to select a basic exchanger type; a shell-and-tube versus a welded plate, etc. In fact,
there is an increasingly wide choice of exchanger configurations available for most applications, and
some of the established practices should at least be re-examined to see if there might be attractive
alternatives. The following factors should be considered in this step (Bell 2005).

Level of confidence in the design method—is the method backed up by solid performance data either
from the laboratory or the field?

Level of confidence in the fabrication technique—does the equipment have a good service experience
record? What lifetime can be expected?

Level of confidence in plant operating and maintenance personnel with respect to this equipment—do
they know the characteristics of this equipment, and are they able to maintain and clean it?

Operational flexibility—can this equipment or its operating conditions be adjusted or modified to meet
likely changes in plant requirement?

Cost of the equipment.

The next step is to select a tentative but sufficient set of exchanger design parameters to allow the
rating procedure to work. For the case of a shell-and-tube heat exchanger, these would include the process
specifications, Tubular Exchangers Manufacturer’s Association (TEMA) exchanger configuration
identifier, the shell diameter, the tube diameter and wall thickness, tube layout, baffle type, baffle spacing
and cut, and etc. Additional information would include nozzle orientation data, maximum allowable
diameter and length, type of bypass sealing devices, and the requirement that TEMA construction
standards for such items as tube-to-baffle clearance would be met. If a hand design method is to be used,
these values can be estimated as close as possible.

The next step is to rate the performance of the starting design for the specified service. It takes
specified streams and their input conditions and calculates the changes in temperature and pressure
affected on those streams by the specified heat exchanger. The thermal rating output is either the outlet
temperatures and corresponding thermal duty of the exchanger if the length has been specified, or the
length required for the otherwise specified exchanger to satisfy the thermal duty given in the input data.
The pressure drops of each stream are also calculated.

In the design case, the heat duty is compared to that required and the pressure drops to those allowed.
If the duty is sufficient and both pressure drops are near but below the allowed values, the
thermal/hydraulic design is complete and the designer can move the cleaning up and verify the
mechanical design, cost estimations, etc. If all of those conditions are not satisfied, the designer or the
program moves on to the design modification step. The purpose of this step is to examine the output of
the rating program and determine what is good and acceptable and what was unacceptable in the case that
was rated. Then, the designer or the program must select what can be changed to most efficiently correct
the deficiency without too badly upsetting that which was good.
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A-6. SHELL-AND-TUBE HEAT EXCHANGER GENERAL
DESIGN GUIDELINE AND CONSTRAINT

The shell-and-tube heat exchanger are the most common type. They are built of round tubes mounted
in a cylindrical shell with the tubes parallel to the shell. This section summarizes the general guideline
and design constraints for this type of heat exchanger. The design options and parameters are based on the
standard suggested by TEMA.

A-6.1 Shell Type

Figure A-5 shows most common shell types standardized by TEMA. Of these types, the E shell
generally provides the lowest cost and best performance, which makes it the most widely used for most
applications. F shell is more effective than E shell in thermal performance, but it has a higher pressure
drop. This type is combined with the U tube bundles. F shell can always avoid temperature cross, but it is
difficult to seal the longitudinal baffles after maintenance. J shell split the flow arrangement to minimize
vibration problem, and X shell with cross-bundle fluid flow is an excellent choice for vacuum
condensation applications.
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Figure A-5. Schematics of most common TEMA shell types (ASPEN 2005).

A-6.2 Tube Bundle Type/Tubes and Tube Passes/Tube Layout

The selection and design of tube bundle types generally focus on accommodating thermal expansion,
ease of cleaning, or the least expensive construction. The most common type is a straight tube bundle.
One design variation is the U-tube type. In this type, thermal expansion is unlimited because of the
independent expansion of tubes and shell. But it cannot be cleaned by mechanical means because of the
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U-bend and individual tubes can only be replaced in the outer row. A fixed-tube sheet configuration has
only limited thermal expansion, and permits no access to the tubes from outside. However, cleaning is
mechanically easy. Several designs have been developed that permit the tube sheet to float, that is, to
move with thermal expansion.

Generally, a large number of tube passes are used to increase tube-side fluid velocity and the heat
transfer coefficient (within the available pressure drop) and to minimize fouling. Tube materials are
usually low carbon steel, low alloy steel, stainless steel, copper, cupronickel, aluminum, or titanium. The
thickness of the heat exchanger tubes is standardized in terms of the Birmingham Wire Gage of the tubes
(Refer to Heat Exchanger Design Handbook, Kakac 2002). TEMA lists nine standard tube sizes ranging
from 6.35 to 50.8 mm (0.25 to 2 in.) in diameter. The most common sizes used are 16 mm (0.625 in.),
19.05 mm (0.75 in.) and 25.4 mm (1 in.). For U tubes, the thinning effect at bends should be considered.
Usually, smaller tube diameters are preferred for greater area/volume density, but they are limited to 20
mm (3/4 in.) for the purpose of cleaning. Tube length affects the cost and operation of heat exchangers.
The longer the tube, the fewer tubes are needed, fewer holes are drilled, and the shell diameters are
decreased, resulting in lower cost. However, there are limits to this. Usually, shell-diameter-to-tub-length
ratio should be within one-fifth to one-fifteenth. Standard tube lengths are 2.44, 3.05, 3.66, 4.27, and 6.1
m. For gas plants and special applications, much longer lengths are possible (20 m or more), with the
maximum tube length being about 30 m, due to transportation limits.

Tube layout is characterized by the included angle between tubes, as shown in Figure A-6. Since the
layout of 30 degrees provides the greatest tube density, it is the most generally used. Pitch-to-diameter
ratio is selected between 1.25 and 1.5.

e 00
ov 00

Triangular = 3 Square = 9°

A O O . O O
Baitated Triangular - A% Ratated Siguam: = 454

Figure A-6. Tube layouts.

A-6.3 Baffle Type and Geometry

Baffles serve two functions. One is to support the tubes for structural rigidity, preventing tube
vibration and sagging; the other is to divert flow across the bundle to obtain higher heat transfer
coefficient. They can be classified as transverse and longitudinal types. The most frequently used type is
single and double segmental baffles. Baffle spacing must be chosen very carefully. Optimum baffle
spacing is somewhere between 0.4 and 0.6 of the shell diameter and a baffle cut of 25-35% is usually
recommended. Minimum recommended spacing is 50 mm. Maximum baffle spacing is controlled by the
maximum unsupported length given in TEMA (UNS = 2*baffle spacing) and vibration analyses. Small
baffle spacing (<0.2 times shell diameter) can reduce the cross flow because of leakage. Rod or grid
baffles are formed by a grid or strip supports. In this baffle type, the flow is essentially longitudinal,
resulting in low pressure drop.

124



A-6.4 Allocation of Streams

A decision must be made as to which fluid will flow through the tubes and which will flow through
the shell. Generally, the following things are considered:

More seriously fouling fluid flow through the tubes.
High pressure fluid flows through the tubes.
The corrosive fluid must flow through the tubes; otherwise both the shell and tubes will be corroded.

Lower heat transfer coefficients flow on the shell side, since it is easy to design outside finned tubes.

If problems arise when the above requirements are in conflict, the most economical choices must be
found by estimating trade-offs.

A-6.5 Construction

Standard pipe sizes are normally used for shell size up to 610 mm (24 in.). The diameter generally
increases in 50 mm increments for sizes over 610 mm. Most manufacturers are limited to a maximum
shell size of 1,800 mm in diameter, but there are some capable of manufacturing units over 4,300 mm in
diameter. In general, the cost of the exchanger increases significantly as the diameter increases because of
the mechanical design requirement to increase the thickness of the vessel cylinder, body flanges, and tube
sheets.

A-6.6 Vibration

Tube vibration is generally a result of one or more of the followings.
High fluid velocity
Large unsupported tube span
Tube material defects
Manufacturing process
Exchanger design/application
Fluid elastic instability/vortex shedding/turbulent buffering
Damage patterns by the vibration are:

Collision damage: impact of tubes against each other

Baffle damage: tube wall thinning at baffles

Fatigue: tube failure at the tube sheets

Tube joint failure: leakage at tube to tube sheet joint

Tube material defect propagation: failure at inherent tube defect.

Figure A-7 shows the area prone to vibration. To relieve vibration, ratio of cross velocity to critical
velocity should be less than 1.0, and vertex shedding amplitude should be less than the limit governed
primarily by the tube diameter. In addition, turbulent buffering amplitude should be less than the
recommended maximum limit based on the tube diameter.

125



Shell Qutlet

I
il

Baffles

/\
%

-+

Tubes

V/

Areas most likely
to have damaging

vibration

I
|

Shell Inlet

Figure A-7. Areas prone to vibration (ASPEN 2005).

A-6.7 Modification of Design Parameters

For the heat exchanger to meet the requirements, main design parameters should be modified.
Table A-5. summarizes the guideline for design parameters changes and criteria.

Table A-5. Guideline for design parameter change.

Adjusted High High
Parameters Pressure Pressure Low Low
Optimized Drop Shell Drop Tube Coefficient Coefficient | Temperature Vibration

by Program Side Side Shell Side Tube Side Cross Indication

Baffle type Double/Triple - Single - - Double/triple
segmental Segmental segmental

Shell type Jor X type - E or F type - E,F or Gtype | Jor X type
shell shell shell shell

Tube pattern | Rotated - Triangular - - Rotated
square or Square
square

Tube Increase to 1°” | Increase to Decrease to Decrease to - Increase to

diameter or 1/25” 1”to 1.25¢ 0.625”’ or 0.625”’ or 1’ or 1.25”

0.5 0.5

Baffle cut Use 30% to - Use 15% to - - -
40% 20%

Tube pitch Increase to 1.4 - Limit to - - Increase to
or 1.5 X tube TEMA std l4orl.5X
OD spacing tube OD

Fluid Switch sides Switch sides | Switch sides | Switch sides - Switch sides

allocation

Arrangement | Increase # of | Increase # of | Increase # of - Increase # of | Increase # of
exch. In exch. In exch. In exch. In exch. In
parallel parallel series series parallel

# Tube - Plain - Increase # of | Limit to one -

passes tube passes tube pass

Tube type Plain Ext. Internally - -

Enhanced enhanced

126




A-7. PCHE DESIGN GUIDELINE AND CONSTRAINT

The PCHE is a compact heat exchanger manufactured by Heatric. The flow path of this heat
exchanger is created by chemical etching on the metal sheet, and they are combined though a diffusion
bonding technique. A PCHE is all welded so there is no braze material employed in construction, and no
gaskets are required. Hence the potential for leakage and fluid compatibility difficulties are reduced and
the high level of constructional integrity renders the designs exceptionally well suited to critical high
pressure applications, such as gas compression cooling exchangers on offshore platforms.

The thermal design of printed circuit heat exchangers is subjected to very few constraints. Fluids may
be liquid, gas or two-phase, multistream and multipass configurations can be assembled and flow
arrangements can be truly counter-current, co-current or cross-flow, or a combination of these, at any
required pressure drop.

Where required, high heat exchange effectiveness (over 98%) can be achieved through very close
temperature approaches in counter-flow. To simplify control or further maximize energy efficiency, more
than two fluids can exchange heat in a single core. Heat loads can vary from a few watts to many
megawatts, and these exchanger’s can weight from a few kilograms to thousands of kilograms.

Flow induced vibration, an important source of failure in shell-and-tube exchangers, is absent from
printed heat exchangers.

Lots of useful information for PCHE design was reported by Gezelius 2004 in his thesis, which
includes the summary of the workshop in 2003 between MIT and Heatric. In this part, we summarized the
guideline and criteria for designing the PCHE for IHX.

No gasket and blazing (risk of leak is considerably reduced): two order of magnitude lower
Very low vibration damage

No fouling under clean gas condition
Surface area density: about 2,500 m*/m’

No heat transfer and friction factor correlations are available

Semi-circular cross-section

Width: 1.0-2.0 mm (2.0 mm shows maximum thermal performance and economic efficiency but for
nuclear application, 1.2 mm is suggested.)

Depth: 0.5-1.0 mm

Weight based costing: $30/kg for stainless steel, $120/kg for titanium, expected to be less than $40/kg for
nuclear application

Carbon steel is typically not used because of the small channel diameter vulnerable to corrosion and
unsuitability for diffusion bonding.

Average mass-to-duty ratio: 0.2 tones/MW (13.5 tones/MW in shell-and-tube design)
No constraint to the pressure drop

Plate thickness: 0.8D (D: channel diameter)

Channel pitch: 1.22D (D: channel diameter)
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Multiport Printed Circuit Heat Exchanger module size: width: 0.5m (1.5m is max), height: 0.6 m, depth:
0.4~0.6 m.

Fatigue can be caused by thermal transient.
Only pressure drop restrict the velocity.

Minimum life is 20 years.
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Appendix B
Thermal Design Method of Helical Coil Heat
Exchanger
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Appendix B
Thermal Design Method of Helical Coil Heat
Exchanger

A simple thermal design method for helical coil heat exchangers is described in this appendix.
Figures B-1 and B-2 show the schematics of helical coil heat exchangers and the tube bundles for HTTR

IHX (Kato et al. 2007).
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Figure B-1. Schematics of HTTR THX (Kato et al. 2007).
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Figure B-2. Structural diagram of heat transfer tube
bundle of HTTR (Kato et al. 2007).

B-1. GEOMETRICAL PARAMETERS

In this type of heat exchanger, the number of tubes in the bundle can be determined by

R —R L
Nt — ( out m)x_m. (B—l)
p p
where
N, = Number of tubes in the bundle (#)
R, = Shell inner diameter (m)
R,,, = Shell outer diameter (m)

L _ = Tube bundle height (m)
p = Tube pitch (m)

The R,,; and R;, has the following relationship because the tube bundles connected at the inner hot
duct.

(R,,—R,)<27-R, (B-2)

out
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Therefore, minimum R;, can be expressed as follows:

_ R (B-3)
RY/4

The tube lengths can be calculated as follows:
1. Inner layer
L, =27R, XN, (B-4)
2. Outer layer
L ,.=2mR,  xN, (B-5)

t,out

3. Middle layer

L, iz = 7(R,, + R, )X N, (B-6)
where

L = Tube length in the inner layer (m)

L, = Tube length in the outer layer (m)

L;miasie = Tube length in the middle layer (m)

Np Number of rotations of the tube bundle (m)

The shell length is calculated by

L =L xN, (B-7)
The tube outer surface area can be approximately determined as follows:

A, =mdy- L, 0N, (B-8)

B-1.1 Heat Transfer Correlations

The heat transfer of the heat exchanger can be expressed by

Q=U-A, AT, (B-9)
where
1
U471
—+R, +—
h h

s t

AT,, is log mean temperature.
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The heat transfer coefficient in the shell and tubes can be expressed as follows:

1. Shell Side—inline tube bundles in smooth pipe (Zukauskas 1987)
%
N OO0

Flow

=

Figure B-3. Tube Bundle Arrangement (inline array).

N
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Nu, =0.9-¢, Re,"* Pr,** (P—"j (for Re, = 1—10?) (B-10)
r,
p 0.25
T
Nu, =0.52-¢, Re,”” Pr,”** [P—"] (for Rey, = 10>—10%) (B-11)
rW’
p 0.25
T
Nu, =0.27-¢, Re,”* Pr,”* [P—b) (for Re, = 10°—2X10°) (B-12)
rW’
P 0.25
T
Nu, =0.033-¢, Re,”" Pr,** [P—bJ (for Re, = 2X10°—2X10°) (B-13)
rW
where,
¢, = acorrection factor for the number of tube rows (the effect of the number of tubes becomes
negligible only when n > 16.)
Pr, = Prandtl number for the bulk mean temperature
Pr,, = Prandtl number for the wall temperature
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The Reynolds number (Re,) is defined based on the average velocity through the narrowest cross
section formed by array, that is, the maximum average velocity.

Re, = Yodop (B-14)
Y7

where

U, s (B-15)

B p'ﬂ-(]eout2 _Rinz)'(l_do /p)
(b) Tube Side—helical coil for turbulent flow (Schmidt’s correlation [Shah et al. 1987])

Nu, a\| a)"
N =1.0+3.6/1- == (B-16)

where
Nu., = Nusselt Number for the curved coil
Nu, = Straight Tube Nusselt Number
a = Radius of the tube (=dy/2)
R = Radius of the curvature (R;, ~ Ro.)

The straight tube Nusselt number for turbulent flow can be calculated by Dittus-Boelter correlation
(Kays and Crawford 1981) as

Nu, =0.022Re,”" Pr,*’ (B-17)
B-1.2 Pressure Drop in Tube Bundles

1. Shell Side—Pressure drop in tube bundles in cross flow (Kakac and Liu 2002)

The pressure drop of multirow bundle is given by

Ao :(@lep Uy’ on (B-18)
X ) 2
where
Eu = Euler number
¥ = correction factor

number of tube rows counted in the flow direction
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2. Tube Side—Pressure drop in tube bundles in cross flow (Kakac and Liu 2002)

The pressure drop in the tube can be calculated by

2

AP =4S d%p u; (B-19)
where

f = friction factor

L = tube length (m)

D; = tube inner diameter (m)

u,, = mean flow velocity in the tube (m/s)

The mean velocity can be determined by

m,

" pe(md})-N,

u (B-20)

The friction factor of the helical coil for the turbulent flow is as follows (Srinivasan et al. 1970):

05 702 5
f. [5) = 0.0084|:Re(£j } for Re(ﬂj <700 and 7 < £ <104. B-21)

a a a a
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