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THERMAL-HYDRAULICS DESIGN COMPARISONS FOR THE TANDEM MIRROR HYBRID REACTOR.BLANKET* 

C.P.C. Wong, Y.S. Yangt and K.R. Schultz 
General Atomic Company 

P.o. !lox 81608 
San Diego, California 92138 

The Tandem Mirror Hybrid Reactor (TMHR) is a cylindrical reactor, and the fertile 
materials and tritium breeding fuel elements can be arranged with radial or axial 
orientation in the blanket module. Thermal-hydraulics performance comparisons were made· 
between plate, axial rod and radial rod fuel geometries. The three configurations result 
in different coolant/void fractions and different clad/ structure fractions. The higher 
void fraction in the two rod designs means that these blankets will have to be thicker 
than the plate design blanket in order to achieve the same level of nuclear interactions. 
Their higher structural fractions will degrade the uranium breeding ratio and energy 
multiplication factor of the design. One difficulty in the thermal-hydraulics ana"lysis 
of the plate design was caused by the varying energy multiplication of the blanket during 
the lifetime of the plate which forced the use of designs that operated in the transition 
flow regime at some point during life. To account for this, an approach was adopted from 
Gas Cooled Fast Reactor (GCFR) experience for the pressure drop calculation and the 
corresponding heat transfer coefficient that was used for the film drop thermal cal
culation. Because of the superior nuclear performance, the acceptable thermal-hydraulic 
characteristics and the mechanical design feasibility, the plate geometry concept was 
chosen for the reference gas-cooled TMHR blanket design. 

Introduction 

The Tandem Mirror Hybrid Reactor (TMHR) 
Studyl was sponsored by DOE and jointly carried. 
out by Lawrence Livermore Laboratory, General 
Atomic Company, · General Electric Company and 
Bechtel Corporation in developing concepts for 
commercial fusion-fission hybrid reactors. 
General Atomic Company designed a helium-cooled 
TMHR blanket using Th-metal as the fertile mate
rial, with an average thermal power of 4000 MW 
and a production of 2.7 metric tons of 233u per 
year. This design which is within the imposed 
temperature and pressure. drop limits was 
developed · with careful integration of the 
mechanical, neutronics a.nd thermal-hydraulics 
design considerations. 

The approaches adapted in this thermal
hydraulics design are generic in nature. and 
should be applicable to other blanket designs. 
The comparison of blanket configuration is 
·crucial in minimizing blanket th:l.ckness and 
maximizing neutronics performances and should 
be performed as a part of the initial thermal-

. hydraulics design of fus1.on blanket elements. 

*Work supported by Department of Energy, 
. Contract DE-AT03-76ET51011. 
tPresent address: Department of Mechanical 
Engineertng, University of Texas, Austin, 
Texas. 

The thermal hydraulic design of a gas
cooled reactor system should have high thermal 
efficiency and low· pressure losses. The high' 
efficiency requirement dictates a high coolant 
outlet temperature, restricted by the maximum 
operating temperature limits .of the reactor 
mater.:l.als. The low pressure loss requirement 
leads to high system operating pressure to 
obtain high coolant density, a large coolant 
inlet-to-outlet temperature differential, and 
restricts the velocities of the coolant in 
various sections of the coolant loop. On the 
other hand, the restrictions on material 
operating temperature limits lead to high 
coolant · velocities to maintain high heat 
transfer coefficients. 

Thermal-hydraulics analysis of the TMHR was 
performed to establish the temperature and pres
sure drop characteristics of the first~wall and 
the breeder sections. The approaches to the 
problems and the key equations used in these 
calculations are presented in this paper. 

The energy balance equation was used to cal
culate the coolant temperature at positions of 
interest from the local volumetric heat 
generation rates. Knowing the dimensions of 
the fuel element, the heat flux was calculated • 
The convective· and conductive heat transfer 
equations were then used to calculate cladding 
and material temperatures. Hot-spot factors 



were included to account for manufacturing 
defects and material inhomogeneity. In cal
culating the pressure drops, the energy balance 
equation was used to calculate the coolant 
velocity, by knowing the power generated, the 
geometry of the flow channel and the inlti.2~m 
outlet coolant temperature differential. Knuw
ing the fluid velocity, the friction factor was 
calculated, which was then used to calculate 
the pressure drops. Care was taken to dis
tinguish between the laminar regime with Re 
<3000 and the turbulent regime with Re >6000 
and to avoid operating in the transitional 
unstable regime whenever possible. Yet due to 
the difference in blanket energy multiplication 
at the beginning and ·at the end of life, the 
coolant· in the plate design would have to be 
operating in the transition regime, and an 
approach was. adopted to calculate the heat
transfer coefficient in this regime. 

Three Fuel Element Configurations 
of Blanket Design 

In order to select the best fuel element 
configuration of blanket design for the TMHR 
study, three configurations were considered as 
shown in Fig 1. They are the simple plate 
design; the axial rod, radial flow design; and 
the radial rod, radial flow design. The 
descriptions of these designs are presented in 
this section. 

Figure l(a) shows a schematic of the 
tapered fuel plates. Each plate has three 
sections, a 12 . em Th-metal section, a 45 em 

· L120 seet1on and a 10 em section ot -stalnll:!l:ltl
steel hot shield. The plate is· tapered from a 
thickness of 1.15 em at the narrow end to 1. 58 
em at the wider end. Helium coolant leav:lng 
the first wall area flows in from the narrow 
edge toward the thicker edge through the 
wire-wrap gaps between the plates. The plates, 
each 50 em long, are supported from the ends by 
a grid structure which also contains .th.e piping 
for the thorium plate pressure · equalization 
system _and the L120 plate tritium purge system. 
The plate assemblies are stacked together to 
cover the length of the reactor. This coverage 
of the reactor central area would capture more 
than 95% of the fusion neutron energy. The 
slits at the narrow ends of the plates are to 
accommodate the change in plat£ dimensions and. 

·relieve the strain due to neutron •induced 
swelling.2 

The primary functions of the clad are to 
separate the plates, to support the thorium and 

. 1i20 fuel. materials, to contain the 1i20 and to 
confine the T20 that is produced from the 
tritium breeding reaction. Because the vented 
clad does not have to carry much load, mainly 
the weight of thorium and 1i20, a higher tem
perature limit of 665°C was used for Inconel 
718, whereas the temperature limit of the first 
wall t"s 550°C. The centerline temperature 
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Fig. 1. Fuel element confi~urations. 

limit of the plate was taken as the melting 
point of 1i20 at about 1700°C. The clad thick
ness was taken ·to be as thin as reasonable from 
a manufacturing standpoint, about 1/4 mm. The 
He gap width was fixed at 1 mm to keep the con
vective· heat transfer coefficient high, without 
exceeding the fuel zone coolant pressure drop 
limit of 20.7 kPa (3 psi). The coolant gaps 
are small and tight tolerances are needed for 



·i the wire-wrap plate design in order to minimize 
hot spots from flow non-uniformities. 

Design calculations were made for axially
oriented rods with radial flow in the blanket 
of TMHR as shown in Fig. l(b). The rods can be 
fairly long (~1 m) by putting them in the axial 
direction in the blanket module, which may 
reduce the blanket cost. Further, the rods 
would be easier to manufacture than plates. A 
preliminary analysis was done to determine the 
optimized design within the allowable thermal 
and mechanical constraint's. 

In order to compare the plate design with 
the axial rod design,. the coolant inlet-outlet 
differential was set at 230°C and the coolant 
pressure drop was set at 20.7 kPa (3 psi). An 
analysis based on the coolant operating con
ditions at the blanket end of life was made. 
Because of the exponentially decreasing distri
bution of the nuclear volumetric heating from 
the first wall outward, the heat source for the 
axial rod calculation is that from the rod next 
to the first wall which would given an indi
cation of the worst situation. The inlet 
temperature of helium to the fuel region is 
300°C and the volumetric heat generation rate 
is 120 MW/m3 at the end of life of 9.6 
MW-yr/m2. The axial rod was designed with 
annular fuel pellets to allow swelling from 
neutron irradiation. . By a conservative 
evaluation, maximum volumetric swelling of 
thorium metal· is about 2%, which corresponds to 
a linear expansion of 0.7%. 

The third fuel configuration considered is 
that of radially oriented rods with radial 
coolant flow, as shown in Figure l(c). Use of 
this configuration for gas-cooled hybrid 
blankets under the same flow conditions and 
with the same fuel geometry has been studied by 
S. Rao and C. Baxi with U3Si as fertile 
material for the Standard Mirror Hybrid Reactor 
design.3 The basic strategy and ca"Iculation 
method are the same as in the previous studies. 

The fuel rod in the blanket is made of 
three different zones. Thorium is placed in 
the first zone as fertile material, followed by 
Li20 in the center part of the rod as · the 
tritium breeding zone. The end part· of the 
blanket is composed of a 10 em stainless steel 
316 reflector/shield. Sinc·e the limiting rod 
diameter occurs in the thorium zone, future 
studies should investigate use of larger rods 
in the lithium and reflector/shield zones. 

Input from Neutronics Results 

Since more than 99% of the total thermal 
energy from nuclear interactions is deposited 
.in the blanket section and the first wall, it 
is crucial to know the spatf.al distrihut:l.on of 
the energy deposition and to design the blanket 
thermal-hydraulics accordingly. Figure 2 gives 
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Fig. 2. Blanket· end-of-life power densit~ for 
the plate design (at 9.6 MW-yr/m ). 

the volumetric nuclear heating (MW/m3) in the 
plate design blanket as a function of distance 
from the first wall. The energy deposition 
decreases roughly exponentially from the first 
wall. For this reason the designs are such 
that the coolant is first routed to the fir~t 

wall and then passes radially outward through 
the' fuel element section, putting the lowest 
helium temperature in the region of highest 
power density. This figure shows the energy 
output at the highest energy mu-ltiplication, 
which is found at the end of 1:1. fe. 

Thermal-Hydraulics Analysis 

This section presents the thermal-
hydraulics equations that are applicable for 
the three fuel element confi"gurations which are 
und~r consideration. 

Plate Design 

The equations used were those applicable to 
flat plates which can adequately represent the 
geometry of flat-plate type first wall and 
breeder plates. 

The following key eq.uations were used in 
calculating the temperature distributions: 

h = 8.23 k/De for Re <3000 

where Re and Pr are the Reynolds and 
numbers, k and e: are coolant thermal 
tivity and roughness factor, and De 
equivalent diameter, 

Prandtl 
conduc
is the 



coolant thermal conductivity is given by, 

(2) 

where 11 and CP are the coolant viscosity and 
specific heat, 

coolant viscosity can be calculated by, 

(3) 

where Tc is the coolant temperature in degrees 
K, 

coolant density, 

p P/(RTc) (4) 

where P is the helium press~re and R is the gas 
constant (2071 J/kg°K), 

hot spot cladding (WHSF) and fuel (CHSF) 
temperatures are given by, 

TWHSF (5) 

(6) 

The respective symbols and values used in 
the calculations are listed in Table ·1. 

The various temperature differentials were 
calculated by one-dimensional heat transfer con
duc~ion and convection equations. These 
coefficients were also used for the other two 
fuel element.configurations. 

One 
thermal 

majority difficulty 
hydraulics of the 

TABLE 1 

in analyzing 
plate design 

HOT SPOT FACTOR VARIABLES, COEFFICIENTS 
AND THEIR VALUES 

the 
was 

Symbol 
(Units) Values 

Inlet temperature 
Bulk coolant temperature 
Film temperature rise 
Cladding temperature rise 

through half the cladding 
thickness 

Fuel-cladding gap temper-
a~ure rise 

Fuel temperature rise 
Bulk coolant hot spot factor 
Film hot spot factor for 

coolant 
Cladding hot spot factor 
Fuel-cladding gap hot spot 

factor 
Fuel hot _spot factor 

T0 (C) 
LITb 
ATf 
LITe 

285 

1.3 
1.25 

1.25 
1.5 

1.2 

' 

caused by the varying energy multiplication of 
the blanket during the lifetime (6.4 full power 
years) of the plate from 2.8 to 8.5 as shown in 
Fig. 3. In order to maintain a constant 
coolant outlet temperature, the coolant mass 
flow rate has to be changed, thus the Reynolds 
number would vary for a fixed plate geometry 
during the submodule lifetime as shown on Fig. 
4. The Reynolds numbers indicate that the 
coolant would be operating in the transition 
regime at some time during blanket life even 
with a range of coolant inlet to outlet 
different, from 150 to 300°C. An appropriate 

/ method has to be developed for the calculation 
of heat transfer coefficients operating in this 
regime. 

4 

From the experience of GCFR, the heat 
transfer coefficient for transitional flow was 
obtained by first comparing the friction 
factors for laminar and turbulent flow at the 
given Reynolds number, then the higher friction 
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factor • f • was selected for the pressure drop 
calculation and the corresponding heat- transfer 
·coefficient was used for the film drop cal
culation. Calculations for the beginning and 
the end of life of the blanket were calculated 
to bracket the thermal hydraulics performance. 
The key equations used in the calculation of 
pressure drop are the following: In the 
laminar regime, Re <3000, the friction factor f 
is equal to 

f = 16/Re (7) 

and in the turbulent regime, Re >6000 

f = 0.0791 Re-0.25_ (8) 

The pre~sure drop is given by 

6P (9) 

where L and V are t:he coolant path length and 
average velocity, respectively. 

Axially-Oriented Rods with Radial Flow Design 

The temperature differentials for cylindri
cal rods can be calculated by the following 
expressions: 

(r 2 2 
1 - rh ) 

6Tf q"' p 
=-

hf 2r 
r 

(10) 

(r 2 2 
-

The axially oriented rods in the blanket 
submodule were designed in· a staggered arrange
ment in order to reduce neutron streaming and 
to enhance heat transfer. Correlations 1for 
heat transfer coefficient, friction factor and 
pressure drop in staggered tube banks in the 
turbulent-flow regime for Gmax D0 /~f >6000, are 
as follows4: 

kf 
h = D X 0.33 

0 

.(G D )0.6 . m:: o . Pr0.3 (14) 

where Gmax 
~f 
Do 

mass velocity at the minimum area, 
viscosity at film temperature, 
outside rod diameter 

The friction factor f can be calculated by 

f = 0 _25 + 0.1175 max o 
( ~(

G D )-0.16 

(P/D-1) 1 •08 ~b 

for Re >6000 

where P/D 
~b 

pitch to diameter ratio 
viscosity at bulk temperature. 

(15) 

The Reynolds number in this staggered rod bank 
design is usually very high • thus the coolant 
is operated in the turbulent regime. The fric
tional pressure drop for flow over a bank of 
rods can be calculated by 

2f G 2 N (~ )0.14 
t.p = max ~ 

p ~b 
(16) 

where N = number of transverse rows of rods rh ) 
6T 

t q"' p 
c =k 4(r - t) (11) ~s viscosity at rod surface tempera-

c r 

(r 2 2 
1 - rh ) 

6T <i"' p 
=-

21 g h g p 

where t = cladding thickness 
rp radius of fuel pellet 
rh = rAtUnR of central fuel hole 
rr = radius of fuel rod (including 

clad) 
q''' =volumetric power generation 

(MW/m3) 

(12) 

The hot-spot temperatures were calculated by 
using Eqs. (9) through (13) with coefficients 
·defined in Table 1. These equations art! appll
cable to both the axial rod and radial rod 
designs. 

5 

ture. 

Radially Oriented Rods, Radial Flow Design 

The thermal-hydraulic correlations for the 
wire-wrapped radial blanket assemblies are 
obtained from experimental data done by the 
GCFR group for a pitch-to-diameter ratio of 
1.05. 

The friction factor correlations are listed 
bt!luw: 

f- 25.72 Re-0.835 

f = 0.436 Re-0.263 

in lami~ar region 

in turbulent regime 

The heat transfer coefficient can 
calculated from the Nusselt number which 
given by: 

Nu - 2.82 in laminar flow 

Nu = 0.0203 Re0.79 in turbulent flow 

be 
is 



Entrance effects have also been considered 
in the calculation. Again, for consistency of 
comparison between the three fuel configur
ations, the inlet and· outlet temperature 
difference is set at 230°C. 

Plate Design Thermal Hydraulics Results 

Figure 3 shows the· variations of coolant 
mass flow-rate (m), pressure drop (6p) and 
blanket energy multiplication (M) during 
reactor life for the plate design. It shows 
that the coolant ·pressure drop is within the. 
criterion of 20.7 kPa (3 psi)l. 

Figure 5 shows ·the temperature· distri
butions of the plate and coolant at the hegfn
ning and the end of life (BOL and EOL). The 
EOL is at 9_.6 MW-yr/m2. The thermal condu_c
tivity used .in the Li20 zone was· calculated as " 
that of a mixture of Li20 powder and static 
helium and would be a conservative estimate. 
This figure shows the satisfaction of design 

.criteria for centerline temperature including 
hot spot factors of <1000°C and cladding tem
perature including hot spot factor of <700°C. 

Table 2 summarizes the plate design 
parameters of the Tandem Mirror Hybrid Reactor. 
These parameters are the· results of simple one
dimensional model calculations, principally 
showing the feasibility of the proposed design. 
Further detailed calculations and analyses will 
be needed during the· advanced phases of the 
design. 
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TABLE 2 
BREEDER PLATE DESIGN PARAMETERS 

Fertile material 
Tritium breeding material 
Thermal power output 
Maximum volumetric nuclear 

heating 
Maximum wall loading 
Number of plates/submodule 

Dimensions 

Width of plate (narrow 
side) 

Width of plate (wide side) 
Length of plate 
Height of plate 
Cladding thickness 
Width of coolant gap 

Helium parameters 

Pressure 
Inlet temperature to fuel 

zone 
Outlet tempe~ature 
Reynolds number 
Pressur.e drop 

Mass flow rate/module 
(3.5 m long) 

Thermal cycle efficiency 

Thorium 
Li20 
4000 MW 
120 MW/m3 

1.5 MW/m2 
24 

1.15 em 

1.58 em 
50 em 
67 em 
0.25 mm 
lmm 

5.6 MPa (55 atm) 
300°C 

515°C 
2162 + 6562 
2.4 + 20.7 kPa 
(0.35 + 3.0 psi) 
140 + 385 kg/sec 

-v38% 

Axial Rod, Radial Flow Design 
Thermal-Hydraulic Results 

For this design the clad temperature is a 
function of both rod size and pitch to diameter 
ratio. The larger the rod size, the higher the 
clad t;emperature. The clad temperature is also-
an increasing function of pitch-to-diameter 
ratio. Fig. 6 shows the relation between clad 
temperature • rod size • and pitch to diameter 
ratio. Acceptable ranges for rod diameters and 
P/D are also indicated for clad temperature 
less than 665°C. 

The frictional pressure drop is also a 
function of rod size and pitch to diameter 
ratio as shown in Fig. 7. For close packed 
arrangements (P /D < 1.15) • the· pressure drop 
exceeds the design limit of 20.7 kPa (3 psi). 
Figure 7 also indicates the acceptable oper
ating regime when the temperature limit is also 
taken into consideration. The analysis so far 
is based on the average heat transfer coeffi
cient. However, with cross flow rods there 

. would be a circumferential variation in the 
heat transfer coefficient around the individual 
rod. A conservative approximation for the 
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minimum local heat transfer coefficient may be 
obtained by considering an isolated rod. 
Reference 6 indicates that the minimum 'value of 

. h is half of the value of the average heat 
transfer coefficient. As a result. the 
acceptable operation regime has been reduced as 
shown ·in Fig. 8. 

Radial Rod. Radial Flow Design 
Thermal-Hydraulic Results 

Because of the relatively large flow area 
between even close-packed rods the pressure 

· drop is not a limiting consideration with 
radially oriented rods. The hot spot cladding 
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Peak cladding hot spot temperature 
versus rod diameter for cross flow 
rods 

temperature limit of 665°C limits the fuel rod 
diameter to 1.67 em. The characteristics of 
this design are shown on Table_ 3. 

Thermal Hydraulic Comparison 

The comparison between plate. axial rod and 
r.adlal rod results is tabulated in Table 3. 
Due to the entrance effect the maximum cladding 
te~perature in the radial rod and plate design 
occurs at a few centimeters· away from the front 
face of the fuel zone. where the volumetric 
heat source strength is lower than that in 
axial rod which has the maximum cladding tem
perature at the first rod in the module. This 
results to a higher maximum center line tem
perature in the axial rod case. even though it 
has a. smaller rod diameter than the radial rod 
dt!l:llgu. 

Table 3 compares the thermal-hydraulic char
acteristics of the three fuel configuration 
options nnder equal design conditions. All 
three configurations result_ in different 
coolant void and clad/structure fractions. The 
higher void fraction in - the two rod designs 
means that these blankets will have to be 
thicker than the plate design blanket in order 
to achieve the same level of nuclear inter
actions. Further. the higher structural 
content of the rod design blankets will degrade 
the nuclear performance of these concepts when 
compared to the plate design. The additional 
structural fractions shown on Table 3 will 
degrade the uranium breeding ratio and energy 
multiplication factor ·of the axial rod -design 
bY about 7% and the radial rod design by about 
4% compared to the performance expected from 
the plate design blanket. 
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TARLE 3 
FUEL CONFIGURATION THERMAL-HYDRAULIC CHARACTERISTICS 

Tapered-Plate 

Characteristic Plate Thickness: 1.15-1.58 

Dimension Coolant Channel: 1 mm 

LIT = Tout - Tin 230°C 

LIP (kPa) 20.7 

h (W/m2°K) ' 2434 

Tmax,CLAD 666°C 

Tmax,CENTERLINE 939°C 

Reynolds Number 6562* 

Void Fr!lction 7.3% 

Clad/Solid Fraction 3.6% 

Relative Breeding 1 
Performance 

*At blanket end of life. 

Conclusion 

Because· of the superior nuclear perform
ance, the acceptable thermal hydraulic char
acteristics and the mechanical ,design 
feasibility, the plate geometry concept has 
been chosen for the reference gas-cooled TMHR 
blanket . design. More detailed design and 
analysis of the blanket is required to fully 
assess the performance and feasibility concerns 
of the blanket. On the basis of the prelinr
inary analysis presented here, however, the 
plate design is quite feasible. 
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