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'BY PASS FLOWS AND TEMPERATURE DISTRIBUTION IN A HOT GAS

DUCT INTERNALLY INSULATED BY CARBON STONE"

Aydin Konuk

ABSTRACT

A mathematical model has been developed to calculate bypass flows and temperature distribution in a hot gat

duct internally insulated by carbon done rings. The equation! of conservation of mass and momentum era solved for t

piping system to obtain axial and radial by-pass velocities. The energy equation is solved next by a marching method to

obtain the radial temperature distribution along the duct.

The results, although qualitative due to simplifications in the model, are useful fo jturfy th» «ffects of duct

geometry on rtt performance.

• - INTRODUCTION

Hot gas ducts are one of the most critical components of high temperature reactors (HTR), and
in the last year many duct designs have been tested and mathematical models have been developed to
predict their performance. At the "Instituto de Energia Atômica (IEA)", São Paulo. Brazil, tests are
continuing on a vertical duct internally insulated by mineral fibers. At the "Institut Fur
Reaktorbauelemente, Kern'ornscungsanlage Julich GmbH", internal insulation for horizontal ducts have
been tested, using metallic foils'3', mineral fibres'41 and lastly carbon stone'11 as the insulating
material. The results are summarized bv Brockerhoff'21. Foil and fibre insulation have been found
satisfactory for keeping the duct wall temperature and the heat losses at low value*. However, they would
be too conly and time consuming for long ducts. Tha carbon stone Insulation offers the advantages of low
cost and rapid construction, due to its simplicity. An other advantage is that, in constrast to the first
two, it contains no metallic parts, in particular no hot gas liner is necessary. However, it was found to
be a less effective insulating material than foils or fibres. One of the problems was the by-pass flows in
the gaps between carbon stone rings and between duct wall and carbon stone.

At the "Instituto de Energia Atômica", soma work has been dona In model development
Computers program* have been developed to predict performances of fibrous insulation in horizontal
and vertical cylinders'61, and of • ring - tube* ceramic duct16'. In this report t mathematical mod#l
for the carbon none insulation H presented.

The description below H taken from12'.

The carbon none insulation toned at Julich11'2' It shown in Figurei. The insulation we*
supplied by the Sigri Company in Mjltlngen, Germany. The trade name of the carbon material to
RIJD-N.H consists of five rings, the ftrn and the Ian acting at entrance and exit passages. The direction
of gt< flow ft shown in Figure 1. Half tubes were welded to the outer surface of tha duct wall to
meetjre the heat losses. The average inner diameter of the duct (pressure - tube) Is D, - 030.2 mm.

Appmed for puMteetiM m IIA mWt In February 1978.
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The carbon rings wpre made with a smaller diameter than the pressure tube. The outside diameter was
D2 = 927 mm and the inner diameter was D, =627 mm. Thus, when the rings are exactly positioned
there is a gap of 1.6 mm between the pressure tube wall and the carbon ring. The rings were 800 mm
long (except the first arvJ the last, which were shorter). To avoid direct flow of hot gas through the gap
between adjacent rings to the pressure tube, the rings on the cold side are tightly packed. On the inner
part an expansion gap at 1.5 mm was left. Each carbon ring has a groove at 5 mm x 5 mm in which, if
necessary, a seal may be placed to prevent the by-pass flows between the rings an the pressure tube.

In the following section, the mathematical model of the carbon stone insulation is given. Then,
nur.wrical results are presented, fallowed by conclusions and remarks on future work.

II - MATHEMATICAL MODEL

The hot gas duct has been modeled first as a piping network. The equations of conservation of
mass and momentum, written for the resulting piping system, have been solved to obtain the axial radial
leakage velocities in the duct Then, the duct was divided into axial increments and the equation at
conservation of energy has been solved to obtain the radial temperature distribution alonq the dn-1

1) Piping Network

The piping network corresponding to the duct shown in Figure 1 is given in Figure 2.

The horizontal branches correspond to the gap between the carbone stone and the pipe wall,
and the vertical branches to the gap between carbon stone rings. The horizontal branches have
velocity v. flow area A y , hidraulic diameter DHy , and lenght i y . The vertical branch» have velocity u,
flow area A u , hidraulic diameter DHu< and lenght Bu. Velocity u represents the radial flow from inside
to the outside of the rings. For the case where the gaps are not senled, the branches ara represented by
lhe fallowing values:

Ay = MO] - 0j)/4

A u <= ffO,G

DH y = D , - D,

DH u = 2G

G is the gap between ring». This gap has been taken as G = 1.6 mm

The pressure of the main gas stream is denoted by Pg.

The pressure at the entrança of the pipe, P' must be supplied. The remaining ojas pressures, Pj ,
P* . . . , P* $r» calculated from:

Va

OH1,

where f is the friction factor, p gat density and V gat velocity in the duct.
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Cimttr«itt>(Mi o'

A* ' ' v' ' ' - A' v' A1 u 0 i I 4 II)

CoitMrvatNMi of momentum m th« horizontal brandwi:

p1 - p1 - 1 + = 0 i = 1.5 (2)

with p° = p', p1 = pj

f is the friction factor in tha horizontal brenrh»

Comarvation of momentum in ma noriiontal branch—:

P - P9 * 0 ' = M (3)
2 D H

I f i i equations (2) and (3) are first linearized by assuming values of |w) and |u|. tnvn th*
system of 13 unknowns (5v, 4u and 4P| is solved by Gauss elimination. Tha resulting vetocit-- are used
to linearize the system for the second iteration, and the procedure is continued until velocities converge
within a certain precision.

The program has been run with and without sealing of the gaps. The results are shown in the
next section.

2) Comarvation of Energy

The calculated velocities are used in tha solution at tha energy equation in order to obtain
temperature profiles in the duct The duct was divided axialry, and at each axiel position. S unknown
temperatures along the radius were considered (Figura 3). These are:

T | : Temperature at the inner turf ace of carbon stone

T j : Temperature at the outer surface of carbon stone

T j : Temperature of the axial by-pass stream (v)

T« : Temperature af the pressure tube wall

T f : Temperature of the cooling wat*r



The equations of conservation of energy for an axial (io-.ition are the fallowing

Conservation of energy at the inner surface of carbon stone: (D -- D t )

(Tg - T,) - 2»Axkc

In —

Conservation of energy at the outer surfare of caition stone: ID = Dj )

i , - f1
2irAxkc — - - nDiUbt (Tj - Ts) - 0 (5)

In —

Conservation of energy for ths axial fay pass stream IBetween D3 and Di)

irD,Axh, (T, -T» ) - trDjAxh, IT, - T 4 ) - rn,Cpt ( T i - T f , = 0 (6)

Coniarvation of energy at tht pressure tuba wall 'D ~ 0* '

wO,Axh, (Tj - T « ) - irD4Axh4 (T4 - T , ) = 0 (7)

Comarvation of energy for th# cooling «wtar (Batween D4 and Df)

trD«Axh« (T4 - T , ) - mt «p, ÍT- '.,') - jrOjAnh, (T -T^J - 0 ' «

the cooling water is assumed to flow in a coaxial pipa of diameter D f . The definition of tht
variable* is given below:

kc * thermal conductivity of carbon stone, W/k. :.i

h| • hu t transfer coefficient between the hot gas and the inner wall of rarbon stone,
W/Km1

h, • heat transfer coefficient batween tht outer surface of carbon stone §na tht axial
bypass stream. W/Km1

h, - heet transfer coefficient between the axial by-pa* stream and the Inner surface of the
pressure tube, W/Km'

rfi| - mas* flow rata the axial bypass stream, Kg/t It Is calculated from:
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Figura 3 - Model fot Energy Equation



Cpi = specific heat at constant pressure of axial by pass stream, Ws/K kg

T j = temperature of the axial leakage stream one step before T3 > "c

Ut ~ heat transfer coefficient between the outer surface at the pressure tube and the

cooling water, W/Km 2

hs = heat transfer coefficient between the cooling water an the ambient air, W / K m 1

m2 = mass flow rate of the cooling water. Kg/»

Cp? = specific heat of cooling water, Ws/K kg

T s = temperature of toe cooling water one step before T s , °C.

The radial temperature profile in the carbon stone is taken as:

which corresponds to the radial heat conduction with constant thermal conductivity. Thut, angular and

axial heat conduction are not considered. This assumption simplifies the problem by avoiding radial and

angular divisions in the model. Then, the heat flow across a ring of lenght Ax is given by

T a - T ,
Q = - 2 wAx — L

In Hi
D,

which was used to derive equations (4) and (5).

In the derivation of equation (7), axial conduction in the pressure tube it neglected» Also, the
tamperature drop across the tube wall is taken as zero.

The convective heat flow into the axial by-pass «treem v from the radial by pass stream w i*
accounted for by «n energy balance at the intersection of these two «reams:

<mu • m,) Cp, TJ = muCpu T J M + m, Cp , T, for u > 0 (9)

T Í - T , ( | t ,

where Cpu and rhu w respectively the specific heat and mass flow of t N radial by-past stream u. TJ at
the beginning of th» ring; 2 to 6 is calculated from Eqs (9) and (9* I. Tgas ii temperatura of the hot gas
flowing in the duct Thus, it is assumed that the radial stream u reaches axiai -ream « without any
temperature drop. In reality, stream u becomes colder at K gives off heat to the carbon stone. Thrt
effect however could not be considered within the framework of this simplified model

Solution of the system given by Eqs. (4), (B), (6), (7), and (8) starts by assuming T j -T jae and



T j - T i n , where T in is the inlwt tem|ii>iaiiitt> at tho tool ing wamr. ihp system of the b equations and

5unknowns is solved iiqain liy Grtuss el imination to obtain the 5 unknown temuni atures I T , , T ; , 1 3. T«

and T 5 ) at the first axinl posit ion (at a dist inct ' Ax f inm 'he entram») ot the f irst l ing. The subsequent

steps are solved similarly T j anrt T< bumg now T j and T< i t thp previous axial st fp unt i l second ring is

reached. For the first axial posit ion of the second nno laq<iin at a riiitame Ax f rom its heqinninq), T* is

calculated f rom Eqs. (9) or (9 1 ) .

The calculation is carried out similary for the remaining tinus

The results of the temperature calculations ate shown in the next section.

Ill - RESULTS

The cumputer program was first run to study the effect of sealing the gaps in the hot gas duct.

The hat gas i f the duct was choosen as helium, at 40 bars and 300 C, flowing at a velocity of 70 m/s.

The friction favors for the helium in the duct and all by pass stre?m ha"e been taken as 03. The

pressure drop in the duct per rinq ( Í ' ~ .8 m) hai been calculated as (X)3 bar .

Figure 4 shows the velocity distribution m the duct when none of the gaps are sealed. In this

case, an interesting result is obtained: there is no radial leakage from the hot gas to the pressure tube.

There is only the axial by-pass stream v, with a constant velocity of 5 m ' i .

Figure 5 shows the case where the axial gap between the first ring and the pressure tube is

dosed. The hot gas enters through the radial gapsi, 2 and 3 with respective velocities at 6.5 m/s,

1.3 m/s and .09 m/s; flows in the axial gaps 2, 3, 4 and leaves through the last axial gap.

In Figure 6, the fir 't axial and the first radial gaps are both closed, and the velocities are the

« m e as in the previous, only shifted to the right by one ring.

It can be observed that sealing the first rings does not help reducinq the by pass streams in the

remaining rings. In Figure 7, the first and last axial rings are sealed, and the results is similar to that of

Figure 5, except that the axial by-pass stream leaves through the last radial gap instead of the last axial

gap.

In Figure 8, the first and last axial and radial gaps are closed. The hot gas enters tnrough the

Hcond radial gap, flows in the third axial gap, and leaves through the third qap. Therefore, to eliminate

leakage flows from the hot gas to the pressure tube, a'-nost all the gaps must be sealed.

For the soMion of the energy equation, the heat transfer coefficient h| between the hot gat

and the Inner surface of the rings has been taken as 10OO W / K m 1 . The same value was used for h 4 , the

heat transfer coefficient between the cooling water and pressure tube. The water pipe was considered

at completely insulated, giving h, = 0. The heat transfer coefficients h j and h s for the axial by-pat*

stream have been calculated from Nu a = Nu j = 4 (laminar flow), which gave h j = h j = 5 0 W / K m 1 .

Since this is « low value, program was run once with h j = hs = 600 W / K m J . The cooling water Inlet

temperature and mais flow rate were taken as 20°C and 0.1 Kg/s respectively for all rum.

Figura 9 shows the velocity and temperature dsitributions for V = 70 m/s with none at the gaps

sealed, and h , - h j ^ 50 W/Km 3 . The temperature at the inner surface of carbon stone, T , , itmaim a

few degrees below the gat temperature (Tgas* 3 0 0 ° 0 ; I t : outer surface temperature. T , , drops to about

230°C at the end of duct. The axial by-pass stream, entering at T j <= 300"C, is cooled down to about

190°C. The premir» tube is heated from about 40"C to 145"C. and the cooling water from 20°C to

•bout 140°C.

In Figure 10, the condition» are the u m e tt in the previous case, but the helium velocity has
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been der.MMMKt ftont / 0 tn/s in IB m/s. Thus, the pressure yiailiiiiu foi the main Mow is small*!, leading

to smaller J*.IA\ l>y IMSS VPIO» IIIHS (1 33 m/s iir-t^ul at 5 in's) f he i^miwirttuie («mliles aie siniikn to

thos»! if) t H)iii(!9, hut HIM milling w.tlei, and consequently 1h« pipssme tube temiier.itur^'., a<f l( wff hy

about 40 C. On the other hand, the temperature of the outer surfare of lhe cai Don stone is kept at
lower temperatures, causing higher temperature differences across the rings. Decreasing the gap G
between the rings and the pressure tube would have the same effect as dec easing the velocity V ot the
hot qas, ie, lower mass flow rates for the axial by-pass stream, thus the twniierature profiles with
V = 70 m/s, but a smaller G would be similar to those in Figura 10.

!n Figure 11, the conditions are the same as in Figure 9. bu the first and last both axial and
radiei gaps are closed. The hot gas enters through the second rad'al yap. raising the T2 and T3 to almost
290 C. The pressure tube and cooling water temperature are raised past 100 C at the end of the third
ring, and they reach about 120°C at the end of the duct. These values are lower those in Figure 9, but
the sharp increases in the carbon stone and pressure tube temperatures show that partial sealing can
damage the duct; higher but smoother temperature profiles are obtained if no sealing is used.

Figure 12 shows the effect of heat transfer coefficients fo- the axial leakage stream, h2 and h j .
This case was run with V=13m/s , hj = h3 = 500 W/kmJ. Comparison with Figure 10 (V=18m/s,
hj = h 3 = 5 0 W/Km1) indicates that the pressure tube wall temperature depends little of h2 and h j , but
the temperature of the outer surface of the rings decreases when h2 and h3 increase. However,
BOO W/Km2 is too high a number, and was used to see the effect of h2 and h3 on the results.

Considerations on natural convection

As it was seen, natural convection is not calnuled in the model. The velocities are calculed by
evaluating the densities of various gas streams at the temperature of the hot gas and based on the
resulting velocities, temperatures are calculated. However, since the temperature of the main gas stream
is higher than that of the axial and radial by-pass streams, some natural convection may occur in the
system. Specially, on the upper half of a horizontal duct, main gas stream with a lower density is
located below the axial by-pass stream with a higher density. Thi» it not • stable condition and at high
pressures (high densities), natural convection could be possible. The equations of conservation of
momintum can be modified as fallows to account for density differences and body forces:

Conservation of momentum for ~*e axial by-pass stream:

Conservation of momentum for the radial by-pass stream:

Sine* the gat densities p[ and p' are functions ot temperature, ttt i equations of conservation of
matt, momentum and energy art coupled now, so they mutt be wived simultaneously to consider free
rnnvectlon. An itiretive method wat used by Ko-Hikls> to solve • natural convection problem. The
equation* of conservation of mast end momentum art solved first with initial guesses of temptreturtt,
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then the energy equation a solved using the calculated velocities. In the second iteration equations of
conservation of mass and momentum are solved by evaluating the gas densities at the calculated
temperatures, and then the energy equation is solved using the resulting velocities. The procedure is
continued until temperatures converge. A similar method can be used for the present problem.

IV-CONCLUSIONS

The model developed allow* the calculation of by-past streams and temperatures in a hot gas
duct internally insulated by carbon stone. The results presented, although qualitative can be helpful to
find out the effects of the duct geometry on its performance.

To obtain quantitative results, the model should be improved by including natural convection
and possibly making 4 angular divisions, 90° each. Also, it would be necessary to use realistic values for
the radial gaps between the rings, and consider variation of the axial gap along the circoference due to
non-centering of the rings in the pressure tube. Heat transfer coefficient* h and friction factors f can be
calculated more accuratry by introducing known experimental correlations for f and Nu into the
computer program.

After the model has been improved, comparisons can be made with experimental results given
in (3) and (4).
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RESUMO

» "i 'lesenvolvido um modelo matemático paia calculai » disuihuiçâVi de ternijeiaiuia a Muxo tacundAiio num

iflnflt ds gás quinta isolado internamente com anéis de carvão de pedra. A] equacAes de comeivacAo d* massa •

momento sSo resolvidas para um tubo a fim de obter as velocidades radial e axial. A seguir, 6 solucionada a equação da

energia passo a passo, a fim de obter a distribute*) de temperatura ao longo do tubo.

Os resultados, ambora qualitativos devido to simplificacSes do modelo, sab útmt para estudai os eleitos ds

geometria do tubo no desempenho do isolamento térmico.
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