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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 by-pass tiows and temperature distribution in a hot gas
duct internally insulated by carbon stone rings. The equations of conservation of mass and momentum are solved for &
piping system to obtain axisl 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, aithough qualitative due to simplifications in the model, are useful fo study the affects of duct
geometry on its 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 Atdmica (IEA)”, S30 Paulo, Brazil, tests are
continuing on a vertical duct internally insulated by mineral fibers At the ‘“Institut Fur
Reaktorbauelemente, Kernfornscungsanlage Julich GmbH”, internal insulation for horizontal ducts have
been tested, using metallic foilsm, mineral fibres'd! and lastly carbon stone'! as the insulating
material. The results are summarized by Brockerhoff'2', Foil and fibre insulation have been found
satisfactory for keeping the duct walli temperature and the hest losses at low vahses. However, they would
be too costly and time consuming for long ducts. The carbon stone Insulstion offers the advantages of low
cost and rapid construction, due to its simplicity. An other sdvantage is that, in constrast to the first
two, it oorz/ains no metallic parts, in particular no hot gas liner is necessary. However, it was found to
be a less vffective insulating material than foils or fibres. One of the problems was the by-pass flows in
the gaps bastween carbon stone rings and between duct wall and carbon stone.

At the “Instituto de Energia Atdmics”, some work has been done in model development.
Computers programe have been developed 10 predict performances of fibrous insulstion in horizonts!
and vertical cylindeu‘s’, snd of 8 ring — tubes ceramic duct'®). In this report, a8 methematical mode!
for the cerbon stone insulstion is presented.

The description below is taken trom'?),

The carbon stone inulation tested at Jutich!'2) 1y shown In Figure 1. The insulstion wes
supplied by the Sigri Compeny in Mzitingen, Germeny, The trade neme of the carbon materisl is
ALJD-N.H consists of five rings, the first and the last acting as entrence snd exit pemages. The direction
of gas flow is shown in Figuwe 1. Hatf tubes were weided to the outer surface of the duct wall to
messxe the heat iomes. The asverage inner diameter of the duct (pressure — tube) is Dy = 030.2 mm,

Approved for publication in IEA asrie’s in Februery 1078,
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Figure 1 — Carbon Stone imulation



The carbon rings were made with a smaller diameter than the pressure tube. The outside diameter was
D; =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 any the las, 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 iing 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 m@hematical model of the carbon stone nsulation is given. Then,
nurerical resuits are presented, fallowed by conclusions and remarks on future work.

11 - 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 soived to obtain the axial radial
leakage velocities in the duct. Then, the duct was divided into axial increments and the equation st
oconservation of energy has been solved to obtain the radial temperature distribution along the dust

1} Diping 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 well,
and the vertical twanches to the gap between carbon stone rings. The horizontal branches have
velocity v, flow area A , hidraulic diameter DH, and lenght Qv. The vertical branches have velocity u,
flow area Au, hidraulic diameter DHu, and lenght Ru. Velocity u represants the redial flow from inside
to the outside of the rings. For the case where the gaps are not sealed, the branches sre represented by
the fallowing values:

A

v

n(D} - 0})/a
A = ﬂD]G

DH = D3 - Dy

DH = 2G

G is the gap between rings. This gap has been taken as G= 1.6 mm.
The pressure of the main gas stresm is denoted by Pg

The pressure st the entrance of the pipe, P;, must be supplied. The ramaining ges pressures, P:
P", e P: sre calculeted from:

vl
P;‘ 1 = —-'- fp —
DH" 2°a

where { is the friction factor, p gas density and V gas velocity in the duct.
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u', u', u’, u' ate the unt viws b the systam. They are calouloted by sohing the tallowmg quUAtienns:

Consgrvatron o niges

Conservation of momentum in the horizontal branches:

%'p' v v
I — 1 hd hd = $ =
P - p + 0 i=15 ¥,
2D.H'gc
. o _ 1 .5 - ¢
with p Py P P

fv is the frichon factor in the horizonts! branche-

Conssrvation of momentum in the horizontsl branches:

l". ot ol
f———l——‘_'o ]
QDHugt

| |+
P P'

14 3

The equations (2) and {3} are first linearized by assuming values of (vl and |ul, then the iinear
systemn of 13 unknowns {Sv, 4u and 4P) is solved by Gauss eliminstion. The resulting velocit:~* sre used
to linearize the system fuor the second iteration, snd the procedure is continued until velocities converge
within a8 certain precision.

The program has been run with snd without sesling of the geps. The resufts are shown in the
next section.

2) Comsrvation of Energy
The calculsted velocities sre used in the solution st the energy equation in order to obtain

tempersture profiles in the duct The duct was divided axially, snd st each axiel position, 5 unknown
temperatures slong the rad.us were considered (Figurs 3). Thes are:

Ty : Temperature st the inner surface of carbon stone
T3 : Tempersturs st the outes surface of carbon stone
T, : Tempersture of the sxial by-pass stresm (v)

To : Temperature st the pressure tube well

T4 : Temperature of the cooling weter



The equations of conservation of energy for an axial position are the fallowinn

Conservation of energy at the inner surface of carbon stone: (D = D,)

T, - Ty
1ID|Auh,(T‘l -Ty) - hAxkc - (4)
In —
0,
Conservatwon of energy at the outer surface nf cathon stone: (D =Dy}
i, — I
ZIAch D, - ﬂDjAXh’ (T’ - Tg’ -0 {B)
In —
D,
Conservation of energy for the axial by pass stream (Between D; and D;i
7Dy xhy (T3 —Ty) - nDsAxhy (Ty —Te) ~ n'th‘ (T,—T"’ =0 (8)
Conservetion of energy at the pressure tube wall ‘D = 0,
lD,AXh) (T; —Td - ﬂDqAth (T. —Tg’ =0 (7)
Conssrvation of energy for the cooling water (Between Dy snd Dy)
#D4lxhy (Tq =Ty} ~ My cpy iT:  %f) — 7D48xhy (T—T, ) = 0 '8)

out

The cooling water is assumed to flow in s cosxisl pipe of diameter Dy. The definition of the
varisbles is given below:

k. = thermal conductivity of carbon stone, W/K -

h; ® hest transfer coeffizient between the hot gas and the inner wall of carbon stone,
w/Km?

h; = hest transfer coetficient between the outer surtece of carbon stone and the sxiel
by-pess stream, W/Km?

hy = heet transfer coefficient between the axisl by-pam stream and the inner surface of the
pressure tube, W/Km?

th; = mass flow rete the axis! by-pem streem, Kg/s It is celculeted from:
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Cp, = specific heat at constant pressure of axial by-pass stream, Ws/K kg

T, = temperature of the axial leakage stream one step before T3, °C

hs = heat transfer coetficient between the outer surfac. at the pressure tube and the
cooling water, W/Km?

hs = heat transter coefficient between the cooling water an the ambient air, WAm?

m, = mass flow rate of the cooling water, Kg/,
Cp; = specific heat of cooling water, Ws/K kg

T, = temperature of the cooling water ona step bafore Ts, "C.

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

T, - T 2r
D, 0,
n —
0,

which corresponcs to the radial heat conduction with constant thermal conductivity, Thus, angulsr and
axial heat conduction are not considered. This assumption simplifies the problem by avoiding radial snd
angular divisions in the model. Then, the heat flow across a ring of lenght Ax is given by

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

in the derivation of equation (7), axial conduction in the pressure tube is mglectad. Also, the
tsmperature drop across the tube wall is taken as zero,

The convective heat flow into the sxisl by-pass stream v from the radis? by pass streemu ™
sccounted for by an energy belance at the intersection of thess two streams:

(my+m) Cpy T8 = myC Topy + MCpe Ty for u>0 (0)

T3 =T, "

where Cp, and rh are respectively the specific hest and mas ﬂow of the radial by-pas stream u. T3 at
the hqmmng ot mo rings 2 to 6 is calculated from Eqs (9) and (9'). Tges is tempersture of the hot gas
flowing in the duct. Thus, it is sssumed thet the radial stresm u resches axisl ~veam v without any
tsmperature drop. In reality, stresm u becomes colder as it gives off hest to the carbon stone. This
stfect however could not be considered within the framework of this simplified model.

Solution of the system given by Egs. (4], (B), (8), (7), end (8) starts by smuming Ty = Tees ond



T; =Tin, where Tin is the inlet temperatine at the cooling water. the system of the 5 equations ang
5 unknowns is solved again by Gauss ebmination to obtain the 5 unknown temosratures (T, Ta, Ty, T,
and T4) at the first axial position {at a distance Ax from the entrance) of the first 1ing. The subsequent
steps are solved similarly T; and TS being now Ty and T4 at the pravious axial step until second nng is
reached. For the first axial position of the second ring lagan at a distance Ax from its beginning), T3 is
calculated from Egs. {9} or (8').

The calculation is carried out similary for the remaining rinas

The results of the temperature calculations are shown in the nex! section.

11 — RESULTS

The cumputer program was first run to study the effect of sealing the gaps in the hot gas duct.
The hat gas in the duct was choasen as helium, at 40 bars and 300 C, fiowing at a velocity of 70 m/s.
‘The friction factors for the helium in the duct and all by pass stream have been taken as 03. The
pressure drop in the duct per ring (&'; = .8 m} has been calculated as (M3 bar.

Figure 4 shows the velocity distributivui in 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 5m/s.

Figure 5 shows the case where the axial gap between the first ring and the pressure tube is
closed. The hot gas enters through the radial gaps1, 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 firct axial and the first radial gaps are both closed, and the velocities are the
same as in the previous, only shifted to the right by one ring.

it can be observed that sealing the first rings does not help reducing 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
wp.

In Figure 8, the first and last axial and radial gaps are closed. The hot gas enters tnrough the
second 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, amost ail the gaps must be sealed.

For the sontion of the energy equation, the heat transfer coefficient hy between the hot gas
snd the Inner surface of the rings has been taken s 1000 W/Km?. The same value was used for hy, the
heat transfer coefficient between the cooling water and pressure tube. The water pipe was considered
ss completely insulated, -iving hy = 0. The heat transfer coefficients hy and hy for the axisl by-pass
stream have been calculated from Nu; = Nuy = 4 (laminsr flow), which gave h; = hy = 60 W/Km?.
Sinca this is 8 low value, program was run once with hy = hy = 500 W/Km?, The cooling water Infet
temperature and mass flow rate were taken as 20°C and 0.1 Kg/s respectively for all runs.

Figure D shows the velocity and temperature dsitributions for V= 70 m/s with none at the gaps
maled, and h; = hy = 60 W/Km?. The temperature at the inner surface of carbon stone, T, remains »
few degress below the gas temperature (Tgas = ;!)0°C); itz outer surfsce temperature, T,, drops to about
230°C ot the end of duct. The sxial by-pass siream, entering at Ty = 300°C, is conled down to about
180°C. The prassure tube is heatad from sbout 40°C to 145°C, and the conling water from 20°C to
sbout 140°C.

In Figure 10, the conditions are the same a3 in the previous cass, but the helium velocity has
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been decreased fiom JOm/s o 18 m/s Thus, the pressure gradient for the main tHlow is smaller leading
to smaller axial by-pass velouties (133 m/s ansread at 5 mis)  The temperature yprofiles are sinmlar to
those in Fignie 9, bt the conling water. and consequently the pressane tube temperatires, are lower by
abaut '40°C. On the other hand, the temperatine of the outer surtace of the carbon stone s kep! at
lower temperatures, causing higher temperature ditferences across the rings, Decreasing the gap G
between the rings and the pressure tube would have the same effect as decteasing the velority V ot the
hot gas, ie, lower mass flow rates for the axial by-pass stream, thus the temperature protiles with
V=70 m/s, but a smaller G would be sirnilar 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
radial gaps are closed. The hot gas enters through the second radial gap. raising the T, and T; to almost
200°C. The pressure tube and eoolmg 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, h; and h;.
This case was run with V=13 m/s, h; =h; =500 W/km?. Comparison with Figure 10 {V=18m/s,
h; =hy =50 W/Km?) indicates that the pressure tube wall temperature depends little of h; and h;, but
the temperature of the outer surface of the rings decreases when h; and h; increase. However,
500 W/Km? is too high a number, and was used to see the effect of h; and h; on the results.

Congiderations on natural convection

As it was seen, natural convection is not calruled 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
rasulting 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. This is not s stable condition and at high
pressures (high densities), natural convection could be possible. The equations of conservation of
momentum can be modified as faliows t0 account for density differences and body forces:

Conservation of momentum for “he axial by-pass stream:
[N
tolt, VIVI

g-p-1 +—T———=0 1)
20H, g,

Conservation of momentum for the radial by-pass stresin:
i T
lupufth‘l Lo,

p - + =
° | {11
2DH, g 3

Since the gas densities P and £ are functions of tempersture, th ; equations of conservation of
mass, momentum end energy sre coupldr now, 90 mun be solved simultaneously to consider free
monvection, An tirstive method was used by Kowk'™® to solve » natursl convection problem. The
ojustions of conservation of mass end momentum are solved first with initisl guesses of temperatures,
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then the energy equation is solved using the calculated velocities. in the second: itiration equations of
conservation of mass and momentum sre solved by evaluating the gas densities at the calculated
temparatures, and then the anergy equation is solved using the resulting velocities. The procedure is
continued until temperstures converge. A similar method can be used for the presant problam,

iV — CONCLUSIONS

The model developed allows the calculation of by-pass streams snd <smperatures 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 madel should be improved by inciuding natura! convection
and possibly making 4 enguler divisions, 90° ssch. Also, it would be necessary to use realjstic values for
the radial gaps between the rings, and consider varistion of the axial gep slong the circolerence due to
non-centering of the rings in the pressure tube. Heat transfer coefficients h and friction factors { can be
calculated mores asccurstly by introducing known experimentsl correlations for f and Nu into the
computer program,

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

COMPUTER PROGRAM
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RESUMO
+ i desenvolvido um modelo matemdtico para calcular » distiihuicio de temperatura & Huxo secundano aumn
cangl de gis quSnu isnfado internamente com anéis de carvio de padm: As squaches de conssevacio de masss @
momento 330 resolvidas pars um tubo a fim de obter as velocidades radial ¢ axial. A seguir, & solucionada s equaco o

srwrgia passo a passo, a fim de obter a distribuiclo de temperatura ao jongo do tubo.

Ds resultados, ambora quelitativos devido ds simpliticacBes do modelo, s8o (tmis para estuder ot efsitos de
geometria do tubo no dessmpenho do isolamento térmico.
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