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SuMtaary . 

According to the present HEf design^ it is expected that the CuSO|j_ 

catalyst will bear the major gas recombination load -when the reactor is 

operating at full po-srer of 5 Msr (300°C and 2000 psia). fhls catalyst prob

ably -will be ineffective at lo'wer temperatures<. Since the reactor may operate 

with as much as 1»0 !&• of powef at the lover temperatures, the loir pressure 

systea should be designed to handle the decomposition gases given off at these 

conditione* The original designs combined the coadensiag and recoBblnlng 

operations into one unit| however, the design presented here has separate ualtsi 

one for recombination and one for condensation. (See dravings Ho. 1-18228 and 

lo. E-l8226)<. Design basis for the recoabiner-condeneer units isi 

Core power level - 1200 kw (20 % factor of safety) 

Dg gas released in core = 0*026 lb aols/min. 

©2 gas released in core - 0*013 lb mOls/mln» 

DgO diluent added from D2O evaporator « Ô ii.%2 lb mols/min» 

(1 gpm evaporator rate) 

The combustible gas mixture entering the recombiner is diluted well below 

the explosive limit. It is then passed through the catalyst bed which ia 

packed with platinized alumina pallets, on irhich the 'DQ and O2 reacts The 

temperature of the % 0 vapors leaving the recombiner is about ̂ I-OÔ C. Uiese 

vapors enter the condenser unit vhere the superheat is removed and the vapors 

condensed and cooled. Hiese tinits are also used during a dumping operation 

to remove heat from the dumped fuel and blanket solutions» Bie actual times 

involved in this cooling operation depend on the rate at which the materials 

are allowed to dump. Estimates, however, are about 6 minutes for the core 

system with a 60 psia maximum pressure rise and for the blanket system, 

about 12 minutes with a lJ|-0 psia maximma pressure rise in the dump tanks» 

UNCLASSIFIED 
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Introduetion 

At design conditions the decoi^osition gases constitute 8»1 mol percent 

of the gas mixture entering the recombiner» Assuming 100 percent recombination 

of the D2 and O2,there is a 306°C temperature rise across the recombiner. 

o 
Under normal conditions the gas toixture enters the recombiner at 100 C; and, 

con8e(iuentlyj the exit temperature will be ho6 C CT63°F)<. Hie recombiner bed 

is II-I/2 inches long (8 inches of the basket container is perforated) and 

2-I/2 inches thick and is in the form of a cylindrical annulus with an inside 

diameter of k inches and an outside diameter of 9-l/2 inches» It is packed 

with 1/8" X 1/8" cylindrical pellets of 0.3 percent'platinized aluminao The 

pressure drop across the recombiner bed is 0«2 psi for nofnal operationo 

A reasonable design for the condensing unit has 62 U-tubes (1/2 inch-

BWG 18) with an average effective length of about I3 feet, fhis gives an 

2 
outside effective heat transfer surface of approximately 112 ft . fhe 

tubes are housed in a 3^7 stainless steel shell of 12" inside diameter with 

0»3T5" thick wall* Bae D2O vapor is cooled and condensed on the shell side 

with the cooling water being sent throu^ the tubeso The total cooling load 

for normal conditions is 7li-0,000 Btu/hr which includes: 

lo Cooling of the superheated gases (l60,000 Btu/hr) 

2. Condensation of the DgO vapor (5^5,000 Btu/hr) 

3» Cooling the condensate to 150°F (35,000 Btu/hr) 

About 55 percent of the cooling surface is employed in cooling the superheated 

gases to 100 C, the remainder being used to condense the vapors and cool the 

condensate. 

During a dump of the fuel solution the recombiner condenser will be 

used to recombine decomposition gases which are normally dissolved in the 
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fuel solution and condense the vapors formed from the core material. About 

1/3 of the liquid D2O in the fuel solution flashes to vapor during a dump. 

It is necessary to remove about 3^0,000 Btu from the core solution during a 

dumping operation to cool the material to liquid at 212 F and atmospheric 

pressure. It is desirable to do this as fast as possible. Should all the 

material be dumped into the dump tanks instantaneously, the time required is 

3 to 4 minutes. See Figure 2 for a plot of pressure versus time for an 

instantaneous dump. Bxe actual time required to move the liquid from the 

core into the dump tanks will depend on the size of the dump line. For a 

1/2 inch schedule 80, diimp line, the dumping time is approximately five 

minutes. As shown by Figure 2 the actual time required to cool the core 

solution to 212 F and one atmosphere is about six minutes. Ihe maximum pres

sure expected in the core low pressure system during an unconijrolled dump 

is about 60 psi. 

•Sxe blanket system will have similar sized units for recombination and 

condensation. For a 1-lnch schedule 80 blanket dump line, the time required 

to empty the high pressure blanket vessel is about 8 minutes. During a dump 

the cooling load on the condenser will be about 1,200,000 Btu. As shown by 

Figure 3 "the time required to remove this amount of heat is about 12 minutes. 

Uie maximum pressure expected in the blanket low pressure system during an 

uncontrolled dump is about 1^0 psia. 

Waen the condensate drain line is full to the condenser level, there 

will be a vertical head of liquid 12 feet above the check valve. Hiis is 

equivalent to a pressure of 5.5 psi tending to open the check valve. During 

nonaal operation the total pressure drop across the entrainment separator, 

the recombiner, the condenser, and connecting piping and fittings is about 

1/2 psi and therefore flooding of the condenser does not appear to be a 
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problem. However, during a dumping operation the pressure drop across these 

items is of the order of 7-I/2 to 8-I/2 psi over the operating pressure 

range of I5 psia to 200 psia. Biis pressure tends to close the check valve 

preventing the return of condensate to tie dump tanks. Hence, flooding of 

the condenser during a dumping operation, nay be a considerable factor. 

Recombiner Unit 

Experimental data of Gaven, et al,£1] were used as a design basis for 

the recombiner. Most of the decomposition gases will be recomblned in the 

core? howeverj a small amount of these gases are needed for such purposes 

as stripping out gaseous fission products. !Ihe gas mixture flowing to the 

recombiner at the design point is O^kS lb mols/min. If a space velocity 

of ̂ 20,000 hr" is assumed for 100 percent conversion, then the volume of 

catalyst required is 

Vcat = 0.025 ft3 

•aie voliaae of catalyst pellets in the recommended design is 

Vact = 0°353 ft3 

This is several times as much catalyst as the calculations indicate is needed. 

However, the bed thickness should be great enough to prevent channels from 

occurring through which the gas may pass without reacting. A thickness of 

2-I/2 inches should be sufficient to insure good contact between the gas 

mixture and catalyst pellets. Also the pressure drop across the bed is a 

considerable factor since this is one of the major flow resistances in the 

low pressure system. Ihese considerations, along with the realization that 

conditions in the IRT may not be the same as the conditions xmder which 

Gaven's group carried out experiments on hydrogen and oxygen recombination, 

led to the present design which has the large volume factor of safety. 
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Bae cylindrical annular type of bed was chosen because this geometrical 

fona appears to have a lower pressure drop than beds with other geometrical 

shapes, fo predict the pressure drop across the recombiner bed the following 

equation was used Kl 

- i-tn5 (1) 

where AP = pressure drop, psf 

L = thickness of bed, ft 

|i = viscosity C0.919 x 10"5 lb/sec ft at 2 1 2 % or 

1.69 X 10-5 lb/ft sec at 763°F) 

Af = diaensionless wall factor = 1.0, [2] 

B = diameter of pellets = 0.010^2 ft 

p = density (O.Oil-lli-6 Ib/ft^ at 212°F or 0.022^i^ lb/ft3 

at 763®F) 

¥0 = superficial velocity of gas through bed, ft/sec 

Equation (l) may be written in a more convenient form for an annular type 

bed I 

^ - 2.361.°'^^ pQ'Qg f/-Qg Ap 
Dp̂ --̂ :̂  (la) 

where dP 
•3— = pressure drop, psi/ft 

r = radius of bed, ft 

Under normal conditions the gas flow rate through the recombiner is 

0.%8 lb mols/min or 560 Ib/hr. The physical properties are based on the 

physical properties of DgO vapor as this is the case for the major part of 

the bed. !i!hen solving equation (la) for the cylindrical annular bed at 

normal conditions with gas leaving at 763°Ft 

^ \ 0.0609 
d̂rJj.ggOp = "^^W f psi/ft 
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And for conditions when only the vapor from the DgO evaporator is flowing 

through the bed: 

>^dP\ 0.03005 
V d r ^ l 2 0 F ~ '~r^^W~ > VB±/tt 

" Sch. hQ S.S. Pipe 

_̂ ^̂ ;>—8" perforated length 

For the present design: 

(AP) 
763°F 

Catalyst Bed for Recombiner 

0.17 psi 

(AP)2i205. = 0.08 psi 

During a dump the pressure drop across the recombiner may be computed 

in terms of the velocity, v, through the gas inlet line and the density, 

p, of the DpO vapor. Bie viscosity also varies with temperature and pres

sure, but not nearly so much as the density, and for these calculations the 

viscosity is assumed to be that of DgO vapor at 212°F. "Ehe velocity, V^, 



SSCRET 

.8-

throu^ the bed may be written in terms of the velocity, v, in the gas 

inlet pipe (3" Sch. ko). 

V 0.0513 V 0.01225 V 

Substituting in (la) 

dP _ 0.000159 P°'^^ v^'^^ 

to" """ ~7^B5 

or 

^^^dump " 0"000y*6 p°-®5 ^1.85^ pgj 

Pressure drop calculations were made on other geometrical basket forms 

to get a comparison on the basis of pressure drop. Some of the results are 

shown in Table I. Table I is calculated for equal thicknesses of pellet 

bed but not necessarily equal volumes of catalyst. 

Table I 

Comparison of Pressure l^op Across Different Basket l^pes 

Disk Spherical Annulus Cylindrical Annulus 

^ ^ ) 2 1 2 0 F , psi 0.3 O.k 0.1 

(AP)^530p^ psi 0^^ 0-9 0.2 

(AP), , 0.0015 P°'^5 ^^.85 o^QQg pO.85 ^1.85 0.OOOW6 p<̂ »85 ̂ 1.85 
dump, psi 

Some question may arise concerning the temperatures which may be en

countered in the recombiner bed. The pellets may be used at temperatures 

as high as 1200°C without loss of platinum and so no difficulty is expected 

here. Under normal design conditions the temperature of tbe gas mixture will 

not get higher than k06 G (763°F). With the maximum output of DgO vapor from 

the 1 gpm DpO evaporator about twice as much D2 and Og gas can be recomblned 

per minute without exceeding the explosive limits of the gas mixture. However, 
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in this case, the temperature of the DgO vapor leaving the recombiner Is about 

700°C (1290°F). The temperature rise in the gas stream across the recombiner 

is given by 
Ipp AH 

At = ~f^ (2) 
V 

where At = temperature rise, °F 

AH = heat of recombination of Dp and Op = 

105,000 Btu/lb mol £3] 

% o ~ Ho» of Ib-mols of DQ per hour 

¥ = wei#t rate of flow, Ib/hr 

C = heat capacity, Btu/lb F 

Solving for (At) for design conditions 

At = 551°F 

An estimate of the temperature profile of the catalyst pellets and gas passing 

through the recombiner is shown in Fig. 6. fhe estiaated maximum pellet tempera-

' ture is 870°F and occurs about 0.2" inside the bed. See Appendix I¥ for the method 

of estimation of temperature profile. 

A necessary condition that the catalyst function properly is that it must be 

dry. To insure that at least some of the pellets will be dry, a steam heater 

coil is placed in the bed. The reaction on the dry pellets around the steam coil 

will quickly diy the remaining pellets of the bed under start-up conditions. 

The original design thinking was to place the recombiner basket inside 

the condenser shell, i.e., to have both recombinlng and condensing operations 

in one unit. Biis is desirable as it would eliminate some flanges and make 

the construction simpler and more compact. However, in the present hori

zontal condenser design, there was the possibility of condensate forming 

on the shell of the unit directly above the basket. !I5iis condensate could 

drip back into the catalyst bed, possibly keeping the pellets wet and 

destroying their catalytic activity. Tke condenser unit could not be placed 



-lo

in a vertical position, because of cell limitations. Therefore, in order 

to prevent flooding of the catalyst, the recombiner and condenser are 

designed as separate xmits. 

Condenser Unit 

In calculating the surface area needed for desuperheating and condensing 

the DgO vapors from the recombiner, the condenser was divided into two sections, 

a desuperheating section and a condensing section. The overall coefficient of 

heat transfer and the mean temperature difference based on 80 gpm of cooling 

water entering the condenser at 100°F are the following: 

For desuperheating: 

U = 9*0 Btu/hr ft^ °F 

(At)ĵ  = 300 °F 

For condensing: 

U = 3l|-0 Btu/hr ft2 °F 

(At)j5j = 97°F 

!Ilie calculations involved above are given in Appendix I. For normal conditions 

the area needed to desuperheat the vapor from the recombiner is 

A^ - A 1 6 0 , 0 0 0 ^T ^+.2 

^ - -mj; = T9:%WI ^ ^^ *̂ 
and for the condensing section 

2 
The total area needed to cool and condense the 1^0 vapor is 77-1/2 ft . 

2 
It is desirable to subcool the condensate and the 112 ft of effective 

surface area in the recommended design should provide staffIclent cooling 

to the condensate. 
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A cooling water flow rate of 80 gpm has been assumed and for this flow 

rate the pressure drop on the tube side is approximately 0.8 psi. During a 

dump the flow of cooling water may be increased to I50 gpm (particularly the 

blanket condenser). Since, at this time, the condenser is no longer desuper

heating the vapor but condensing only, the capacity is greatly increased and 

this makes a larger flow rate of cooling water desirable. The pressure drop 

across the tubes for I50 gpm flow rate is about 2.^ psi, with a velocity 

in the tubes '^6 ft/sec 

The vapor is being condensed on the shell side mainly because this 

arrangement gives a better overall heat transfer coefficient 

( U" = 3^0 Btu/hr ft^ °F as compared to U =* 2kk Btu/hr ft^ °F for DgO 

condensing inside the tubes). Also, the present construction minimizes 

thermal stress problems. The pressure drop across the shell side of the 

condenser is fairly small. It imn estimated using equations and charts in 

Kern [̂] . The pressure drop across the shell side including entrance and 

exit losses and flow around baffles on 12" spacing. Is 5 O.O3 psi. 

There may be a question as to whether the cooling water mi^t boil at 

any point in the system. The outside tube wall ten^erature, t^, may be 

determined from 

U (tg - t^) = h^ (tg - t^) (3) 

where t = temperature of gas (At hottest point = 763°F) 

t^ ~ tei^eratures of cooling water at corresponding 

point (= 119°F) 

h = outside heat transfer coefficient = 10.7 Btu/hr ft^ °F 

- Solving for t^ 

t^ = 137 °^ 

•"^^^^^S* 
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Therefore, there is little danger of the cooling water boiling during normal 

operation. 

Condenser Performance During Dump 

It is planned to utilize the core and blanket low pressure condensers 

to cool and condense the flashing DgO solutions during a dumping operation. 

The advantages to using this method of removing heat at dump times are the 

following: 

1. Since the condensers are needed for normal operation anyway, 

they may as well be utilized on a dump. 

2. The release of dissolved Dg and Op will cause little or no 

trouble as it will be well diluted by vapor from the flashing DgO. 

3. Even if dump line coolers are usedjthe condensers will be 

necessary during the diamp to remove the heat of recombination of D 

and 0 dissolved in the solution. 

ko !l5iere is no extra solution holdup required in the high 

pressxire system. 

5. All cooling and condensing take place at relatively low 

pressure. 

The problem now is to determine the performance of the condensers at 

dump time, a e quantities involved in the two systems are listed below: 

Gore System Blanket System 

Volume of hi#i pressure system, liters ^80 17^0 

Volume of low pressure system, liters 1000(35.32 ft^) 30OO (106 ft^) 

Average temperature before dump, °C 28O (536 °F) 28O (536 °F) 

Weight of DgO involved, lbs. 

Initial enthalpy of liquid [5] , Btu/lb 

Total heat to be removed, Btu 

900 

531-^ 

3to,ooo 

3220 

531.^ 

1,200,000 
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If constant enthalpy is assumed for the systems during a dxamp then the 

fraction of liquid DgO flashing to vapor may be found by trial and error 

from the equations 

% = l̂ fg + ^ ^fg (̂ ) 

^1 = ^fg + ^ ̂ fg (5) 

where h = enthalpy, Btu/lb 

V = specific volume, ft^/lb 

X = fraction of vapor 

H = enthalpy of total mass of DgO in system, Btu/lb 

V = specific volume of total mass of DgO in system, ft-̂ /lb 

Subscripts f = refers to properties of saturated liquid 

1 = refers to initial conditions before dxamp 

2 = refers to final conditions after dump 

fg = refers to change by evaporation 

Then if no cooling or condensation takes place the equilibrium condition after 

a dump will be: 

Core System Blanket System 

Pressure, psia 690 690 

Temperature, °F 500 5OO 

Vapor fraction O.06 O.O6 

Should the solution be dumped instantaneously the initial conditions will be 

those listed above. Then as heat is removed from the system by condensation 

occurring in the condenser, the pressure of the gas is lowered and as a result 

the temperature is lowered. The pressure drop in the condenser is negligible 

and therefore the pressure and condensing temperature is constant with respect 

to the distance into the condenser. It is, however, a variable with respect 
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to time during the dumping operation. If cooling water is available at 

100°P and if it is allowed to rise to the boiling point (212°F) in the con

denser, then the log mean temperature difference between the condensing steam 

and the cooling water may be computed as a function of pressure in the condenser. 

Since the blanket condenser handles several times as much condensate as the 

core condenser, the cooling water flow rate to the blanket condenser will be 

assumed I50 gpm Instead of 80 gpm during a dump. Assuming that about I5 minutes 

will be required to remove the heat from the blanket solution, the average 

temperature rise of the cooling water is about 66 P. The log mean temperature 

difference, {^)-^> is given by 

(6) ^^*)m 
(T- ti) - ( r -

T - tg 

* . ) 

where "( = condensing temperatxire of DgO vapor, °F 

ô  t-|_ = temperature of cooling water into condenser, F 

t = temperature of cooling water from condenser, °F 

Table II shows the variation of the log mean temperature difference with 

pressure and fraction of heat removed (See Figure l). The values of 

(At) computed for I50 gpm cooling water flow are based upon an average 
m 

temperature rise of 66 F. This corresponds to an average heat flow rate 

of ̂ ,900,000 Btu/hr or a (At)„ of about I30 F. This (At)^ occurs at a 

pressure of ̂ 0 psia. When the pressure is higher than this value the heat 

flow rate will be greater and consequently the temperature rise in the cooling 

water will be greater than ̂ "^F. Hence the value of (At) will be sll^tly 
m 

smaller than that shown in Table II for I50 gpm, by an amoimt dependent upon 

the heat removal rate. Similarly for pressures less than kO psia the values 
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of (At) will be slightly larger than the values given in Table II. In 

either case the correction is difficult to make and since its effect is small 

as compared to other uncertainties in the system, the deviation from the 

average values will be neglected. 

TABIiE II 

Variation of Temperature Driving Force with Pressure 

Pressure 
psi 

690 
600 
500 
1̂ 00 
300 
200 
100 
80 
60 
ko 
20 
15 
ll|-.7 

Condensing 
Temperature 

O-p 

500 
11.86 
1*67 
I+I1.5 

1|-17 
382 
328 
312 
293 
267 
228 
213 
212 

Fraction of 
heat removed 

0 
0.073 
0.151 
0.238 

0.339 
O.lj.65 
0.611-5 
0.696 
0.758 
0.833 

0.953 
0.997 
1.000 

^ j(Afc)ni > 
t,=100°F, t2=2l2 F t,=100OF,t2=l66OF 
tSO gpm coolant) tl50 gpm coolant) 

3te 
328 
308 
285 
257 
221 
166 
lk9 
129 
101 
53-7 
50 
50 

367 
353 
333 
311 
283 
2hi 
193 
177 
158 
131 
91 
75 
71̂  

The heat transfer equation may be written 

0, § = U A (At)^ 

dQ 
where - 'Jg = rate of heat removal, Btu/hr„ 

The fraction of heat removed may be represented as 

Qo - Qi 

where subscripts "o" = refer to initial heat content. 

"1" = refer to final heat content. 

(7) 

(8) 
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Differentlating 

"" ' % ^ i ' - " ' " 

- dQ = i% - Q3_) df (9) 

Substituting equation (9) in equation (7) 

(Qo - % ) 1 = ̂^ ̂ *̂)m ^^^^ 

Solving for the time 9 

(11) 

The value of the above integral is found by plotting TXTT" versus f and 

integrating graphically. If the blanket solution is dumped instantaneously to 

the low pressure system, then a pressure versus time plot may be computed 

(using equation (ll)) as the condenser reduces the heat content in the dumped 

solution. The time required for the condensers to reduce the dump tank 

temperature to 212°F and the pressure to atmospheric is approximately k minutes 

for the core system and 9-1/2 minutes for the blanket system. These represent 

the minimum times required to cool and condense the core and blanket solutions 

to atmospheric conditions, by this particular design (See Figures 2 and 3). 

It will take some time, however, to dtimp the solution from the core and 

blanket to the respective dump tanks. !l5xis will change the pressure versus 

time curve considerably and will increase the time required to remove the 

heat from the dumped solution. Estimates of the times required to remove the 

solutions from the core and blanket into the low pressure systems were Bade 

from pressure versus weight and pressure versus time curves prepared by 
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R. Van Winkle (See Figures k and 5). For an unthrottled damp about five 

minutes are required to empty the core through a 1/2" schedule 80 dump line, 

and about eight minutes to empty the blanket through a 1" schedule 80 dump 

line. Under these conditions the total times involved for the removal of 

heat is approximately six minutes for the core system and twelve minutes for 

the blanket system. Bae maximum pressure attained in the core dump tank is 

about 60 psia and occurs about I5 seconds after the beginning of a dump, while 

the maximum pressure built up In the blanket dump tank Is approximately 140 psia 

and occurs about a minute after the dumping operation starts. See Appendix 

III for the method used in determining the pressure versus time plots of Figtires 

2 and 3. 

Flooding During a Dumping Operation 

The above figures were calculated assuming no flooding takes place in the 

condensers. Flooding may be a factor to consider during a dtmping operation, 

since a relatively large pressure drop occtars between the dtimp tank and con

denser at this time. Hiis pressure difference tends to hold the check valve 

in the condensate drain closed. Bien as soon as the condensate drain line is 

filled the condenser will begin to flood. When the condensate line is full 

the liquid leg above the check valve is about 12 ft high. Oiis corresponds 

to a pressure of about 5">5 Psi, tending to open the valve. When the pressure 

drop between the dump tank and condenser is greater than 5.5 psi, the check 

valve will be closed and the condenser will flood. The pressure drop is 

proportional to the flow rate between the dump tank and condenser. Sie flow 

rate depends on the capacity of the condenser, which is reduced when flooding 

occurs. When a stifficient ntanber of condenser tubes are covered with water 

the flow rate falls to the point where the pressure drop is 5'>5 Psi or less 
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and the check valve opens, returning condensate to the dump tank. 

To estimate the presstire drop the items involved are the entrainment 

separator, the piping, the recombiner basket and the condenser tubes. Pressure 

drop across the entrainment separator was estimated from C. L. Segaser's 

report [6j . !Ihe pressure drop across the piping and recombiner basket is 

given by 

-o r 
0.000l4-l|-6 

^2 

(AP), e0.i5 + o.ooo6ii-6 (12) 

where 

'r + p *' 

G = mass flow rate, lb/sec, ft 

AP = pressure drop, psi 

p = density of gas, lb/ft 

The pressure drop across the condenser is small and is neglected. Table III 

gives the presstire drop in the system as a ftmction of condenser pressure and 

capacity (asstmlng ftall capacity at I50 gpm cooling water flow rate). 

TABLE III 

Pressure Drop in Low Pressure Core and Blanket Systems 

Presstire 
Pj,,psia 

20 
ho 
50 
70 
90 
100 
150 
180 
200 

q = UA(At)^ 
q, Btu/hr 

3,il41^^000 
1^,919^000 
5,525.000 
6,357^000 
7,039,000 
7,3^1.000 
8,1*39^000 
9,006,000 
9,3^7,000 

^ = lAf g 
w = Ib/hr 

3590 
5270 
5980 
7000 
7870 
8260 
9770 

10590 
11090 

< —Pressure Drop,psi ?» 
Condensing rate Entrainment Connecting Eecombiner Total 

Separator 
(AP)g 

1.06 
1.11 
1.13 
1.12 
1.10 
1.08 
0.99 
0.98 
0.95 

Piping 

(AP)p 

l*.iH 

I1.97 
5»19 
5.18 

5.17 
5.15 
li-.9l 
i*.8i* 

I+.79 

Basket 
(AP)^ 

1.96 
2.00 
2.13 
2.08 
2.03 
2.01 
1.86 
1.82 
1.79 

(AP) s+p+r 

8.08 
8.li-5 
8.38 
8.30 
8.2% 
7.76 
7.61* 
7»53 

As can be seen from Table III the pressure drop in the piping is the largest 

contributor to the total. If flooding is considered a real problem during a 



dtmp, then the pipe size may be increased to reduce the total pressure to 

the point where flooding is no longer a factor. See Appendix II for the 

method of calculating the pressure drop* 

Ihe maximtjm pressure drop would be expected at a pressure of 50 psia 

and would be 8.5 psi if the ftill capacity of the condenser were realized. 

This will be the case if sufficient holdup is provided in the condensate 

drain line. However, if the drain line is filled and the condenser floods, 

then the capacity will be reduced to a point where the flow rate will give 

a 5»5 psi pressure drop across the piping, entrainment separator, and re-

combiner. Biis occurs at a mass flow rate of 26 lb/sec ft and corresponds 

to a condenser capacity of l|-,l{-l}-0,000 Btu/hr. The surface area being utilized 

at this time is given by 

•• where q = 1*, 1*1*0,000 Btu/hr 

(At)jjj at 50 psia = lk6^F 

U = 3i*0 Btu/hr ft^ ®F 

Solving for A 

A = 90 ft^ 

2 
This means that (112 -90) or 22 ft or 20 percent of the surface area has 

been flooded out. This will represent the lower 26 tubes in the condenser 

and since this is the worst flooding expected, indicates the maximtaa depth 

to which the condenser will be filled is about 2.7 inches. At this time the 

condenser shell will be holding about one cubic foot or 29 liters of condensate. 

When the condenser reaches this stage of flooding the pressure drop will be 

reduced to such a point that the check valve opens allowing condensate to drain 

back into the dtmp tanks. If this maxlmtim rate of flooding occtars tbrou^out 
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the dtffliping operation, the time necessaiy to remove the heat from the dtamped 

solutions wi l l be increased by the r a t i o —£2iSi , Under these conditions 
^effective 

then the times expected are 7-I/2 minutes for the core solution and I5 minutes 

for the blanket solution. 

Steam Blanketing of Tubes During Dump 

Steam blanketing of the cooling water or tube side ntay be a problem to 

consider. As the pressure of the low pressure system increases dtiring a 

dumping operation the condensing temperature Increases causing a large tempera

ture driving force across the condenser. From eqtmtlon (3) the inside wall 

temperattire of the tubes may be estimated as 

tw- ^ ~ 
^ ( 1 

(T- t̂ ) 

= r - 0.1*23 ( r - 1 ^ ) 

Table IV lists some wall temperatures that may be expected at various con

denser presstires. 

TABEE IV 

Inside Wall Temperattires at Various Condenser Presstires 

Condenser 
Pressure 
Pg,psia 

20 
50 
70 
80 
100 
ll*0 
150 
200 

Condensing 
Temperattrre 
^,°F 

228 
281 
303 
312 
328 
353 
358 
382 

Wall Tempergture, t^, F 
At entrance (t̂ , = 100 F) At exit (t̂ . = 166 F) 

I7I+ 
20I* 
217 

232 
21*6 
2l*9 
263 

202 
232 
2l*5 
250 
260 
271* 
277 
291 

As indicated by the above table there may be some boiling in the tubes 

dtiring a dtmap. The boiling temperattire will depend on the water pressure 
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in the tubes. For water pressures above 20 psia there should be essentially 

no steam binding and for water presstires above 50 psia there should be little 

or no boiling. 

Cooling Jackets for Dtaap Lines 

Part of the heat content of the solutions can be removed by jacketing the 

dtmp lines and sending cooling water throtagh the Jackets. The problem here 

is to determine what fraction of the heat can be removed by this device. The 

temperattire of the solution after it passes throu^ the jacketed portion of 

the dump line is given by 

t-L - Ti 

tg - Tg 

where t. = inlet temperattire of cooling water = 100°F 

(13) 

1 

'2 

o 
T̂  = inlet temperattire of reactor solution, P 

o 
T = outlet temperattire of reactor solution, F 

w = flow of reactor solution, Ib/hr 

w' « flow of cooling water, Ib/hr 

Cp = heat capacity of reactor solution, Btu/lb °F 

C ' = heat capacity of cooling water, Btu/lb °F 

A = area of heat transfer, ff^ 

°3 overall heat transfer coefficient for Jacket, Btu/hr ft F. 

If the time of dump is asstmed to be 5 minutes for the core system and 

8 minutes for the blanket system, the following applies: 

^ ^ ^ ^ f f ^ ^ 
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Core System 

1/2" Sch. 80 pipe 

1" Sch. 1*0 pipe 

15 

536 

9600 

10800 

1.00 

1»13 

3.3 

300 

Bl 

1* 

1-

anket System 

Sch. 80 pipe 

1/2" Sch. 1*0 pipe 

15 

536 

21000 

21*000 

1.00 

1.225 

5.2 

300 

Dtimp l i n e 

Jacke t annulus 

Length of jacket, ft 

o 
^1' ^ 

w', Ib/hr 

w, Ib/hr 

C , Btu/lb °F 

Cp, Btu/lb °F 

A, ft^ 

U., Btu/hr ft^ °F 

The final temperatures and amounts of heat removed by this method are 

as follows: 

Core System Blanket System 

o 

Temperattire at letdown valve, F 5OO 515 

Heat removal rate, Btu/hr 1*50,000 620,000 

Fraction of heat removed 0.12 O.O7 
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APEEKDIX I 

Calculation of the overall heat transfer coefficient 

The overall heat transfer coefficient is estimated from 

1 _ 1 . 1 ^ _ i ^ l _ ^ 1 

u - h^(BUB^ h;:^CDi75j * h^ "̂  h„ *• ĥ ^ (1̂ ) 

where h = heat transfer coefficient 

Subscript "f" = refers to fouling factor 

c = refers to condensation film outside tubes 

0 = refers to outside 

1 = refers to inside 

w = refers to tube wall 

The tube size used in the condensers is l/2" - BWG l8 stainless steel (lo. 3l*7). 

The thermal conductivity of stainless steel at the temperatures involved 

is p'S Btu/hr ft ®F. From this h^ may be estimated as 

h^ - i. te ^ 2054 Btu/hr ff^ -F - ss •jrfi i'-\ii. r* r.i I f Fi"F» L r 

To determine the outside coefficient in the condensing section for both 

normal operation and dtmp conditions, use the equation "Qy 

M ^ "l'̂ ' = -'^l "^1 <̂=" 

W / 
where G" = •^-j- = loading factor, Ib/hr lin. ft. 

^ o o 
The temperature range for condensing DgO may be 260 C to 100 C. Eie following 

table can now be set up to determine the value of h over this range. 
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TABLE V 

Outside Film Coefficient for Heat Transfer 
in Condensing Section 

ll, Ib/hr ft 

k, Btu/hr ft °F 0.3^6 

p, lb/ft3 

^ 
260°C 

0,275 

0.31*6 

53.63 

Dump 
200°C 

0.365 

0.382 

59.31 

Conditions 
150°C 

0.1*90 

0.396 

62.99 

^0 
100 c 

0.750 

0.394 

66.11 

lormal Conditions 
100°C 

0.750 

0.394 

66.11 

1.523xlO~-^^ 1.592xl0"-'-^ 2.337xl0"-'-^ 5.047xl0"-'-^ 5«o47xlo"'^^ 

1.152x10"^ 1.168x10"^ 1.328x10'^ 1.716x10"^ 1.716x10"^ 

G " = 

4G 

w lb 
I ^ ' S F I S T f t 4.41 4.41 4.4l 4.4l 

• t 1-1/3 
0.2499 0.2746 0.3030 0.3490 

3275 3550 3445 3070 

0.72 

0.6383 

5600 

Asstmie h is constant over entire condensing range and equal to 3OOO Btu/hr ft^ F. 

The outside heat transfer coefficient, h^, for the destaperheatlng section 

was calculated using Figtire 28 in Kern [Vj . The flow area across the tube 

btmdle is given by 

(ID) C B 
(16) 

where 
s 

= flow area, ft^ 

ID = inside diameter of shell - 11 inches 

C = clearance between adjacent tubes = 0.25 inch 

B = baffle spacing = 12 inches 

P„ = tube pitch = O.75 inch. 
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Solving for a , 

a = 0.306 ft' 
s 

The modified Reynolds number, Re_, is given by 

Re = Ms. 

4 
where Dg = equivalent diameter = (1/2 PT)(O.86 P^) - 1/2 ^ fi] ^ 

De = 0.061 ft 

dg = outside diameter of tubes = 0.5 inch. 

Gg = mass flow rate = .g~. = i84o Ib/hr ft^ 

w = flow rate = 562 Ib/hr 

fi = viscosity of gas = 0.047 Ib/hr ft at 480 F(average temperattire) 

Solving for Re„ 

Re^ = 2400 

From Figure 28 (Kern) 

^H = 26 

/ \ -1/3 -0.14 

where h = outside heat transfer coefficient o 

k = thermal conductivity = 0.ce05 Btu/hr ft °F 

C = heat capacity = 0.5 Btu/lb °F 

— = 1.0 (asstimed) 
1^/ 

Solving for h , 

2 ô  hp == 9»2 Btu/hr ff^ °F 
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The inside or cooling water coefficient of heat transfer^ ĥ ^̂  is 

estimated from Figure 25 in Kern Ri-I <. Assuming 60 - l/2" BWG, U-tuhes through 

which cooling water flows at a rate of 80 gpm^ the average velocity of the 

water is 3.37 ft/sec. !Hien from Figxire 25 (Kern) 

hj_ = 960 Btu/hr ft^ °F 

A check using the Dittus-Boelter equation Pfl was also madeo 

h, . 0.0265 i f r T ( ¥ r '̂ '̂ 
o 

Solving for h. and using physical properties of water at 100 F 

h = 1000 Btu/hr ft^ °F 

The two methods check closely and a value of 1000 Btu/hr ft^ °F is used for 

h^. The following fouling coefficients are assumed [8] 

h^f = 2000 Btu/hr ft^ °F 

^of " ^°°° Btu/hr ft2 OF 

Solving equation (l̂ )̂ for U 

/ 9 0 

U- = 9»0 Btu/hr ft F for desuperheating section 

U(, = 340 Btu/hr ft^ °F for condensing section 

The area^ A, required for this unit is calculated from 

For the desuperheating section (asstming cooling water is available at 

lOO'^F) 

(^^^ (763-111) - (212-107) o 

and 
A^ == 60.7 ft^ 
d ' 
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For the condensing section 

/ . (212-111) - (212-119) o 
(At)ĵ  = -̂' 7 — ^ — = 97 F 

In 

and 

(212-111) 
(212-1191 

A = i6»5 ft^ 
c 

As given in Kern \k] , the weighted value of the overall coefficient of 

heat transfer is 

^weighted = - £ — S j _ d j d ^ ^^^ Btu/hr ft^ °F 
Ac + % 
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APPEIDIX II 

Pressure Drop in Low Pressure System 

In estimating the pressure drop across the entrainment separator use 

was made of C L. Segaser's report [6j in which a plot was made relating 

flow rate in Ih/min and pressure drop in Inches of DgO at 212 F« This chart 

assumes, however, that all gas flowing through the separator is at atmospheric 

pressure. To get the pressure drop when the low pressure system is under 

pressure, a conversion factor must he used» The pressure drop in psi is 

proportional to the (velocity) x (density), i.e., 

AP = k v % = ^(^-ip = I f- (19) 

where k = constant 

Therefore, to convert from a reading at atmospheric pressure to a reading 

when another pressure is involved the atmospheric reading is multiplied hy 

the ratio of gas density at one atmosphere to the gas density at the pressure 

in question. To convert from a (AZ) taken from Figure 2 of CF-5i4-7-122 to 

the pressure AP In psi| use the equation 

where AZ = reading in Inches of D2O (from CP-5i|-7-122) 

p = gas density at pressure of low pressure system. 

Table III gives the pressure drop across the entrainment separator for 

several pressures for the present condenser design. 

The presstire drop across the piping in the low pressure system may 

be estimated from the equation: 

f v^ p L„„ 
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where f = Fanning friction factor 

L = equivalent length of piping eq 

The piping is estiasted to consist of 33 ft of 3" Sch. kO pipe with 8 elbows, 

1 enlargement Into recombiner, one contraction into pellet basket and one 

contraction into the pipe. The total equivalent length is f^ 85 ft. 

Solving equation (20) for norEBl conditions 

AP = 0.17 pBi 

For the pressure drop during a dimping operation use 

(AP) = 0.0006i|.6 p v^, psi C20a) 

For the pressure drop across piping and recombiner basket 

0.85 1.85 . ̂  ^„^^,^ . 2 
(AP)y^p = 0.0004̂ 1.6 p -^ V -̂  + 0,000611.6 p v'= 

or 

O.OOOil-W 
— ^ D H ^ + o» 00061̂ 6 (21) 

To estiaate the pressure drop across the condenser (shell side) use pi] 

^^^^^ 2 g p D^ 4 ^22) 

where D^ = inside diameter of shell = 0,9166 ft 

1 = loo of baffles = 6 

Hfl = lo. of times gas crosses bundle from inlet to outlet = 7 

0g " ( t ) " ^ loO (assumed) 

f = friction factor read from Figure 29 in Kern 

Solving for AP at 763 '̂ F and 212°F 

(AP)^ at 763°F = 0*055 psi 

CAP)^ at 212°F = O0O27 psi 
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The above pressure drop would be the case if the gas passed all the way 

through the condenser. As practically all the gas is DpO vapor and is 

condensed the pressure drop will be much less than the above figures in

dicate and will probably be of the order of 0.01 psi. This is small in 

comparison with the pressure drop in other parts of the system and will be 

neglected in all calculations. 
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APPEiDn: III 

Pressure Drop versus Time During Dump 

The procedure for determining pressure versus time is essentially a 

trial and error process and is as follows: 

1. Choose a time, measured from the beginning of a dumping operation, 

gay 15 seconds. 

2. Read from Figures 4 or 5 the weight of DgO which will flow into the 

dump tanks in this time interval. 

3. Calculate the total heat content added in the dump tank during 

this 1st interval. This includes the sensible heat of the solution, the 

heat of recombination of any dissolved Dg and Og^ and any heat added in the 

DgO evaporator. 

k^ Assume a pressure in the condenser for this particular time. 

5. Estiimte an average (At) from Figure 1 for the pressure interval 

between atmospheric pressure and the assumed pressure. 

6. Compute from equation (7) the average rate of heat being trans

ferred in the condenser and consequently the number of Btu removed from 

the dumped solution during the 1st time interval. 

7<> Compute the weight of DpO present in the low pressure system at 

this time and divide into the total volume of the low pressure system to 

get the specific volxme, ?, ft-̂ /lb, after the 1st interval, 

80 Subtract the number of Btu removed by the condenser from the total 

number of Btu present initially and divide by the total weight to get the 

specific heat content, H, Btu/lb^ after the Ist interval. 
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9« The fraction of vapor, x, which will flash from this solution 

is given by 

H " hf 

^fg 

10. The fraction of vapor is also given by 

V - Vf 

^fg 

where h|., Vx., hp , v^_ are values taken from the steam tables at the chosen 

pressure of step k plus (AP)^ from !Bable III. 

11. By trial and error (using steam tables and making small corrections 

for D O ) and correcting, H, for each new pressxjxe assumed, find the pres

sure at which steps (9) and (lO) will give the same value for x. 

12. The pressure of step (11) is the dump tank pressure and the 

condenser pressure will be smaller by the amount (AP). , . from Table III. 
total 

13. Choose a new time say 30 seconds (next I5 seconds). Repeat the 

process making allowances for the different amount of solution present in 

the diaap tank and for the heat already removed in the 1st time interval. 

Iko Repeat above process until enough points have been computed to draw 

the pressure versus time curve. 

The pressure versus time curves shown in Figures 2 and 3 were cal

culated by the above procedure. After the solution is emptied from the 

high pressure systems, the curves fall off according to the plot drawn 

for an instantaneous dump. 
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APPEHDIX I? 

Temperature Proflie in Catalyst Bed 

An estimate of the temperature of the pellets as a function of catalyst 

bed radius is made using the simple relation (steady state operation): 

Heat input = Heat output 

The heat input to the catalyst pellets comes from the heat of reaction of Dp 

and 0 and is added at the rate of 105,000 Btu/lb-mol Dg reacting. Heat is 

carried away (l) by the transfer of heat from the pellets to the main gas 

stream, (2) by thermal conduction through the pellets and (3) hy the kinetic 

energy of the hot Dr»0 molecules which are formed on the pellet surface during 

the reaction. Bse thermal conductivity of alumina is small and the percentage 

of DgO molecules involved in chemical reaction is small compared to the main 

gas stream. Bierefore, the contribution to heat removal made by these methods 

Is small (probably less than 20 percent) and so it is neglected from further 

computations. The pellets at the outside of the bed and the containing wall 

approach the temperature of the leaving gas and therefore little or no heat 

is transferred by radiation* 

The rate of heat input ia Btu/hr is given by 

Heat Input = I.̂  AH f (r) 

where f(r) = fraction of D„ reacted at radius, r. 

tte rate of heat output in Btu/hr is given by 

Heat Output ^ h A (T.„ - T ) 
P p P g 

where h^ = heat transfer coefficient between pellets and gas stream. 

A . = heat transfer area involved. 

T ~ temperature of pellet stirface as a function of r. 

Tg = temperature of gas stream as a function of r. 
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The basic heat balance then is 

% (AH) f(r) = h^ A^ (Tp - Tg) (23) 

From the data of Gaven, et al [iJ , the following straight line 

equation may be assumed 

(S?) = - 4.72 X 10 f(r) + 5»1^ X 10^ i2k) 

where (S¥) = space velocity 

For the present case the space velocity is given by 

(0.1̂ 68 lb mols/min)(60 min/hr)(359 ft^/lb mol) „ IO.O8O ft3/hr (25) 

c c 

where V = volume of catalyst as a function of r. 

Bie catalyst volume, f^ is given by 

¥g = jtl (r^ - r^) = 2.09tt (r^ - 0.03136î ) 

where 1 = length of perforated area of bed container = 2/3 ft 

T^ = Inside radius of basket 

Combining equations (2^), (25)^ and (26) and solving for f(r); 

0.001020 
f(r) - 1,0890 - ^^2 „ o.03136î ) 

The gas temperature is given as a function of f(r) 

iDp AH 
T + -"rrr— ffr C w 

P 
(r) 

(26) 

(27) 

(28) 

or 0.001020 

Tg = 212 + 551) 1̂ 0890 » (^- rz^ i^ i i r ) -

where TQ = temperature of entering gas = 212 P 

To estimate a value for h use the equation [91 

4 " oj' "^ 

J, = 1.06 M -O.Il-l 

(29) 

(30) 
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Since most of the heat is transferred in the first 0.3" ot the bed, the mass 

flow rate, G, will be estimated on the basis of the Inside flow area of the 

bed. A reasonable film temperature is assumed as -^ 800 F. 

aen at 800°F; 

fi = 0.062 Ib/hr ft 

k = 0.029 Btu/hr ft °F 

C = 0,5 Btu/lb °F 

G = 757 lb hr ft2 

D - O.OlOil-2 ft 

Solving equation (30) for J|j 

1 ^ 0.llf5̂  
a 

Substituting jĵ  in equation (29) and solving for hp 

h = 50 Btu/hr ft^ °F 

The surface area for heat transfer is 

A = V a 
P c 

where a - 3^6 ft^/ft^ for I/8" x I/8" cylindrical pellets. 

Equation (23) can now be written 
%g(AH) f (r) = hp a V^ (T^ ̂  Tg) 

Consider an elemental volume of bed d¥ = 2«Irdr 

Sien 

HpgCAH) [f(r^Ar) - f ( r l | ___ ,̂ h^a [?^(rfAr)-V^(r)" 
^^^ _ _ _ ^ . ™ ™ _ > _ _ ™ _ . ^ ^^^ - _ _ . ^ _ _ _ ™ » _ (Tp . Tg)^^g(r) 

Ar-^0 Ar-*0 

, , d f ( r ) . d¥<, 
or IjjgCAH) - ^ = hp a ^ ^ (^) (31) 

where T ( r ) = (T^ - Tg) 
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Froa equations (26) and (27): 

- ^ = 2(2.09^^)r 

df (r) 0.002011-0 r 
to~ = 155:0:^13^)2 

Solving equation (31) for Tp (for present case); 

T. = T + 0-00^615 /,ol 
^ "8 1^2:0:03136%) 

Equation (32) Indicates an infinite temperature on the inside face of 

the recombiner bed (i.e., the point where r -^ri). To get an idea of the 

approximate temperature of the pellets in this area the maximtm rate of 

recombination of stoichiometric hydrogen and oxygen is assumed to be 

1.2 itoTSTiSrSiSiliit » M H ^ ° ^ "fcli® «^^ mixture entering the HRT 

recombiner (8.1 percent combustibles) the rate of heat input is 

k2j£ll05^000)Btu/lb^ - p mo 000 Btu/hr ft3 
359 ft3/lb mol in3 min - ^>yj > w 

Sien 

\i3k6 ft2/ft3 cat. )(Tp»T ) = 2,950,000 Btu/hr ft3 

The maximum temperattare difference between the pellets and the gas is then 

approximately 170°F. Table VI gives some of the calculated temperatiires for 

the recombiner. Hiese temperatures are plotted in Figure 6. 

file:///i3k6
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TABUI ?I 

Pellet and Gas Temperatures in the Recombiner 

r, in. 

r^ = 2.125 

2.150 

2.180 

2.210 

2.250 

2.300 

2.350 

2.^00 

2.%50 

2.500 

* Calculated from equation (32) 

The values given in Table ?I are based on equations which assume a 

homogeneous bed. Obviously the values are only approximate and are given 

only to get an order of magnitude idea of the temperatures involved in the 

bed. 

Gas feiffperature 

21? 

212 

472 

593 

sm 
708 

731 

7^7 

758 

763 

T , °F 
Pe l le t Temperature 

383 

383 

61̂ 3 

76i^ 

835 

867* 

826* 

805* 

801* 

795* 
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Fig.4. Var iat ion of Weight into Dump Tank vs. Time During Core 
Dump ( Five Minute Dumping Time Assumed) 

• ••• • • • •• •• • ••• • ••• •• 
• • • • • • • • • • • • • • • • • 
• « « • ••• • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • 



_U3-

3500 
UNCLASSIF IED 
ORNL-LR-DWS 3813 

3000 

2500 

2000 

1500 

1000 

500 

4 6 
TIME (minutes) 

iO 

Fig . 5 . V a r i a t i o n of Weight in to Dump Tank vs. T ime During 
B lanke t Dump (Eight M inu te Dumping Time Assumed) 
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