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ABSTRACT

Heat was transferred at fluxes as high as 450,000 Btu/(hr)(sq. ft.)
from liquid alkali metal (tubeside) to water (shell side) at pressures
ranging from 113 psia to 1203 psia using specially designed double wall
stainless steel tubes. A single wall tube was also tested under the
same conditions and the outside coefficients were calculated from the
overall heat transfer coefficients.

Evaluation of the tube design and bond resistance was made and a
method was devised to calculate the performance of such tubes.
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THE GENERATION OF STEAM FROM LIQUID METAL

AT HIGH HEAT FLUXES

INTRODUCTION

In the generation of steam the use of alkali liquid metals as the
heat transfer agent has created many problems of which boiler tube
design is no exception. The primary boiler tube design problem is
that of safety. Since the alkali metal and water react quite vigor-
ously when mixed, it becomes necessary that the design be such as
to reduce to a minimum the possibility of contact between the mat-
erials. ‘

At present there are two tube designs being considered, both
consisting of a tube within a tube. The first uses concentric tubes
with the thin annular space filled with mercury or some other liquid
metal which acts both as a heat transfer medium and as a leak de-
tection system should either the inner or outer tube fail. The second
design, and the one about which this report is concerned, also uses
concentric tubes; the outside of the inner tube is grooved and the
tube is then expanded into the outer tube to effect a tight heat trans-
fer bond. Helium is used in the grooves as a leak detector system.

The latter tube design mentioned above was submitted by the
Griscom-Russell Company of Massillon, Ohio who has supplied three
single tube steam generators plus an air cooled steam condenser for
test purposes. The test program to determine the heat fluxes to be
expected when using these double walled tubes as compared to a
single walled tube, has been completed and is reported on the
following pages.

Towards the end of the last test when a single wall tube was used,
a leak developed in the steam generator between the NaK and water.
The results of this leak will be found under a separate heading
later in this report.

Page |

CONFIDENTIAL




7

CONFIDENTI AL

DESCRIPTION OF THE TUBES

Cross sections of the three tube assemblies are shown in Figure 1.
The first tube consisted of a 3/4 in. O.D. by 16 B. W.G. and a 5/8 in.
O.D. by 16 B. W.G. type 304 stainless steel tube. The 5/8 in. O.D.
tube was milled along its length to give 12 slots 0.070 in. wide and an
average depth of 0.025 in. After the outer tube was placed in the
steam generator the inner tube was put inside the outer tube and ex-
panded to effect a tight heat transfer bond.

The second tube consisted of a 3/4 in. O.D. by 18 B.W.G. anda
5/8in. O. I by 18 B.W.G type 304 stainless steel tuba. The 5/8 in. O.D.
tube was knurled to effect 38 grooves approximately 0.016 in. wide
and 0.008 in. deep. The inside tube was expanded into the outside
as before.

The third tube was a single wall 3/4in. O.D. by 16 B. W.G. type
304 stainless steel tube.

The dimensions of the first and second tube after expansion were
measured at the end of the test and are as follows:

First Tube Second Tube
O.D. of the outside tube, in. 0.765 0.756
I.D. of the inside tube, in. 0.510 0.559
The thickness of the outside
tube was taken to be its
standard dimension, in. 0.065 0.049

The above dimensions were used for all the calculations that
follow. The dimensions of the third tube were standard.

DESCRIPTION OF THE STEAM GENERATOR

4 RS ER Y

The steam generator as it was constructed for the firat and second
tube is shown in Figure 2. The shell was made of 6 in. schedule 40 :
pipe with two headers on either end. The tube was inmitially bowed to ;
allow for the differential sxpansion between the tube and shell. The g

Page 2
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water inlet was 3/4 in. pipe entering at the bottorn and the steam came
off through the 2 in. pipe on the top. The outer tube of the double wall
tube was rolled into the inner tube gheets. The inner tube was then
inserted into the outer tube and expanded over the entire length of the
outer tube. The inner tube was then rolled and seal welded into the
outer tube sheet. The seal weld and tuhe on the outer tube sheet was

covered with a 1 in. pipe which made the inlet and outlet pipe connect-
ions for the liquid metal.

The same steam generator described above was used for the third
tube with the outer tube sheets cut off. The inner tube was rolled
but not seal welded into the tube sheet.

The distance between the two inner tube sheets was 5 ft. for all
tubes.

DESCRIPTION OF THE SYSTEM

A sketch of the entire systern is shown in Figure 3 and a photo-
graph in Figure 4. Starting at the liquid metal pump the NaK was
pumped into the furnace up through 40 ft. of 1 in. pipe wrapped in a
helix coil. The NaK then left the furnace past a thermocouple and
entered the steam generator. After the NaK left the steam generator,
it again flowed past a thermocouple, into the expansion tank down
through the flowmeter and, finally, back into the pump. All NaK
piping outside the steam generator was 1 in, type 304 stainless steel
pipe.

The water entered the shell at the bottom and the steam was dis-
charged from the top. The steam was condensed in an air cooled
fin tube condenser. The condensate flowed by gravity back into
the bottom of the steam generator.

The furnace was heated by burning natural gas. The E. M. pump
and E. M. flowmeter were both water cooled. All temperatures,

pressures and controls were measured and maintained from a cen-
tral point.

Page %
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DESCRIPTION OF THE TEST PROGRAM

T T

The purpose of the test program was to determine the heat flux that
could be obtained through double wall tubes in a steam generator. To
do this test the heat input to the NaK was varied and the heat extracted
from the steam was such ae to maintain constant steam pressure. This
process was repeated for stearn pressures of approximately 100, 300,
500, 700, 900, 1100, and 1200 psi. Runs were made starting at the
lowest pressure and the lowest heat flux and completing the range of
heat flux as determined by the limit of the equipment before continuing
at the next higher pressure. The limit of the equipment was reached
when there was no more condensing capacity in the condenser, the

temperature at the NaK pump exceeded 1100°F, or the heating capacity
of the furnace was reached.

DESCRIPTION OF THE LEAK DETECTING SYSTEM

If al any time & leak developed within either the inner or outer tube
of the double wall tube, a helium leak detection system was used to

give the alarm so the system could be shut down before further damage
would result.

The location of the helium connections is shown in Figure 2. Helium
was introduced through a 1/4 in. pipe connection to one of the helium
headers and was monitored at the header on the other end, the helium
passing through the grooves between the double wall tube. The heliwm
system was sealed off at such pressure that, should a leak develop in
the outer tube, steam would flow into the helium. Should a leak
develop in the inner tube, the helium would flow into the NaK. A drop
in helium pressure would therefore indicate a leak between the NaK
and the helium while a rise in helium pressure would indicate a leak
between the steam and the helium system. It is impossible when using a
double wall tube, to produce a leak between the NaK and the water
systems without first going through the helium system. The leak
mentioned in the introduction occurred when the single wall tube was
being tested. Since this last steam generator had no helium system,
the leaak was not detected until the generator was drained.

Page 4
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HEAT FLUXES

The following method was used to calculate the heat fluxes and over-
all heat transfer coefficients for all three tubes.

Knowing the temperatures of the water and of the NaK entering and
leaving the exchanger, the log-mean temperature difference was cal-
culated. This method assumes only a modest change in the overall
heat transfer coefficients from one end of the tube to the other which,
in this case, is not strictly true; however, any error in this assumpt-

ion should only show itself as an error in method and not as an error
in correlation.

The log-mean temperature difference will then be

Lo - (T, - To)
o =
" {1y - THZO)
(T, - Ty, o) Q)

See list of notations for definitions used in this and later equations.

The average NaK temperature was determined from the temper-
ature of the water plus the overall temperature difference as follows:

(2)
The total heat transferred was the product of the weight of NaK

flowing per hour, the specific heat of the NaK and the temperature
drop of the NaK stream through the boiler as follows:

=wcp(T, - T.)
TR ° (3)

where w was found by multiplying the millivolt reading from the
electromagnetic flowmeter by a calibration factor depending on the

Page 5
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temperature of the NaK through the flowmeter and where Cp was the
value of specific heat at the average NaK temperature.

Since the heat flux is the quantity of heat transferred divided by
the area, which, in this case was chosen as the outside area, then

heat flux = q/A. (4)

The overall heat transfer coefficient is the heat flux divided by
the overall temperature difference,

U = q/A
AT, (5)

A plot of the heat flux vs. the overall temperature difference for
the three tubes is shown in Figure 5 and a plot of the overall heat
transfer coefficients vs. the overall temperature differences is shown
in Figure 6. A tabulation of all the calculations for all three tubes
is shown in Tables I, II, and III.

CALCULATION OF THE TEMPERATURE DROP FROM THE OUTSIDE
WALL TO THE BOILING WATER FOR THE THIRD OR SINGLE WALL

TUBE

‘ The outside film coefficient which includes the steam coefficient
and any scale on the tube was calculated using the standard heat trans-
fer equation and solving for hg.

1 D, 1 (D, -D)x D, 1
— x + + e
U "D, h; = 2k, x D ho (6)

The values of h; were obtained by using Lyon's equation for inside
film coefficients

hDa=7+0.02 ()08 (7)
k
where
hD = Nusselt number (8)
k
and
P, = Peclet number )
Page 6
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CONPFIDENTIAL

The Lyons equation is rewritten as

K w \o08/c_ \o.8
n, = —Dak 7 +0.030 (D. ) ( P )
1 1 k

D; NaK (10)

For th(ez)ﬁrst estimate of the general heat transfer equation the value
of k, was assumed to be at the temperature THZO + 1/2x ATm.

Each section to the right of the equal sign in equation 6 represents
a resistance to heat transfer. The temperature drop across each of
these resistances is a proportion of the resistance over the overall
resistance times the overall temperature drow which can be written

= 1
AT =Ry, *»aT, xU (11)
ATy = RyxaT,  x U a2)
AT, 4% R ,qxaT, xU (13)

Knowing the temperature drop through the three resistances the
average inside and outside wall temperatures can be found.

T - 4T,k (14)

Tw (inside) NaK

(15)

TW (O\ltSide) THZO + ATS +d

Using the inside and outside wall temperature the average wall
temperature is the log mean.

. oTwy
Tw =

Tw | (inside) e

ln T, (outside)

Page 7
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CONVFIDENTIAL

Using the new wall temperature a second k,, was found and a second
calculation of the heat transfer equation was made. A third estimate
of the wall temperatures was found unnecessary.

A plot of the heat flux vs. the temperature drop across the outside
film is shown in Figure 7. Also included in the plot is A%%Sms' data
for film boiling at various presgsures from platinurn wire .

CALCULATIONS OF THE RESISTANCE TO HEAT TRANSFER DUE TO

THE EFFECT OF THE GROOVES AND MECHANICAL BOND

In order to estimate the bond and groove resistance certain
assumptions had to be made.

1. The outside resigtance iz the same for like values or heat flux
and pressure for all three tubes.

2. The resistance of the bond and groove ig the difference between
the experimental values obtained for the metal wall including
the bond and groove and the calculated value assuming the wall
to be solid.

The calculations were made in the fo!lowing manner.

In order to estimate the resistance to heat transfer of the steam
film and scale on the outside of the first and second tube, a plot was
made of the calculated resistance of the single wall tube vs. the heat
flux (see Figure 8).

Knowing the dimension of the tube and the flow rate, the inside
film coefficient for the two dQuble wall tubes was calculated for the
NaK using Lyon's equation (1) | The outside coefficient was taken
from the plot mentioned above (Figure 8). The sum of the inside
and outside resistance was subtracted from the total resistance and
the remainder was assumed to be the resistance of the metal wall plus
the resistance of the bond and grooves.

l/U—R.NaK»Rs+d=RW (17)
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6 . ~ . : :
; 1094 | 715 psia
: ; * psia \ 21203 psia
5 ' =1 93Ipsia
sl ol /], : 4 S40psia
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Q- :
2179 . N
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Q. .
"™ ! l
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ATs¢p TEMPERATURE DROP THROUGH OUTSIDE STEAM
FILM AND SCALE RESISTANCE (°F)
FIG.7 PLOT OF HEAT FLUX vs THE TEMPERATURE

DROP THROUGH THE OUTSIDE RESISTANCE
FROM TYPE 304 STAINLESS STEEL AND
COMPARED WITH ADDOMS’ DATA FROM

PLATINUM WIRE
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CONVFIDENTI!L! AL

The temperature at the inzide and ontside of the double wall tube
was calculated as follow-:

R x ATy x U (18)

s1dde - ‘
T (m ie) TNaKn’m NaK

Twm

"

R x 4Ty, x U (19)

: T +
1 YO s+

y (outside)y =
A FXL '

If the tobe were as~amed 1o he 4 solid wa'’ tube of the same dim-
ensions 48 the douhle wi¥' tuhe and the inside and outeide wall
temperatures of this »n id wail tnhe were to be the same as those
found for the double wa'. the, the resistance of the =olid wall tube

could be calculated bv
R B R Y (20)

The difference hetweer the ca:cuated resistance of the double
wall tube and the simi‘ar vingle wa™! tuhe wou'd ther be the combined
registance of the hord (v the groove -,

R R 2V

R -
B+ w W

The primatry factor v. stirg one re~ictance tno another through-
out the test has heen tte teraprrature drop through the wall. This
will be discusred iatex. A p'ot of the bond and groove resistance
ve. the temperature arop t~ough the wall for both the first and

second tubes can be seen in Figure 9.

CALCULATIONS OF THE RESISTANCE TO HEAT TRANSFER DUE
TO THE EFFECT OF THE MECHANICAL. BOND

A metbod for calculating the wali resistance for a grooved tube
was suggested by R. O. Parker of tre (Griscom-Russell Company.
The method, which tas heen modified s'ight'v, is described on

page 10.
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CONVFIDENTTIAL

Assume the dimensions of the tube to be as shown

Assuming the flow of heat through the tube follows a log mean
path around the grooves and assuming the path to be that shown by
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the arrows in the sketch above, then the boundaries or circumferences

are:

B Ci = 7x D (22)
h
; Ca = ®xD; -nxl (23)
§ Cy = MxDy; -nx1l (24)
Ce = T xD, (25)
v then the log mean circumference through which the heat passes is:
£
. ChG-¢) = C3-Cy

1n C3
ﬁ Ca (26)
i Cm (2-3) = G _- C;
: In G,
: C. (27)
§'_:
[ Cm (1-2) = G - Cz

In _G

Cz (28)

-3
E
i
¥
g
£
g
(3
e
3

The values of the heat transfer resistance for each secion based
on the outside area will then be

R¢-y = D;3-Dg x _C;
2 ky Cm (3-4¢) 9)
R;-z = Di‘ Dl b < Cl 00)
Zz ky Cm G-y
Rl‘l = DI - Di x CI (31)
zk, CmG-2)
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The total wall resistance will then be the sum of the individual re-
sistances. The thermal conductivity of each section will in the
summation be approximately the value obtained using the log mean
temperature. The total resistance is then:

Ry =& [Di-Dy +D-D, +D-D
2ky | Cm(z-4) Ch (2=3) Cm (1-2)

(32)

Since resistances of a solid wall tube have been calculated previously
in equation 20, the factor relating the solid wall tube calculated to
the grooved tube calculation will then be:

f = Ry,
Rea (33)

The resistance of the mechanical bond will be the difference between

the actual resistance and the calculated grooved tube resistance which
is

R =R -f x R (34)

A plot of the bond resistance for both the grooved and knurled tube

vs. the temperature drop through the metal wall can be seen in Figure
10.

DESCRIPTION OF THE LEAK IN THE STEAM GENERATOR BETWEEN

THE NAK AND WATER SYSTEM

A leak developed at the tube joint of the single wall tube between the
NaK and water system. Since this was a single wall tube and did not
include a helium leak detecting system the exact time the leak developed
was not known, but was discovered during draining operations.

The system had remained charged and idle for a period of four
months with the NaK system under nitrogen pressure and the water
system under vacuum before being put back into operation seven days
before the leak was discovered. The system was run eight hours a day
for two days at various flow rates, and at a steam pressure of 500 psi.
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The maximum NakK inlet temperature reached was 1300°F. The system
was then run 36 hours continuously at a constant flow rate and various
steam pressures up to 1200 psi.

During these operations considerable initial difficulty was encountered
in getting the NaK flow to start. After two days of being idle it became
necessary to fire the NaK furnace to heat the NaK before normal cir-
culation was reached for the last day of operation. The system was op-
erated at pressures from 300 to 600 psi.

During the cooling down operations on the last day the NaK circula-
tion stopped because of plugging and it became impossible to condense
any more steam below 20 psi even though there was no NaK circulation.
The possibility of a leak was discounted since the NaK system showed
the usual 50 psi and the steam gage showed 20 psi which corresponded
to the water temperature for a time. The system was allowed to cool
over night.

The following day draining operations began. Attempts were made
to start the NaK pump, but only a spasmodic flow was indicated.

After 16 of about 23 total pounds of NaK had been forced out of the
system by 50 psi nitrogen pressure, the system was left unattended
for about 1 hour. At the end of this time it was noticed that the sfeam
gage showed a 50 psi pressure which indicated a leak between the NaK
and water system. Upon cutting the steam generator out NaK was
found in the erit NaK pipe aud water was found in the inlet NaK pipe.
The boiler water was tested for alkalinity and it was found that only
0.02 pounds of NaK had leaked through.

In cleaning the NaK system it was estimated from the amount of
water found in the NaK piping that between 2 to 4 quarts of water
had leaked into the NaK pipes.

An inspection of the leak by the Griscom-Russell Company showed
the leak to be in the rolled tube joint on the NaK inlet side. It would
appear that the path of the leak as observed from the outside made a
90° turn through the rolled joint.

Ci s
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It is thought that the following sequence of events took place.

1. The leak had been present in the system almost from the be-
ginning of operation but was too small to be located during
the initial test of the system.

2. Upon charging the NaK system NaK faund its way into the
leak and formed a caustic plug when steam was brought up
to pressure.

3. The difficulty in starting the NaK to flow was the result of a
very slight amount of water leaking into the NaK stream and
manifeating itself in the form of oxide causing a partial plug
in the NaK stream. During shuf down any NaK attempting
to go through the wet hole would seal itself off. However,
during the final shut down a small quantity of NaK must have
succeeded in getting into the water system and formed hy-
drogen which vapor locked the condenser. When the NaK
was drained away from the leak area nitrogen flowed through
the leak and when the pressure on the NaK side went below
the pregsure on the steam side water was forced into the NaK
piping. It has been demonstrated in the water-NaK hazard
work (8) that water and NaK can exist as such in the same
section of pipe because a caustic interface is formed which
keeps the two liquids separated.

DISCUSSION

The results of the tests ha ve been very encouraging in that they
have shown that a tube with a safety feature built into it will still
give a good performance without very much increase in weight and
volume of the steam gemerating equipment. This is not only a saving
in space but in cost as well. ,

The plot of the heat fluxes in Figure 5 shows the performance of
the three tubes as they were tested. To the casual observer this
comparison would leave the false impression that the grouping of
the three sets of data is due to the bond and groove resistance alone
but in reality it is also due to the thickness of the wall. The tube
with the greatest bond and groeve resistance also had the thickest

tube wall, two 16 B.W G tube walla for a total thickness of 0.130 im.
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The second tube that had the intermediate bond and groove resistance
also had the intermediate thickness which was two 18 B. W. G. tube walls
for a total of 0.098 in. The third tube was just half the wall thickness

. of the first since it was a single 16 B. W.G. tube wall of 0.065 in.
thickness.

ST T T R S T

B

A i;umber of investigations (3) (4) () (6) and (7) have been

made to determine boiling film coefficients, a few of which include
g water. Almost all the work with water, especially that at high pres-

sures, was made using resistance wire as the heat source as well as
the boiling surface.

Lws %

A typical curve to show the temperature through the boiling film vs.
the heat flux is shown below.

Heat FLux

AT (BoLiINE Fium)

Heat is transferred from point A to B by conduction with
evaporation at the surface of the water. At point B steam bubbles
begin to form on the tube or wire on certain active nuclei (called
nucleate boiling) . With increased A T the boiling rate becomes
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more vigorous to the point C where the steam bubbles cannot break
away as fast as they are formed and the tube or wire becomes steam
blanketed. At point D all the tube is blanketed with steam and from
that point to point E heat is transferred by natural convection and
radiation (called film boiling) .

With change in pressure the shape of the curve remains essent-
ially the same but the values of the corresponding points change
slightly to the left and up with increased pressure. The value for
the heat flux for point C changes from about 400,000 Btu/ (hr)
(sq.ft) at atmospheric pressure to about 2,000,000 Btu/ (hr)
(#q.ft.) at 1200 psi while the temperature drop through the steam
film changes from about 30°F to 20°F through the same increase
in pressure.

. The values obtained and plotted in Figure 7 show the same general
shift as predicted by previous investigators. The values do not match
those obiained from the wire data; however, it has been shown that the
values of & T change with the degree of scale on the surface and the
material of construction of the wire

The change in slope of curves in Figure 7 and 8 is rather difficult
to explain other than by the fact that the runs at the pressures 931
and 1203 psia were made two days after the runs at the other pressures
which were made over a 30 hour period and this change in slope ctould
be the result of some scaling of the tube which should not affect the
heat transfer by over 2 or 3%. At the completion of the test when the
steam generator was dismantled, a film of rust was noted on the out-
side surface of the tube.

A better method of plotting Figure 8 might have been to cross plot
the data and adjust the 931 and 1203 psia curves into the pattern.

Attempts to isolate the bond and groove resistance are rather
difficult since the resistances in question are the difference between
rather large numbers. Both the combined bond and groove resistance
as seen in Figure 9 and the isolated hond resistance in Figure 10 de-
crease with increased temperature drop through the metal wall. This
decrease in resistance is probably due to the increased pressure on
the bond due to the expansion of the inner tube into the outer tube at
higher temperatures. The bond resistance as plotted in Figure 10 may

Page 16

CONPFIDENTIAL




Y

CONPFIDENTTIANL
well be in error; however, it is a means of making an intelligent
guess as to the value of such a resistance. A 1% error in the heat

flux could result in an error in the bond resistance as high as 10%.

CONCLUSIONS

The performance of double wall tubes as described in this re-
port has proven that for only a slight cost in added surface a safety
feature can be had that could save considerable trouble should a leak
develop in a tube in a steam generator using an alkali metal as the
heat transfer fluid.

By using the method presented here for calculating the bond re-
sistance and by using the values of the bond resistance and outside
resistance, one should be able to estimate with a fair degree of
accuracy the performance of any tube of similar design.
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NOTATION
Symbols

A =+ Area, 8q.ft.

- Circumference, ft.

- Specific heat, Btu/(1b(°F)

- Diameter, ft.

factor

heat transfer coefficient, Btu/(hr) (sq.ft.) (CF)
Thermal conductivity, Btu/ (hr)(sq.ft) (CF/ft.)
width of grooves or knurls ft.

number of grooves or knurls

Peclet number

quantity of heat, Btu/hr.

Resistance to Heat Transfer, (hr) (sq.ft) (°F) /Btu
Temperature in °F

Overall heat transfer coefficient, Btu/ (hr) (sq.ft) (°F)
weight of fluid flowing, lbs. /hr.
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Subscripts

- solid wall

- Mechanical bond
Groove or knurl in tube
water

- inlet or inside

- mean

akK - NakK

- outlet or outside
steam film

steam film plus scale
- total

- tube wall
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