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ABSTRACT 

The operation of supersonic turbine a i r c ra f t  can be err:tended by 
using more heat sink of the fuel  for cooling. Experiments were run wi%h 
J e t  A fuel  t o  determine the heat t ransfer  character is t ics  and coking prob- 
lems associated with t h i s  application. Selection of the fuel used was based 
on coker t e s t s  of fuels from several sources. Heat t ransfer  t o  the fuel  
was studied and correlations were developed for both laminar and Lwbden t  
flow of the fuel. Considerable free convection i n  laminar flow e&aneed the 
heat t ransfer  and s tabi l ized the flaw a t  Reynolds numbers up t o  15,000. 

Coke deposits were measured for  both deoxygenated and aerated fuel 
in t e s t s  up t o  100 hours duration. A 100-hour t e s t  run with deoxygen~ted 
fuel  a t  a heat flux of about 1 ~tu/sec- in2  (1.6 Plw/m2) was completed wi.e"n 
coke deposits l e s s  than 1 m i l  thick. The maximum tube temperature a t  the 
end of the run was 1 4 0 0 " ~  (760°c), l e s s  than the 1 4 5 0 " ~  (788"~)  maximum a% 
the s t a r t  of the t e s t .  Deposits were found t o  be more severe and more 
irregular with the aerated fuel,  and carburization of the tube accmred at 
the higher temperatures reached i n  t h i s  case. Different tube materials 
were screened i n  coker t e s t s ,  and selected ones were tested further i n  %he 
heat t ransfer  t e s t  r ig .  Results of these experiments d i d  not indicate any 
obvious relationship between coking tendency and tube material. Tests showed 
tha t  the tube temperature was the most important variable i n  determining 
deposition rate .  Coke deposits were found t o  have two ef fec ts  on hea"cmns-. 
fer ,  a beneficial  e f fec t  by acting as  a turbulence promoter t o  kcpease the 
convective heat t ransfer  coefficient and a detrimental e f fec t  by increasbg 
the resistance t o  heat transfer.  

Pressure osci l la t ions i n  the t e s t  section were audible at certain 
turbulent flow conditions when the ex i t  fuel  was near its pseudocritical 
temperature. Amplitudes ranged up t o  350 ps i  (2.4 M N / ~ ~ )  and primlay frequen- 
c ies  varied from 1000 t o  5000 Hz. 
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SUMMARY 

The potential  use of Je t  A fuel as a heat  sin^ for  cooling turbine 
engines was investigated i n  order t o  determine the heat t ransfer  and coking 
character is t ics  associated with t h i s  application. Experiments were run over 
a wide range of conditions t o  obtain data on heat t ransfer  and coke depositioc, 
Most of the work was done in a heat t ransfer  t e s t  r i g  i n  which f?owing fhe1 
was heated i n  tubes ~f 1/16 and 118-inch (0.16 and 0.32 cm) inside diameter. 
Heat fluxes varied from 0.02 t o  4.0 ~ tu /sec- in2  (0.0327 t o  6.54 1w/m2). Fuel 

pressures and temperatures ranged up t o  1000 psia  (6.90 PIN/$) and 1(90OoF 

(538"~) .  Residence times of the fuel  in the t e s t  section varied from 0.024 
t o  9.5 seconds, and run times ranged up t o  100 hours. J e t  A fuel  was i ~ e d  
under both deoxygenated and aerated conditions. 

Heat t ransfer  i n  both laminar and turbulent flows was studied a t  
Reynolds numbers f'rom 40 t o  600,000. Considerable f ree  convection in :lambar 
flow great ly  enhanced the heat t ransfer  and resulted i n  temperatme d i f f e r -  
ences between the top and bottom of the tubes up t o  150°F ( 8 3 " ~ ) .  The free 
convection apparently s tabi l ized the laminar flow a t  Reynolds nmbers uep to 
15,000 for  high Grashof numbers. Turbulent flow occurred a t  higher Re;ynolds 
numbers and in several cases a t  Reynolds numbers dawn t o  2200. Correlations 
were developed for  predicting heat t ransfer  coefficients i n  the %vo I3.m 
regimes. The Nusselt number for heat t ransfer  i n  laminar flow w i t h  free eon- 
vection was dependent primarily on the Grashof number, and t o  a lesser  extent 
on the Prandtl number and the r a t i o  of the bulk fuel  density t o  the fuel  
density a t  the wall conditions. The Reynolds number, Prandtl nzpmber, and 
r a t i o  of bulk fuel  temperature t o  wall temperature were used i n  laeaWtransfer 
correlations for  turbulent flow. 

Different tube materials were screened i n  coker t e s t s ,  and m t h e r  
experiments were run i n  the heat t ransfer  t e s t  r i g  i n  order t o  deternine the  
influence of selected tube materials an coke deposition. Deposit measwements 
on a l l  materials i n  the coker t e s t s  were found t o  be small or  moderate, and 
there was no obvious correlation between coking tendency and tube consposillon. 
The only variable found t o  have a s ignif icant  e f fec t  on deposit fornation 
with the deoxygenated fue l  was the tube temperature. Test runs w i a  this fuel 
in  the heat t ransfer  t e s t  r i g  showed tha t  the r a t e  of coke deposi%ion im 
general was s ignif icant ly greater a t  tube temperatures above 134-0"~ (721"~)~ 

Coke deposits were found t o  have two major effects  on heat transfer.  
One was the d i rec t  e f fec t  of creating additional resistance t o  hea% %ransfera 
This e f fec t  was appreciable for  thick deposits a t  high heat fluxes, The 
second ef fec t  was indirect  and d id  not depend on deposit thickness. A coke 
layer always exposed a rough surface t o  the f luid flow, which increased the 
turbulence of the f luid i f  the flow was not fu l ly  turbulent. This then 
resulted i n  a substantial  improvement i n  the convective heat t ransfer  coeffi-  
cient . 



Oxygen was found t o  have a strong influence on coke deposition and 
heat -$ransfera Even a f t e r  completion of a 100-hour t e s t  run a t  a heat f l u  
C B ~  1-0 ~ t u b y - f t ~  (1.63 IW/m2), deposits formed from deoxygenated fuel  were 
rela"tlri.ely thin, l e s s  than 1 m i l  (25 pm). The use of aerated fuel resulted 
i n  hea~~ier and more i rregular  deposits. In a 100-hour run with t h i s  fuel 
me deposit f i l l ed  the tube completely a t  one point but was porous enough 
&0 ~ 1 1 ~ 1 ~  flowI Heat transfer resistances of these heavier deposits were 
greates*, and inside tube temperatures reached a maximum of 1 6 1 0 " ~  (877"~).  
Garbwization of the tube occurred a t  t h i s  temperature. Thermal cracking 
of the fuel accompanied the coke deposition and yielded l i g h t  hydrocarbons 
and hydrogen. Products of cracking and coke formation also caused discolora- 
tlon ol" the fuel  from white t o  yellow or  amber. The extent of cracking was 
small, and %he cracking hence was a negligible contribution t o  the heat sink 
of the fuel. 

Pressure osci l la t ions were audible a t  certain t u ~ b u l e n t  flow condi- 
tions, when the out let  temperature of the fuel was near i t s  pseudocritical 
temperatwe. Amplitudes of pressure fluctuations ranged up t o  350 ps i  
(2,4 mi/$) a t  frequencies between 1000 and 5000 Hz. The pressure osci l la t ions 
were more cornon and more severe a t  500 psia (3.45 M N / ~ ~ )  than a t  1000 psia 
(640 m/m2). 



INTRODUCTION 

In order t o  extend the range and speed of supersonic tusrbhe a i r c ra f t ,  
additional cooling of the engine and airframe i s  required. In many tmbine 
engines compressor bleed a i r  is used for cooling engine components. Ncnxever, 
as  design speeds of a i rcraf t  are increased, the cooling capacity of %.his a i r  
becomes more limited due t o  the increase in i ts stagnation temperadwe. Hence, 

there are two factors which l imit  the use of a i r  for cooling enghes a% higher 
speeds: (1) Cooling requirements are much greater, and (2) the available hea-b 
sink of the a i r  is less.  

A convenient source of additional cooling capacity i s  the fuel carried 
on board the aircraft .  Kerosene fuels currently used for limited ecsollng on 
turbine a i rc ra f t  have a temperature l imit  in t h i s  application of 7 5 0 ~ ~  (177%). 
It Would be advantageous t o  raise t h i s  l i m i t ,  but knowledge of the fuel. charac- 
t e r i s t i c s  and beha io r  above t h i s  temperature i s  needed. Previous work on 
hydrocarbon fuelslJ has shown that  coking may not be excessive a t  higher temp- 
eratures, although these t e s t s  were generally short and limited to  a ~ E M  c m d i -  
tions. More information on the coking of hydrocarbon fuels is needed a% di f -  
ferent conditions and for longer times. 

The heat sink of J e t  A fuel, a kerosene type, i s  135 ~-hu / lb  (314 k ~ i l f g )  
i n  heating from 100 t o  350°F (38 t o  177°C). I f  the temperature lbit of Set A 
fuel were extended, t h i s  heat sink would increase t o  485 Btu/lb (1127 k~p"kg) 8.P. 

800°F (427°C) and 500 psia (3.45 M N / ~ ~ ) ,  and t o  685 ~ t u / l b  (1592 k ~ / k ; ~ ) '  at :iOOO°F 
(538"~). This additional heat sink would increase considerably the eacalrLng 
tha t  could be accomplished in a supersonic or hypersonic vehicle. 

The use of J e t  A fuel as a heat sink was investigated kn o ~ d e r  %o 
determine the heat transfer characteristics and problems associated kiriLPE this 
application. Experiments were designed t o  cover a wide range of conditions, 
i n  order t o  obtain data for developing heat transfer correlations whiek. @ o f i d  
be used i n  designing heat exchange systems using Je t  A fuel as a ~ooLaxlt. In 
t h i s  investigation fuel deposits, their  effect  on heat transfer, and f l . 3 ~  

ins tab i l i t i e s  were observed and measured t o  determine the extent -that ibese 
problems would l i m i t  t h i s  use of the fuel. 

The primary portion of the work was done on a heat transfers 1;es-t 
r i g  i n  which the fuel flowed through a resistance heated tube. Va~io- heat 
fluxes were used from 0.02 t o  4.0 Btu/sec-in2 (0.0327 t o  6.54 m/rn2)* Fuel 
i n l e t  pressure was either 500 or 1000 psia (3.45 or 6.90 M N / ~ ~ ) ,  and fuel 
temperatures varied from 100 t o  1000°F (38 t o  538°C). Tube temperatme% 
ranged up t o  1650 '~  (899"~).  Flow rates  were varied so that  residence t b e s  
of the fuel i n  the heated t e s t  section varied from 0.024 t o  9.5 seemelse 
Run times ranged up t o  100 hours, and oxygen content i n  the fuel was varied. 

Throughout the experiments the fuel Lnlet and outlet  presswe and 
temperature and the tube temperatures a t  various points were monilored. The 
fuel from the t e s t  r i g  was cooled, gas flow was measured, and liquid and gas 
products were analyzed periodically. After each experiment the used tube was 

1 )  See References. 



ew% f n ~ o  sections for  observation of coke deposition, and those sections 
vhieh were exposed t o  more severe conditions were analyzed by combustion 
aaalysis t o  determine the weight of deposit. Tube sections exposed t o  the 
most severe conditions were a l so  metallurgically examined fo r  carburization 
s f  the tube. 

Various metals and alloys were investigated t o  determine the  e f fec t  
o f  different tube materials on coke formation. A large number of metals and 
a l loys  were screened i n  a modified J e t  Fuel Thermal Oxidation Tester (JFTOT), 
after t~h ich  a few materials were selected for  further tes t ing  i n  the heat 
transfer test rig.  Deposits formed on the tubes i n  the JFTOT t e s t s  were 
measmc?d on the Beta-Ray Deposit Rater (BDR). 

A flow diagram of the uni t  assembled for  use in these t e s t s  is shown 
i n  r e  1 After being deoxy enated by nitrogen sparging the fuel  was 
charged to a 60-ga-~lm (0.23 m3 7 nitrogen-blanketed feed tank. (~ir-sparged 
-el was used fo r  the f i n a l  100-hour t e s t ,  so the nitrogen blanket was deleted 
fo r  ?hi-s test.) This tank was arranged so tha t  additional fuel,  nitrogen or 
a i r  s ~ ~ i r g e d : ,  could be added during a t e s t  i f  a high feed r a t e  made t h i s  neces- 
sargr. 

The feed pump was a t r ip l ex  diaphragm uni t  capable of delivering 
59 g%l/ha. (0.19 m3/hr) a t  1500 psig (10.4 PIIi/m2) discharge pressure. The 
p m p  ra te  was s e t  a t  l e a s t  5 gal /hr  (0.019 m3/hr) above the desired feed 
rate -with the excess flow bypassing through a r e l i e f  valve back t o  the feed 
tank, vhieh provided a uniform flow past the oxygen analyzer probe. Pressure 
pdsa t jons  were minimized by a pulse dampener instal led i n  the pump discharge 
l ine.  An 8-w membrane f i l t e r  located immediately following the pump discharge 
prevented any foreign solid matter from entering the  t e s t  section. Flow r a t e  
!;..as mabtahed by a control system containing an or i f i ce  meter, a flow recorder- 
control.%er, and an air-operated control valve. Because of the required wide 
range of flow rates ,  0.5 t o  294 lb /h r  (0.23 t o  133 kg/hr), it was necessary 
Lo have a nmber of control valves and o r i f i ce  plates of different  s izes  avai l -  
able  fcsr s.inbstitution in to  the system between tes t s .  A 2- l i t e r  (0.002 m3) 
e a i f ~ r a t e d  length of industr ia l  glass pipe arranged i n  para l le l  with the feed 
iank was used t o  make spot checks on the flow r a t e  pr ior  t o  and a t  intervals  
dwing  a test, The t e s t  section i n l e t  pressure was maintained by a pressure 
yecorder-eon"i;oller which actuated a pressure control valve i n  the system 
discharge liu?e. 

Two variable transformers were used t o  provide the necessary power 
to t h e  unit. The f i r s t  was connected across a preheater, which was a 
length of stainless  s t e e l  tubing used t o  heat the fuel  t o  the required 100°F 
(36"~) tempel-ature a t  the t e s t  section in le t .  The second transformer was 

Figure 1 follows 
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connected across the t e s t  section and was maintained a t  the parer level  
required for  the particular t e s t  in progress. Current through and vcglibge 
drop across the t e s t  section were constantly monitored and adjusted as 
necessary t o  compensate for l i ne  voltage changes, in order t o  maintain a 
constant heat flux during a tes t .  

A sintered stainless s t ee l  f i l t e r  w i t h  a nominal porosfty of' 5w 
was positioned i n  the discharge l i ne  immediately following the t e s t  see%rim 
t o  collect any coke part icles  present in the product stream. After %he filter 
the product passed through a water cooled condenser, was reduced kn presswe, 
and entered the separator vessel. Gaseous product was vented t a  a f'Ea~.e 
system, and liquid product was directed t o  storage for subsequent disposale 

Heat Exchange Test Sections 

A l l  t e s t  sections used i n  t h i s  study had 2-ft  (0.61 m) heated 
lengths. Tube materials and diameters are given in Table I. 

Table I. MATERIAIS AND DIMENSIONS OF 
HEAT EXCHANGE TEST SECTIONS 

I 
Tube Material 

Hastelloy C 

Hastelloy C 

Stainless Steel  Type 

L-605 (~ay-nes 25) 

Electrical r e s i s t iv i ty  and thermal conductivity of the three tube materials 
are given in Figures 2 and 3. Note tha t  Hastelloy C, which was t h e ?  tube 
material used for most of the tes ts ,  has an essentially constant electrical 
res i s t iv i ty  over the temperatures encountered, and a constant heat f l u  
(except for heat losses) could be assumed along the tube. However, %his was 
not the case for the L-605 and stainless s t ee l  tubes. During the "e@st,s a 
variation i n  heat flux d i d  exist along these tubes, and it was necessav -B;o 
consider this when calculating inside tube temperatures as well as fluid 
temperatures. 

A diagram showing a typical tube installed on the end- f i t thg  blocks 
is  shown in  Figure 4. Before instal lat ion the tube sections were eu-b to %he 
desired lengths, and nickel washers, 114-inch thickness x 1-inch OD (0,6h- cn? x 
2.54 cm), were shrunk t o  f i t  onto the tube ends and welded in piace. 
These washers were clamped t o  the end-fitting blocks by the copper bus bars 
as shown, and provided a seat for the sealing washer as well as a good elee- 
t r i c a l  connection between the bus bars and the tube. 

Figures 2, 3, and 4 follow 
-5 - 



Oatside tube temperatures were measured by thermocouples whose 
j~metions were spot-welded directly onto the tube. After spot-welding the 
j n e t i o n s  in place the Lube was coated with a thin layer of ceramic cement. 
Tlae ~emoeouple wires, electrically insulated from the tube by the cement 
layer, were wrapped in opposite directions one-half turn around the tube, 
and another layer of cement was applied over the tube and wires. The tube 
was ins4da"ced with about l/2-inch (1.3 cm) of ceramic fiber mat and then 
with 3-inch (7.6 cm) OD magnesia pipe insulation. Some of the thermocouples 
were troublesome during the initial tests at high heat fluxes. This was 
m h h i z e d  cf~~ing later tests by more careful welding of the thermocouple wire 
pairs to a single point on the tube wall and by more complete electrical 
isolation of the recording instrument. Those thermocouples which gave unreliable 
data were readily identified during a test by a slow response of the recorder. 
These points were disregarded during data analysis and are not included in the 

M y  11 thermocouples were used initially. These were located alter- 
n:Lelg on %he Lop and bottom of the horizontal tube. However, the difficulty 
mentioned above as well as the desire for better definition of the sometimes 
precigi"cus: changes in the temperature profiles led finally to the installation 
of 10 additional themnocouples. These were spaced equally between the original 
locatians- The final locations of the 21 thermocouples on the tube are shown 

Instrumentation 

In addition to the control instruments and spot-welded thermocouples 
mentic;:ned previously, the following instrumentation was also used in measuring 
an6 record~~g %he test data. 

Inlet pressure to the heat exchange section and pressure drops across 
s~ecticm and the product filter were measured by pressure transducers of 

the s-&:rak-gage type. A 0-1500 psia (0-10.4 MN/m2) transducer was used for 
mees7mhg d4ne inlet pressure, and differential pressure transducers with 
ranges of' 0.-2,5, 0-25, and 0-500 psi (0-0.017, 0-0.17 and 0-3.45 MN/m2) were 
used for measurements of pressure drop. The three measured pressures were 
c m t i n i  recorded on strip charts throughout each test run. 

A crystal pressure sensor was mounted in one of the end-fitting 
blocks, 3-m-itially in the inlet end and later the outlet end, to measure high 
frequency- pressure pulsations. The signal from the sensor was amplified and 
displajred or, an oscilliscope for visual observation. Photographs could be 
taken of ht*eresting traces. 

F l u i d  inlet and outlet temperatures, measured by sheathed thermo- 
couples hserted into the end-fitting blocks (~igure 4), were recorded continu- 
smiy c~n stri charts. The junctions of these couples were located only 1/16 
inch (0-16 G from the ends of the tube to provide accurate measurements; 
hob~sve~,  at l ow  flow rates there was sufficient heat loss from the fluid before 
it reached the exit thermocouple that measured outlet fluid temperatures were 
7mzeliable. In these cases exit fluid temperatures were calculated, using the 
measwed power input, corrected for heat losses, and heat capacity data for 
the fuele 
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Test Procedure 

A t e s t  run was s tar ted by f i r s t  se t t ing  the desired flaw rate and 
i n l e t  pressure. Then the i n l e t  fuel  was brought up t o  the desired 100°F ( 3 8 " ~  
temperature. Finally the heat exchanger parer was increased over a 5-10 mhute 
period t o  give the required heat flux. Line voltage fluctuations required 
t h a t  frequent minor adjustments be made t o  the variable-transformer s e t t b g  
during a run. The feed r a t e  controller required occasional small adjustment 
when spot checks showed some deviation from the desired flow rate .  Wxm. shut- 
t i ng  down, the reverse procedure was followed; f i r s t  power was reduced m d  
then the f l a w .  

The 20-hour t e s t s  were run i n  5-hour cycles, e i ther  one or  two 
cycles per day. When only a s ingle  cycle was completed in a day, there was 
a normal shutdown-startup procedure between cycles. When two cycles were 
run per day, the break between cycles consisted of decreasing the %eweratwe 
t o  100°F ( 3 8 " ~ )  and then ra i s ing  it t o  the t e s t  leve l  again during a 15-minute 
period. The 100-hour t e s t s  were run i n  10-hour cycles of one cycle per day, 
Thus, a l l  breaks were complete shutdowns, but the down time was different ,  
14 hours overnight and 62 hours for  a weekend. 

Following each t e s t  the product f i l t e r  was removed, rinsed ~5th 
n-heptane, dried, and weighed t o  determine the amount of coke collected 
during the run. A new f i l t e r  was weighed and instal led preparatory $0 %he 
next run. The exchanger tube was removed from the r ig ,  cleaned of the 
ce~amic cement layer, rinsed with n-heptane, and dried. It then was ready 
t o  be cut into sections for  measurement of coke deposits. 

Heat Loss 

Heat loss  from the tube wall was determined by the following proee- 
dure. A low power level  was maintained across an empty insulated Lube mtil 
the wall temperatures reached equilibrium. A t  t h i s  time power and tempera- 
ture  data were recorded. The resulting temperature prof i le  was eonstant 
over most of the tube length with sharp changes only a t  the ends of the d ~ b e ,  
so tha t  end ef fec ts  could be neglected. Hence, the heat loss  was equal Lo 
the r a t e  of heat generation, and the ra te  of heat generation was uniform and 
could be calculated from the power input. Measured heat l o s s  per unit tube 
length as  a function of outside tube temperature is given i n  For 
use i n  heat t ransfer  calculations these data were reduced t o  a more eanven- 
ient  form by ex ressing them as heat fluxes for  the two sizes  of I-Iastelloy C 
tubes (Figure 6 7 . Equations for the curves through the data are:  

q = 0.060 T~~~~ for  3116-inch (0.48 cm) OD ( 2 )  

where q = heat flux based on inside tube surface area, ~ t u / h r - f t "  
T = outside tube temperature, OF 

Figures 5 and 6 follow 



J e t  Fuel Thermal Oxidation Tester 

A modified Alcor J e t  Fuel Thermal Oxidation Tester (JFTOT) was used 
to stucdy the influence of tube metal composition on fuel  thermal s t ab i l i t y .  
This ecaker a lso  was used t o  select  the t e s t  fue l  and t o  monitor i ts thermal 
s t a b i l i t y  during t h i s  program. The JFTGT i s  a miniature coker, the t e s t  section 
of which is an annular heater. A resistance heated inner tube is  the t e s t  
s-mfaee m which coke deposits form. A f i l t e r  uni t  downstream of the  t e s t  
seeSon is used t o  measure filter-plugging tendencies of the fue l  during the 
t e s t ,  The Lest section and the f i l t e r  correspond t o  similar components i n  
- b e  &T"M fuel coker; however, -the JFTOT has not yet been accepted by the  ASTM 
for use a standard t e s t .  

The JFTOT does offer  s ignif icant  advantages over the ASTM fuel  coker 
5x1 experhental  work, chief among which are  the rapidi ty  of assembly, disassem- 
bly, and cleaning, and the need for  only 1 l i t e r  (0.001 m3) of fue l  per t e s t  
compared "c 5 gallons (0.02 m3) for the standard ASTM coker. O u r  JFTOT was 
speciaJ.ly designed and constructed by Alcor t o  withstand 1000 psig (7.0 P4J!J/m2) 
presswe and 1 0 0 0 ~ ~  (538'~)  tube temperature. In our laboratory it has been 
modifie:d further by ins ta l l ing  a thermocouple i n  the discharge opening of the 
heater t o  measure l iquid temperature in addition t o  the tube temperature profi le  
usmlly measured. This arrangement allows the performances of the standard 
coker ~ind %he JFTOT t o  be compared d i rec t ly  on the basis  of l iquid temperature. 
i3ascd sm visual  deposit ratings, such comparisons on J e t  A fuel  (F-187) showed 
apemenf ie tween  the two methods within the i r  reproducibility, which is  w i t h i n  
one code nmber. Further de ta i l s  of the design and operation of the JFTOT 
aze given in the Appendix. 

The rat ing of deposits on the JFTOT tubes was done both visual ly  and 
by. the Be%a-.Iiay Deposit Rater (BDR). Visual ratings a re  qual i ta t ive and are  
no$ always comparable, par t icular ly among different  metal substrates. 

The BDR is  an instrument tha t  measures quantitatively the deposit 
on SFTOT t&es,  In this r a t e r  a beam of low energy electrons impinges on 
the d e p o s i h n d  the tube surface, and the amount of backscatter of these 
electrons is measured t o  determine the deposit thickness. The backscatter 
of the eiectrons is a complex function of the average atomic number of the 
substrate smface, and the atomic number and surface density of the overlying 
deposi-i;. Tkre composition of the tube metal and calibration data for  sui table  
organic f P k s  are used t o  interpret  the instrument response and determine the 
Qichness of the measured coke deposit. Calibration data for  the instrument 
have k?en obGained for  films on a wide range of substrate metals and alloys. 
These cla-ta fiit a general correlation for  backscatter count ra te ,  i n  which the 
comt x-ate i s  expressed as a function of the deposit thickness and the atomic 
numbers of t h e  tube metal and deposit. 
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During the measurement of a deposit on a tube surface the tube is 
translated and rotated past an electron detector i n  the instrument* 1x1 %his 

way the detector measures the backscatter of electrons from most of the tube 
surface. The signal from the detector is  printed on a recorder chart, which 
i s  used t o  determine the maximum deposit thickness and the profile of -bhe 
deposit. Further detai ls  of the design, construction, and use of %he iinstru-. 
men% appear in the Appendix. 

FUEL SELECTION AND PROPERTIES 

The fuels used in t h i s  work are specified by the ASTM J e t  d "twbine 
fuel designation, the specifications for which are l i s t ed  i n  Table XEV fn  the 
Appendix. It was desired t o  use two fuels which differed i n  thermal s"sbi l i%y 
breakpoint by 1 0 0 ' ~  (56 '~ )  as measured by the standard CRC-ASTM cc;ker. This: 
was accomplished by using a fuel a t  two levels of oxygen content. In most 
of the heat transfer t e s t s  the fuel was used in a nitrogen-sparged or  deoxy- 
genated condition, a t  which the oxygen concentration was l e ss  than 0.5 ppm. 
For the f ina l  t e s t  the oxygen content of the fuel was raised t o  66 ppm, the 
oxygen concentration of fuel i n  equilibrium with a i r  a t  1 atm (0.101 ~~18 ) . 
This concentration was determined by gas-liquid chromatographic measurements, 

Thermal S tab i l i ty  of Comercial Turbine Fuels 

The thermal s t ab i l i ty  specification of J e t  A turbine fuel requires 
that  it pass the standard ASTM coker t e s t  a t  300°F (149"~).  A s m e y  of %he 
current commercial turbine fuel market showed that  information general:ly was 
not available on actual coker ratings of fuels a t  different refineries,  as 
control laboratory t e s t s  are normally run only t o  assure that  fuels meet o r  
exceed specifications. Because of t h i s  lack of information on thema% s%a"of%%ty, 
it was impossible t o  select  sources of two fuels with the desired difference 
in thermal s tabi l i ty.  To determine the actual thermal s t ab i l i t i e s  of -kamlea6 
J e t  A fuels, samples were obtained from seven refineries  of Shell  Oil Co 
and screened with our laboratory ASTM coker. This coker has been modified 
from the standard coker by substituting a gas drive for the pump. This modifi- 
cation resul ts  in more consistent ratings by eliminating the errat5.c and non- 
reproducible catalytic effects  of debris produced from pump wear. 

Sufficient coker runs were made with each fuel t o  deterrnbe its 
coker breakpoint temperature ( T ~ .  5 ) , i. e. , the temperature a t  which %he maxi 
code rating is between 2 and 3. Breakpoint temperatures for  the fuels from 
the various refineries are sham i n  Table 11. In some instances more than one 
sample was obtained from a refinery, and ranges of breakpoint terneradues 
are shown for  these cases. F i l t e r  plugging generally was not 1h i"e ;g  lgwi-bh 
these fuels and hence received l i t t l e  attention. A l l  Shell J e t  A fuels 
exceeded the min imum coker specification, generally by 100°F (56O~) or  more. 
Moreover, the ratings for  a l l  but two fuels were bracketed between h-00 m d  
4 5 0 " ~  (204 and 232"~) .  Considerable effort  was expended t o  obtain a fuel which 
rated above 4 5 0 " ~  (232"~)  t o  represent a fuel with high thermal stability. 
However, it was found that  where such fuels occurred the i r  composi%isns were 
not typical of normal refining. Therefore, a fuel with a breakpoinhcrf ~IO'F 



(210"~) was selected, based upon it being representative of several samples 
w i t h  consistent ra t ings from the same refinery. Inspection data for  t h i s  fuel, 
d e s i ~ a t e d  F-887 fo r  laboratory use, a re  shown i n  Table XV of the Appendix. 

Table 11. ASTM COKER RATINGS OF SKELL 
ATF-640 PRODUCTION TURBINE FUELS 

I Range of Thermal S tab i l i t y  Breakpoint 

a )  Ribe ratings are  temperatures correspanding t o  code rat ings of 
2.5 max, 

b) Fil"i;er rat ings a re  temperatures a t  which the f i l t e r  pressure 
drop reached the ASTM specification. 

Various analyses were made in order t o  determine the composition of 
the J e t  A fuel- used. These include analyses for  hydrocarbon type, carbon 
number, r b g  number, degree of saturation, and impurities. Results of these 
analyses are shown in Table XVI of the Appendix. Fluorescent indicator 
analysis ( 1 " ~ )  showed tha t  the aromatics content of the fuel  was 15$, the 
balance being vi r tua l ly  a l l  saturates. Using t h i s  value with the r e su l t s  of 
+be mass spectrometer r ing analysis, it can be deduced tha t  the naphthene 
content of t h i s  fuel  was about 47%. 

Physical properties were estimated for  the fuel, and several 
cf these were used i n  l a t e r  heat t ransfer  calculations. These properties 
were based cln experimental data or were calculated by well-known 
cornelations or theoretical equations. Measurements of density, viscosity, 
thermal conductivity, and vapor pressure a t  various temperatures a re  l i s t e d  
in Table XlTII of the Appendix. The enthalpy of the fuel  was also 
obGained experimentally. Correlations for  t h i s  property were developed based on 



data obtained on the heat t ransfer  t e s t  r i g  a t  temperatures up t o  IOOO"F 
(538"~).  Flow ra t e s  were suff ic ient ly  high tha t  heat losses were rela-tively 
small and readi ly estimated. Measurements of power input corrected for heat 
losses,  i n l e t  and out le t  fuel  temperatures, and fuel  flow ra t e  were used do 
calculate fuel enthalpy. Results of the calculations and the derived. e o r r e l a t b g  
equations a re  shown i n  Figure 7. 

Based on the experimental data, known correlations, and aeore%ieal 
equations, physical properties were predicted for  the fuel  i n  the gas phase a t  
different  pressures and supercr i t ical  temperatures. Properties were also 
calculated for the l iquid s t a t e  a t  various saturation pressures and 
temperatures. Results of these calculations a re  l i s t e d  in Tables IIVII 
XIX - of the Appendix. 

Monitoring of Thermal S tab i l i t y  

When the fuel  was obtained, it was stored i n  a railroad ear 
and inhibited with 25 ppm IONOL@ oxidation inhibi tor  t o  insure storage s t ab i l -  
i ty .  The fuel  was then nitrogen sparged u n t i l  the dissolved oxygen eonlent 
as  measured by GLC analysis was reduced t o  l e s s  than 0.5 ppm. Afternards a 

nitrogen blanket was kept over the fuel  t o  maintain t h i s  low oxygen eon-bent. 

ASTM coker and JFTOT t e s t s  were used t o  determine i f  the themal 
s t a b i l i t y  specifications were met by the fuel  and t o  detect any dederioralios 
i n  fuel  s t a b i l i t y  during the t e s t s  on the heat t ransfer  t e s t  r ig.  When the 
fuel  was acquired it was rated by the ASTM coker and then was tested monthly 
by the JFTOT t o  assure a constant thermal s tab i l i ty .  No deterioration was 
detected over a period of one year. JFTOT rat ings and ASTM coker ratings a t  
similar conditions agreed within one code number. Later ratings were m8de 
from 2.5-hour runs on the JFTOT and correlated with ratings determined from 
5-hour runs. Thereafter the shorter run times were used fo r  rnoni to~~kg the 
fuel. 

A l l  the coker t e s t s  were run under air-saturated conditions, whereas 
a l l  except the l a s t  one i n  the heat t ransfer  t e s t  r i g  were made with the 
dissolved oxygen content below 0.5 ppm. The fuel was saturated with a i r  for 
the thermal s t a b i l i t y  t e s t s  i n  order t o  meet the requirements of the skandard 
ASTM method in the J e t  A specifications. This a l so  allowed for  easier  and 
simpler control of the coker t e s t s  so as  t o  obtain reproducible r e s a t s ,  
Deposit ratings for  these t e s t s  were obtained visual ly  by the conventional 
Tuberator method. Later the BDR was available for use and provided mare 
accurate ratings. 

HEAT TRANSFER STUDY 

Test Conditions 

A l l  t e s t  runs which provided data for  the heat t ransfer  eol-rela%%ons 
were made with deoxygenated J e t  A fuel  (oqygen content l e s s  than 0.5 -pSan) and 
Hastelloy C heat exchange tubes. The i n i t i a l  ser ies  of t e s t s  consisted of 
twenty-four 5 -hour runs using 118-inch (0.32-cm) OD Hastelloy C tubes, NonnTnal 
operating conditions for  these runs were combinations of the condiLims given 

-11- Figme 7 follows 



in Table 111. Other 5-hour t e s t s  were made l a t e r  a t  the five conditions 
given i n  Table IV using 3116-inch (0.48 cm) OD Hastelloy C tubes. One of 

these was started a t  0.2 ~ tu /sec- in2  (0.33 MW/m2), 500°F (260°c), and 1000 
psia (6,590 MN/m2). After 0.5 hour the pressure was changed t o  $00 psia 
(3.45 i ~ r ~ / r n ~ )  for the r e s t  of the 5-hour period. In t h i s  way heat transfer 
data were obtained a t  two conditions while using one tube during a single 
%est sun. Coke formation was negligible a t  t h i s  fuel out let  temperature. 

Table 111. C O N D I T I W  FOR 5-HOUR HEAT 
T R C I N S F ~  TESTS (SMALL TUBES ) 

118-inch OD x 24-inch L (0.32 cm x 
61 cm) Hastelloy C Test Sect ims 

Table TV. CONDITIONS FOR ?-HOUR HEAT 
TRANSFER TESTS (LARGE TUBES ) 

3116-inch OD x 24-inch L (0.48 cm x 
61 em) Hastelloy C Test Sections 

1 Heat F l m  1 Fuel Outlet Temperature I In le t  Pressure I 





Experimental Results and Discussion 

Data obtained during the 5-hour t e s t  runs are sumnrarized Tn  Table XX 
i n  the Appendix. Conditions and results l i s ted  included nominal t e s t  condi- 
tions and measured temperatures, pressure drops, flow rates, and weights of 
coke deposits. In many t e s t s  the product gas rate was insignificant and could 
not be measured. In other runs sufficient cracking of the fuel occurred, so  
that a measurable gas flow was produced. Tube temperatures were recorded 
throughout each t e s t  run, and representative temperature profiles are s i 2 m  
i n  Figures 8 to 17. In several runs there was l i t t l e  change i n  the tube 
temperatures, and the plotted curve is an average for the entire runo Where 
a change in  temperature occurred during a tes t ,  profiles obtained a% %he start 
and end of the run are shown. Bulk fluid temperatures calculated from data 
on power input, flow rate, and enthalpy are also plotted. 

A t  the higher heat fluxes of 1 and 4 Btulsec-in2 (1.63 and 6*5k w/8) 
the flow rate was high and the flow was turbulent. In many runs the hea-b 
transfer coefficient was lower and the tube temperature highest where -bhe 
fuel was near i ts  pseudocritical temperature ( ~ u n s  30, 32, and 34; 
and 9) .  This relatively l o w  value of the heat transfer coefficient nTar %he 
c r i t i c a l  temperature of the fluid has been observed in other work0"$"/ Remolds 

numbers varied from 8000 t o  600,000 in Runs 24 t o  34 and f r m  20013 -to 150,OW 
i n  Runs 36 t o  46. In th is  l a t t e r  series the flow was not completely t w b a e n t  
near the in le t  of each tube, and the heat transfer coefficient was low. Coke 
formation a t  th is  point during the t e s t  ( ~ u n s  kl and 46) caused m ~ r e  t~mbaenee ,  
which improved the heat transfer coefficient and decreased the tube $empera?$we. 

A t  heat fluxes of 0.2 and 0.02 Btu/sec-in2 (0.327 and 010327 w/&) 
the flow was generally laminar, but there was considerable free convection at 
the higher heat flux. The temperatures along the top and bottom of t h e  tubes 
differed significantly in many of the runs, i n  some cases as much as 150°F 
( 8 3 " ~ )  for the large tubes ( ~ u n s  75 and 77; Figure 16). A t  the l m e r  heat f lux 
the temperature differences between the fuel and the tube were smaller, and 
naturally the temperature differences between the top and bottom of %he tube 
were also smaller. Reynolds numbers a t  various thermocouple locations during 
these runs varied from kl t o  28,000. 

The temperature differences between the top and bottom of %he tubes 
were due to free convection imposed on the laminar flow. A s  the f i e4  a t  %he 
wall was heated, i ts density became less  and it rose i n  the boundary layer 
from the bottom t o  the top of the tube, thus causing the top of the tube to 
become hotter than the bottom. The fuel then circulated down into the core 
of the fluid flowing through the tube, while colder fuel from thLs core moved 
toward the bottom of the tube. Variations i n  wall thickness around the -&tibe 
circumference could account for only a small fraction of the obsemed temp- 
erature differences, and insflation was packed so  t ightly around the tube thatt 
these differences were not caused by free convection outside the %ubel 

Correlation of Data 

Correlations were determined for heat transfer a t  the two f low reghes  
observed during the t e s t  runs. The flow was laminar a t  low flow rates, and 
heat transfer was enhanced considerably by the presence of free convections 
Turbulent flow occurred a t  high flow rates w i t h  no indication of fkee cmveetion. 

-13 - Figures 8 thPoiugh 97 follow 



A representative portion of the data is plotted in Figure 18. In 
this f igwe  experimental tube temperatures were used with calculated fuel temp- 
eratwes t o  determine heat transfer coefficients, which are  plotted as Nusselt 
nmbers versus Reynolds numbers. Nusselt numbers i n  these t e s t  runs varied 
from 6 to IIOO and Reynolds numbers from 40 t o  600,000. A t  low values of 
- h e  Remolds md Nusselt numbers the flow was laminar w i t h  considerable free 
conveetim. The transition t o  turbulent flow was indicated by thetubetemperature 
profi les  a t  Mwselt numbers of 25 t o  30, even though Reynolds numbers varied 
up t o  values over 10,000 before transition occurred. Turbulent flow occurred 
a t  Nwselt nmbers above 30, and i n  some cases Reynolds numbers were almost 
as POW as 2200. 

Data obtained during t e s t  runs a t  the two lowest heat fluxes were 
analyzed together t o  determine a correlation for heat transfer enhanced by 
free emvect ian.  The correlation was determined by l inear  regression using 
eqmtions 3.m. logarithmic form. Different parameters were used i n  order t o  
detesmbe the variables which were most significant. The variables considered 
Snel.l;ded Remolds number, Prandtl number, Raleigh number, Grashof number, 
ratio o.f wall temperature t o  bulk fluid temperature, ra t ios  of density and 
viscosity a t  these two temperatures, and dimensionless tube length. Experi- 
manenta1 data were expressed as  heat transfer coefficients i n  the form of a 
Nwselt nmber. Different forms of each dimensionless group were considered 
5;y milag properties based on the bulk fluid, mean film, and tube temp- 
eralmes - 

The Grashof nwnber was the most significant variable for laminar 
flow heat transfer enhanced by free convection. The Raleigh number was 
equally significant, but t h i s  group was s p l i t  into the more elementary Grashof 
nmber and Prandtl number. These l a t t e r  two variables taken independently 
yielded a slightly better  f i t  of the data than the Raleigh number alone. 

The Grashof number is basically defined i n  terms of a temperature 
difference and a coefficient of thermal expansion, which should be based on 
a mean film orwall temperature. An alternate form of the Grashof number can 
be based an the difference in densities a t  the bulk fluid and walltempera- 
t w e s .  The density difference was considered more appropriate for defining 
the Grashof rrumber i n  our tes ts ,  since temperature differences between the 
wall m d  the bulk fluid were large, and different phases frequently existed 

these duo regions. Fluid properties a t  the bulk fluid conditions were 
- a e d  as much as possible t o  define the correlating variables, since the equa- 
tion then would be simpler t o  use i n  predicting heat transfer coefficients. 

The data for  laminar flow heat transfer enhanced by free convection 
are plo"s;$e i3. Figure 19 as  a function of the Grashof number, which is defined 
as folBows: 

gd3pB(pB - %) 
6~~ = 
B (3 1 

Figures 18 and 19 follow 
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G r  ' = Modified Grashof number 
g = gravitational acceleration 
d = tube diameter 
P = fluid density 
p = fluid viscosity 

subscript B = bulk fluid conditions 
subscript W = local mean wall conditions 

The data a t  the higher heat flux l i e  along the curve with very l iL t l e  scatter. 
The data for the lower heat flux extend over a wider range of Grashof nmber 
and have more scatter.  This deviation is  due t o  l e ss  accuracy in %he dada, 
which was caused by more significant heat losses a t  the lower heat f l u ,  

Analysis of the experimental data resulted in the fo l lwing  equation 
for heat transfer in laminar flow w i t h  free convection: 

where a = 0.0255 (coefficient for the local  mean Nusselt num"ner) 
b = 0.316 2 0.019 
c = 0.149 f 0.056 
d = 0.353 2 0.046 

Nu = Nusselt number 
Nup = Nusselt number for Poiseuille flow = 4.364 
P r  = Prandtl number 

The standard deviation for t h i s  equation was 25$. A plot of experbental and 
predicted values is shown i n  Figure 20. This figure also shows the greater 
deviation of the data a t  the lower heat flux. 

Different values were determined for the coefficient b the above 
correlation in order t o  predict the different temperatures along the top and 
bottom of the tube: 

a =e .0237 (top of tube) 
0.0273 (bottom of tube) 

These coefficients are  used i n  Equation (4) t o  calculate Nusselt nmbers which 
w i l l  predict the local maximum or minimum wall temperature. In %his use -the 

s"bO" 

refers  t o  the fluid density a t  the local  mean wall temperatwe as 
defined or Equation (3 ) . 



" F h e  above equation was found t o  give the best f i t  of the data without 
b e h g  %oo cumbersome. Other parameters were considered i n  the correlation, 
but tihe fit improved only marginally. The form of Equation (4) was selected 
so that  i"%woirld reduce t o  the prediction for  laminar flow in the absence of 
free c o n ~ e c t f m ~  

m h g  t e s t s  i n  which flow transition occurred,the change from 
1mbar flow was sharp, but the approach t o  fully turbulent flow was gradual. 
Became of XbLs, data on which the turbulent flow correlation was based ranged 
in. Remolds numbers from 40,000 upwards t o  400,000. The following equation 
r e s a t e d  from correlation of the data: 

where a. -- 0~00466 
b = 0.927 "!. 0.048 
G = 0.628 f 0.058 

Re = Reynolds number 

The standard error for t h i s  correlation was 10.6%. Figure 21 shows the devia- 
-$ion of %he e:~er imenta l  data from the Nusselt numbers predicted by equation 
(5 1 * 

Some improvement i n  the f i t  of the turbulent flow correlation was 
ob tehed  by using a temperature rat io,  which resulted i n  the following equation 
with a standard deviation of 7.7%: 

where a = 0.525 
b - 0,582 f 0.059 
e = 0,554 0.043 
d = 1.084 2 0.148 
T = absolute temperature 

compares the experimental data with Nusselt numbers predicted by 
this equation. This figure shows that a s l ightly bet ter  f i t  of the data is  
ob tahed  by -bhe addition of the temperature r a t i o  t o  those parameters used 
i.n Equation (5 ) -  

Equation (5) has an exponent cm the Reynolds number which is i n  the 
expected range for turbulent flow. The exponent on the Reynolds number i n  
Eqmtioa (6) 1s appreciably lower than this.  Hence, Equation (6) should not 
be extrapolated outside the range of the data. Equation (5) is more straight- 
fcardardi t o  use in predicting heat transfer coefficients than Equation (6), and 
the standard deviations for these two equations are not too different. For 
these yeasons Equation (5) generally should be the preferred heat transfer 
equation for "turbulent flow. 

-16- Figures 21 and 22 follow 
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Figure 20. CORRELATION OF DATA FOR HEAT TRANSFER 

LAMINAR FLOW WITH FREE CONVECTION 



Figure 21. CORRELATION OF DATA FOR TURBULENT 

FLOW HEAT TRANSFER 
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Figure 22. CORRELATION OF DATA FOR TURBULENT FLOW 
HEAT TRANSFER 



It is desirable t o  have c r i t e r i a  for predicting the type of f law 
regime for  given conditions. These should depend primarily on Re;ymolds 
number and secondarily on the Grashof number, since the Reynolds mmber is 
characteristic of the flow, and the Grashof number is  an indieat im of the 
extent of free convection. 

Figure 23 is a plot of the data, Grashof number versus Remolds 
number, with the type of flow indicated for different regions on %be graph, 
Laminar flow w i t h  free convection occurred a t  low Reynolds numbers, This 

type of flow apparently was stabilized by free convection, which i s  indicated 
by the increased l imi t  on the Reynolds number for laminar flow a t  high Grashof 
numbers. A t  t h i s  condition laminar flow occurred a t  a l l  Reynolds nmbel-s below 
5000, Between Reynolds numbers of 5000 and 15,000 there were eondidions a% 
which laminar flow occurred and other conditions a t  which turbulent flow 
occurred. The flow was turbulent a t  a l l  Reynolds numbers above 9S,000e 

COKE DEPCG ITION STUDY 

Coker Tests 

Tube Materials and Test Conditions 

In addition t o  time, temperature, and pressure, catalf l ic  effects 
of the heat transfer surface can influence the thermal s tabi l i ty  o 
For example, in t e s t s  using a standard ASTM-CRC fuel coker, smith4 
tha t  copper had a significant harmful effect on je t  fuel thermal sdabilidy-, 
beryllium had a moderate effect, and lead and tungsten were s l ight ly  h a m m e  
Seventeen other metals, including aluminum, chromium, cobalt, iron, and nickel, 
had no significant effect a t  t e s t  temperatures up t o  400°F ( 2 0 4 ~ ~ ) -  Tlrre 
t o t a l  fuel-metal contact time was about 10 seconds, of which only h secoPrds 
was the expos e time of the bulk liquid a t  the control temperatwe, Other 
researchers593 also have reported the harmful effects of copper on thermal 
s tabi l i ty ,  but l i t t l e  appears t o  have been reported of the effee-k s f  di f fer -  
ent metals on deposition a t  higher temperatures and shorter residenee times. 

In t h i s  investigation fourteen different tube materials were "c&ted 
with air-saturated J e t  A fuel (F-187) in the JFTOT. Twelve of these are 
l i s t ed  with the i r  compositions i n  Table V. The other two mate~LaEs were 
TD nickel and stainless s t ee l  type-th with aluminized swfaces. Efforts 
were made t o  obtain additional metals, such as Rene 41, Hastelloiy X, IneoGeny 
800, and other stainless s tee ls  containkg high percentages of aickel, cobalt9 
chromium, and molybdenum. These were particularly d i f f i cu l t  t o  obtain in the 
proper s ize t o  fabricate JFTOT tubes. M i l l  runs were not justified s ince 
compositions of these alloys were intermediate t o  those i n  Table Ve L-605 
alloy was obtained by a special m i l l  run since it was uniquely high kn cobalt  
and tungsten. 

Testing of J e t  A fuel on the JFTOT has shown a consistent visual 
rating of code 2 with an aluminum tube. Conditions for t h i s  resul t  were 
410°F (210"~)  liquid temperature, 300 psig (2.1 PIi'?/m2) fuel pressme, and. 
?-hour run times. Since most other metals have l e ss  favorable effects  on 
thermal s t ab i l i ty  than aluminum, 410°F (210"~)  and 300 psig (2.1 m/8)  were 
chosen as the standard conditions for  JFTOT screening t e s t s  with .  different 
tube materials, 

Figwe 23 follows 



T
u
b
e 

M
a

te
ri

a
l 

S
ta

in
le

s
s
 S

te
e

l 

S
ta

in
le

s
s
 S

te
e

l 

C
a

rt
ri

d
g

e
 B

ra
ss

 

a
)

 C
o

m
p

o
si

ti
o

n
s 

o
f 

th
e

s
e

 m
a

te
ri

a
ls

 
a

r
e

 g
iv

e
n

 a
s

 c
e

r
ti

f
ie

d
 b

y
 
th

e
 
s
u

p
p

li
e

r.
 

b
 ) 

P
re

d
o

m
in

a
n

tl
y

 
n

ic
k

e
l;

 
c

o
b

a
lt

 n
o

rm
a
ll

y
 l

e
s

s
 t

h
a

n
 0

.2
5

%
. 

C
o
 

I I-
' -!=- v
 

I-
' 

u
l 



Heat Flux 

Pressure Diameter 0.02 0.2 1.0 4.0-Btu/sec-in2 

in. cm psia M N / ~ ~  0.0327 0.327 1.63 6 . 5 4 - - ~ ~ / m '  -- ---- -- 
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1 03 
1 o2 1 o3 1 0 4  

Reynolds Number ( ReB) 

Fiaure 23. FLOW REGIMES DURING HEAT TRANSFER TO JET A FUEL 



JFTOT t e s t s  can be run by maintaining a constant liquid temperatme 
or a constant tube temperature. The catalytic ac t iv i t i e s  of metals should be 

compared by rating the materials a t  identical temperatures. However, became 
of differences i n  tube dimensions and thermal properties, temperalure profiles 
for the various metals would be different. Also, the point of maxhm tempem- 
ture would occur a t  different locations along the tube length. Eence, 1% is 
di f f i cu l t  t o  maintain similar temperatures for the different metals, On " c e  

other hand, the fuel flow rate,  liquid effluent temperature, and heat f lux 
can be duplicated easily i n  each t es t ,  and these were chosen as the Dasfs f o r  
the conditions i n  the screening tes ts .  

It is possible that  the resul ts  for the relat ive coking tendencies 
of the metals are valid only for temperatures in  the neighborhood of k - ~ O " F  
(210"~)  and perhaps only for the particular fuel tested. This temperatme is 
low compared t o  temperatures encountered in the heat transfer tes ts ,  which is 
a reason for screening tube materials a t  a higher temperature. GerLaidy, 
reaction mechanisms change and become more or l e s s  prominent as temperat-me! 
changes. Also, the type of coke l ike ly  to  form a t  the higher temperaLwes 
in the heat transfer t e s t s  could be a different type than tha t  formed in the 
coker. However, coker deposits are  thermal oxidation products and as such 
probably are subject t o  catalytic effects of metals more so than coke derived 
from high temperature exposure, such as during thermal cracking. Thin coker- 
type deposits, because they occur a t  lower temperatures, may be %he type that 
forms a t  the inception of heavy coke formation, and hence may be more dependent 
on metal types than the heavier deposits from cracking reactions. 

The selection of 410°F (210°C) as the screening temperature was 
also dictated by the equipment characteristics, First ,  accurate measwemen% 
of deposit thicknesses by the BDR with tQe present low energy electron sowce 
and calibration data is  limited t o  3000 A (0.3 pm). This l i m i t  can be extended 
by using a more energetic radiation source i f  calibration data are available, 
but such a change would be accompanied by a sensi t ivi ty loss 5n measwlng low 
deposit thicknesses. It was anticipated that  the selected tempera-E;we level  
for the screening t e s t s  would produce deposits within the current raage of 
the BDR. Second, selection of the mild  410°F (210°C) temperature would avoid 
possible bending of the JFTOT tubes during coker tests .  A t  highel. "cmpel-a- 
tures thermal expansion causes these tubes t o  bend, which can resul t  in more 
d i f f i cu l t  measurement on the BDR. 

Results and Discussion 

After each tube was run i n  the JFTOT, the deposit t h i cbe s s  was 
measured by the BDR. Before measuring the deposit,the tube was r b s e d  ~ 2 %  
pure grade n-heptane and dried w i t h  nitrogen, After being measwed, the 
deposit was carefully removed, and the clean tube was rated once again fo r  
calibration. 

The radiation count r a te  from the deposit is produced by the BDR 
as  a continuous recording versus tube length. Calibration curves are w e d  
for different metals t o  convert from count ra te  t o  deposit surface density 
(deposit weight per unit  surface area of the tube). The profiles resdtiaag 
from these conversions are integrated t o  determine the t o t a l  deposit m s s  
and the maximum deposit thickness. In the calculations an avera-ge a$smic 



nm5er of 4 uas ssumed for  a l l  deposits, based on published deposit composi- 
tions by Nixon.'? Results of the  deposlt measurements for  the fourteen tube 
netals are  s h m  i n  Table VI.  

The manner i n  which deposits formed varied among the tubes. In 
certa-h tubes the deposits occurred in narraw bands. In  these instances the 
maxbm deposit depth could be considerable, but the  t o t a l  mass of deposits 
w o u d  be small, as  i l lus t ra ted  by Hastelloy C. In contrast t o  t h i s  the  deposit 
in some cases was dispersed over the major portion of the tube surface but 
was nudhere very thick, such as the deposit measured on brass. Hence, both 
%he asiaxim~m and t o t a l  deposition was recorded t o  describe the coke deposit. 
If %he coking tendency of a fuel-metal combination were not great, the t o t a l  
deposits 6n a coker tube might be small. However, deposition might occur a t  
a certain temperature a t  which a l l  of the deposit would form i n  a res t r ic ted  
area cawing a possible hot spot. This would be reflected by a high value 
for  the r n a x a u  deposit thickness. 

O f  the tube materials tested s ta in less  s t e e l  type 446 (a high 
chromium s t e e l )  and aluminum had the smallest deposits. The detectable deposit 
Ynieksaess for  the s ta in less  s t e e l  is  l e s s  than for  aluminum, because of the 
greater efficiency of electron sca t te r  associated with the higher atomic 
nmnber of iron. However, both s ta in less  s t ee l  type 446 and aluminum must be 
considered equivalent within the precision of these tes t s .  

A problem which caused d i f f icu l ty  in measuring deposits on aluminum 
was the pesence of small amounts of iron deposits which masked the organic 
deposits. This interference was discovered recently when it was found tha t  
part of the code 2 visual ra t ing of J e t  A fuel on aluminum tubes was not due 
t o  organic matter but t o  iron, perhaps in the form of oxides. The presence 
of metals of high atomic numbers such as  iron in deposits reduces the detec- 
$ion level  of organic deposits on aluminum, but this has l i t t l e  e f fec t  i n  
r a t i n g  deposits on other metals. 

Nickel apparently has no independent e f fec t  on the r a t e  of deposit 
fo~nation, as shown by the following facts.  Nickel 200 and Inconel 600 
(72% ~ i )  had only s l igh t  deposits, and so d id  stainless  s t ee l s  type 446 
(05 Ni) and type 316 (13% Ni). Yet deposition on s ta in less  s t e e l  type 304 
(9% was markedly worse than on a l l  the other metals. Hence, there was 
no apparen"come1ation of deposit tendency w i t h  nickel concentration. 

'The two aluminized metals were of special interest .  It was assumed 
at first tha t  the surfaces of these tubes were essent ial ly  pure aluminum. 
However, seaming of the clean tubes with the BDR revealed tha t  the aluminum 
was only a surface diluent. The count r a t e  from the aluminized surface of 
stafnl.ess s t ee l  type 304 corresponded t o  a metal of atomic number 18.7, or a 
swface of 54,4$ aluminum. Similarly, the count r a t e  on aluminized TD-nickel 
bdica-$;ed an atomic number of 26.8 for the bare metal, or a surface of only 
3ke6$ almbm. These r e su l t s  explain why the aluminized tubes, although an 
Lmprovemeni; over the base alloy, were more prone t o  form deposits than aluminum. 



Table VI. BETA-RAY DEPCGIT RATINGS FOR JFTOT 
TUBES OF DIFFIBENT METALS 

J e t  A Fuel ( ~ a b .  Record No. F-187) 
4 1 0 ' ~  (210 O C  ) L i  uid Temperature 
300 psig (2.1 MN 3 m2) Pressure 

I I Beta-Ray Deposit Rating 

Tube Metal 

Stainless Stee l  Type 446 

Aluminum 

Nickel 200 

Stainless Stee l  Type 316 

Inconel 600 

Aluminized TD Nickel 

Monel 400 

TD Nickel 

Aluminized Stainless Steel  Type 304 

Cartridge Brass 

Hastelloy C 

L-605 (~aynes 25) 

1015 Stee l  

Stainless Steel  Type 304 

'1? 
Total Mass, 

clg 

a )  Calculated from measured surface density by assuming a deposit 
density of 1.2 g/cm3 ( 1200 kg/m3). 

b) Determined by integration of the deposit surface density 
versus length. 



Nevertheless, the presence of aluminum gave a synergistic benefit  i n  each 
metal, sfnce the aluminized surfaces had l e s s  deposit than would have been 
predicted by a l inea r  interpolation of the deposit measurements between pure 
almhm m d  e i ther  s ta in less  s t e e l  type 304 or  TD nickel. Actually, alumin- 
ized TD nickel yielded much be t te r  r e su l t s  than TD nickel and had l e s s  deposit 
than most sf the other tube materials. 

A unique al loy among those tested was L-605, because of i ts high 
cobalt t~mgsten content. Heavy deposits were measured on t h i s  tube, which 
may have been due t o  e i ther  or both of these elements. 

Has-belloy C al loy produced only moderate overall  deposits, but i n  
a parrw band the maximum deposit density was one of the heaviest encountered. 
Nickel 203 had Lhe same type of deposit dis t r ibut ion although a t  a lower level.  
This resti l t  could be at t r ibuted t o  a catalyt ic  e f fec t  which occurs when a 
cer tain temperature is reached. 

Because of i ts  high copper content, brass (70% copper) was expected 
t o  be anong those metals w i t h  the heaviest deposits, as  was Monel 400 (32% 

However, the t e s t s  showed tha t  the brass had a widespread deposition, 
which was never very thick. Perhaps this correlates w i t h  the fac t  t ha t  copper 
zawes Ziepos5-i; formation i n  fuels a t  low temperatures, i.e., a par t icular  
high temperadwe may not induce as  great an increase in deposition i n  the 
presence of copper a s  with other metals. The deposit p rof i le  for  Monel was 
sometihat intermediate between tha t  of brass and nickel, i ts  two principal 
coqments. lke other tube w i t h  a heavy deposit was 1015 s tee l ,  essent ial ly  
pure irm containing 0.15$ carbon. TI6 s might suggest an adverse e f fec t  of 
iron, which is  i n  agreement with the resul ts  fo r  s ta in less  s t e e l  type 304 
(72% iron), However, s ta in less  s t e e l  type 446 (75% iron) had one of the 
lighdesL deposits, Hence, there appears t o  be no simple correlation of 
e a k h g  tendency with e i ther  iron, nickel, or chromium, taken separately. 
Rather, the observed effects  appeared t o  be the net  r e su l t s  of not only the 
individual metals, but of synergistic and antagonistic interactions of the 
elements, Perhaps even more important than the e f fec t  of a given element is  
the crystal or  grain s t ructure of the metal and the surface energies and 
electron ava i lab i l i t ies  associated with them. 

Selection of Tube Materials for 20-Hour Coking Tests 

There were several considerations in the selection of the tubes t o  
'3e used in %he 20-hour coking t e s t s .  F i rs t ,  it was desirable t o  se lec t  tube 
nateria'ls which would have potential  use i n  high temperature environmentso 
Tnese materials should have desirable high temperature properties with an 
-h.por-tanoproperty being high t ens i l e  strength. Second, the metals chosen for  
these t e s t s  should have a tendency t o  remain f ree  of coke deposits. The 
resu l t s  of the screening t e s t s  on the JFTOT coker showed tha t  deposits were 
small. on most of the prospective materials and moderate on others. Other 
factors which influenced the choice of tube materials were ava i lab i l i ty  i n  
%be proper dimensions and the cost of obtaining tubing. 

Tbree materials were selected from those l i s t e d  i n  Table V for  the 
20-hour coking t e s t  runs: Hastelloy C, s ta in less  s t ee l  type m d  L-605. 
Hastellay C was chosen since it was the standard material used in  the other 



t e s t s  of t h i s  project. This material a lso has been used i n  other heat t ransfer  
and coking studies with different  fuels. It a lso  has good tens i le  strength 
a t  high temperature and was available for  use. The deposit formed or! Kastellsy 
C i n  the JFTOT t e s t s  was l i g h t  t o  moderate, indicating no serious problems 
with deposition on t h i s  material. 

One of the s ta in less  s t ee l s  was desired for  the 20-hour c a k b g  
t e s t s ,  for  which type 316 was selected, since it has desirable physical pro- 
per t ies  and deposits formed on t h i s  material during JFTOT t e s t s  were very 
l ight .  It was a lso  readi ly available. 

L-605 was chosen since i ts composition d i f f e r s  appreciably from 
the other two materials selected. The coke deposits formed on L-605 dwfng  
the JFTOT t e s t s  were moderate, but t h i s  was not considered t o  be a serious 
problem. This material a lso has good strength a t  high temperature and i"cs 
res i s tan t  t o  oxidation. L-605 was not readi ly available, but s0m.e tubbig 
was eventually obtained fo r  the coking tes t s .  

The three materials chosen for  the 20-hour coking t e s t s  all have 
desirable physical properties a t  high temperatures and have potential  w e  5x1 
future applications. Among these materials there is a large variat ion i n  
composition, which, a s  the JFTOT coking t e s t s  showed, resulted in. some d i f -  
ference in the coking tendencies. 

Extended Coking Tests 

Experimental Conditions and Results 

The 5-hour t e s t  runs described ea r l i e r  were made p r i m a ~ i l y  to ob"cln 
data for  heat t ransfer  correlations. Those tubes which were subjected Lo -be 
more severe conditions were submitted t o  combustion analysis t o  d e l e m b e  
the extent of coke deposition. The r e su l t s  of these measurements a re  ireeluded 
along with the heat t ransfer  data i n  Table XX. 

The resu l t s  from the 5-hour runs were used t o  se lec t  two conditions 
for  the 20-hour coking tes t s .  The 20-hour t e s t s  were run t o  determine the 
e f fec t  of tube material on coke deposition in the deoxygenated fuel. These 
t e s t s  were run i n  5-hour cycles as  described i n  the t e s t  procedure (p. 7) .  
Each tube material was used i n  two runs a t  the conditions l i s t ed  i n  Table VIE. 
A t o t a l  of s ix  t e s t  runs was made using 1/8-inch (0.32 cm) tubes of Hastelloy 
C, stainless  s t ee l  type 316, and L-605 (~aynes  25) alloy. 

Table V I I .  CONDITIONS FOR 20-HOUR COKING TESTS 

( Heat Flux I Fuel Outlet Temperature In l e t  Presswe 

psia I m/m2 



Table XXI presents the data summary for  these tes ts ,  and Figures 24 
show the profiles of the tube temperature a t  run times of 0, 5, and 20 

for each tes t .  Deposit profiles are also shown on the same figures t o  
illust~ate the correlation between tube temperature and coke deposit. The 
chawe '9sh tube temperature w i t h  time is i l lustrated i n  Figures 26 and 27 for  
two points in each of the 20-hour t e s t s  with Hastelloy C tubes. Changes i n  
the tube pressure drop for a l l  s ix  t e s t s  as functions of time are shown i n  . Figure 30 shows the effect  of time on the f i l t e r  pressure 
daacsp dwix %he three t e s t s  a t  the higher heat flux. During the three t e s t s  
a t  the lower heat flux the f i l t e r  pressure drop was l e ss  than 0.001 ps i  
(7 ~ / m ~ ) *  

The f ina l  t e s t s  were two 100-hour runs t o  study the effect  of 
eokhg esn; heat transfer over extended times. Conditions for both t e s t s  were 
s b i l a ~ ;  only the oxygen concentration i n  the feed was varied, in  order t o  
deternine %he effect  of oxygen on coke deposition. The feed for  the f i r s t  
test ( ~ m  101) was deoxygenated J e t  A fuel as used i n  a l l  the previous tes ts .  
Aerated (alr-saturated) J e t  A fuel was used as feed during the second t e s t  
( ~ m  113). "de nominal operating conditions for  these t e s t s  are l i s t ed  i n  
Table VIZI. These t e s t s  were run i n  10-hour cycles as described i n  the t e s t  
proeedwe bp. 7). 

Table V I I I .  CONDITIONS FOR 100-HOUR COKING TESTS 

I Nominal I Actual I 
Beat Flux, ~tu/sec-in2 (MW/m2) 

Inlet Pressure, psia (MN/~) 

At the s t a r t  of the f i r s t  100-hour run operation was e r ra t i c  due t o  
continuai pressure surging, and it was necessary t o  reduce the power input t o  
stabilize the system. The actual conditions of the t e s t  run are given 

Table VSII. These conditions were maintained for the res t  of the run and 
during the second 100-hour t e s t  with the aerated fuel. Data 

recorded ad different times throughout each of the t e s t s  are presented i n  

&%let Fuel Temperature, OF ("c) 

"Fe following i l lus t ra t ions  show the data i n  various forms for these 
z e s t s ,  shows the profiles of tube temperature taken a t  twelve 
different times during Run 101. These show the effect  of coke deposition on 
ilea% transfer. Several profiles are shown t o  indicate a t  what times changes 

K"ie hea"cransfer coefficient and tube temperature occurred. Figure 32 
shms tube deriperatures a t  two thermocouple locations as recorded a t  20-minute 
intemals, Temperatures a t  these two points usually were local  maxima during 
most of the t e s t  run. The pressure drops across the heat exchanger tube and 

1.0 

1000 

- 
the pi~"odueL f i l t e r  as  functions of time-are shown in  Figure 33. The ra te  of 
l i g h t  gas fornation, which i s  indicative of cracking severity, is s h m  i n  

1000 

-24- Figures 24 through 34 follow 
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Figure 26. TUBE TEMPERATURES DURING 20-HOUR RUN 81 



Run Time, hr 

Figure 27. TUBE TEMPERATURES DURING 20-HOUR RUN 85 



Heat Flux: 0.2 ~tu/sec-in2 (0.327 M W / ~ ~ )  

Inlet Pressure: 1000 psia (6.90 M N / ~ ~ )  
Exit Fluid: 1000°F (538OC) 
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Run Time, hr 



Heat Flux: 4 ~tu/sec-in2 (6.54 M W / ~ ' )  

Inlet Pressure: 1000 psia (6.90 M N / ~ * )  
Exit Fluid: 1000°F (538OC) 

10 
Run Time, hr 

Figure 29. TUBE PRESSURE DROP DURING 20-HOUR RUNS 85, 91 AND 98 



Heat Flux: 4 ~tu/sec-in2 (6.54 Mw/m2) 

Inlet Pressure: 1000 psia (6.90 M ~ / r n ~ )  

Exit Pressure: 1000°F(5380C) 

0 5 10 15 20 

Run Time, hr 

Figure 30. FILTER PRESSURE DROP DURING 20-HOUR RUNS 85, 91 AND 98 



0 
1500 

20 40 60 

1300 (After Weekend Shutdow 700 

1100 

600 

2 0 1 2 

Tube Length, f t  

Figure 31. TUBE TEMPERATURE PROFILES DURING 100-HOUR RUN 101 

WITH DEOXYGENATED FUEL 



Figure 32. TUBE TEMPERATURES DURING 100-HOUR RUN 101 

WITH DEOXYGENATED FUEL 







Figures similar t o  the above i l l u s t r a t ions  a re  presented for  Run 
113 with aerated fuel. Profi les  of the tube temperature a t  various times a re  

, curves of thermocouple temperatures as  functions of "r;e 
in Fi  ure %== the tube pressure drop i n  Figure 37, the pressure dsop across 
the product f i l t e r  i n  Figure 38, and the product gas r a t e  i n  

The tube temperatures declined immediately following the s t a r t  of" 
each of the 100-hour tes t s .  This was caused by i n i t i a l  coke deposits creating 
a rougher surface, which increased fluid turbulence and improved heat transfer- 
This improvement in heat t ransfer  continued for  different  times up do 10 hours, 
depending on the location along the tube, u n t i l  a minimum tube teanpera-twe 
was reached. Afterwards tube temperatures began r i s ing  slowly, and these 
temperatures generally continued t o  r i s e  throughout the remainder of %he test 
a s  additional coke deposits accumulated. These changes a re  shown for  a few 
points along the heat exchanger tubes in Figures 32 and 36. 

In Figures 40 and 41 the profi les  of tube temperature are  shown for 
the beginning and end of each t e s t  run along w i t h  a prof i le  for  -be lawest 
temperature a t  each point. Profi les  of the  coke deposit a re  included 'Go show 
the correspondence between the mount of coke deposition and the hc rease  5a 
the tube temperature. Heavy loca l  deposits during Run 113 resulted i n  very 
high temperature peaks a t  two locations along the tube, which almost forced 
ear ly termination of the t e s t .  

In Run 101 it appeared tha t  the coke deposit did not adhere firmly 
t o  the tube. During a weekend shutdown a t  the 40-hour point a substantial  
portion of the coke deposit apparently l e f t  the tube surface. This resu l t ed  

I in lower temperatures along much of the tube length when the t e s t  was resumede 
This phenomenon was not observed a t  the 90-hour weekend shutdawn. 

Unstable operation was encountered during the period of 50 t o  74 
hours i n  Run 101. The ins tab i l i ty  was evident as  an osc i l la t ion  of p~essul-e 
and flow rate .  These surges in pressure commenced with the s tar tup a t  50 
hours and continued despite e f for t s  t o  prevent them by minor changes in the 
power, flow rate ,  and pressure. Also, a new f i l t e r  was instal led in this 
attempt t o  eliminate the pressure surges. The ins t ab i l i t y  terminated a b r ~ p t l y  
and operation was smooth once again a t  74 hours. 

Oscilloscope traces ( ~ i ~ u r e  42) photographed during R u n  101 showed 
the difference between the stable and unstable operation experienced Ln this 
t e s t .  Photograph A shows a trace taken a t  2 hours of operation, vhile opera- 
t i on  was smooth. This trace shows tha t  the pressure was osci l la t ing a t  a 
frequency about 600 Hz and an amplitude of 3 ps i  (21 kN/m2). Photograph E 
was taken a t  60 hours and shows the pressure osci l la t ion tha t  was eha- -acder- 
i s t i c  of the unstable operation. The ins t ab i l i t y  was characterized by. a l ow  
frequency pressure surging of 2.5 Hz and 35 p s i  (240 kN/m2) amplitude. 
There was a burst  of high frequency osci l la t ion a t  the peak of each s-age, 
and i ts form is  shown i n  Photograph C. In t h i s  instance the frequency was 
about 800 Hz and the amplitude 30 ps i  (210 k ~ / m ~ ) .  The frequency spectru 
a t  the peak of a surge i s  shown i n  Photograph D. Photograph A i s  typical of 
the quiescent period during the unstable operation shown i n  Phot~graph B. 

Figures 35 tboqgh 42 follow 



Gas product flow rate, liquid product color, and analyses of the 
l i q u i d  and gas products  a able XXIII) all gave indication of the relative 
amount of "herma1 reaction of the fuel during test runs. Jet A fuel consists 
of hydro~arb~s mostly in the range of Cg to When cracking occurs, the 
concentration of light hydrocarbons increases, as illustrated by the appearance 
of Cg to C8 hydro~arb~s in several analyses. Since some of these hydrocarbons 
remain in the gas phase upon cooling, the cracked fuel yields a greater flow 
rate of gas product. Discoloration of the liquid fuel from water-white to 
yellow or amber also accompanies cracking. 

The most severe cracking occurred in Run 56 and at the start of 
R-ms 81, 88, and 95, all at the same conditions. These runs had the highest 
flow rate of gas product, the greatest hydrocarbon concentration in the gas 
product, the greatest concentration of Cg to C8 hydrocarbons in the liquid 
product, and the most pronounced discoloration (amber). The gas product 
f l o w  rate and: the concentration of Cg to C8 hydrocarbons in the liquid showed 
that atleast 4% of the feed reacted. In Runs 81, 88, and 95 a decrease in 
the mxhum tube temperature caused the rate of cracking to decline as the 
ran proceeded, as shown by decreases in the gas product flow rate, hydrocarbon 
eoncentration in the gas product, and Cg to C8 hydrocarbon concentration in 
the liquid product. Also, the initial liquid product was amber and gradually 
changed to a very light yellow. 

A severe cracking condition was encountered in Run 73, during which 
a t l e a s t  2% sf' the fuel reacted. A tube of 118-inch (0.32 cm) ID was used 
-%n this ~ u n ,  and the extent of cracking was greater than with a tube of 
l / l6- i2ch (0~16 em) ID at the same heat flux, inlet fuel pressure and temp- 
erature, and outlet fuel temperature (~un 68). These conditions required a 
f l o w  rate -1;wi.ce as great through a volume four times as great in Run 73 as 
in R u n  68, Hence, the residence time of the fuel was about twice as long 
and the c r a c k h g  more severe in Run 73 than in Run 68. 

Analyses for the final stages of the two 100-hour test runs are 
ilzeiuded 3.n Table XXIII. The liquid product from Run 101 remained water- 
white -tkougGut the test, while the product from Run 113 was very light 
yell-ow- Hence, cracking was almost nonexistent in these runs. 

Specimens from tubes used in the 20 and 100-hour test runs were 
exambed by rnetallographic analyses. These specimens had the heaviest 
deposits and had been exposed to the highest temperatures in each run. 
2eslrlds of these analyses are presented in Table M. 

Table IX. CARBURIZATION OF HEAT EXCHANGE TUBES 

Run Time, 
Maximum Surface 

e Material 
hr 

Temperature 
1 O r  

Depth of I 
Carburization 

- 7 q 7 X - j  
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Figure 35. TUBE TEMPERATURE PROFILES DURING 100-HOUR RUN 113 

WITH AIR-SATURATED FUEL 
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Figure 36. TUBE TEMPERATURES DURING 100-HOUR RUN 113 WITH 

AIR-SATURATED FUEL 
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Figure 37. TUBE PRESSURE DROP DURING 100-HOUR RUN 113 

WITH AIR-SATURATED FUEL 
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Figure 38. FILTER PRESSURE DROP DURING 100-HOUR RUN 113 WITH 

AIR-SATURATED FUEL 
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Figure 40. TUBE TEMPERATURES AND COKE DEPOSITS FOR 

100-HR RUN 101 WITH DEOXYGENATED FUEL 



Fiaure 41. TUBE TEMPERATURES AND COKE DEPOSITS FOR .# 
100-HR RUN 113 WITH AIR-SATURATED FUEL 





Discussion 

Temperatures a t  the s t a r t  of 20-hour Runs 81, 88, and 95 ( 
were similar t o  those observed during the 5-hour Run 56. The same $ 

erature difference between the top and bottom of the tube was observed, although 
t h i s  is  not shown i n  Figure 24. Flow throughout the tubes was lamhar  with 
signif icant  f ree convection t o  cause t h i s  temperature difference, As each t e s t  
run proceeded the t rans i t ion  t o  turbulent flow, which i n i t i a l l y  occurred prear 
the tube out let ,  moved upstream. This was caused by the formation of coke an 
the tube surface, which presented a rougher surface t o  the f luid and cawed 
ea r l i e r  t rans i t ion  t o  turbulent flow. One of the curves in shows 
how t h i s  s h i f t  of the t rans i t ion  point upstream caused nearby tube tempera- 
tures  t o  decrease with time. The greatest  coke formation occurred at the f l m ~  
t rans i t ion  point i n  each tube, since the tube temperature was generally the 
highest a t  this point. The levels of coke deposition among the three "tubes 
differed i n  the same way as  the re la t ive  temperatures. The flow t rans i t ion  
point in Run 81 occurred far ther  downstream a t  a higher temperature %hm i n  
R u n s  88 and 95. Hence, the maximum coke deposit was greater i n  Rm 81. 

Other effects  of temperature change were changes i n  the color of 
the l iquid product, flow r a t e  of the product gas, concentration ofC3 t 6  G8 
hydrocarbons i n  the l iquid product, and concentration of hydrocarbons 3.n 
the product gas. These are  a l l  indicators of the r e l a t ive  extent of thermal 
reaction. I n i t i a l l y  i n  each of the above runs there was some c~ackkqg of 
the fuel  a t  the high temperatures near the tube outlet .  This resulted Tn a 
l iquid product which was amber. A s  each t e s t  proceeded the m a x i ~ m  %ube 
temperature decreased, which resulted i n  l e s s  cracking and a l iquid product 
tha t  changed i n  color t o  yellow and gradually t o  a f a in t  yellow t i n t .  Ad 
the same time reduced cracking yielded l e s s  product gas, as  evidenced by the 
lower gas flow rates .  Also, the concentration of l i g h t  components in "e;lze 
l iquid product and of heavy components i n  the product gas decreased during 
the run, as  i l l u s t r a t ed  by the product analyses for  R u n  81 pr able ZITI). 

The i n i t i a l  temperature profi les  for  Runs 85, 91, and 98 ( 
were similar, but t h i s  s imilar i ty  ended during the runs with i r regular  form-  

1 

t ion  of coke i n  each tube. The dominant behavior generally was a si@iflcant 
r i s e  i n  tube temperature a t  cer tain points, which is i l lus t ra ted  by one of the 
curves i n  Figure 27. This temperature r i s e  was i n  the form of a plateau. i n  
the temperature prof i le  for  Run 85 and a s  temperature peaks i n  R u n s  gP and 98- 
The variat ion of coke deposits corresponded very closely with the tube temp- 
erature, the heaviest deposits occurring a t  the locations of the temperadwe 
maxima. These peaks d id  not form a t  the same time or rate ,  and even %he Eoca- 
t i o n  i n  different  tubes varied t o  some extent. 

The fuel  flow i n  the above three runs was turbulent, and presswe 
drops across the t e s t  section were large ( ~ i g u r e  29). These pressure drops 
increased in the f i r s t  few hours of a run due t o  the rough surface fomed by 
the coke. Later the pressure drop generally remained a t  a constan* value, 
Pressure drops across the product f i l t e r  increased during each run due Lo 
f i l t r a t i o n  of par t ic les  or formation of condensable sol ids  in the f i l t e r .  



Results of the 20-hour t e s t s  showed tha t  coke formation was irregular,  
and the only variable having a d i s t inc t  e f fec t  on coke deposition was the tube 
t ewera lwe .  Results for  various metals d i d  not indicate tha t  materials have 
different  effects  on coke formation. These t e s t s  did show tha t  coke has two 
effects on heat transfer.  One is  detrimental i n  tha t  the coke ac ts  as  an 
inssa;lator, which decreases the heat t ransfer  coefficient and increases the 
temperatme difference for  a given heat flux. The second ef fec t  is beneficial  
in that the eoke ac ts  as  a turbulence promoter t o  improve the convective heat 
transfer. This occurred i n  flows which i n i t i a l l y  were not fu l ly  turbulent. 
In laminar flow the coke even caused an ea r l i e r  t rans i t ion  t o  turbulent flow. 

The ef fec t  of temperature on the r a t e  of coke deposition is i l l u s -  
t ra ted sirmatically by the data from the 5-hour t e s t  runs. In  Figure 43 
coke swface density for  these runs is plotted a s  a function of tube tempera- 
t~kgoe- "%'e coke measurements a t  tube temperatures below 1340°F (727°C) a re  
a l l  very small, most of them l e s s  than 40 pg/cm2. Coke deposits a t  tempera- 
t w e s  above P ~ ~ O " F  (727°C) are  much greater. The maximum observed deposit 
during these runs was 663 pg/cm2 a t  the maximum tube temperature of 1 4 0 5 " ~  
( 7 ' 6 3 " ~ ) .  '$&is corresponds t o  an average deposition r a t e  of 133 wg/hr-cm2. 

A t  "i;imes the actual ra-te of coke deposition was greater than this.  A t  t h i s  
~~30In-L and most of the other points where heavy coke deposits were determined, 
*he temperatwe of the tube was greater than 1340°F (727°C) i n i t i a l l y ,  but 
& r i n g  the Lest run the loca l  tube temperature decreased t o  some lower value. 
L%ese high i n i t i a l  temperatures are  due t o  low heat t ransfer  coefficients a t  
flow conditions tha t  were not fu l ly  turbulent. A s  coke formed, more turbulence 
developed, which improved the heat t ransfer  and decreased the tube temperature. 

This decrease i n  the ra te  of coke formation as the temperature 
dropped is i l lus t ra ted  by the coke analyses i n  Table X. The coke analyses for 
-chi; tube w e d  i n  the 100-hour Run 101 are  given along with data from a 5-hour 
t e s t  a"che same conditions. After f ive  hours of operation the maximum coke 
deposits  existed i n  the f i r s t  par t  of the tube, where the tube temperature 
was the  highest. A t  l a t e r  times during R u n  101 the tube temperature near the 
irLLeL decreased due t o  more turbulence and be t t e r  heat transfer.  Hence, the 
ra te  of eoke deposition a t  t h i s  point decreased appreciably, and coke deposits 
here were only 2 t o  3 times as much a t  100 hours as the deposits a t  5 hours. 

Farther downstream the tube temperature increased during the t e s t  
-.XI. The i n i t i a l  r a t e  of coke deposition was low and gradually increased t o  
a higher value a s  the tube temperature increased. After operating about 25 
hoaxs the outside tube temperature levelled out a t  1350°F (732°C). Later on 
d w h g  the run the tube temperature decreased abruptly and then increased 
gradually t o  1550°F (843°C) again. Apparently some coke was l o s t  during a 
weekend shutdown. Afterwards the coke deposited on the tube as  before. 
Profiles of the tube temperature a t  two points ( ~ i g u r e  32) i l l u s t r a t e  these 
observations, There were no d i s t inc t  maxima i n  the f ina l  coke profi le ,  
vhich was generally f l a t  and matched the temperature prof i le  a t  the end of 
%he runs Rates of temperature changes a t  various times during t h i s  t e s t  a re  
l i s t ed  i n  Table X I .  These were used t o  calculate the ra tes  of coke deposition 
based on the assumptions of constant thermal conductivity of coke and tha t  the 
:7~be txern~era-t-~lre r i s e  was proportional t o  the increase i n  coke deposit. 

-28- Figure 43 follows 
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Figure 43. COKE DEPOSITS DURING 5-HOUR RUNS 
S-14115 



Table X. COKE ANALYSES FOR DIFFERENT RUM TIMES 

The l a s t  t e s t  was the 100-hour Run 113 w i t h  aerated J e t  A fuel. 
This t e s t  was run i n  the same manner and a t  the same conditions as Run 101. 
However, shutdowns over the weekends apparently had no effect on the coke 
deposits. 

The profile of tube temperature in Run 113 i n i t i a l l y  was rather 
flat,similar t o  the profile in Run 101. The fuel was in transition flow 
in  most of the tube. During the f i r s t  few hours of operation coke formed on 
the tube surface, which presented a rough surface that  increased turbulence 
i n  the fuel. This improved the heat transfer and decreased the tube tempera- 
ture by 200-500°F (111-278"~ ) along most of the tube length. The minimum 
tube temperatures were reached a t  th i s  time. Afterwards the deposition of 
coke only increased the heat transfer resistance; tube temperatures began t o  
increase slowly. The ra te  of temperature increase was somewhat erratic,  but 
the maxima in  the temperature profile increased to  1400"~  (760 " c )  in 10 hours and 
remained near th i s  value up t o  80 hours of operation. Later the temperatures 
of these peaks increased once again a t  a fast  ra te  and eventually reached a 
maximum of 1650"~  (899"~). 

101 

100 

Run 

Run Time, hr  

Figure 37 shows the change i n  the pressure drop across the tube during 
the run. In i t i a l ly  the pressure drop was 2.4 psi  (0.017 MN/$) and increased 
a t  a moderate rate during the test .  It reached 16.4 psi (0.113 MN/m2) a t  50 
hours, a f te r  which it increased more rapidly unti l  the end of the run. The 
increase during the l a s t  10 hours was from 108 to  364 psi  (0.74 to  2.51 MN/m2) 
and was due t o  the formation of coke which almost plugged the tube. 
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5 

Tube Section 

ft 

o - 0.2 

0.2 - 0.4 

0.4 - 0.6 

0 .6 -0 .8  

0.8 - 1.0 

1.0 - 1.2 

1.2 - 1.4 

1 . 4 - 1 . 6  

1.6 - 1.8 

1.8 - 2.0 
b 

Coke Deposit, pg/cm2 

cm 

0 - 6 . 1  

6.1 - 12.2 

12.2 - 18.3 

18.3-24.4 

24.4 - 30.5 

30.5 - 36.6 

36.6 - 42.7 

42.7-48.8 

48.8 - 54.9 

54.9 - 61.0 

663 

484 

92 

26 

--- 
10 

--- 
1.1 

--- 
16 

1365 

1421 

1456 

1280 

1351 

1256 

1693 

1665 

1431 

658 



Table XI. RATES OF COKE DFPCGITION DURING 100-HOUR RUNS 

- -  

a) Inside Lube temperatures were 50-55°F (28-31"~) less than outside tube 
deqeratures. 



Figure 44 is a group of photographs showing coke deposits fo~med at 
various points in Run 113. The most extensive deposits occurred a t  the location 
of the temperature maxima, 1.1 and 1.75 f t .  (0.34 and 0.53 m). A t  1.1 f"t 
(0.34 m) coke f i l l e d  the tube completely (in s p i t e  of the appearance 5-n 
u), which was the reason for  the high pressure drop observed a t  the end of 

113. Coke deposition in t h i s  run varied from 900 t o  9300 pg/cm2. The 
deposit profi le  generally followed the f ina l  prof i le  of tube tempera-bure, 
The lowest surface density of coke occurred near the tube in l e t ,  and most of 
t h i s  coke formed during the f i r s t  few hours of the t e s t  when tube temperatwes 
a t  t h i s  point were the highest. During the run the minimum t e m p e r a h e  was 
lower than i n  Run 101, which was probably due t o  a coke deposit tha t  had a 
rougher surface exposed t o  the fuel i n  R u n  113. 

The density of coke was estimated from data i n  Run 113 a t  %he two 
points of maximum deposits. The deposits a t  each end of the tube se@$ian 
between 1.7 and 1.8 f t  (0.52 and 0.55 m) were about the same thielmesses, 
5 t o  6 m i l s  (130 t o  150 pm). A calculation based on t h i s  thickness and %he 
measured surface density of the deposit yielded a coke density of 0.5 t o  0-6 
g/cm3 (500 t o  600 kg/m3). The coke thickness a t  1.2 f t  (0.37 m) was about 
10 m i l s  (250 pm), and a t  1.1 f t  (0.34 m )  the coke extended over %he whale 
cross-section of the tube. Very l i k e l y  the coke thickness was 10 m i l s  (250 w) 
or larger  in  t h i s  section of the tube. Based on a lower thickness 1 b l L  of 
10 mils (250 pm) the density of the coke i n  t h i s  section was estima"e;ed t o  be 

0.4 g/cm3 (400 kg/m3) or less.  These calculated densi t ies  correspond t o  the 
bulk density of coke, 0.37 t o  0.51 g/cm3 (370 t o  510 kg/m3), which means the$ 
the coke deposits were qui te  porous. 

Thicknesses of coke deposits in a l l  other runs, including R u n  101, 
were very small and generally could not be measured. The greatest  deposit 
thickness i n  these runs was l e s s  than 1 m i l  (25 pm) in Run 101. The fuel  used 
i n  these runs was deoxygenated J e t  A fuel. Hence, it i s  very desirable t o  
use fuel as a coolant with an oxygen colncentration as low as  possible, 

Efforts were made t o  estimate the thermal conductivity of tihe coke 
deposits. Figure 45 is a plot  of the increase in tube temperatwe versus %he 
amount of coke deposit. Curves were drawn for  assumed thermal eonduetivities 
and an assumed deposit density of 0.5 g/cm3 (500 kg/m3). The data for  t h e  
deposits, especially for  Run 113, are  quite scattered but do f a l l  i n  %he 
range of the bulk thermal conductivity for  a mixture of coke part ic les ,  O,11 
Btu /h r - f t - '~  (0.19 w/ma "c) for  powdered coke and 0.55 Btu /hr - f t -"~  (0.99 ~ / n ? -  ' 
for  20-100 mesh coke part ic les .  The sca t te r  of the data was expected, since 
the coke deposits do not form uniformly but present qui te  i r regular  smfaees 
a s  shown i n  Figure 44. 

The temperature profi les  shown i n  Figures 32 and 36 and t h e  deposit 
measurements were used t o  estimate r a t e s  of coke deposition a t  various times 
during the 100-hour runs. These calculated ra tes  a re  l i s t e d  i n  Table XI. In Run 
101 the r a t e  of deposition a t  5-20 hours, about 50 pg/hr-em2, was fairly high. 
When the inside tube temperature reached 1300°F ( 7 0 4 " ~ ) ~  the r a t e  decreased by 
an order of magnitude t o  5 pg/hr-em2. There was no apparent reason fo r  t h i s  
change. Perhaps the temperature a t  the surface of the deposit had decreased, 
but there was no indication of this. Since the temperature profi le  was gener- 
a l l y  flat, deposition r a t e s  throughout the tube apparently were similar with 
the deoxygenated fuel  in  Run 101. 

-31 - Figures 44 and 45 follow 
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In Run 113 the deposition ra te  was l ess  predictable. The ra te  was 
variable throughout the tube w i t h  rapid deposition a t  some locations, where 
temperature maxima occurred, and slow a t  other places. The temperature maxima 
d id  remain in the vicinity of 1400°F (760'~) f o r  70 hours but eventually 
increased a t  a rapid ra te  before the end of the run. Much faster  deposition 
rates and heavier deposits were characteristic of the aerated fuel. 

Carburization was detected only on t h e  inside surface of the tube 
used i n  Run 113  able IX). Photographs of specimens from tubes used in  the 
100-hour runs are shown in  Figure 46. The depth of carburization, approximately 
2.4 mils (60 pm), is clearly visible i n  the photograph for Run 113. 

Because of the extent of coke de-positikn during Run 113, the inside 
tube temperature reached 1610°F (877'~). In t h e  other 100-hour t e s t  ( ~ u n  101) 
the surface temperature reached only 1330'~ (721°C), which was too low to  cause 
carburization. In the 20-hour t es t s  the inside $ube temperatures were somewhat 
higher with a maximum of 1385°F ( 7 5 2 ' ~ ) ~  but no carburization was detected. 
Although the run times for these t es t s  were only20 hours, the tubes were 
exposed to  the highest temperatures during much of th i s  time. This should 
have been sufficient for any carburization t o  occur and l a t e r  be detected. 

Based on these analyses, carburizaticn of Hastelloy C occurs a t  a 
fas t  rate a t  1600"~  (871°C) and has a threshold Pemperature between 1400 and 
1600"~  (760 and 871"~) .  Stainless s tee l  type 316 and L-605 (~aynes 25) alloy 
do not carburirte a t  surface temperatures up t o  1400°F (760°C). 

HIGH FREQUENCY PRESSURE PULSATION 

Pressure oscillations severe enough tocause  an audible whistling 
noise were detected a t  the two t e s t  conditions l i s t ed  i n  Table X I I .  The 
conditions for Runs 85, 91, and 98 were duplications of the 5-hour Run 32, 
during which the whistle was not heard. During the 20-hour t es t s  the whistle 
could not be detected a t  the s t a r t  of each run bht became audible a f te r  a few 
hours of operation. I 

Table X I I .  CONDITIONS FOR AUDIBLE PR~SURE C6CILLATIONS 

Figure 46 follows 
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Run 

Outside Tube 
Diameter 

h r  
inch cm 

79 3/16 0.48 

118 0.32 20 

98 

RunTime, 
Heat F l u  

I 

I 

~tu/sec-in2 

1 

4 

w/$ 
I 

I 

1.63 
I 
I 

6.54 

Outlet Fuel 
Temperature 

'F 

800 

1000 

Inlet  
Pressure 

psia 

500 

1000 

"C 

427 

538 

M N / ~ ~  

3.45 

6 . 9  



C. 1.6 f t  (0.49 m )  D a 1.7 f t  (0.52 rn) 

Fiaure 44. COKE DEPOSITS IN RUN 113 WITH AIR-SATURATED FUEL 

Magnification: 17X 



Heat Flux = 0.94 ~tu/sec-in2 ( 1 .53 M W / ~ ~ )  

- 
0.1 Btu/hr-ft-OF (0.17 W/m.K ) 

0 Deoxygenated Fuel ( Run 101 ) 

A Air-Saturated Fuel ( Run 1 13 ) 

Curves are shown for given thermal conductivities and a r  

assumed coke density of 0.5 g/cm3 (500 kg/m3) 

2,000 4,000 6,000 8,000 

Coke Deposit, pg/cm 2 

Fiaure 45. CORRELATION OF TEMPERATURE RISE WITH COKE DEPOSIT 

IN 100-HOUR RUNS 





Figure 47 shows photographs of oscilloscope traces taken d w b g  the 
20-hour tes ts .  Photograph A shows the wave form of the pressure fluc%uation 
with an amplitude about 150 psi  (1.0 M N / ~ ~ ) .  Photographs B and G shm -the 
frequency spectrum of the pressure oscillations with well-defined peaks a% 
4300 and 8500 Hz. There also was much high frequency noise between PS,,000 
and 40,000 Hz. 

Runs 42 and 79 were made a t  the same conditions with tubes of di f -  
ferent diameters, and whistling was heard during both runs. shms 
the sensor output s i  a1 and frequency spectrum obtained while using %he 
smaller tube (Run 4 2 r  and Figure 49 shows similar resul ts  for the larger 
tube (Run 79)- The frequency spectra were quite similar for the t w o  eases 
with a major peak a t  1500 Hz and smaller peaks a t  frequencies of 5000 and 7000 
Hz. However, the amplitudes of the pulsations differ  a preciably: 100 psi  
(0.7 MN/m2) for the smaller tube and 350 ps i  (2.4 MN/m2y for the larger tube. 
The steady 350-psi (2,4 MN/m2) pulsation was interrupted for short per5Ms 
a t  intervals of 1 to  10 minutes by a low frequency surge. Oscilloscope traces 
taken during a period of this surging operation and 5 minutes l a t e r  d m b g  a 
period of steady pulsation are shown i n  The surging operation was 
characterized by a high frequency burst second This high frequency 
burst was similar t o  %he steady oscillation observed during most of this; t e s t -  
During half of each l o w  frequency cycle the osci l lat ion was very low wiWrn an 
amplitude about 1 5  psi  (0.1 MN/~). These low frequency o s c i l l a l i m  were 
similar t o  the ones observed during the unsteady operation of the 100-how 
Run 101. 

While the whistling noise was heard a t  only two operating conditions, 
a whistle was heard frequently while heating the unit  t o  operating temperadme 
or while shutting down a t  the end of a run. This generally occurred when %he 
outlet  fuel temperature was near or s l ight ly  above the pseudocrilical$ -tempera- 
ture of the fuel. When the whistle was heard during startup or shuddom %he 
conditions in  the tube were changing, so that  the whistle was changing in 
pitch and intensity. F i  1 is  an i l lus t ra t ion  of the wave fom (~bcsdogra* 
A) and frequency spectrum -?=- Photograph B) observed during one of these shsl$.-- 
downs. Conditions for the resul ts  shown i n  the photographs were approxhately: 

Heat Flux 1.8 Btu/sec -in2 2.94 w/$ 
Outlet Fuel Temperature 580 OF 3 0 4 " ~  
Inlet  Pressure 1000 psia 6 . 9  W/DF 
Outside Tube Diameter 118 inch 0.32 em 
Stainless Steel  Type 316 Tube 

This particular whistle was a very clear tone, and i ts  wave form was par-tieu- 
l a r l y  sharp. The whistle apparently had a primary frequency a t  7000 He m d  
a secondary frequency a t  5500 Hz; i t s  amplitude was 18 psi  (0.12 y&/m2), 

These pressure fluctuations are thought t o  be flow h s t a b i l i t i e s  
which were caused by rapid changes i n  the f luid properties during Pleat d~ansfer .  
The following description is a possible explanation of these ins tabi l i t ies ,  

-33 - Figures 47 through 51 follow 



The fuel a"s,he tube outlet  generally was near i ts  pseudocritical point, A s  
head; was transferred t o  the fuel there were rapid changes in i t s  physical 
properties, especially a sudden decrease in viscosity. This decrease in 
viscosity caused a thinning i n  the heat transfer boundary layer and an increase 
h the heat Sransfer coefficient, which in turn caused a decrease i n  the film 
temperatwe of the fuel and a resultant increase in its viscosity. Because of 
this change fn viscosity, the boundary layer then increased, and the cycle 
repeated i t se l f .  This phenomenon is similar t o  the ins tabi l i ty  caused by 
boi l ing  and could be considered as  pseudoboiling heat transfer. Observations 
sf presswe fluctuations were more frequent a t  500 psia (3.45 Plll/m2) than a t  
1006 psi8 (6*90 PIiV/m2). A t  the greater pressure changes i n  fuel properties 
were less severe; hence, there was l e ss  tendency for flow ins tabi l i ty  t o  occur. 

Heat transfer t o  J e t  A fuel was investigated i n  both turbulent and 
m a  o w  Considerable free convection occurred i n  laminar flow, which 
great ly  enhanced the heat transfer rates,  Temperature differences between the 
top and bt%om of the tubes were a s  great as  150°F ( 8 3 " ~ )  i n  tubes of 1/8-inch 
( 0 ~ 3 2  em) inside diameter. Observed Nusselt numbers in some cases were several 
times the theoretical value for  Poiseuille flow. The laminar flow apparently 
was stabilized by the free convection, i n  some cases a t  Reynolds numbers up t o  
IS,rSi00 for  high Grashof numbers. For these Grashof numbers turbulent flow 
oecsmed a% higher Reynolds numbers and in some cases a t  Reynolds numbers down 
to 5000. For low Grashof numbers turbulent flow was observed a t  Reynolds 
nmbers above 2200. 

Correlations were developed for  predicting heat transfer coefficients 
5x1 the -two flow regimes. The Grashof number was found t o  be the most important 
independent variable for  laminar flow heat transfer enhanced by free convection. 
Other simifieanL variables were the Prandtl number and the r a t i o  of the bulk 
fuel density t o  the fuel density a t  wall conditions. In turbulent flow the 
Re~molds and Prandtl numbers were significant variables which correlated with 
-the Nwselt number. The r a t i o  of the bulk fuel temperature t o  the wall temp- 
eratuge Improved this correlation. 

A large number of metals and alloys were screened i n  coker t e s t s  
w i % h  aerated fuel t o  determine the influence of tube material on coke deposi- 
tion, A1mough the deposition ra te  varied for different materials, there was 
m obviom relationship between coking tendency and tube composition. Deposit 
measwements on a l l  materials were found t o  be small or moderate, and there 
were no heavy deposits on any metal. Further testing w i t h  deoxygenated fuel 
3.n %he heat -Lransfer t e s t  r i g  a t  more severe conditions yielded similar resul ts  
for  different metals. Coking a t  conditions of laminar flow w i t h  free convec- 
tion was m i l d  and not extremely different for  each tube material. In turbulent 
flow coke deposition was irregular, and the resul ts  d i d  not indicate clearly 
any relationship between coking tendency and tube material. The primary factor 
affecting deposit formation was the tube temperature. Test runs showed that  
the depos i t im ra te  was significant a t  surface temperatures above 1340°F (727"~). 
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Figure 47. PRESSURE PULSATIONS DURING 20-HOUR RUNS 85, 91 AND 98 



Time 5 ms 

A. Wave Form 

5 10 

Frequency, kHz 

B. Frequency Spectrum 

Outside Tube Diameter 

0 50 

Frequency, kHz 

C. High Frequency Spectrum 

= v8 i n  (0.32 cm) 

Figure 48. PRESSURE PULSATIONS DURING RUN 42 
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Outside Tube Diameter = 3/16 i n  (0.48 cm) 

Fiaure 49. PRESSURE PULSATIONS DURING RUN 79 
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Time 100 ms 

B. Non-Surging Operation 

Outside Tube Diameter = 3/16 i n  (0.48 cm) 

Figure 50. PRESSURE PULSATIONS DURING SURGING OPERATION OF RUN 79 
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A. Wave Form 
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B. Frequency Spectrum 

Figure 51. PRESSURE PULSATIONS DURING SHUTDOWN OF RUN 91 



There were two effects  of coke deposition on heat transfer.  At 

the s t a r t  of many t e s t s  the formation of a rough coke surface increased the 
f lu id  turbulence and the convective heat t ransfer  coefficient t o  those for  
fu l ly  turbulent flow. Only a very th in  deposit was necessary t o  achieve 
this effect.  This phenomenon had the additional benefit  of reducing the 
r a t e  of coke deposition. On the other hand, the resistance t o  heat t ransfer  
increased a s  coke formed. This effect  on heat t ransfer  was insigniffcant 
for  th in  deposits. 

Experiments a l so  showed tha t  oxygen had a strong influence on cake 
deposition, which affected the heat transfer. Deposits formed from deoxy- 
genated fuel  were re la t ive ly  thin,  l e s s  than 1 m i l  (25 pm). The use of 
aerated fuel  resulted in  fas te r  r a t e s  of deposit formation and much heavier 
deposits, which almost plugged a tube of 1116-inch (0.16 cm) inside diameter. 
Heat t ransfer  resistances of deposits formed from the aerated fuel  were 
greater, and surface temperatures of the tube reached a maximum of 1 6 x 0 " ~  
(877"~) .  This was high enough for carburization of the tube t o  occur. 

Deposit formation was the resu l t  of thermal reaction of the fuel,  
which also produced other changes i n  the fuel. Thermal cracking oecumed 
and yielded l i g h t  hydrocarbons and hydrogen. This a l so  resulted i n  a color 
change of the fuel  from water-white t o  yellow or  amber. The extent of 
cracking during the thermal reaction was small; hence, cracking was an 
insignificant contribution t o  the heat sink of the fuel. However, same of 
the reaction products must have enhanced the r a t e  of coke formalion. 

Pressure osci l la t ions were audible a t  cer tain turbulent flow condi- 
t ions when the ex i t  fuel was near the pseudocritical temperature, h p l i t u d e s  
of these pressure fluctuations ranged up t o  350 ps i  (2.4 M.IJ/m2) i n  tubes of 
118-inch (0.32 cm) inside diameter and 150 ps i  (1.0 M.Id/m2) for  1/16-inch 
(0.16 cm) inside diameter. Primary frequencies varied from 1000 t o  5000 Rz* 
The noise was heard a t  both 500 and 1000 psia (3.45 and 6.90 MN/~.;") ,  but it 
was more common and i t s  amplitudes were greater a t  the lower presswe. 
These osci l la t ions apparently a re  analogous t o  boiling heat transfer,  and 
the effect  of pressure is probably due t o  greater changes i n  the fuel  viscosi ty  
and density a t  lower pressures. 

In these t e s t s  coke deposits were l igh t  i n  the deoxygenated fuel,  
even a f t e r  extended t e s t  runs of 20 and 100 hours a t  a heat flux of 1.0 
~ t u / h r - f t 2  (1.63 MN/m2). Aerated fuel was tested for  100 hours, and, although 
coke formation was fas te r  i n  t h i s  fuel, most of the coke deposition occurred 
near the end of the t e s t .  Increases i n  the pressure drop across the t e s t  
section were small with the deoxygenated fuel  and only s l ight ly  highel" during 
most of the run w i t h  the aerated fuel. Experimental resu l t s  with bo-th fuels 
showed tha t  a th in  layer of coke was beneficial  i n  promoting more dubulenee 
t o  enhance the convective heat t ransfer  coefficient. 

This study has been f r u i t f u l  i n  providing information on hea-b 
t ransfer  and coking when J e t  A fuel  is  used as  a coolant. Additional t e s t k g  
can furnish more data on coking, and the following points are  suggested for  
future work. 



Additional heat t ransfer  and coking t e s t s  of 100-hour duration are  
desirable, Although tube temperature is a primary factor affecting the r a t e  
of coke deposition, tube temperature i s  determined by other factors such a s  
heat f l u ,  Lube diameter, and flow conditions. The re la t ion  between these 
variables and tube temperature is complicated by the presence of coke, and 
data from extended t e s t s  a t  other heat fluxes and tube diameters would be 
useful.. 

Other long coking t e s t s  a t  oxygen concentrations between 0.5 and 
66 ppm would provide useful data. There is an enormous benefit  achieved by 
maintainTng a low oxygen concentration, a s  i l l u s t r a t ed  i n  the reported 
tests. However, these t e s t s  were run under laboratory conditions, and it 
may not be possible t o  achieve such a low concentration a t  a l l  times i n  
actual use. Hence, data a t  other concentrations which are  considered t o  be 
easily reached and maintained i n  actual use would be desirable. 

Repetitive experiments of extended duration are  desirable t o  
determine the reproducibility of coke deposits, since coke formation is 
irregular and its r a t e  is d i f f i c u l t  t o  predict. 

Experience from these t e s t s  indicate tha t  cracking and coking i n  
the fuel shoijld cause no d i f f icu l ty  i n  the fuel  system downstream of a heat 
exchanger. Also, the e f fec t  on ignition and combustion of the fuel  should 
be very slight. Nevertheless, system studies would be useful t o  ver i fy  
t h i s  expected behavior, and there may be some s l igh t  e f fec t  on combustion 
efficiency and some differences i n  the production of smolte or undesirable 
combustion products. 
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Modified J e t  Fuel Themnal Oxidation Tester 

The J e t  Fuel Thermal Oxidation Tester (JFTOT) was desiwed as a 
reduced version of the standard CRC-ASTM fie1 coker. A basic objective of 

the design was t o  reduce the volume of t e s t  fue l  from the 5 gallons (0-02 m3) 
required for  the standard coker t o  about 1 quart (0.001 m3). According'ly, 
the en t i r e  system was scaled down by a factor of about 20, without chmgislg 
t h e  basic flow and heat t ransfer  character is t ics  of the t e s t .  Far example, 
i n  the JFTOT the fuel  residence time i n  the preheater a t  the established 
flow r a t e  of 3.0 cm3/min (0.05 cm3/s) is about 12 seconds. In -be fadadard 

coker the residence time is about 10.4 seconds a t  a flow r a t e  of 5 l'blhr 
(0.63 g/s). Tests in both cokers have a 5-hour duration. Comparisons of 
maximum visual  ratings of two different Je t  A fuels  in  the JFTOT w i t h  ra t ings  
on the same f'uels in the ASTM Coker showed good agreement SF able I[IEI. 1. 
difference in rat ings a re  within the  reproducibili ty of the two t e s t s .  

A schematic diagram of the JFTOT fuel system is  shown in 
The essent ial  elements of t h i s  t e s t  r i  were modified somewhat t o  w i t h s t a d  5 1000°F (538"~)  and 1000 psig (7.0 M N / ~  ) compared t o  the standard 300 psig 
(2,1 MN/m2). This modification required a stronger fuel  reservoir and fuel 
flow indicator. 

In preparing the system for  operation the fuel charge fs placed in 
the bottom of the cylindrical s ta in less  s t e e l  reservoir. An a9umbm piston 
with a rubber V-seal is placed on top of the fuel, and a flange cover is: bolted 
t o  the reservoir. Nitrogen pressure is  supplied through a regulator $0 the 
top side of the piston t o  establish the system pressure. Fresh fuel is  pmped 
through the system from the bottom of the reservoir back t o  the 'sop of -the 
reservoir above the piston. The V-seal on the piston prevents iP-iter&x7h.g 
of the fresh and spent fuels. 

A s  the fresh fuel  is  forced from the reservoir, it pasees through 8 
membrane f i l t e r  a t  the reservoir outlet .  The fuel  then enters the b o t t m  of 
an annular heater tube section and flows up around an inner tube, which i s  
heated d i rec t ly  by resistance heating. A movable tnermocouple inside of 
t h i s  heater tube i s  used t c  measure its ten;>erature prof i le  during 

t h e  tes t .  A t  the out le t  of the heater section the f'uel passes Lhrowh a t e s t  
f i l t e r .  The pressure drop acmss this f i l t e r  is measured by a d i f f e ren l i a l  
pressure transducer and printed on a recorder. The spent fuel  then passes 
through a cooler and enters a Zenith metering pump, a f t e r  which it is reLwned 
t o  a fuel  flow dr ip  indicator t o  the top of the reservoir. Hence, the fresh 
fuel  is never exposed t o  the pump. 

During a run i n  the JFTOT the tube temperatures a re  measwed by %he 
movable thermocouple and printed by a recorder as a prof i le  along the tube 
length. Also, the l iquid out le t  temperature is  measured by a thernoeouple 
and printed. Our uni t  is  supplied with a Minarek Electr ic  variable speed and 
torque control on the pump t o  permit compensation for  flow changes due t o  ~ h e  
effects  of flow resistance or pump wear, whereas the commercial version has a 
fixed pumping speed. System pressure is indicated on a Heise gauge with 8 

range of 0-2000 psig (0 - 13.8 M.IV/m2). 

Figure 52 follows 



Table XIII. COMPARATIVE R A T I W  ON THE JFTOT AND ASTM COKE3RS 

5-hour Tests with J e t  A Fuels 

Maximum Code Rating 

The heater tube section is dismantled following a t e s t  and the 
M e r  tube remaved, washed with normal heptane, and rated for deposits. 





Beta-Ray Deposit Rater 
a 1 

The Beta-Ray Deposit Rater (BDR) is  an instrument used for  measwing 
deposits on coker tubes. In measuring the deposits i n  the  BDR a beam of Paw 
energy electrons impinges on the deposit and tube surface, from which back- 
sca t t e r  of the electrons occurs. A detector i s  used t o  measure m e  h tens i t y  
of electron backscatter, and the signal f'rom the detector is recorded. P'kpe 

extent of backscatter i s  related t o  the surface density and atomEe nmber of 
the deposit and the average atomic number of the substrate metal. Calibration 

data for  organic films on various metals and alloys a re  used t o  b t e ~ r e t  the 
detector signal and determine the amount of coke deposit. A scamkg mechanism 
is  used t o  t rans la te  and ro ta te  the  tube past the detector so as  La measme 
coke deposition over a l l  the tube surface. 

The i n s t m e n t  i s  shown i n  Figure 53 and consists of %he following 
functional units:  (1) vacuum system, (2) scanning mechanism, (3) beta-pay 
source, and (4) detection system. 

The vacuum s stem consists of a chamber made from a 3-ft ( 0 , ~  m) 
length of 6-inch -l?5- 15 cm Schedule 40 s t e e l  pipe. End plates  a re  ad%aePPed and 
sealed by O-rings. One end plate  is removable and provides access for  hsert-  
ing a coker tube; the drive mechanism is connected through the other end plate. 
Vacuum in the system is achieved by a Welch 1 4 0 2 ~  fore pump. The suction srLdeof 
the pump is connected by rubber tubing t o  a pipe nipple welded t o  %he V 8 C U W  

chamber. The remainder of the vacuum system consists of a thermocouple gage 
and a bleed valve fo r  pressure regulation. 

The scanning mechanism serves t o  t rans la te  and ro ta te  the coker tube 
past the source and detector. It consists of a track fastened to the 5-nsi.de 
of the vacuum chamber on which a carriage rides. The carriage holds coker 
rod and is driven by a shaft  and lead screw arrangement attached t o  %he end 
plate  of the vacuum system. The drive shaft  in the t e s t  chamber is comeeked 
through a vacuum sea l  t o  a variable speed reversible motor. 

The beta-rag source is contained in a block which is  mounted on the 
face of the detector. The source material is tritium, which was obtained from 
the ta rge t  of a Texas Nuclear neutron generator. The block consists of laye~s 
of brass with two milled s l o t s  t o  d i rec t  the beta-ray beam t o  the eokel- tube, 
which is located a t  the intersection of the beams. Between these two slots 
i s  a th i rd  s l o t  which is aligned with the opening in  the detector. Baekscat- 
tered radiation passes through t h i s  s l o t  and is  measured by the detector. 

The detectfon system measures the radiation that  i s  backsealtered 
from the coker tube and presents the count r a t e  on a s t r i p  chart reecrder. 
The detector is a flow proportional counter with an u l t ra th in  window and 
operates on P-10 gas (90% argon and 10% methane). The window is a th in  film 
of cellulose n i t ra te .  It is supported by a Buckbee Meers Company nickel 
screen of 705 transmission. The detector is  attached t o  a flange %hat provides 
a vacuum sea l  and can be moved while under vacuum t o  posit ion the o9enin.g 
re la t ive  t o  the coker tube in  order t o  focus the radiation. 

for  the A i r  Force Aero Propulsion Laboratory, A i r  Force Systems Cornand, 
United Sta tes  A i r  Force,and is more conpletely described i n  Semiamual 
Progress Report No. 2 (shell  Development Company Report NO* ~ - 1 h - l l k ~  
April 1971). 

-41 - Figure $3 follows 



The r e s t  of the detection system is outside the vacuum chamber and 
consists of a high voltage power supply for the proportional counter, a low 
noise prewplif ier ,  a l inear  amplifier, a count r a te  meter, and a s t r i p  chart 
recorder with an offset  zero adjustment. 

The! readout signal on the s t r i p  recorder is  calibrated in beta 
radiation counts /second, which mas be converted t o  deposit surface densits 
by u s h g  calibration c-es such hs that  i l lustrated & 
of c w e s  is shown for deposits of average atomic number 
hconel  600 tube of 518-inch (0.16 cm) OD. A different family of curves i s  
required for each metal substrate. The general expression describing these 
e w e s  is  as follows: 

where I = observed count ra te  for deposit on the tube, counts/second 
b = observed count r a te  for pure deposit, countslsecond 
B = observed count r a te  for clean tube, counts/second 

Z1 = average atomic number of deposit 
Z2 = average atomic number of tube 
X = deposit surface density, g/cm2 

Figure 54 follows 
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Table XIV.  SPECIFICATIONS FOR,AVIATION 
TURBINE FUEL TYPE Aa) - 

ASTM Test 
Method 

D 287 
D 287 
D 86 

D 56 
D 56 
D 97 
D 1477 
D 445 
D 1405 or 

D 240 

D 130 
D 974 
D 1266 
D 1323 or 

D 1219 
D 1094 
D 381 
D 873 

D 1.660 

D 1740 

D 1322 

D 1322 
D 187 

D 1322 
D 0000 

D 1322 and 
D 86 

D 1319 ... 

Specification 

51 
39 

400 
450 
550 

1.5 
1.5 

110 or legal 
150 
-40 
-40 
15 

18,400 

None 
No. 1 

0.1 
0.3 
0.003 

21 
'7 

14 

12 
Code 3 

45 

2 5 

20 
-,a 1 

20 
3 

None 

20 
--a 1 

Property ~ 
. . 

Gravity, max, O A P I  " . , ; . 
Gravity, m i n ,  O A P I  ~ . , * . .  

Distillation Temperature, OF : 1 
10% Evaporated, max 
50$ Evaporated, max 

Final Boiling Point, max, OF 
Distillation Residue, max, $ 
Distillation Loss, max, $ 
Flash Point, m i n ,  OF 
Flash Point, max, OF 
Pour point, max, OF 
Freezing Point, max, "F 
Viscosity a t  -30°F, max, cs 
Net Heat of Combustion, m i n ,  

Net Heat of Combustion, B T U / ~ ~ ~  
Copper S t r ip  Corrosion, 3 hr  a t  122OF, max 
Total Acidity, max, mg ~ 0 ~ 1 g r a m  
Sulfur, max, $ 
Mercaptan Sulfur, max, $ 

Water Tolerance, vol change, not t o  exceed, ml 
Existent Gum, max, mg/100 m l  1 
Total Potential Residue, 16 hr, max, mg/100 nil 
Thermal Stabil i ty a t  300 t o  400'~: 

F i l t e r  Press Drop, max, in Hg 
Preheater Deposit l e ss  than 

Combustion Properties. One of the following 
requirements shall  be met: 
(1) Luminometer Number, min 

or 
(2) Smoke Point, min 

or 
Smoke Point, m i n  

(3 ){ ~ Burning Test, 16 hr  
or 

(4< 
Smoke Point, m i n  
Naphthalenes, max, $ 

or 
(5) Smoke Volatili ty Index, 

Aromtics, vol, max, '$ 

min 

Additives I 

t 



Table XV. INSPECTION DATA FOR 
JET A FUEL (F-187) 

Gravity, "API 
Color, Saybolt 
Flash, Tag c. c., OF 
Pour Point, OF 
Viscosity, cs a t  30°F 
Copper S t r i p  Corrosim a t  122°F 
Copper S t r i p  Corrosion a t  212OF 
Co~rosion, Si lver  S t r i p  
Mereaptan Sulf'ur, $I w t  
Odor 
Smoke Point, mrn 
Aromatics, $ vol 
Freezing Point, ASTM OF 
Water Reaction, Inc. or  Dec,, m l  

Interface Rating 
MlFM Dist i l la t ion,  OF : 

1.B.P. 
lo$ Evaporated 
50% Evaporated 
90$ Evaporated 
95% Evaporated 
End Point 
Recovery, $J vol 
Residue, $ vol 
Loss, $ vol 

4naine Gravity Constant 
Net Heat of Combustion, ~ t u / l b  ( ~ a l c )  
Gum, Existent, Steam Je t ,  mg 
Gun, Potential, Steam Je t ,  mg 
Total Acid Number, Colorimetric 
Strong Acid Number, Colorimetric 
Oliefins, $I vol 
Naphthalenes (~iaromatics  ) 
Wa-ter Separometer Index Mod 
Luminometer Number 

1 Thermal S tab i l i t y ,  ASTM-CFR 
1 

Measurement 

344 
365 
419 
478 
491 
504 
98 
1.0 
1.0 
5532 
18,500 
1 
1 
Neutral 
N i l  

0.7' 
0.31 
98 
47.3 

Pressure Drop, in Hg 



Table XVI. ANALYSES OF JET A FUEL (F-187) 

Gum, Steam Jet: 0.1 mg/100 m l  

Fluorescent Indicator Analysis 

Concentration, 
Component 

$7 vol 

Saturates 
Ole f ins 
Aromatics 

Mass Spectrometer Ring Analysis 

Number 
of Rings 

0 
1 
2 

3 

Concentration, 
$J vol 

3 8 
33 
25 
4 

Trace Impurities 

Component 

Sulfur 
Lead 
Nickel 
Copper 
Iron 

Concentration, 
ppb 

10,000 

500 
13 
7 
7 

Hydrocarbon Type Analysis 
(~igh Resolution Mass Spectrometer) 

Type 
Concentration, Avg. C 

$3 vol Number 

CnH2n-20 O 
Avg. Molecular Weight: 166 

Distilled, Temperatwe, 

B_ " F 

1.B.P. 
5 
10 
15 
20 

30 
40 
50 
60 
70 
80 

90 
95 
E.P. 

Recovery 
Residue 
Pressure 

Carbon Nmber 

Carbon Concen&~adian, 
Number 



T a b l e  XVII .  EXPERIMENTAL PHYSICAL PROPERTIES 
OF JET A FUEL (F-187) 

V a p o r  P r e s s u r e  



Table XVIII. LIQUID PROPERTIES OF JET A FUEL 

Average Molecular Weight 170.1 
Pseudocritical Pressure 265 psia no82 M N / ~ ~  
Pseudocrit i ca l  Temperature 721 OF 383 "c 
Pseudocritical Density 14.8 lb / f t3  237 kg/m3 

I Specific Heat 1 Temp. 1 Density Enthalpy a t  constant ~ r e s s w e  



('This page is blank. ) 

Tables XM through X X I I I  follow 
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Table XXI. DATA SUMMARY FOR 20-HOUR TEST RUNS 

Heat Exchange Tubes : Runs 81 and 85; Hastelloy C - 0.1268-in OD x 0.0317-in Wall 
x 2-f t  Length (0.03325-ft2 InsLde ~ w f a c e )  

Runs 88 and 91; Stainless  S tee l  Type 316 - 0.1260-h OD 
x 0.026-in Wall x 2 - f t  Length (0. 03875-$t2 
Inside Surface) 

Runs 95 and 98; L-605 (~aynes  25) - 0.1278-in OD x 0.0313-b-1 
Wall x 2-ft  Length (0.03409-ft2 Inside ~ w f a c e )  

Fuel: J e t  A, Oxygen Cmtent < 0.5 ppm 

I n l e t  Pressure, ps iv  
Bit Fluid Temp., 'F 

Cake Deposit in Tube, iie/cm2 I m e  s e c t i o n ,  n 

"." &.U 

1.0 - 1.2 96 121 90 45 645 
1.2 - 1.4 355 301 900 
1.4 - 1.6 745 289 245 1 3  26 
1.6 - 1.e 2% 160 89 
1.8 - 2.0 92 105 3'4 42 116 

a )  Measured e x i t  fuel t enpe rn tu rc s  for l o v  n o t i  r a t e  runs ucre low due to r ap id  coo l ine  of fuel before reochlng t h c  temperoturc maasurine paint .  
5) Calculated from p l w e r  input ,  floi, m t e ,  and hoa t  c rpnc i ty  a c t a  co r r ec t ed  f a r  l o s se s .  
c )  Corrected for  h-at l a s se s .  
il) T.C. No. refers t o  order Of p r i n t o u t  on 24-pt recorder .  Locat ion i s  measrlred from s t a r t  of heated sec t ion .  T and 3 i nd i ca t e  l lmc t ion  on Top or 331.:m 03. Lr,;t si .c i ion.  
C )  Less than 0.001 ps i .  
r)  M c . 7  f i l t e r  ins ta l l ed  a f t e r  i n i t i a l  5-hr period.  9.6 PC on f i l t e r  during 0-5 h r ,  30.3 ag dvrinl: 5-20 hr. 
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A observed backscatter count r a t e  fo r  pure deposit 

B observed backscatter count r a t e  for  clean tube 

C~ 
specific heat a t  constant pressure 

d tube diameter 

G r '  modified Grashof number [F] 
g gravitational acceleration 

h heat t ransfer  coefficient 

I observed backscatter count r a t e  for  deposit on tube 

k thermal conductivity 

Nu Nusselt number 

Pr Prand tl number [?I 
q heat f lux 

Re Reynolds number [F] 
T temperature 

u l i nea r  velocity 

X deposit surface density (weight of deposit per uni t  surface area of tube) 

Z1 averageatomicnumber o fdepos i t  

Z2 average atomic number of tube 

I-L viscosity 

P density 

Subscripts 

B bulk f luid conditions 

P Poiseuille flow 

W wall conditions 
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