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A computational method for integrating fluid-dynamic simulations and heat-transfer calculations in different
segments of solid boundaries has been developed to predict deposition inside tubes. The fuel thermal-degradation
mechanism is treated mathematically using a four-step global-chemistry model. Depesits are allowed to grow
on the wall surface, and the resulting fluid-dynamic and heat-transfer changes are implicitly computed using a
time-dependent formulation. Turbulent-flow simulations for the fuel flow bounded by the fuel-deposit interface
are made on a body-oriented coordinate system. The induction period, which is associated with the slower
deposition during the initial hours of exposure, is modeled by introducing a wall-reaction-type mechanism for
the surface sticking phenomenon. Calculations are made for full-scale and half-scale gas-turbine injector feed-
arm rigs. The temperature at the deposit-tube interface is found to increase with deposition. Computed accu-
mulated deposit weight and changes in the tube-inner-wall temperature with time are compared with the
experimental data. The effects of fouling on heat transfer and blockage to the fuel flow are discussed.

Introduction

N a gas-turbine engine, fuel is fed to the atomizers through

the injector feed-arms. Attempts by designers to increase
engine performance result in increasing compressor-exit and,
thereby, feed-arm temperatures. Bulk-fuel temperatures are
also expected to increase in high-performance aircraft due to
the higher heat loads which the fuel will experience as it is
used to cool the engine lube oil, avionics, environmental sys-
tems, and fuel controls.! The combination of high fuel-inlet
and tube-wall surface temperatures makes the injector feed-
arm very susceptible to fouling due to decomposition of the
fuel. When fuel degrades and forms insoluble gums and hard
carbonaceous deposits, the small apertures in the fuel nozzles
and atomizers can become clogged, or fouled, leading to spray-
pattern distortions, unscheduled overhauls, and, potentially,
engine malfunction.? This will constitute a serious problem in
future high-speed aircraft.

The thermal stability of jet fuels has been studied for many
years, and a considerable quantity of data has been collected
under various experimental conditions and for different types
of experimental arrangements. However, the overall com-
plexity and a lack of fundamental understanding of the pro-
cesses leading to fouling have hindered the development of
a general theoretical framework which can be used to interpret
or predict different types of experimental results. Empirically
based fouling models>* are potentially applicable to many
engineering problems; however, they cannot be generally ap-
plied to different experimental configurations and they do not
provide fundamental insight into the deposition processes.
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Time-averaged computational-fluid-dynamic and chemistry
(CFDC) models® based on numerical solutions of conserva-
tion of mass, momentum, and energy are much more general
than empirical models, and can be applied to different test-
section geometries over a wide range of test conditions. Thus,
the time-averaged CFDC models represent a significant ad-
vancement; however, they are most applicable to a thin depo-
sition layer which does not appreciably affect the heat-transfer
and fuel-flow characteristics—a limitation which results from
these models providing the deposition rate rather than the
actual time evolution of deposits in the system.

The real-time evolution of deposits is important in fuel-
system components such as the nozzle feed-arm because it
can be used to determine the change in performance of a fuel-
system component as a function of time. As deposits begin
to grow on the tube walls, they offer resistance to the heat
flow and block the fuel flow.

A cross section of a typically fouled tube is depicted in Fig.
1. Usually, peak deposition occurs somewhere along the tube,
depending on the thermo-fluid-dynamic stressing of the fuel.
Wall deposition inside the tube alters the fluid dynamics and
heat transfer which, in turn, modify the fuel degradation. The
fluid-dynamic changes due to deposition are apparent; how-
ever, changes in heat transfer depend on the heating envi-
ronment. In laboratory experiments which study fouling prob-
lems, tubes are often heated by passing electric current through
the tube walls. In this case, because of the constant heat flux
across the tube wall, the temperature at the outer wall in-
creases with deposition, while that at the fuel-deposit interface
(and, hence, that of the fuel) remains more or less undis-
turbed. Therefore, the chemical kinetics of fuel degradation
may not be affected by the accumulation of deposits on the
tube wall, which somewhat simplifies the problem. However,
the higher temperatures within the deposits chemically alter
their morphology, resulting in layers of deposits having dif-
ferent densities® which is misrepresented as a change in the
rate of deposition. Normally, heating in a fuel-nozzle feed-
arm does not take place in this way. These tubes are usually
heated with a constant-temperature heat source, and the tem-
perature at the fuel-deposit interface decreases with deposi-
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Fig. 1 Effect of deposition on heat transfer in tubes under different
heating conditions.

tion. The lower fuel temperature alters the decomposition
process inside the tube. A computational technique capable
of simulating the time evolution of deposition would be useful
in addressing this problem. A time-dependent model” was
recently developed in this laboratory to predict deposit for-
mation in electrically heated tubes over long periods of time.
By varying the deposit density as a function of exposure time,
reasonable comparisons between predicted and measured val-
ues have been obtained. Since these experiments were con-
ducted under fixed electrical power conditions, the temper-
ature distribution of the fuel did not change with deposition
(cf. Fig. 1), simplifying the boundary conditions.

In the present study, a mathematical approach was devel-
oped to provide a direct coupling between the CFDC simu-
lations of the turbulent fuel flow and the variable boundary
conditions which arise from the buildup of deposits on the
walls of fuel-injector feed-arms.

Formulation

Fluid flow, heat transfer, and deposit formation are treated
by means of an integrated approach to simulate the time
evolution of deposition inside heated tubes.

Chemical Kinetics

A simple global-chemistry kinetics model has been used to
describe fuel degradation. The deposit-forming precursors in
the fuel were assumed to be a separate species, along with
the dissolved oxygen in this model. The crucial autoxidation
reaction is modeled using a single irreversible reaction* as
(reaction 1)

fuel + oxygen = precursor

In order to limit the concentration of precursors at higher
temperatures (>500 K), another global reaction® (reaction 2)

precursor = solubles

has been added.

The high viscosity of the fuel causes a sublayer of very
slowly moving fluid to form adjacent to the walls. The longer
residence time associated with this fluid and other factors
cause the autoxidation reaction (reaction 1) to underpredict
the chemical reaction rate within this laminar sublayer. There-
fore, another autoxidation reaction is included in the model
as a wall reaction (reaction 3)

fuel + oxygen = deposit

The rates for reactions 1-3 are assumed to be governed by
Arrhenius expressions.

The precursors formed within the fuel are transported to
the wall surface as a result of convective fluid motion and
molecular and turbulent diffusion processes. These precursors
may stick to the wall surface and form deposits. Their sticking
probability depends on several factors such as temperature,
surface and precursor characteristics, and flow velocity. The
lack of a fundamental understanding of the processes involved
in sticking makes it difficult to obtain, from first principles,
a functional form for the sticking phenomenon. Hence, in the
present study, a simple model which considers only the homo-
geneity of the tube wall is proposed. This process is mathe-
matically represented as a wall reaction (reaction 4)

precursor = deposit

The rate for this reaction is expressed as a function of deposit
thickness as

reaction rate = A, exp(— E,/ADep) (1)

where A, and E, are the pre-exponential and activation thick-
ness, respectively. The deposit thickness ADep is the net result
of deposition due to reactions 3 and 4.

Experiments conducted by Giovanetti* and Marteney® over
long periods of time indicate that the deposition rate increases
with exposure time. Since the clean fuel was driven through-
out the testing period, these changes in deposition rate with
exposure time may be attributed to changes in surface char-
acteristics, deposit morphology, chemical reactions occurring
near the wall, and the fluid dynamics within the test section
(heat-transfer changes due to deposit buildup are negligible
in this electrically resistance-heated experiment). Microscopic
analysis revealed that the deposit surface is highly irregular
and granular, and that the surface irregularity and structure
of the cavities depend mainly on the fluid velocity and the
deposit thickness. This rough surface, in turn, affects the de-
posit growth rate—Iless significantly by altering the surface
sticking properties, but more significantly by trapping fuel
and sucking it into the cavities. Since the fuel in the feed-
arms flows at appreciable rates (velocities > 1 m/s), the de-
posits inside the tubes may be dense, as suggested by Mar-
teney.® Also, the exposure times considered in the present
study are not sufficiently long to result in thick deposits; there-
fore, reactions 1-4 in this analysis are assumed to be inde-
pendent of morphological history of the deposit.

Governing Equations

Fluid motion inside the tube is assumed to be axisymmetric
and is bounded by the fuel-deposit interface. Time-dependent
Navier-Stokes equations along with turbulent-energy, species-
conservation, and enthalpy equations are written in the z-r
cylindrical coordinate system as follows:

dp | opu  dpv) | (pv) _ @)
ot 9z ar r
(p®d) + 3(pud) + dpv® 9 (F“) @)
ot dz or a9z [i74
o]
i <l“d> @) _— P'U_(I)_ + r_ @ + S(P (3)
ar ar r r or

Here p, u, and v are the density and the axial and radial
velocity components, respectively. Equation (3) represents
different conservation equations, depending on the variable
assigned to ®. The source terms S¥ and the transport coef-
ficients I'® associated with each of these equations are given
in Table 1.

In the table, u, «, and ¢, are the viscosity, thermal con-
ductivity, and specific heat of the fuel, respectively, and g, is
the turbulent viscosity incorporated through use of the k-¢
turbulence model. The variables p, &, k, and ¢ are the pres-
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Table 1 Source terms and transport coefficients appearing in
governing equations
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sure, enthalpy, and turbulence kinetic energy and its dissi-
pation, respectively, and o is the turbulent Prandtl number
(or Schmidt number) associated with a specific transport equa-
tion. Y;, @;, and D; are the mass fraction, rate of production,
and dlffusmn coeff1c1ent of the ith species, respectively. The
other variables and constants appearing in the table are de-
fined below:

a 2 8 2 2 a a 2
az ar r 9z ar
w, = C,pk?e

C, =147, C,=192, and C, = 0.09

o, =10, o,=13, o,=10, and oy, = 1.0
Since a wide range of temperatures exists within the test sec-
tion, the transport properties of the fiuid vary significantly.
A “typical” Jet-A fuel is used as the fluid in the present
calculations, and the transport properties along with the en-
thalpy and density at the given temperature are obtained from
the curve fits developed for Jet-A fuel.

For an accurate treatment of the boundary conditions, a
body-oriented curvilinear coordinate system (Fig. 2) was used.
The contravariant velocities and the inverse of the Jacobian
associated with this £-n coordinate system are related to those
of the z-r orthogonal system as follows:

U=¢&u+ gv 4)
V=mnu+ nu Q)
TV = (zer, — zy7e) (6)

and the governing equations [Egs. (2) and (3)] are rewritten
as
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Fig. 2 Boundary segments and coordinate system used in calcula-
tions.
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Here the subscripts z and r indicate partial derivatives.

The governing equations [Eqs. (7) and (8)] are discretized
utilizing a hybrid scheme® which is a second-order central-
differencing scheme everywhere, but changes to a first-order
upwind scheme when the local Peclet number [(J ~1)2UA¢/
['?] becomes greater than two. An implicit approach is em-
ployed to advance the calculations using a large time-step
(enabling the computation of several hours of real time to be
made in a few minutes of computational time). After rear-
rangement of the terms, the finite-difference form of Eq. (8)
for the variable ® at a grid point P can be written into an
algebraic equation as follows:

AROR + AR Pt + AP Dy + AS D2t?
+ A?. @271 = RHS €

Here, the subscripts £ * and ¢ ~ indicate the values at the grid
points immediately adjacent to point P in the positive and
negative £ directions, respectively. The coefficients A and the
terms on RHS (right-hand side) are calculated from the known
flow variables at the nth time step. The # and v momentum,
k and ¢ turbulence, enthalpy, and the three species equations
represented by Eq. (9) are solved individually using the al-
ternate direction implicit (ADI) method. Finally, the pressure
field is obtained through the use of the SIMPLE technique.®

The present formulation allows the deposit to grow on the
wall surface. In other words, after each time-step the ge-
ometry of the fuel-deposit interface is allowed to change as
part of the solution procedure. If () is the deposition rate in
micrograms per square centimeter per hour, pj, is the deposit
density in kilograms per cubic meter, and At is the time-step
in hours, then the new fuel-deposit interface shape (r,,) is
calculated from

rie = vl — QQAN0pprd (10)

The computational domain is bounded by the axis of sym-
metry and the fuel-deposit interface, and the grid system is
reconstructed after each time step to take into account the
changes in the boundary shape.

Boundary Conditions

The usual no-slip conditions are imposed at the fuel-deposit
interface for the velocities. The normal derivative of a variable
f at the boundary is written as

af anZ + grnr
n - NI fe + Vni+ nif, (11)
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and is set equal to zero or a specified value, depending on
the variable. With the use of central differencing in the ¢
direction and first-order backward differencing in the % di-
rection, Eq. (11) can be solved for the variable at the inter-
face. The normal derivatives specified for different variables
under laminar flow conditions are as follows:

Pressure
9p
£ -9
on
Enthalpy
oh
— =0 for adiabatic wall
on
CP .
= | Gin for constant heat flux
K
T=T,, for constant wall temperature
Species

oY 1
— = |- @ |in for oxygen
on pD,, 2

1
(pr> Op) i for precursor
Here, the subscript int represents the values at the fuel-deposit
interface. The species production rates oo, and «p are cal-
culated from the wall reactions 3 and 4, respectively, and the
heat flux ¢,,, must be obtained by solving the heat-transfer
equations for the deposit and the tube wall.

For the turbulent-flow conditions, wall functions'® have been
used to determine the variations of the flow variables near
the fuel-deposit interface. Usually, wall functions relate the
normal stresses (or the derivatives of the flow variables) in
the Cartesian coordinate system at the wall to the k, ¢ values
at a grid point inside the flowfield. Therefore, for the body-
oriented curvilinear coordinate system, the wall functions pro-
posed in Ref. 9 can be appropriately modified using Eq. (11).

Heat Transfer

The direct impact of deposits on heat exchangers is evident
in the deteriorating heat-transfer characteristics. As deposits
form on the wall surface, they offer resistance to the heat
flow from the fuel in the tubes to the wall surface or vice
versa. Therefore, complete definition of the problem neces-
sitates solving for the heat distribution in the deposits and
tube walls simultaneously with that of the flowing fuel. An
analysis in the z-r coordinate system is presented for simplic-
ity, although a similar approach in the &7 system was used
in the actual calculations.

Since the deposit and tube-wall thicknesses are very small
compared to the tube length, the heat equation for the heat
flux can be written, after neglecting the heat conduction in
the axial direction, as

9q 4
-+ = = 12
ar ¥ 0 (12)

The following analytical expressions for the heat-flux distri-
butions in the deposit and the tube walls can be obtained by
integration of the above equation:

s To o Twan o Tim
q qo v qwall ¥ qlnl r (13)

Here, the subscripts o and wall represent the outer and inner
tube walls, respectively. If the thermal conductivities of the
deposit and tube metal are denoted by «, and «,, respectively,
their corresponding temperature distributions can be obtained
by integrating
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If k, is independent of temperature, and the tube wall is as-
sumed to have homogeneous properties, then an expression
for the tube-outer-wall temperature can be obtained by solv-
ing Eq. (16) as

Ty = Tym + Guasean e (r_ro_> an

K, wall

For the constant heat-flux boundary condition (i.e., for the
given ¢,), at each time step, first Eq. (13) is solved for the
value of g, and then the fuel-flow calculations are performed
using this value in the boundary condition described by Eq.
(11). The given constant outer-wall-temperature condition can
be implemented using the iterative procedure given below:

1) At a given axial location and time ¢t + At, assume that
the temperature at the fuel-deposit interface is equal to that
at time ¢ and calculate the heat flux g, from the turbulent
fuel-flow solution.

2) Obtain g,,, by solving Eq. (13).

3) Determine the tube-outer-wall temperature T, from Eq.
(17); T, will be greater than the actual wall temperature be-
cause of the additional amount of deposition during Ar.

4) Now, relax the assumption made in step 1 to obtain a
better value for the interface temperature and repeat steps 2
and 3; the entire procedure must be repeated until the cal-
culated outer-wall temperature matches the specified value.

Results and Discussion

Evaluation of the Model

The mathematical model described above involves global-
chemistry parameters which must be obtained, or calibrated,
from well-controlled experiments for a given fuel. The global-
reaction scheme (reactions 1-3) has been calibrated by Kra-
zinski et al.’> for a CFDC steady-state computational code
using data from an electrically heated tube.' The pre-expo-
nentials and the activation energies corresponding to each of
these reactions are given in Table 2 under model A. The
assumption of Krazinski et al.>-—that the precursors trans-
ported near the wall stick to the wall instantaneously—may
be treated in this model using a large value for the pre-
exponential and zero for the activation thickness of the de-
posit-formation reaction (reaction 4).

For validation of the present code, which was developed
based on the unsteady formulation, a short-duration experi-
ment conducted by Marteney’' was numerically simulated.
Marteney!! obtained deposition rates for a JP-5 fuel flowing
through an electrically heated 2.25-mm-i.d. steel tube after a
test time of <6 h. A fuel velocity of 2.12 m/s at the tube
entrance triggered flow turbulence inside the tube. Calcula-
tions for this situation have been made using the reaction
kinetics given by model A in Table 2. Perhaps the most sen-
sitive parameter in deposit formation in the heated-tube ex-
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Table 2 Rate constants and units used in global chemistry model

Reaction 1 Reaction 2 Reaction 3 Reaction 4
m? cal 1 cal m* cal m
mole s mole K S mole K mole s mole K S mm
Model A 1.0E + 08 30,000 3.0E + 15 35,000 6.34E — 08 8,000 1.0E + 20 0
Model B 3.0E + 08 27,000 1.0E + 18 40,000 6.34E — 08 8,000 1.0E + 20 0.1
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Fig. 4 Deposition rate computed with three-step global-chemistry
reaction model.

periments is the wall temperature. Therefore, the numerical
model to be used for thermal-degradation investigations should
be first validated for its ability to predict wall temperature.
The wall and bulk-fuel temperatures along the tube length
are shown in Fig. 3. The turbulence model and the wall func-
tions used in the code accurately predicted these tempera-
tures. The overshoot in the wall temperature near the tube
entrance observed in the experimental data is due to the tran-
sition from laminar to turbulent flow. Since the code has no
submodel for predicting the flow transition, calculations were
made assuming a fully developed turbulent flow inside the
tube. The deposition rate obtained by the code is plotted as
a function of the inverse of temperature in Fig. 4 along with
the experimental data. The global-chemistry model was par-
tially calibrated® for this experiment. The computed deposi-
tion-rate curve closely follows the experimental data. The
portion of the curve in the lower temperature range marked
“I” in Fig. 4 is caused by the wall autoxidation reaction 3. In
the moderate temperature regime (segment II), the bulk-fuel
autoxidation reaction 1 is dominant. The impact of the pre-
cursor-controlling reaction 2 can be seen in Fig. 4 along the
descending portion (segment IT) of the deposition-rate curve.

Simulations for the Injector Feed-Arm

The next goal of the present study was to determine how
well the numerical model described above would predict

bine injector feed-arm. Recently, Clark and Stevenson*® con-
ducted experiments on a half-scale model of the feed-arm

“under very similar thermal-stressing conditions in order to

understand the effects of scaling on fouling. Both studies in-
dicate three distinct phases of the deposition process. Insig-
nificant deposition occurs during the initial “induction pe-
riod,” followed by a near-constant rate of deposition over a
long period; in some cases, a decrease in deposition rate was
observed near the end of the test. The initial low deposition
rate during the induction period is generally thought to be a
result of the initial clean tube surface. The activation thickness
[Eq. (1)] in the present model may be related to the exper-
imentally observed induction period. It should be noted that
the fuels used by Kendall et al.*> and Clark and Stevenson'?
are not the same fuels used in the experiments of Marteney,"!
for which the global-chemistry model was calibrated. Thus,
it might be expected that the difference in fuels would make
some changes in the pre-exponential and activation energies
in the global-chemistry model.

Full-Scale Tests

The feed-arms were designed!? to simulate the burner tubes
leading to the nozzles of a large gas turbine. These are straight,
thick-walled tubes (Fig. 5) of 4.76-mm bore. The central 100-
mm section of the feed-arm was immersed in a fluidized bath.
The aviation fuel (Jet A), preheated to a bulk temperature
of 438 K, was pumped through the feed-arm at flow rates of
72 and 36 kg/h. The temperature of the fluidized bath was
813 K which resulted in a temperature of 573 K at the inner
wall of the tube (TIW). Tests were conducted for time periods
of up to 80 h, and changes in the tube inner-wall temperature
(ATIW) were monitored as a function of time.

Numerical simulations were first made for the higher-flow-
rate case (identified as case 1), i.e., 72 kg/h, which corre-
sponds to a 1.5-m/s flat velocity (Re = 25,034) at the tube
entrance. The fluidized-bath temperature was set at 813 K to
match the temperature used in the experiments. Since the
fluidized bath around the tube does not make perfect contact
with the tube outer wall, a temperature drop occurs across a
thin layer between the fluidized bath and the tube. This is
treated as a contact layer (cf. Fig. 2) in the simulations. Tur-
bulent-flow and heat-transfer calculations were carried out
initially without activating the chemical reactions within the
bulk fuel or on the wall surface. The resistance of the contact
layer was adjusted in such a way that the temperature at TIW
(Fig. 5) would be 438 K. Once the initial fuel flow was es-
tablished, the unsteady calculations were performed using the
reaction-rate constants of model A (see Table 2) which was
calibrated for a constant-heat-flux experiment. After each 1-
min time step, the amount of deposit on the tube wall was
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Fig. 6 Results for case 1: a) calculated and measured deposition at
different times during 80-h test (used for calibration), and b) rela-
tionship between amount of deposition on tube walls and associated
rise in ATIW.

calculated by integrating the deposition over the entire tube
length. A deposit density of 1 gm/cm? was used. This value
was determined experimentally by Marteney® under similar
velocity conditions. The value of 0.1 W/m°C used for the
thermal conductivity of the deposit is close to that of ~0.16
W/m°C found by Goodman and Bradley.*

The total weight of the deposit collected on the tube inner
wall at different exposure or run times up to 80 h is plotted
in Fig. 6a (broken line); measured values obtained by Kendall'
are also plotted in this figure (solid circles). The very small
amount of deposition predicted by the model indicates that
the global-reaction scheme calibrated for the JP-5 fuel used
by Marteney'! was not applicable for the present feed-arm
experiment. Therefore, the global-chemistry model was re-
calibrated for the Jet-A fuel by repeating the calculations,
choosing different values for the pre-exponentials and acti-
vation energies for reactions 1-4. The calculated deposition
weights which best fit the experimental data are shown in Fig.
6a, and the constants associated with reactions 1-4 are given
in Table 2 under model B. The value of 0.1 mm used for the
activation thickness appears to be sufficient for reproducing
the observed induction period. The differences in the shapes
of the measured and calculated deposition curves indicate the
limitations of the global-chemistry model.

Kendall et al.’? obtained the weight of the deposit by an
indirect method. For each flow condition, a few specific ex-
periments were conducted using different run times. The in-
formation on the change in the ATIW and the weight of the
deposit measured at the end of each run was recorded and
later used to obtain an empirical relation between the deposit
weight and ATIW. In the actual deposition experiments, only
ATIW was measured and the deposit weight was obtained
using the predetermined empirical relation. Figure 6b shows
the computed ATIW due to deposition for case 1. The em-
pirical relation for this flow rate determined by Kendall et
al.2is W, = 0.00367*(ATIW)?3 and the data obtained from
this relation are plotted in Fig. 6b (solid circles). After 80 h
of exposure, the tubes accumulated ~400 mg of deposit; as
a result, the inner-wall temperature at the center of the tube
changed by ~150°C. This clearly indicates the severe effect
of fouling on heat transfer in a tube surrounded by a fluidized

bath. The good agreement between calculated and experi-
mental results demonstrates the ability of the present model
to predict the changes in heat transfer due to deposition.

Effect of Velocity

The deposit weight as a function of time measured by Ken-
dall et al.’? at a fuel flow rate of 36 kg/h and a fuel velocity
of 0.75 m/s (identified as case 2) is plotted in Fig. 7a (solid
circles). One might expect that because the fuel velocity in
case 2 is lower than that in case 1, the deposition rate would
be higher for case 2 since the fuel residence time in the tube
is longer. Direct comparison of the experimental data in Figs.
6a and 7a indicates that this is not the case. The measured
deposition rate actually decreased with fuel velocity.

The calibrated model was used to predict deposit weight as
a function of test time under case 2 conditions. The calculated
results are plotted in Fig. 7a. The induction time did not
change appreciably with velocity, and good agreement is ob-
served between predicted and measured values. In fact, the
calculations also show a reduction in deposition rate compared
to that of the higher velocity case. The value of a CFDC-
based model is that it can be used to examine why the depo-
sition rate decreases with fuel velocity. For both flow rate
cases, the inlet-fuel temperature and the initial TIW were
maintained identical. An examination of the model data showed
that the bulk-fuel temperatures were higher under case 2 than
under case 1 conditions. This is true, because at lower velocity
the fuel in case 2 spends more time in the tube and thereby
receives more heat from the wall surface which was main-
tained at a temperature of 573 K in both cases. The higher
fuel temperatures in case 2 decreased the precursor concen-
tration due to reaction 2, which converts precursors to soluble
products. This results in a lower deposition rate, as compared
to that in case 1. This simple explanation is only as good as
the global-chemistry model used in the CFDC calculations.
However, it illustrates the potential of the model for exploring
the physical and chemical processes which might explain
otherwise confusing results.

The model has provided an explanation that can be ex-
amined directly in future experiments. Reaction 2 was intro-
duced into the global-chemistry model for deposition® to take
into account two experimental observations:!! 1) the deposi-
tion rate decreases at higher temperatures, and 2) an appre-
ciable amount of oxygen is still present at those temperatures.
These observations were made on a particular JP-5 fuel. How-
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Fig. 7 Results for case 2: a) comparison of predicted and measured
deposit weights, and b) comparison of calculated and experimental
relationships between amount of deposition on tube walls and asso-
ciated rise in tube-inner-wall temperature.



KATTA AND ROQUEMORE: HEAT-TRANSFER CHANGES DUE TO FOULING 657

ever, recent experiments on heated tubes by Heneghan'®> and
Jones's with different fuels indicate that the oxygen inside the
tubes has been consumed by the time the fuel has attained a
temperature of 460 K; they attribute the decrease in depo-
sition at higher temperature to the depletion of oxygen in the
fuel. In such fuels, reaction 2 may be overwhelmed by reaction
1, and the present model cannot predict higher deposition
rates with an increase in fuel velocity. The calibrated global-
chemistry model for Jet-A fuel used in the feed-arm experi-
ment predicts that the dissolved oxygen will not be totally
consumed and that a considerable amount of oxygen will re-
main in the outgoing fuel. In order to validate the model,
additional measurements for species such as dissolved oxygen
should be made in future experiments. Despite the outcome
of such an examination, the model predictions clearly indicate
that the heat-transfer effects overcome the chemical effects
expected from a longer residence time and, in turn, cause a
decrease in the deposition rate.

For the lower flow rate (case 2), the deposit weight and
ATIW were found'? to be related by the empirically derived
expression W, = 0.00407*(ATIW)>*. Values obtained from
this relation are shown in Fig. 7b along with those prediced
by the model. A comparison with the results in Fig. 6b show
that for the same deposit weight (or deposit thickness), the
temperature change at the inner wall (ATIW) is larger for the
higher flow rate case, which means that the effects of depo-
sition on heat-transfer characteristics will increase with in-
creasing fuel flow rate or, conversely, decrease with decreas-
ing fuel flow rate.

Half-Scale Tests

A half-scale apparatus having a feed-arm tube similar in
length to the full-scale tube sketched in Fig. 5 and operating
at identical temperatures was designed by Clark and Stevenson!®
to reduce the amount of fuel required for their experiment.
The wall thickness of the half-scale tube is 2.032 mm, and the
bore is 2.286 mm. Jet-A aviation fuel, preheated to 438 K,
passed through the tube at a rate of 300 ml/min, which cor-
responds to a mass-averaged velocity of 1.218 m/s (Re =
9950). The fluidized-bath temperature in the calculations
(identified as case 3) was set equal to 700 K, a value chosen
in the range 683—723 K used in the experiments. The contact
resistance was then adjusted to obtain the specified clean-
tube inner-wall temperature (TIW) of 573 K at the midsection.

The computed and measured deposit weights at different
exposure times are plotted in Fig. 8a. The deposit weight
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Fig. 8 Results for half-scale feed-arm rig (case 3): a) calculated and
measured deposits, and b) calculated and experimentally observed
relationships between amount of deposit and associated ATIW.

increased very slowly (0.0132 mg/cm?h) up to 6-7 h and,
thereafter, rapidly at a rate of 0.275 mg/cm?*h. Induction time
in the calculations was modeled using an activation thickness
of 0.1 mm in Eq. (1). When the tube is clean, deposition on
the wall surface occurs as a result of the wall reaction only.
On the fouled surface, the deposition rate approaches that
given by the bulk reactions in an exponential manner. This
is analogous to the argument!® that the reciprocal induction
period is a measure of fuel-deposition rate on a clean metal
surface, whereas the postinduction rate is a measure of the
deposition rate on a fouled surface. The good agreement ob-
tained for the calculated and measured induction times (Fig.
8a) supports this idea.

Changes in the TIW with deposition weight are plotted in
Fig. 8b. The computations show a nonlinear relationship be-
tween ATIW and the amount of deposit. Clark and Stevenson®®
observed that a linear relationship fit the data (not shown in
their paper), and speculated that the difference in the fluid-
ized-bath temperatures for the full-scale and half-scale rigs
could result in changes in heat-transfer characteristics be-
tween the fluidized bath and the feed-arm and, hence, in
relationships between ATIW and deposit weight. This is not
the case, because the temperature drop across the solid de-
posit is always a logarithmic function of deposit thickness.
However, in case 3, the temperature drop per unit thickness
of deposit could be sufficiently small that a linear approxi-
mation of the logarithmic behavior might be reasonable. This
idea is supported by the following two observations:

1) The temperature drop across the deposit in case 3 is only
47.5°C as compared to those of 124 and 82°C for cases 2 and
3, respectively.

2) Although the rate of deposition is low in case 3 as com-
pared to that observed in either case 1 or case 2, the deposit
thickness at 50 h of test time is approximately the same for
all three cases because of the difference in innertube radii.
This implies that the relatively slow temperature drop with
deposition in case 3 results in a linearizing effect on the em-
pirical curve fits.

Details Along the Tube Length

In the previous sections, computed results were presented
in the form of total deposits accumulated inside the tube and
the temperature changes at the inner wall of the midsection;
these results compared favorably with the experimental data.
In this section details along the tube length are discussed.

Since the temperature inside the tube is not uniform, the
growth of deposits on the tube wall surface will be uneven.
The location of the fuel-deposit interface along the length of
the tube is shown in Fig. 9a. At time ¢ = 0 this interface
coincides with the tube-inner-wall surface. Although only the
0.1-m central section was heated by the fluidized bath, the
flow of hot fuel before and after the heated section caused
fouling on these sections as well. Deposit growth at the center
of the tube (z = 0.1435 m) is less during the 40—80 h period
than during the 0~40 h period. This reduction in deposition
for longer times was also observed by Clark and Stevenson!?
and is due to the insulating effect of the cumulative deposit,
as can be seen in Fig. 9b where the instantaneous deposition
rates at three different times are plotted. The rate of depo-
sition at the center at 80 h is lower than that at 40 h. At time
t = 0, the deposition rate is very low along the entire length
of the tube, corresponding to the wall autoxidation reaction
3 only. The induction submodel in the present study prevents
precursors formed within the bulk fuel from sticking on the
wall surface at this time. The lower wall temperature of the
preheater section (438 K) yields a clean-tube deposition rate
which is lower than that at the midsection. As a result, the
induction period in this section extends beyond 40 h. This
effect of temperature on induction period may be viewed as
the tendency of fuels having lower thermal stability to exhibit
shorter induction periods.

Heat and fuel flow are visualized in Fig. 10 in the form of
isotemperature and isoturbulent energy contours beyond 80
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h. Deposits on the tube wall are also shown in these figures
between the inner-wall surface and the contour lines in the
fuel. Because of the adiabatic wall conditions imposed on the
preheater section, both the fuel and tube wall are at the same
temperature which, in this case, is identical to that of the inlet
fuel (438 K). As fuel passes through the heater section, its
temperature increases, as evidenced by the parabolic contours
in the temperature field. The temperature distribution within
the tube wall is dependent on the heat flux entering into the
fuel at any cross section. The heat flux will be at a maximum
at the entrance section of the heated zone and at a minimum
at the exit section. In the postheater portion of the tube,
equilibration of the fuel temperature results in a decrease in
temperature at the tube-inner-wall surface. Again, because
of the adiabatic wall conditions used in this section, a uniform
temperature is obtained within the wall at an axial location.

Deposit growth not only affects the heat transfer, but also
blocks the fuel flow. Uneven deposition along the tube wall
is evident in Fig. 9a. The blockage (percentage ratio of blocked
to clean-tube area) gradually increases in the heater section,
reaching a maximum of ~20% near the tube end. This con-
traction causes fuel inside the tube to accelerate, resulting in
a higher turbulent energy, as indicated by the closed isoenergy
contours (Fig. 10b) near the deposition. The sudden expan-
sion resulting from a decrease in blockage from 20 to 7.7%

immediately after the heater section relaxes the turbulent
energy, as shown by the diverging contours. The actual ve-
locity distribution along the centerline is plotted in Fig. 11a.
Calculations were initiated with a flat velocity profile at the
entrance of the tube. As the fuel flows through the preheater
section, a fully developed turbulent velocity profile is estab-
lished, and the centerline velocity levels off at a value of 1.94
m/s just before the heater section. Within the heater section,
wall heating causes the fuel nearer the wall to become hotter
than that at the center. The lower density and viscosity of the
higher temperature fuel accelerates the flow near the wall
which, in turn, reduces the fuel velocity at the center (seen
as a valley in the velocity distribution) (Fig. 11a) at ¢ = 0.
At all other times ¢ > 0, the centerline velocity increases with
the blockage. Interestingly, just after the heater section, the
velocity of the fuel at the centerline actually decreases. Ex-
pansion around the backward-facing step-type deposit ge-
ometry creates vorticity in that region.

The temperature distribution at different boundaries along
the tube length is shown in Fig. 11b for three instants of time.
When the tube is clean (i.e., at ¢+ = 0), the fuel-deposit in-
terface becomes the fuel-inner wall interface. As the exposure
time increases, the deposits accumulate on the inner wall, and
a temperature drop develops across the deposit; this drop is
actually shared by the fuel and the tube wall. The temperature
at the inner wall increases, approaching the fluidized bath’
temperature; at the fuel-deposit interface, it decreases, ap-
proaching the inlet-fuel temperature. After 80 h the temper-
ature of the inner wall at the midsection (z = 0.1435 m) is
722 K-—a rise of 149°C from the initial temperature. This
compares favorably with the measured ATIW of 150°C. On
the other hand, the temperature at the fuel-deposit interface
has decreased by 84°C. The insulation effect of the deposit is
evident in the bulk-fuel temperature plot (Fig. 11c). Because
of the high flow rate (72 kg/h) and short heater section, the
fuel temperature increased by only 11°C when the tube was
clean and by only 4°C near the end of the experiment.

Deposition occurs in heated tubes primarily as a result of
temperature. The presence of deposits changes the heat-trans-
fer characteristics and blocks the tube. Heat usually comes
into the fuel from the outside environment after passing through
several layers of resisting materials. Any computational method
designed to predict deposition should be accurate in treating
this complex transfer of heat. The present formulation with
a body-oriented coordinate system and an iterative method
used to link the fluid flow and boundary calculations is very
effective in solving this problem. The accuracy of the calcu-
lations may be validated by comparing the amount of heat
energy supplied to the system with that actually present in
the fuel.

The heat energy available in the fuel in a given cross section
(z = L) may be obtained by mass averaging the local enthalpy
as

1 Tint
Rwer = hyy + r—n—Jo (2arr)puh dr (18)

Similarly, the heat energy supplied to the section at z = L is
calculated by integrating the heat flux at the outer wall and
is given by

2mr,) (& .
hsupplied = hin + (—m—)—JO (qo) dZ (19)

The supplied and available energy distributions along the
axial distance are compared in Fig. 11d at time ¢ = 0 and at
the conclusion of the test. The heat energy increased linearly
in the clean heater section; since no losses are incorporated
into the model, this energy remained constant in the other
sections. The small discrepancy between the supplied and
available energy is mainly due to the error involved in the
numerical integration of Eq. (18). The heating efficiency (per-
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centage ratio of heat energy received at a particular time to
that received when the tube was clean) of the rig has been
reduced to 36.6% by the end of the 80th hour. As mentioned
earlier, the blockage to the fuel flow at this instant was 20%.
On the other hand, in the half-scale rig (case 3) the blockage
was 30%, but the heating efficiency remained at 46.6%.

Conclusions

A numerical method for simulating deposit growth inside
a fuel-injector feed-arm has been presented. The global-
chemistry model calibrated for a series of electrically resis-
tance-heated tubes failed to generate deposits in the feed-
arms. This is thought to be due to the difference in the fuel
used in the electrically heated tube and that used in the feed-
arm experiments. Bulk reaction rates were recalibrated to
correlate the predicted deposition with the measured data for
an experiment conducted on the full-scale feed-arm rig. The
induction period observed in the deposition growth was math-
ematically treated by introducing a wall-reaction-type mech-
anism for sticking. An activation thickness of 0.1 mm was
sufficient to reproduce the measured induction time. Through
use of the same chemistry, simulations were made for a half
flow rate case on a full-scale rig and a quarter flow rate case
on a half-scale rig. Good agreement was obtained for both
deposit growth and temperature changes. The flow rate ap-
peared to have no direct effect on deposition; however, the
heat-transfer changes resulting from the flow rate perturb
deposit growth. It was observed in the present study that in
identical thermal environments 1) the impact of fouling on
heat-transfer is less at lower fuel flow rates, and 2) blockage
to the fuel flow is less for larger tube bores. Present calcu-
lations in fairly uniform temperature environments and earlier
calculations in a tube where the temperature was rapidly in-
creasing, suggest that deposition depends strongly on wall
temperature and weakly on bulk-fuel temperature. Recent
experimental studies on the “Phoenix Rig”?® lend support to
this concept. The four-step global-reaction model used in the
current study lacks this important element. Development ef-
forts on the next-generation global-reaction model for depo-
sition will be based on the vast amount of data being gathered
from the Phoenix Rig.

Thermal decomposition of fuel is the result of highly com-
plex chemical kinetics which depend not only on the type of
fuel, but also on the batch. Development of a mathematical
model for predicting the deposition process inside heated tubes
based on elementary reactions is, therefore, not feasible in
the near term. The fouling problem is further complicated by
the lack of fundamental understanding of the surface sticking
phenomenon. The global-chemistry models proposed in Ref.
5 and in this article seem promising for predicting performance
deterioration due to fouling; however, such models must be
calibrated a priori for the given fuel. Until recently, such
calibration was made using the data obtained in flowing ex-
periments. A more scientific approach to the problem would
be to calibrate the global-chemistry model using data collected
from quick static experiments. Future work should be focused
on designing simple experiments which can be utilized to im-
prove the chemistry and sticking models.
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