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Role of Buoyancy in Fuel-Thermal-Stability Studies
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A unique methodology is used to investigate the effects of gravity on fuel flowing through the small-bore
heated tubes that are often used in the study of fuel-thermal-stability characteristics. The copper block that
houses the fuel tube (or test section) is located on a swivel, and experiments are conducted for different tube
orientations, namely; horizontal, vertical with flow from bottom to top and vice versa. Results obtained for
different fuel-flow rates and block temperatures are discussed. An axisymmetric, time-dependent numerical
model is used to simulate the flow patterns in the test section. This model solves momentum, energy, species,
and k-e turbulence equations. The buoyance term is included in the axial-momentum equation. Natural flow
resulting from buoyancy was found to have a significant effect on heat transfer and oxygen consumption for
fuel-flow rates up to 100 cc/min (Reynolds numbers up to 2.3 x 103). Flow instabilities were observed when
the fuel was flowing downward in a vertically mounted test section. The effect of block temperature and flow
rate on these instabilities was also studied.

Introduction

I N aircraft, before fuel is burned in the combustion cham-
ber, it is used to cool several engine and airframe com-

ponents as well as electronic equipment.1 The bulk-fuel tem-
perature and the high wall temperature of these components
lead to degradation of the fuel (i.e., chemical decomposition
of fuel to form gums and solids that cause fouling of fuel
nozzles and heat exchangers). Several laboratory experiments
of the flowing2-3 and static4 type have been designed to study
the thermal stability of jet fuel. Temperature is usually treated
as an effective parameter5 for correlating experimentally ob-
tained data and fuel behavior in aircraft. Recent studies6-7

have indicated strong involvement of certain species such as
dissolved oxygen and hydroperoxides in the fouling process.
In order to extend the findings derived from these laboratory
experiments to real aircraft fuel systems, a thorough under-
standing of the experimental data is needed. Knowledge of
the temperature and species distributions within the test sec-
tion of an experiment is essential for analyzing the complex
data on deposition.

In commonly used flowing experiments2'3'5-6 in fuel-ther-
mal-stability studies, fuel is passed continuously through a
long, small-bore heated tube (test section). The tube is heated
by either passing electric current through the tube wall2 (con-
stant heat flux) or using an external, constant-temperature
heat source.3-5 6 The test sections are mounted either horizon-
tally3 5 or vertically,2 with fuel flowing from top to bottom or
vice versa. In each of these situations, the forced laminar or
turbulent convection is altered in a different way by the free
(or natural) convective fow.

During heating, the fluid near the wall is warmer and, there-
fore, lighter than the bulk fluid in the core. As a consequence,
in a horizontally mounted tube, two upward currents flow
along the side walls and, by continuity, the heavier fluid near
the center of the tube flows downward. This establishes two
spiral vortices that are symmetrical about a vertical meridional
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plane.8 This combined forced and natural convective flow
causes the heat-transfer coefficient to be higher than that
predicted using laminar-flow assumptions. The secondary mo-
tion with the uniform-temperature boundary condition de-
velops to a maximum intensity and then diminishes to zero
as the temperature gradients in the fuel decrease. If the tube
is placed vertically, then the fuel near the side wall is accel-
erated along the tube length for the bottom-to-top forced flow
and decelerated for the top-to-bottom forced flow. The greater
shear between the core and the near-wall fluid in the former
case could establish ring vortices that are symmetric about
the axis of the tube as a result of the Kelvin-Helmholtz-type
instability.9 Similar votices could develop in the latter case
(top-to-bottom forced flow) also, resulting from the Taylor
instability.1() As these vortices enhance mixing, the heat-trans-
fer coefficient increases above its expected laminar value, but
remains less than its turbulent value. Although the effects of
natural fow on convective flow have been addressed in the
past,11 those studies were limited to relatively large cross sec-
tions (>1 cm) and, hence, are not relevant for the small-bore
tubes used in fuel-thermal-stability studies.

In the present study, the effects of free convection on forced
flow in a long, small-bore tube for different test-section ori-
entations were investigated experimentally and theoretically
using a time-dependent mathematical model. The tube was
heated with a constant-temperature copper block. An aviation
fuel, Jet A, was used as the flow media. The results are
characterized by the Reynolds and Grashof numbers.

Experimental Arrangement
Several fuel-thermal-stability experiments were conducted

on a single-pass, flowing fuel system known as the Phoenix
rig.3 Figure 1 is a schematic diagram of the rig that consists
of two test sections, two copper blocks (one for heating and
the other for cooling), a fuel-supply system, filters, and several
measuring instruments. Small-bore stainless steel tubes, 0.3175
cm o.d., 0.216 cm i.d., and 55.9 cm in length, are used as the
test sections. The internal surface of the tube is not electro-
polished, having a roughness of 0.2-0.38 jum. The heating
block consists of a copper cylinder measuring 45.7 cm in length
and 7.6 cm in diam. The copper cylinder is split lengthwise
in two halves, with each section containing a full-length car-
tridge heater. A lengthwise groove on the flat face of each
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Table 1 Source terms and transport coefficients appearing in governing equations
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Fig. 1 Schematic diagram of single-pass, flowing system (Phoenix
Rig) used for studies of fuel-thermal-stability characteristics.

cylinder section was provided in order that a 0.3175-cm-diam
hole would form to house the test section when the copper-
block sections were clamped together. The cooling block is
designed similarly, except that it is not provided with cartridge
heaters.

Only the central 45.7-cm section of each stainless steel tube
was clamped inside the heated copper block, leaving the 5.1-
cm-long tube sections on both ends unheated. However, both
the end sections of the tube were insulated by wrapping them
using fiberglass. The end of the fuel tube was connected to a
T section for measuring the bulk fuel temperature 7"BE. Sev-
eral thermocouples were also connected to the fuel tube in
order to profile the tube-outer-wall temperature Tw. The tem-
perature of the copper block TCB was maintained at the de-
sired value using a on-line-monitoring computer. In order to
avoid vaporization of fuel the system was pressurized to 350
psi.

The heated copper block was mounted on a swivel system
to permit its rotation up to 270 deg from the horizontal po-
sition. This would allow horizontal (0 deg), vertical with flow-
up (90 deg), and vertical with flow-down (270 deg) configu-
rations. The second copper block is generally used to study
the fuel-tbermal-stability characteristics during the cooldown
process; however, in the present investigation of the flow
characteristics, it was used as a means to cool fuel prior to
its return to the dump tank.

Mathematical Model
Fluid motion inside the tubular test section is assumed to

be axisymmetric. The time-dependent Navier-Stokes equa-
tions along with the turbulent-energy, species-conservation,

and enthalpy equations that are solved in the z-r cylindrical
coordinate system are as follows12:

dp dpu dpV— + -̂ - + -^
dt dz dr

pV—
r (1)

dt dz dr dz \ dz

pvO r* d<i>
dr \~ dr / r r dr (2)

Here, p, u, and v are the density and the axial and radial
velocity components, respectively. Equation (2) represents
different conservation equations, depending on the variable
assigned to <£. The source terms S® and the transport coef-
ficients Fa) associated with each of these equations are given
in Table 1. The gravity term is added to the axial-momentum
equation to simulate the flow-up or flow-down in a vertically
mounted tube.

In Table 1, /x, k, and cp are the viscosity, thermal conduc-
tivity, and specific heat of the fuel, respectively, and jn, is the
turbulent viscosity incorporated through use of the k-s tur-
bulence model. The variables/?, h, /c, and e are the pressure,
enthalpy, and turbulence kinetic energy and its dissipation,
respectively, and cris the turbulent Prandtl number (or Schmidt
number) associated with a specific transport equation. Yh wh
and DJ are the mass fraction, rate of production, and diffusion
coefficient of the /th species, respectively. The other variables
and constants appearing in the table are defined below:

Ĝ = 2 —
dr

v\2l (dv du\2}
- + — + — rrj \ \dz dr) }

C, = 1.47, C2 = 1.92, and C^ = 0.09

vk = 1.0, ae = 1.3, a,, = 1.0, and av. = 1.0

The transport properties, enthalpy, and density at a given
temperature are obtained from the curve fits developed for
the available Jet- A fuel data.13 The governing equations are
discretized utilizing a hybrid scheme,14 which is a second-order
central differencing scheme everywhere, but changes to a first-
order upwind scheme when the local cell-Reynolds number
becomes greater than 2. The finite difference form of the
governing equations are solved sequentially adopting an im-
plicit approach12 and a uniform grid system having 31 points
in the radial direction and 101 points in the axial direction.
This grid density was found to be yielding results that are
only weakly sensitive to the further grid refinement. While
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flat velocity profiles were used at the tube entrance as initial
conditions, values of the flow variables at the tube exit plane
were obtained by extrapolating the data at the interior grid
points. For the turbulent-flow calculations, wall functions15

have been used to determine the gradients of the flow vari-
ables near the wall boundary. Due to the destructive proce-
dure adopted in the experiments to measure carbon deposi-
tion, low-cost fuel tubes with medium surface finish were
used. The surface roughness could influence the growth of
the boundary layer in the fuel tube; however, to simplify the
mathematical modeling, it is not taken into account.

The chemical-kinetics models described by Krazinski et al.16

and Katta et al.17 are capable of predicting carbon deposition
on the tube wall. However, since the present study was limited
to the effects of buoyancy on heat transfer and oxygen de-
pletion, the deposit-formation chemistry was not considered.
The oxygen consumption is governed by the single irreversible
reaction

Fuel + Oxygen —> Precursor

The reaction rate for the above equation is assumed to be
governed by an Arrhenius expression and of zeroth order with
respect to the reactants. The pre-exponential (2.53 x 1013

mole/mVs) and activation energy (32 kcal/mole) were deter-
mined for the Jet A fuel used by Katta et al.17 The same
values were selected for the present simulations since the Jet
A fuel used in these studies is only slightly different from that
of Katta et al.17

Results and Discussion
The bulk temperature measured at the exit of the horizontal

fuel tube for different flow rates is shown in Fig. 2. The
copper-block temperature TCB was 573 K. The temperature
of the fuel before entering the tube was 292 K. The Reynolds
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Fig. 2 Comparison of predicted and measured bulk fuel temperature
in horizontal position at exit of fuel tube: a) for different flow rates,
block temperature is 573 K and b) for different block temperatures,
flow rate is 16 cc/min.

number (based on the diameter of the fuel tube and the fuel
properties at the end of the tube) obtained for the highest
flow rate of 100 cc/min was —2.3 x 103, which suggests that
the flow inside the test section should be laminar for all flow
rates used in this experiment. Note that the Reynolds numbers
calculated based on the fuel properties at the inlet are an
order of magnitude lower than those obtained at the end of
the tube. As expected, the measured bulk-fuel temperature
decreased with the flow rate. However, at a very low flow
rate of 4 cc/min, the bulk-fuel temperature is lower than that
measured at 8 cc/min. This is believed to be resulting from
the insufficient insulation provided between the end of the
heated section and the thermocouple location.

Calculations were initially made by neglecting gravity term
in the axial-momentum equation (Table 1) and by assuming
a laminar-type flow inside the test section, and the results are
shown in Fig. 2a. The bulk-fuel temperature predicted for
different flow rates is significantly lower than the measured
value. Based on the facts that 1) the present calculations
employed widely accepted temperature-dependent density and
transport coefficients13 for a Jet-A fuel, 2) the code used for
these simulations was well tested in the past for its accuracy
in predicting the wall and fuel temperatures in similar heating
systems but operating at higher flow rates, and 3) the pressure
(350 psi) and the copper-block temperature (<573 K) adopted
in the present experiments guarantee a single-phase flow in
the fuel tube; one might question, in light of the differences
noted between the theory and experiment, the use of laminar-
flow assumption. The higher temperatures (compared to the
laminar predictions) in the experiment then could be due to
some kind of flow turbulence. To investigate the possibility
of flow being turbulent inside the tube, calculations were
made assuming a turbulent flow in the test section. However,
a very low level of fluctuating velocity (—1% of the mean)
was used at the tube entrance.

The exit bulk temperatures obtained under the assumption
of turbulent flow are also compared with the experimental
data in Fig. 2a. It should be noted from this figure that when
the flow rate is low (<40 cc/min), the turbulent simulation
predicts the TBE more accurately than the laminar simulation.
A similar observation was made from calculations obtained
for an experiment in which the flow rate was fixed (16 cc/
min) and the block temperature was varied. Both the com-
puted and the measured data are plotted in Fig. 2b. Close
agreement between the measured values and those predicted
by the turbulent-flow simulation is evident. It should also be
noted from Fig. 2a that as the flow rate increases, the mea-
sured values approach the calculated laminar data. This raises
two questions: 1) is the flow at lower flow rates (or Reynolds
numbers) turbulent and, if so, 2) why does it become laminar
at higher flow rates. These issues will be addressed both the-
oretically and experimentally in the following sections.

Influence of Buoyancy
The density of the fuel changes significantly with temper-

ature (840 kg/m3 at room temperature and 650 kg/m3 at 500
K), which gives rise to considerable buoyancy force on the
fuel near the tube wall. As the test section is mounted hori-
zontally, the buoyancy force acts in the direction normal to
the fuel flow. It is known that such a buoyancy force on the
fluid passing between two horizontally mounted parallel plates
gives rise to Taylor instabilities,10 which, in turn, develop into
large vortices. However, in the case of circular tubes, the
Taylor instabilities result in a three-dimensional flow. In both
situations, the induced flow normal to the heated walls in-
creases the heat transfer coefficient.

Since the inside diameters of tubes used in fuel-thermal-
stability experiments are usually smaller than 0.5 cm, one
might intuitively expect that the large three-dimensional vor-
tices break down into smaller ones, yielding a flow pattern
that resembles a turbulent flow. The induced free flow (or
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natural flow) is significant when the convective flow (or flow
rate) is low and becomes less significant as the flow rate in-
creases. This results in laminarization of the flow in the tube.
Therefore, the fluid flow in a horizontally mounted, heated
tube can be characterized as a turbulent flow when the flow
rate is small, approaching a laminar flow as the flow rate
increases. At much higher flow rates (Reynolds numbers above
2.3 x 103), the convective flow itself becomes turbulent and
the buoyancy forces become negligible. The data shown in
Fig. 2a support these concepts on free flow in horizontally
mounted, small-bore circular tubes. The bulk exit tempera-
ture follows turbulent-flow predictions initially and, as the
flow rate is increased, it shifts toward laminar-flow predic-
tions. Neither the exit bulk temperature nor the wall tem-
perature in the experiment exhibited fluctuations that would
indicate that large-scale vortices similar to those observed in
large-bore tubes11 are not present in the present experiment.

Although temperature predictions for a horizontally mounted
heated tube suggest that the flow within the test section is
turbulent (induced by buoyancy), evidence could not be ob-
tained in this enclosed system using the recently developed
visualization techniques18 because the tube bore is too small
and tube itself is embedded in a copper block. Also, the
dynamics of the flow were not captured by the numerical
simulation since the mathematical formulation was based on
the assumption that the flow is axisymmetric. In order to gain
a better understanding of the importance of buoyancy in these
flows, different experiments were designed. The problem as-
sociated with three dimensionality of the flow was eliminated
by mounting the test section vertically. In this configuration
the buoyancy forces are parallel to the flow direction; hence,
buoyancy does not induce three dimensionality in the flow.
The flow rates and block temperatures used were identical to
those in Fig. 2; however, the fuel temperature was different
at the entrance of the fuel tube. Usually, the fuel was driven
from bottom to top. The heater block in the experiment is
fabricated in such a way that it can be rotated counterclock-
wise 90 deg, and clockwise by 180 deg for studying the hor-
izontal and flow-down conditions, respectively.

Experiments and numerical simulations for different test-
section orientations were made to investigate the changes in
heat-transfer characteristics. The predicted and measured bulk
fuel temperatures at the exit of the fuel tube for different
flow rates are shown in Fig. 3. The block temperature was
fixed at a value of 573 K. For each flow rate, four different
calculations were performed, using the following assumptions
concerning the flowfield: 1) flow is turbulent and buoyancy
forces in the axial direction are negligible—to simulate the
flow inside the horizontally mounted tube; 2) laminar flow
without buoyancy terms—to provide an estimate for the ef-
fects of natural flow in this system; 3) laminar flow and buoy-
ancy forces act along the convective flow—to simulate the
vertically upward flow and; 4) laminar flow on which buoy-
ancy acts in the direction opposite that of the convective-flow
direction—to represent the vertically downward flow.

For all flow rates considered in this study (2-100 cc/min),
the first three assumptions yielded steady-state flows. How-
ever, the vertically downward flow calculations resulted in
large fluctuations in the bulk temperature at the exit of the
fuel tube. This was found to result from the convective motion
of the large-scale vortices that developed inside the heated
section of the tube. The formation of these vortices and their
characteristics will be discussed later. Results obtained with
the above four models are presented in Fig. 3 along with the
respective experimental data.

As expected, for all flow rates the horizontal configuration
yielded the highest bulk temperatures at the end of the test
section. Calculations made under the assumption of turbulent
flow yielded accurate predictions for these flows up to a flow
rate of 50 cc/min. For higher flow rates the measurements are
shifted toward the laminar predictions. As seen from Fig. 3,
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Fig. 3 Computed and measured bulk fuel temperature at exit of fuel
tube for different test-section orientations (rCB = 573 K).

the agreement between the measured and calculated bulk
temperatures for the vertically upward flow is very good for
all flow rates considered. This suggests that the highest fuel
flow rate (or Reynolds number) used in these heated-tube
experiments, i.e., 100 cc/min, does not produce turbulent
flow. Therefore, the turbulent-type flows observed for the
lower flow rates in the horizontally mounted tubes result from
free convection in the radial direction rather than due to the
forced convection in the axial direction.

A comparison of the bulk temperatures predicted for lam-
inar flows (Fig. 3) with and without the gravity term in the
governing equations indicates that the influence of free con-
vection on forced convection decreases with flow rate and is
almost negligible at a flow rate of 100 cc/min. This in con-
junction with the earlier discussion on the flow-up case in the
vertically mounted configuration indicates that, as the flow
rate increases, the flow inside a horizontally mounted, heated
tube approaches laminar conditions. This phenomenon was
also observed in buoyancy-dominated combusting flows and
is often referred to as "relaminarization."18

For a given flow rate, the vertically mounted configuration
with fuel flowing downward yielded the lowest bulk temper-
atures at the tube exit (cf. Fig. 3). This means that heat
transfer occurs in a very inefficient way when free (or natural)
convection opposes forced convection. Since the simulations
for this case were unsteady in nature, the TBE profile shown
in Fig. 3 was obtained by time-averaging the data. For flow
rates greater than or equal to 32 cc/min, the calculated TBE
for flow-down case closely followed that of the flow-up case.

Temperature Distribution Obtained with Different Models
Experiments conducted at different block temperatures and

fuel-flow rates have indicated similar behavior, as discussed
in the previous section. However, when the heated tube was
placed in a vertical position and with fuel flowing downward,
the exit bulk temperatures showed strong fluctuations for cer-
tain flow and block-temperature conditions. The periodic na-
ture of these oscillations gave the first indication about the
Taylor instabilities developing inside the small-bore heated
tubes that are generally used for fuel thermal studies. To
understand the growth and nature of these instabilities, flow
simulations were made using the four models described pre-
viously with different block temperatures and flow rates.

Temperature distributions for a flow rate of 32 cc/min and
a block temperature of 573 K predicted by the previously
discussed models are shown in Fig. 4. Eleven equally spaced
isotemperature contours between 290-590 K are plotted in
each case. Velocity fields associated with the four cases of
Fig. 4 are shown in Figs. 5a-5d, respectively. A low turbulent
kinetic energy was used at the inlet for the turbulent flow
simulation. However, as the fuel temperature increased (and
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Fig. 4 Temperature distributions predicted for fuel flow rate of 32 cc/min using assumptions of a) turbulent flow, b) laminar flow with no
gravity, c) laminar flow with buoyancy force acting in same direction of forced flow and, d) laminar flow with buoyancy force acting in opposite
direction of forced flow. Eleven equally spaced contours are plotted between 290-590 K.

density decreased) with axial distance, the velocity and, hence,
the turbulent kinetic energy increased. This introduced higher
heat flux into the fuel from the tube wall, as indicated by the
higher fuel temperature in Fig. 4a. As discussed earlier, this
turbulent simulation globally represents the flow inside a hor-
izontally mounted heated tube.

The gravitational force was neglected in the simulation of
Figs. 4b and 5b. Under the laminar-flow assumption, the ther-
mal layer (region between contours A and 2) became thinner
(cf. Fig. 4b), and most of the fuel at the tube center was cold,
having a temperature very near that of the incoming fuel. The
fuel velocity within the thermal layer increased (cf. Fig. 5c)
due to the natural flow in the flow-up case. As a result, the
higher temperature contours were pushed towards the wall
(cf. Figs. 4b and 4c). However, as seen from Fig. 3, the bulk
fuel temperature in this case is greater than that of the laminar
flow. The buoyant acceleration of the hot fuel along the heated
wall entrained more cold fuel into the thermal layer, leading
to an increase in the heated-fuel flow along the wall and,
hence, to a higher bulk fuel temperature. This acceleration
did not initiate any flow instabilities (Kelvin-Helmholtz type),
and the entire flow remained steady state (Fig. 5c).

When the buoyancy force was opposite to the forced-flow
direction (flow-down configuration), several vortices devel-
oped along the heated wall (Figs. 4d and 5d) and the flow
became unsteady. Unlike the vortices in other buoyancy-dom-
inated flows such as diffusion flames18J9 and flow over a heated
plate,20 the vortices in these heated tubes are noncoherent
and irregular in size and shape. This is due, in part, to the
very large aspect ratio (length-to-diameter of —200) associ-

ated with the small-bore tubes used in this study. Note that
the scales in the axial and radial directions in Figs. 4 and 5
are not the same. Nevertheless, the thermal layer resulting
from the presence of vortices is significantly increased. The
convective motion of these vortices led to fluctuations in bulk
temperature at the exit of the fuel tube. Interestingly, the
fuel velocity in the thermal layer is reduced in this case (Fig.
5d) when compared to that in the other three cases (Figs. 5a-
5c). Due to continuity of mass, fuel velocity near the center
of the tube in the flow-down case has increased appreciably.
The higher cold-fuel flow at the tube center resulted in a bulk-
fuel-exit temperature that is less than that obtained in flow-
up case (Fig. 3).

Predicted and measured bulk-fuel temperatures as func-
tions of time are plotted in Fig. 6. The Fourier analysis of the
data shows that the computed flow is fluctuating with fre-
quencies near 0.5 and 3.0 Hz. On the other hand, the dom-
inating frequency of the measured fluctuations is —0.4 Hz. In
the numerical simulations the bulk exit temperature was cal-
culated by integrating the mass-weighted temperature at the
exit of the tube at a given instant of time. The bulk-fuel
temperature in the experiment was obtained by passing the
fuel through a "T section," which was assumed to provide an
equilibrium temperature through mixing. However, this pro-
cedure could easily destroy small vortices and fail to reproduce
the higher frequencies associated with small-scale vortices.
Considering the differences in the data-acquisition techniques
and the assumption made concerning tube surface roughness,
the calculations seem to predict the magnitude and lower
frequency of the temperature fluctuations reasonably well.
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Effect of Block Temperature on Instabilities
Both the simulations and the experiments demonstrated

that instabilities can develop in a vertically mounted heated
tube when the fuel is flowing from top to bottom. The effect
of block temperature on these instabilities was studied by
maintaining the flow rate constant at 32 cc/min. The computed
temperature distributions inside the fuel tube obtained with

the flow-down model are plotted in Fig. 7. Results for block
temperatures of 473, 513, and 553 K are shown here. For the
three block temperatures, the initial thermal layer became
unstable. However, at TCB = 473 K (Fig. 7a), the instabilities
seem to be organized and dampened within 5.0 cm of the
tube, and the remainder of the flow became laminar. No
fluctuations were observed in the exit bulk temperature, which
was steady at a value of 357 K. As the block temperature was
increased, the hot fuel along the wall penetrated farther up-
stream into the preheater section. The stronger buoyancy
force in the cases of TCB = 513 and 553 K led to destruction
of the orderliness of the vortices. Large-scale vortices formed
through vortex merging, and the entire thermal layer became
unsteady. For a block temperature of 513 K, only the large-
scale vortices survived at the tube exit, and the bulk-fuel
temperature there fluctuates at —0.9 Hz only. On the other
hand, at TCB = 553 K both the small- and large-scale vortices
are passing through the tube. The exit bulk temperature dis-
plays fluctuations similar to those observed for rCB = 573 K
(Figs. 4d and 6). It may be speculated that for higher block
temperatures, the thermal layer becomes turbulent.

Weakening of flow instabilities at lower block temperatures
is in qualitative agreement with the observations made in the
experiments. The bulk-fuel temperatures measured at the tube
exit were found to fluctuate when the block temperature was
higher than 560 K. This cutoff temperature compares favor-
ably with that of 513 K obtained from the simulations.
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Effect of Flow Rate on Instabilities
From Figs. 2 and 3 it can be observed that the influence of

gravity on the convective flow in a heated tube decreases with
flow rate. In order to understand how the flow rate modifies
the instabilities in the flow-down configuration, simulations
were made for different fuel flow rates. Instantaneous tem-
perature fields obtained for flow rates of 8, 32, 50, and 100
cc/min are shown in Figs. 8a-8d, respectively. Copper-block
temperature in all these cases was 573 K. Two interesting
observations may be made from these figures. First, the ther-
mal-layer thickness decreases, and secondly, the instabilities
become weaker with increased flow rate. The instabilities in
the case of the 8-cc/min flow rate grew rapidly to the scale of
the tube radius. Figure 8a indicates that the fuel toward the
end of the tube is approaching an equilibrium value. The well
mixedness of the fuel inside the tube gave rise to weak tem-
perature fluctuations, although large-scale vortices are con-
tinuously passing at the tube exit. Stronger fluctuations in the
bulk fuel temperature are observed at the tube exit for flow
rates of 32 and 50 cc/min (Figs. 8b and 8d). The weaker
instabilities in the 100-cc/min flow-rate case gave rise to weak
oscillations in the bulk-fuel temperature, confirming the re-
laminarization of the flow.

Similar behavior between the bulk-fuel temperature at the
exit and the flow rate was observed while conducting flow-
down experiments in the vertically mounted heated tube. These
results are plotted in Fig. 9 in the form of standard deviations
for the measured bulk-temperature fluctuations for different
flow rates. The Reynolds and Richardson numbers obtained
based on the tube i.d. and length, respectively, and the fuel
properties at the inlet are given along with the flow rates. The
block temperature in these calculations was maintained at 573
K. The average bulk-fuel temperature at the tube exit and
the Grashof number are also plotted in Fig. 9. The Grashof
number at a given flow rate was calculated based on tube
length and the fuel properties corresponding to the bulk-fuel
temperature at the exit of the fuel tube. It is clear from this
plot that fluctuations in the bulk-fuel temperature were strong
when the flow rate was between 16-47 cc/min. At flow rates
higher than 47 cc/min, the forced flow dominated the buoy-
ancy-induced natural flow that resulted in reduced fluctua-
tions in temperature.

It is common to characterize the flow in terms of whether
it is dominated by buoyancy based on Grashof number. Figure
9 indicates that in the flow-down cases, the flow becomes
buoyancy dominated when the Grashof number is >6.0 x
1011. However, the Grashof number does not correctly char-
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Fig. 9 Measured average and standard deviation of fuel bulk tem-
perature and associated Grashof numbers for different flow rates in
vertically mounted heated tube with fuel flowing from top to bottom.
Block temperature is 573 K.

acterize the flow oscillations that result from the natural flow.
Fluctuations in temperature are observed only when the Grashof
number is <9.0 x 1012 and >6.0 x 1011.

Effect of Buoyancy on Oxygen Consumption
Fouling in heated tubes is strongly coupled to the con-

sumption of dissolved oxygen, which, in turn, is dependent
on the temperature distribution. The global-chemistry model
developed for predicting deposition in heated tubes was suc-
cessfully used in the Phoenix-rig experiments.3 The same model
was used in the present study to understand the influence of
buoyancy on oxygen consumption.

Concentration of dissolved oxygen in the fuel before it en-
ters the heated tube was assumed to be 50 ppm, which rep-
resents the level in the air-saturated fuel. Calculations were
made using the four mathematical models discussed previ-
ously under the same conditions used with reference to Fig.
4. The remaining oxygen and the temperature of the bulk
fuel (obtained by mass-weighted integration) at different axial
locations are plotted in Fig. 10. The turbulent-flow simulation
that represents the horizontal configuration of the tube pre-
dicts a significant amount of oxygen present throughout the
tube. Interestingly, from Fig. 10, it may be noted that the
fuel was heated to the highest temperature in this simulation.
This is in contrast to the general belief on fuel oxidation that
higher bulk fuel temperature leads to a greater consumption
of dissolved oxygen. The inconsistency of the lower oxygen
consumption for higher bulk-fuel temperature results from 1)
turbulent conditions transport heat readily in the radial di-
rection and, thus, do not generate a high-temperature thermal
boundary layer along the heated wall and 2) the higher ve-
locity near the wall that reduces the residence time necessary
for chemical reaction to occur.

The reduced velocity in the thermal layer in the laminar
simulation (Fig. 5b) yielded high consumption of oxygen along
the tube wall. The buoyant flow along the wall in the vertical,
flow-up configuration increased the entrainment of fuel into
the thermal layer. The oxygen consumption was initially de-
creased compared to that of the laminar flow (Fig. 10) up to
z = 35 cm because of the increased velocity (or reduced
residence time), and then increased due to entrainment. A
significant amount of oxygen is consumed in the vertically
mounted heated tube when the fuel is flowing from top to

500

20 30 40
Axial Distance (cm)

Fig. 10 Remaining oxygen and bulk fuel temperature at different
axial locations predicted by different models. Fuel-flow rate and block
temperature are 32 cc/min and 573 K, respectively.
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Fig. 11 Remaining oxygen vs bulk fuel temperature measured with
different orientations of heated tube. Flow rate is 16 cc/min.

bottom as a result of the increased residence time in the
thermal layer. In fact, consumption of oxygen is maximum in
this case compared to the other three simulations.

The oxygen consumption in the Jet A fuel was measured
using on-line instrumentation of Phoenix rig3 for the three
tube orientations. Data in the form of remaining oxygen vs
bulk fuel temperature at the exit of the heated tube is plotted
in Fig. 11. All these measurements were made for a flow rate
of 16 cc/min and by varying the copper-block temperature.
Figure 11 shows that for a given value of TBE, consumption
of dissolved oxygen is the highest in a vertically mounted tube
with fuel flowing from top to bottom and the lowest when
the tube was placed horizontally. This qualitatively supports
the predictions discussed previously. Note, Fig. 3 indicates
that for the given fuel-flow rate and block-temperature, the
vertically mounted tube with fuel flowing down yields the
lowest bulk fuel temperature at the tube exit.

It is known that deposition on the wall increases with con-
sumption of oxygen.3-6 16J7 Therefore, it may be expected that
maximum deposition occurs on the tube walls in a vertically
mounted, heated tube when the fuel is flowing top to bottom
and minimum deposition occurs in a horizontally oriented fuel
tube. Due to the nonmonotonic behavior of deposition with
temperature (i.e., deposition initially increases and then de-
creases with fuel temperature2 3), the vertically mounted, heated
tube with flow-down configuration may not represent the worst
scenario for all block temperatures. Global-reaction models
proposed such as those in Refs. 16 and 17 are capable of
predicting the deposition by taking into account the fluid-
dynamics and heat-transfer effects on the fuel flow. Future
studies with theoretically and experimentally obtained dep-
osition data for different fuel-tube orientations may be useful
in validating such global-chemistry models.

Conclusions
The flow structure in a small-bore heated tube was studied

experimentally and theoretically. It was found that buoyancy
has a significant impact on the temperature field. Because of
the difficulties associated with extending currently available
flow-visualization techniques to small-bore tubes, the influ-
ence of natural flow on forced flow was investigated by con-
ducting unique experiments and performing time-dependent
numerical simulations for different heated-tube orientations.
Experiments yielded the highest bulk-fuel exit temperature
when the test-section was mounted horizontally and the lowest
in a vertically mounted test-section with fuel flowing from top
to bottom. Numerical simulations have reproduced most of
the observed features.

The following conclusions are drawn from the comparative
experimental and numerical studies made in this article.

1) When the fuel is flowing in a horizontally mounted,
small-bore tube, the flow pattern is more turbulent in nature

at very low Reynolds numbers and becomes laminar in nature
as the Reynolds number increases to 2300.

2) It is hypothesized that the buoyancy forces normal to
the force-flow direction increase mass and heat transport,
develop three dimensionality, and, thereby, render the flow
turbulent.

3) An axisymmetric code with the k-s turbulent model is
found to yield reasonable predictions for horizontal flow.
However, a more realistic simulation of buoyancy dominated
fuel flow in a horizontally mounted, heated tube should be
performed using a three-dimensional code.

4) Vertically mounted, heated tube with fuel flowing from
bottom to top is observed to yield axisymmetric, laminar flows
up to a flow rate of 100 cc/min in the 0.3175-cm-diam tubes
considered in this study.

5) Fuel flowing from top to bottom in a vertically mounted,
heated tube develops flow instabilities when the flow rate is
moderate.

6) Oxygen consumption is found to be minimum in the
horizontal case and maximum when the fuel is flowing from
top to bottom in a vertically mounted tube.
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