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Abstract—Results from an experimental investigation of the effect of solid particles on heat transfer at
the first row of a staggered tube array in cross flow are compared with those determined for equivalent
conditions from correlations derived previously by the author. Comparison of the experimental data with
the predicted levels of heat transfer enhancement from a range of heat transfer mechanisms suggests that
the transport of thermal energy by rebounding particles is responsible for much of the measured increase
in heat transfer. The total enhancement based on this model of the suspension flow compares well with
the experimental data for particles of 46 and 58 um dia, although the agreement is not as good for
127 um dia particles. The fine particle model of suspension flow gives levels of enhancement of the correct
order for some flow conditions but fails to predict the effect of Reynolds number and particle size. In the
light of these results, the suspension heat transfer mechanisms for tubes in cross flow are re-assessed and
the dominant effects on enhancement are identified for specific flow conditions.

Key Words: gas—particle cross flow, heat transfer enhancement, particle rebounds, increased thermal
capacity, turbulence modification

1. INTRODUCTION

The heat transfer performance of tubes in a particulate cross flow has formed the basis of a number
of experimental investigations. For tubes located within a gas fluidized bed, the review of Saxena
et al. (1978) established that very high heat transfer coefficients are generally associated with in-bed
heat transfer surfaces. Improved heat transfer characteristics have also been observed by Wood
et al. (1980) for tubes located in the splash zone immediately above a fluidized bed and by Byam
et al. (1981) and George & Grace (1982) for various positions within the freeboard region above
the bed. The heat transfer performance of a tubular heat exchanger subject to a cross flow of
graphite particles suspended in carbon dioxide was investigated by Woodcock & Worley (1966) for
a tightly spaced in-line configuration. For a staggered tube array in cross flow, the effect of glass
beads suspended in air on heat transfer was investigated by Murray & Fitzpatrick (1991), while
an equivalent study was carried out by Sterritt & Murray (1992) for a square tube configuration.

Although these investigations have taken place, most of the published data are unsuitable for
validation of the heat transfer mechanisms identified in part I of this study (Murray 1994,
pp. 505-513). The results from fluidized bed investigations relate to high particle concentrations
and cannot be used for assessing dilute particulate cross flows. The measurements of Woodcock
& Worley (1966) were concerned solely with changes in the overall heat transfer coefficients for
a complete heat exchanger. Local heat transfer measurements were obtained by Murray &
Fitzpatrick (1991) and by Sterritt & Murray (1992) for tubes in staggered and in-line arrays,
respectively, but the range of flow parameters was limited. In addition, considerable uncertainty
surrounds the estimates of local solids concentrations and residence times for locations within a
tube bank.

This paper compares new experimental data for heat transfer over the front of a tube in the first
row of a tube array in cross flow with the predicted enhancement for the same conditions.
Comparison of the calculated trends with the experimental data for a range of flow parameters
is used to assess the validity of the proposed enhancement mechanisms.
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2. CORRELATIONS FOR LOCAL ENHANCEMENT

The local increase in Nusselt number over the front of a tube in a suspension cross flow with
large particles may be estimated from [la, b], whereas the equivalent increase for a flow with very
fine suspended solids may be determined from [2]. The derivation of these equations has been
described in part I (Murray 1994). In [1a], the direct calculation of the particle rebound mechanism
is denoted by the subscript prl and the indirect calculation using equivalent turbulence intensities
is denoted by pr2 in [1b]. The subscripts itc, Re and Tu refer to changes in heat transfer due to
the increased thermal capacity of the suspension, the higher effective Reynolds number of the flow
and turbulence modification by the particles, respectively:
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subscripts lp and fp refer to large and fine particle suspensions, respectively.

and

I

3. EXPERIMENTAL FACILITIES AND PROCEDURES

The heat transfer measurements were carried out in a closed-loop circulating wind tunnel with
a particle feed and collection system as shown in figure 1. All results reported here were obtained
from a tube located at the centre of the first row of a 60° triangular tube array with a
pitch-to-diameter ratio of 2. Nine rows and four columns of 25 mm dia, 250 mm length tubes were
used, with half-tubes fixed to the side walls to prevent bypass. An individual instrumented and
electrically heated tube was used for the heat transfer measurements. The volumetric flow rate
through the tunnel was monitored by an orifice plate located on the down leg of the rig.

The solid particles used are spherical glass beads of three size ranges with mass median diameters
of 46, 58 and 127 um. The physical properties of the glass material are as follows: density =
2600 kg/m?; specific heat = 910 J/kgK; thermal conductivity = 1.4 W/mK. The particles were
introduced to the main flow upstream of the test section using an annular jet pump with a conical
swirl diffuser to encourage mixing. Downstream of the test section, a cyclone was used to separate
the solid particles from the air stream for return to a storage hopper connected to the feed circuit.

Local heat transfer measurements were obtained using a single internally heated thick-walled
copper cylinder with a surface-mounted microfoil heat flux sensor (RdF type 27036-1). The sensor
was 6 mm wide and 17 mm long with a thickness of 75 um and was attached to the surface midway
along the length of the tube. By rotating the tube through 360° in suitable increments, a profile
of the heat transfer around the tube was obtained. A separate thermocouple placed upstream of
the tube bank was used to measure the freestream temperature. Heat transfer measurements were
taken at 40 equal increments over a full revolution. Data acquisition took place over a 15-s period
with a 10-s delay for settling of the flow at each angular position. Data were sampled at a rate
of 100 samples per s per channel and all test results were averaged over 3 revolutions, due to some
instability of the solids flow. In order to minimize errors due to variations in angular position or
solids flow rate, software-controlled stepper motors were used for tube positioning and solids valve
opening.

For local heat flux measurements, the experimental uncertainty, quoted by the sensor manufac-
turers as + 5%, is acceptable for the present investigation, as it is the changes in Nusselt numbers,
rather than the absolute values, that are of primary interest. Freestream and surface temperature
thermometers were calibrated to give an uncertainty of +2% in the surface-to-air temperature
difference, giving an overall uncertainty of + 7% in the absolute local Nusselt number. Individual
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Figure 1. Schematic of the experimental test facility.

local measurements were, however, repeatable to within +2% for the single-phase Nusselt
numbers. For measurements with the suspension flow, variations in the solids flow rate occurred
for nominally identical conditions, even with the automated valve opening. The resultant
uncertainty in the solids mass loading ratio is of the order of +20%.

A detailed description of the instrumented tube has been given by Murray & Fitzpatrick (1988)
and a comparison of data from single-phase tests indicated good agreement with the available
published data. Specific details of the suspension flow facility and data logging and analysis
procedures have been given by Humphreys (1993).

4. SUSPENSION FLOW CONDITIONS

Two sets of heat transfer data from the first row of the staggered tube array are available for
comparison with the enhancement predicted from [1a, b] and [2]. The results of Humphreys (1993)
were obtained for flow Reynolds numbers of 3000 and 10,000, with glass beads of mass median
dia 46 and 58 um and with bulk mass loading ratios from 0.5 to 2.2kg/kg. Heat transfer
measurements were made by Scholten (1993) at Reynolds numbers of 7000, 10,000 and 14,000 using
glass beads of 127 ym mean dia at mass loading ratios of up to 0.9 kg/kg. In addition, further data
for the 58 um beads were obtained by Scholten (1993), although only at the lower solids
concentrations. These operating conditions were dictated by the practical limitations of the
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experimental facility. Figure 2 shows the variation in local Nusselt number with angular position
for a Reynolds number of 10,000 with 127 um particles at two mass loading ratios. Although
measurements were obtained over the full tube circumference for all tests, the present investigation
is concerned only with changes in heat transfer over the front of the tube.

In order to determine which of the proposed models of suspension flow is more appropriate for
the range of flow parameters under consideration, all experimental data are compared with the
predicted increases in heat transfer from both [la, b] and from [2].

5. COMPARISON OF EXPERIMENTAL AND PREDICTED TRENDS

A summary of the results from the local heat transfer calculations is given in table 1, along with
the equivalent experimental data.

Different heat flux sensors were used in the studies of Humphreys (1993) and Scholten (1993)
and the results are presented here in uncalibrated form. This accounts for the differences between
the single-phase Nusselt numbers for tests carried out at the same Reynolds number. Note also
that for the present investigation, the particle Reynolds numbers and sizes are such that the
turbulence enhancement from particulate vortex shedding is not anticipated. This is reflected in the
values of (Nu,);,, which result solely from turbulence suppression associated with eddy—particle
interactions.

From table 1, it is evident that a reasonable degree of correspondence exists between the
experimental results and the predicted enhancement from [1a] for large particle suspensions. The
trends with particle size, mass loading ratio and Reynolds number are well-matched in most cases,
although for the tests carried out with the 127 um particles the experimental data and predicted
values differ in magnitude. The main trends that can be identified from table 1 are higher local
heat transfer as the solids mass loading ratio is increased, along with a significant reduction in
enhancement as both particle size and flow Reynolds number are increased.

Figure 3 shows the measured and predicted variation in enhancement with increasing mass
loading ratio for the 58 um suspension at a Reynolds number of 10,000. It is clear that, despite
some variability in the experimental data, the predicted increases in Nusselt number from [la)
compare well with the measured heat transfer values. The predicted values from [2), for fine particle
suspensions, also show levels of enhancement of approximately the correct order. However, the
total increases in heat transfer based on the equivalent turbulence intensity calculation of the
particle rebound effect are an order of magnitude lower than the measured enhancement, suggesting
that the direct calculation of energy transport by rebounding particles is more appropriate. The
differences between the measured data from the two sets of experiments at comparable conditions
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Figure 2. Suspension and single-phase Nusselt numbers Figure 3. Variation in the local enhancement (increase in
(Nu). First row; Re = 10,000, d, = 127 ym. Nu) with the mass loading ratio. Re = 10,000, d, =58 um,
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are due to variations in the solids mass loading ratio, as discussed earlier, and error bars are shown
to denote the expected range of values.

In figure 4, measured and predicted results for the effect of the solids mass loading ratio on heat
transfer for the 127 um suspension at a Reynolds number of 10,000 are shown. It can be seen that
the agreement between the predicted change in Nusselt number from [1a] and the measured increase
is not as good as for the 58 um particles but the trend with increasing mass loading ratio is similar
for both cases. The predicted enhancement from [2] is much larger than the measured increase in
heat transfer, but also shows that increasing solids concentration will result in higher levels of
enhancement.

Figure 5 shows the effect of particle size on Nusselt number for a Reynolds number of 10,000
and a solids mass loading ratio of 0.45kg/kg. It is evident that the dominant trend is one of
increasing enhancement with a decrease in particle size, as predicted from [la]. In contrast, the
curve representing the enhancement derived from [2] for fine particle suspensions fails to model
the effect of particle size within the range for which experimental data are available. (Note that
the relationship between the solids mass loading ratio and the enhancement of heat transfer,
determined from figures 3 and 4, has been used to provide the error bars on figure 5, which relate
to the uncertainty in the solids mass loading ratio.)

In figure 6, the effect of varying the Reynolds number is examined for the 58 um suspension.
The data shown are for mass loading ratios of 0.45 and 1.1 kg/kg. In both cases, a trend of
increasing enhancement with a reduction in Reynolds number can be identified. For the data
shown, the measured heat transfer performance is well-matched by the predicted enhancement from
[1a] for large particle suspensions. Equation [2] predicts the same level of enhancement for all
Reynolds numbers at a given solids mass loading ratio and is not shown here. Figure 7 shows the
effect of Reynolds number on the increase in Nusselt number for the 127 ym suspension. Once
more, increasing Reynolds number leads to a reduction in the level of enhancement. In this case,
the agreement between the measured and predicted enhancement from [la] is not close but the
relative trends are similar. The error bars shown on figures 6 and 7 also originate in the uncertainty
in the solids mass loading ratio.

6. DISCUSSION

In figures 3-7, comparison of the total enhancement predicted from [la, b] and [2] with the
experimental data suggests that the large particle model of the suspension flow, with direct
calculation of the thermal energy transport by rebounding particles, is most appropriate for
predicting the heat transfer performance of gas-particle suspensions in cross flow. This is valid for
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Figure 4. Variation in the local enhancement (increase in  Figure 5. Variation in the local enhancement (increase in
Nu) with the mass loading ratio. Re = 10,000, d, = 127 ym. Nu) with particle size Re = 10,000, S, =0.45 kg/kg.
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the range of flow parameters under consideration. Although the enhancement resulting from
individual heat transfer mechanisms has not been shown in these graphs, it can be determined
readily from table 1 that the dominant influences on heat transfer are the particle rebound
mechanism for [la, b] and the effective Reynolds number term for [2]. Thus, the enhancement
anticipated solely from the increased thermal capacity effect is low, due to the short time available
to particles to participate in the heat transfer process, and the expected contribution to this effect
from particle-to-wall conduction is extremely small and is not listed separately. In addition, the
reduction in heat transfer resulting from turbulence suppression by the particles is generally modest.

Although the enhancement calculated solely from the increased thermal capacity effect is very
low, the measured increase in heat transfer with a reduction in particle size appears to originate
in this effect as smaller particles can more easily utilize their high heat capacity. Clearly, the trend
with particle size is linked to the increased thermal capacity of the suspension, but the direct
transport of stored thermal energy out of the heated fluid zone by rebounding particles is
responsible for most of the increase from this effect. Note that although the thermal effectiveness
factor is small in all cases, suggesting a modest increase in particle temperature, the large number
of particle rebounds, together with the high heat capacity of the particles, means that a high degree
of enhancement is predicted from the direct calculation of the particle rebound effect. For the
limiting case of infinitesimally small particles, the suspension will behave like a homogeneous fluid
and will have the maximum thermal effectiveness factor of 1. In this case, there will be no
contribution from particle rebounds but instead the higher effective density, and hence the
Reynolds number, of the flow will influence heat transfer by means of a reduction in the local
boundary-layer thickness. This limiting condition can be calculated from [2] and is shown in figure
5. For large particle suspensions, the change in boundary-layer characteristics associated with a
homogeneous fluid of higher density is not anticipated. Thus, the effective Reynolds number term,
which represents this mechanism and which suggests a uniform level of enhancement irrespective
of particle size, is invalid. As mentioned in part I (Murray 1994), it is possible that inertial effects
associated with the motion of large particles could lead to a localized generation of turbulence close
to the tube surface. However, the low measured enhancement for the 127 um particle tests, shown
in figure 4, along with the low particle Reynolds numbers associated with these particles, suggests
that this is not the case here. Enhancement from the wall conduction mechanism also increases
with a reduction in particle size, but this effect is insignificant for the range of flow parameters under
consideration and is included within the increased thermal capacity data of table 1.

It has been shown in figures 6 and 7 that a reduction in Reynolds number leads to an increase
in the measured levels of heat transfer enhancement. From table 1, it is evident that the variation
in enhancement with Reynolds number can again be attributed to thermal capacity and particle
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rebound considerations. The reduction in enhancement with increasing Reynolds number is mainly
due to shorter particle residence times, as an increase in Reynolds number reduces the extent of
the heated fluid zone and also leads to higher particle velocities. This causes a reduction in the
thermal effectiveness factor and a consequent decrease in the enhancement from the increased
thermal capacity effect and, more significantly, from the particle rebound mechanism. The
contribution from particle-to-wall conduction rises with increasing Reynolds number, but this effect
is too small to influence the measured changes in heat transfer.

In part I (Murray 1994) it was suggested that for fine particle suspensions, whose behaviour
approximates that of a homogeneous fluid, the increases in heat transfer due to the higher heat
capacity and higher effective density of the suspension would be linked. Any change in heat transfer
resulting from turbulence modification by the particles would also interact with the physical
properties of the suspension. As a consequence, a multiplicative relationship exists between the
individual enhancement terms in [2]. For large particle suspensions, the enhancement associated
with the thermal energy transport by rebounding particles is expected to be independent of changes
in the heat transfer due to gas—particle turbulent interactions and thus the two terms are linked
by an additive relationship in [1a, b]. In this analysis, the particle rebound mechanism is considered
to encompass the enhancement associated with the increased thermal capacity effect. Hence, no
increased thermal capacity term appears in [la, b], even though this mechanism is ultimately
responsible for most of the predicted enhancement of heat transfer. Likewise, increases in heat
transfer resulting from particle-to-wall conduction form an integral part of the increased thermal
capacity calculation.

Although the general validity of [la, b] and [2] can be established by comparison of the
experimental data with the predicted increases in heat transfer, it is not possible to confirm the
degree of dependence between the separate heat transfer mechanisms. This is because [1a, b] and
{2] each have one dominant term, meaning that similar values for the total enhancement are
obtained regardless of whether the individual terms are added or multiplied. Nevertheless, the
justification for treating fine and large particle suspensions in different ways is considered to be
valid.

Some aspects of this analysis are clearly approximate and accurate predictions of heat transfer
enhancement cannot be expected. In particular, the use of an equivalent turbulence intensity to
model the particle rebound mechanism is speculative and has been shown here to significantly
underpredict the measured increase in heat transfer. Thus, [1b] is not suitable for the prediction
of enhancement in gas—particle cross flows. Likewise, the increases in heat transfer predicted from
[2] do not refiect the measured trends with Reynolds number and particle size, suggesting that this
equation may only be valid for very fine particle suspensions which closely approximate
homogeneous flows. The estimate of residence time is still inexact and it is difficult to quantify the
effect on heat transfer of changes in the flow structure due to the movement of discrete particles.
Detailed experimental data on particle trajectories and local residence times are needed to clarify
some of these issues and work is planned in this respect. Nevertheless, this analysis represents a
logical first stage in the development of a correlation for the local enhancement of heat transfer
in suspension cross flows.

7. CONCLUSIONS

The effect of solid particles in suspension on local convective heat transfer over the front of tubes
in cross flow has been investigated. From a comparison of experimental data with predicted
changes in heat transfer, the main mechanisms of heat transfer enhancement have been identified
as:

(1) The transport of thermal energy by rebounding particles.
(2) Changes in the flow structure due to the higher effective Reynolds number
of the suspension.

The first mechanism encompasses the increased thermal capacity of the suspension and is always
important in influencing heat transfer. Changes in the flow structure due to the physical properties
of the mixture are likely to be more significant for fine particle suspensions. Conduction between
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impinging particles and the tube wall has been found to have an insignificant effect on heat transfer
for the range of flow parameters under consideration, and the influence on heat transfer of
turbulence modification by the particles has also been identified as a minor effect. A correlation
involving a direct calculation of heat transfer by particle rebounds, with minor contributions from
other mechanisms, [la], has been shown to give good correspondence between predictions and
experimental data for the suspension flow conditions of the present investigation.
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