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ABSTRACT
In dense gas–solid fluidized beds the heat transfer to immersed objects is strongly coupled to the hydro-
dynamic behavior. The objective of this study is to experimentally and numerically assess the heat 
transfer coefficient around a horizontal tube in a Geldart B bubbling fluidized bed and derive a numer-
ical-correlative approach for predicting the angular dependent heat transfer coefficient. The considered 
system consists of corundum as the solid bed material and air as the fluidization gas, entering the 
cylindrical geometry through a Tuyere nozzle distributor. Experimental data are obtained from a pilot 
scale test-rig with different tubular heat transfer probes and evaluated in a comprehensive uncertainty 
analysis. The resulting magnitude and angle dependent variations of the heat transfer coefficient at dif-
ferent superficial gas velocities are compared to three dimensional numerical simulations. The applied 
CFD model of the fluidized bed treats both gas and powder as Eulerian phases. The size distribution of 
the particles is described by two granular phases with corresponding mean diameters and a sphericity 
factor to account for their non-spherical shape. The fluid–solid interactions in this Multi Fluid Model 
are considered by incorporating the Kinetic Theory of Granular Flow and a sphericity-adapted drag 
model. The hydrodynamics at the tube surface, e.g. solid volume fraction, gas and particle velocities, 
are used for a novel numerical-correlative calculation of the angle dependent heat transfer coefficient 
between the bed material and the immersed tube. Special focus is set on depicting the particle contact 
time at the tube surface appropriately. The numerical results show the correct tendency of an increasing 
heat transfer coefficient with rising gas velocity and are partially in good agreement with the experi-
mental observations.
Keywords: Eulerian approach, experimental investigation, fluidized bed, heat transfer coefficient, 
hydrodynamics, numerical simulation

1  INTRODUCTION
Gas–solid fluidized beds are employed in numerous industrial applications, such as gasifica-
tion, combustion, synthesis reactions, cracking and various other chemical and metallurgical 
processes. The advantages of fluidized bed reactors compared to other gas–solid contacting 
methods are their superior mixing properties and hence virtually isothermal conditions, high 
heat and mass transfer rates between gas and particles, high heat transfer rates between the 
fluidized bed and immersed objects and their suitability for large-scale applications. Contin-
uous automatically controlled operation can be achieved due to the smooth liquidlike flow of 
particles [1, 2]. Despite their successful usage in industrial operations the flow dynamics in 
fluidized beds are not very well understood, because of the difficulty to obtain sufficient 
experimental data to quantify intrinsic phenomena. A proper understanding of the complex 
flow hydrodynamics is important for design, performance optimization and scale up of fluid-
ized bed systems. This is even more important for the design of heat exchanger structures 
embedded within the fluidized bed, which requires an in depth understanding not only of the 
overall bed hydrodynamics, but in particular of internal particle flow patterns and velocities 
in the vicinity of the heat exchanger surface. For many industrial processes the heat transfer 
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between the bed material and immersed objects is the limiting factor when dimensioning the 
apparatus.

In the literature several measurements of the heat transfer coefficient and the hydrody-
namic behavior at heat exchanger surfaces immersed in fluidized beds have been performed. 
They consider the angle dependent heat transfer coefficient around horizontal tubes [3–13], 
the average heat transfer coefficient [8, 14–20], the effect of the surface shape [3, 21] or the 
influence of pipe arrangements [8, 9, 22–25]. It can be concluded that the average heat trans-
fer depends on various specific experimental conditions, e.g. superficial gas velocity, bed 
voidage, material properties, bed geometry, tube diameter and position. For a relatively wide 
range of these conditions, correlations for calculating the average heat transfer coefficient can 
be derived from measurements. Three different approaches can be distinguished: packet 
models (Grewal and Saxena [15], Xavier and Davidson [26], Kunii and Levenspiel [1], 
Masoumifard et al. [27]), single particle models (Martin [28, 29]; Di Natale et al. [30]) and 
regime based models (Molerus et al. [31, 32]). They all have in common that they are only 
able to predict average heat transfer coefficients with the knowledge of global hydrodynamic 
values, which may not be sufficient e.g. for dimensioning heat exchanger bundles. Since 
internal hydrodynamics in the vicinity of heat exchanger surfaces can rarely be assessed, the 
correlation based calculation of local angle dependent heat transfer coefficients is much more 
difficult. Di Natale [33] tries to overcome this deficiency with velocity and angle dependent 
factors for the surface renewal frequency and the surface void fraction. A drawback of the 
model is its determination of the angle dependent hydrodynamic factors with additional 
experimental values and subsequent lack of general validity.

Besides correlative approaches, Computational Fluid Dynamics (CFD) can be used for 
predictions of the heat transfer coefficient. Existing numerical models [34–41] calculate the 
heat transfer coefficient based on the effective thermal conductivity of the emulsion, the vol-
ume fractions of gas and solids and the temperature gradient between surface and emulsion 
in the cells at the surface region [34, 42, 43]. With these approaches the strong coupling 
between hydrodynamics and heat transfer can be depicted and used for angle dependent 
investigations. The disadvantage is that the thermal boundary layer has to be resolved with 
cells smaller than the particle diameter [1] to capture the temperature gradient accurate 
enough. From a numerical point of view this contravenes the hydrodynamic cell size criterion 
[44] (cell size significantly larger than particle size) and additionally leads to small required 
time steps to fulfill the CFL criterion (Courant-Friedrichs-Lewy). In view of the large number 
of cells and the small time step, these simulations are performed on two-dimensional grids. 
The results often lack experimental validation or disagree with the experiments, which can be 
attributed to inaccurate prediction of the hydrodynamic behavior or the correlative calculation 
of thermal conductivity and porosity in the vicinity of the heat exchanger surface.

The objective of the presented study is to beneficially combine the correlative with the 
numerical approach, to obtain fast and more accurate predictions of the angle dependent heat 
transfer coefficient. The hydrodynamic behavior of the fluidized bed is calculated in an 
Eulerian-Eulerian formulation. Different particle sizes and their sphericity are incorporated 
by using a Multi Fluid Model (MFM) and a sphericity-adapted drag model. Fluid–solid inter-
actions are further described by the Kinetic Theory of Granular Flow (KTGF). With the 
knowledge of the local hydrodynamic values of the solid volume fractions and the gas and 
particle velocity fields, the correlations for predicting the average heat transfer coefficient can 
be adapted to predict the local angle dependent heat transfer coefficient. The accurate resolu-
tion of the thermal boundary layer becomes obsolete, since the temperature gradient is not 
necessary in the correlative approach. Additionally, the hydrodynamics can be calculated on 
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a much coarser grid, allowing three dimensional simulations of the fluidized bed geometry, 
including the nozzle configuration of the Tuyere distributor.

2  EXPERIMENTAL APPARATUS AND DATA PROCESSING
All experiments are performed in a cylindrical gas–solid bubbling fluidized bed containing 
Geldart B particles. Heat transfer coefficients are measured with two different tubular heat 
transfer probes and data are processed in a comprehensive error analysis, including numerical 
steady state thermal analysis of the probes in a Finite Element Method (FEM) framework.

2.1  Experimental apparatus

The cylindrical column (wall material acrylic glass) with a height of 450mm  and internal diame-
ter of 140mm is filled with corundum (Al O2 3) up to a height of 150mm. The fluidization air 
(superficial velocities from .0 10 m/s  to .0 30 m/s ) leaves the nozzles radially and enters the 
column parallel to the bottom plate. The nozzles have a height of 2mm and an outer diameter 
of 10mm. Further details on the test rig can be found in [45]. The heat transfer probes with a 
diameter of 20mm are mounted at a height of 100mm. The experimental setup and the heat 
transfer probes are shown in Fig. 1, the material properties and experimental conditions in 
Table 1.

The heating cartridges ( ∆4 0 40 230 70. , /mm V W× ) of the probes are supplied with con-
stant power (P UI= ). By monitoring the temperature of the probe surface Tsurf  and of the bed
Tbed with resistance thermometers (Pt100), the measured heat transfer coefficient hmeas  can be 
calculated with the surface area of the copper ACu  according to eqn (1).

	 h
UI

A T Tmeas
Cu surf bed

=

−( )
	 (1)

Figure 1: Experimental setup and heat transfer probes. (a) Dimensions of the test-rig; (b) Top 
view into the test-rig; (c) Circular segment heat transfer probe similar to [4]; (d) 
Overall perimeter heat transfer probe.
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The Circular Segment Heat Transfer Probe (CSHT) [4] is able to measure the angle depend-
ent heat transfer coefficient. The power converted to heat in the cartridge is expected to leave 
the probe almost exclusively through the copper block [4] with a surface angle of 28°  
( ACu = ⋅ ⋅ ⋅28 360 20 40/ p mm mm ), because the thermal conductivity of copper ( 400 W/mK )  
is much higher than the one of PTFE ( 0 25.  W/mK ).

The Overall Perimeter Heat Transfer Probe (OPHT) measures the average heat transfer 
coefficient ( ACu = ⋅ ⋅p 20 50mm mm ) over the entire perimeter of the probe and can be used 
to verify the values measured with the CSHT.

2.2  Data processing

The heat transfer coefficient measured with the OPHT was found to be significantly lower 
than the average value of the CSHT (n

θ
 is the number of measured angles).

	 h n hhmeas OPHT meas CSHTmeas CSHT, ,, /< = ⋅ ( )
=
∑1

0

360

q
q

q




	 (2)

Therefore the assumption of an almost perfect PTFE insulation [4] is not valid for the specific 
geometry of the CSHT used. For this reason the angle dependent heat transfer coefficient at 
segmentθ , h h h hmeas CSHT meas CSHT meas CSHT meas CSH, , , ,.θ θ β θ( ) = −( ) + ( ) +0 25 2 TT θ β+( )




 with 

the neighboring segmentsθ β± , is corrected to account for radial heat losses through the 
PTFE based on two dimensional steady state thermal FEM simulations in ANSYS Mechani-
cal 16.0. Figure 2 shows the heat flux density and the temperature for the CSHT (left) and the 
OPHT (right) with a constant hmeas = 600 2 W/m K . Although in this representative example 
the heat flux density through the copper is much higher than through the PTFE in the CSHT, 
only fcorr , %1 55θ( ) =  of the integral heat flux is passing through the copper surface due to the 
large remaining PTFE surface area. Furthermore the simulated surface temperatures agree 

Table 1: Material properties and experimental conditions.

Mean particle diameter 197 153 233µ µ µm m m∈[ ],  

Large particle mean diameter 221µm  
Small particle mean diameter 174µm  
Sphericity factor 0 82.  
Particle density 3940 3 kg/m  

Bulk density 1850 3 kg/m  

Solids conductivity 25 W/mK  
Solids heat capacity 778 J/kgK  
Solids volume fraction (loosely packed) 0 47.  (initial packing)
Solids volume fraction (densely packed) ≈ 0 50.  (maximum packing limit) [46]
Minimum fluidization velocity Experiment: 0 065.  m/s

Correlation [47]: 0 063.  m/s
(large particle mean diameter)

Fluidization air superficial velocity 0 10.  m/s, .0 15 m/s, .0 20 m/s, .0 25 m/s,
.0 30 m/s
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with the measured only for the OPHT. In an iterative numerical process the heat transfer 
coefficient at segmentθ  of the CSHT is corrected in each of the n

θ
 segments according to eqn 

(3), until the simulated surface temperatures are in agreement with the measured ones.

	 h f hcorr CSHT j corr j meas CSHT, , , ,q q q( ) = ( )⋅ ( ) 	 (3)

The corrected heat transfer coefficients of the CSHT are averaged and compared to the OPHT 
to validate the correction process. Compared to this systematic error the statistical error of the 
measurements is negligible and therefore not further considered herein.

3  MATHEMATICAL MODELING
The hydrodynamics of the fluidized bed are obtained from numerical simulations and combined 
with literature correlations to predict the heat transfer coefficient around the probe.

3.1  Numerical simulation of hydrodynamics

The three dimensional transient FVM simulations are carried out in ANSYS Fluent 16.0. 
The applied equations and nomenclature of the MFM can be found in Ostermeier et al. [45]. 
Further important data from the simulation setup are summarized in Table 2.

3.2  Integration of heat transfer calculations

From the aforementioned correlations for predicting the heat transfer coefficient, the modi-
fied approach according to Kunii and Levenspiel [1] yields the best results in combination 
with the numerical simulations applied in this work. The transient values for the solid volume 

Figure 2: Heat flux density (top) and temperature distribution (bottom) in the CSHT (left) and 
OPHT (right).
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fraction αs , the gas velocity magnitude v g  and the particle velocity magnitude vs  are 
obtained from the MFM. Via User-Defined Functions (UDFs) the instant numerical heat 
transfer coefficient hnum  is calculated according to eqn (4) and averaged over the respective 
surface (30° segments, analogous to FEM simulation) and the simulation time (∆t = 6s). 
Radiation hr  can be neglected sinceTsurf < °100 C.

	 h
h h h

h
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r b b s

e s

q
q q a q

q a
( ) =

+ ( ) ≈ ( ) − ( )  >
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



 0 9.
	 (4)

The heat transfer of the bubbles hb  is calculated with the equation of Baskakov et al. [3].
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The heat transfer of the emulsion he  is calculated with the following equations [1]:
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The conductivities of the mixtureλew
0  (wall) and λe

0 (bulk) in eqns (7) and (8) are calculated 
with the ratios of effective thickness of gas film around a contact point to particle diameter  
(φw  for contact between tube wall and particle andφ  for contact between adjacent particles) 
according to eqns (9) and (10) and with the thermal conductivities of gasλg  and solidsλs .

	 φ λ λw s g= 





−

0 2495
0 157

. /
.

	 (9)

	 φ λ λ= 





−

0 1876
0 170

. /
.

s g 	 (10)

For approximating the contact time tc in eqn (6), either the approach of Martin [28] in eqn 
(11) or the approach of Kim et al. [8] in eqn (12) can be used.

	 t p
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θ

θ
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2 	 (11)

Table 2: Excerpt from the simulation setup. Details in Ref. [45].

Time step size 5 10 4⋅ − s  
Grid size at tube surface/inlet/bulk region 0 875. mm/1 75. mm/3 5. mm (cut-cell approach)
Fluid-solid interactions Huilin-Gidaspow [48] with sphericity factor ψ
Solid-solid interactions Syamlal [49]
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The parameters p1 and p2 in eqns (6) and (11) are chosen in a way that they predict the exper-
imental data accurately enough and are in a physically reasonable range (see section 4). The 
valuesds θ( ), Ar θ( ) and v s θ( ) are averaged over the volume fractions of the granular phases 
in the cells. A sampling interval of∆ t = 6s after fully developed fluidization yielded time- 
independent mean time-averaged heat transfer coefficients.

4  RESULTS AND DISCUSSION
The experimental heat transfer coefficients from the OPHT and CSHT measurements are in 
good agreement after the iterative FEM correction and increase with the superficial air velocity 
(see Fig. 3 and Table 3). The FEM simulations can be terminated after the fifth iteration  
( j = 5) when the corrected heat transfer coefficient does not change significantly and the 
simulated surface temperature , ,Tsurf FEM 5 is in agreement with the measured ,Tsurf meas . The 
numerical heat transfer coefficients calculated with the contact time after Kim et al. with eqn 
(12) do not show the tendency of increasing average heat transfer coefficient hnum with rising 
gas velocity. However, when the contact time is calculated according to Martin with eqn (11), 
this tendency is predicted correctly. The simulations have been carried out with the parame-
ters set to .p1 0 01=  and p2 25=  and are discussed below in more detail.

The parameter .p1 0 01=  used to weight the gas convection is smaller than in the original 
correlation (0 05.  [1]) for the average heat transfer, since the mean local velocity around the 
tube is about five times higher than the superficial velocity. The parameter p2 25=  leads to 

Figure 3: Time-averaged experimental and numerical mean values (∆ =t 6s) of heat transfer 
coefficients for different superficial air velocities.
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similar contact times as eqn (12) with tube area-weighted average values in the range of .0 12s 
(0 30. m/s) to .0 23s (0 10. m/s), being in good agreement with the literature [8, 10].

For both the CSHT and the numerical obtained values, the heat transfer is high at the side 
walls of the tube and low at the top. Due to the strong coupling, this phenomenon can be 
explained by the hydrodynamic behavior. Figure 4 gives an insight into the fluidization pro-
cess by showing the instant and time-averaged solids distribution and the time-averaged gas 
and solid velocity fields. Although the heat transfer coefficient around the horizontal tube is 
calculated with the instant hydrodynamic values, the time-averaged mean values depicted in 
Fig. 5 can be used to explain the profiles in Fig. 3. At the top of the probe (120 180− °) the 
solid volume fraction is high and the solid velocity low, resulting in high contact times and 
low heat transfer to the emulsion, see eqns (6) and (11). A relatively high solid volume 

Table 3: Summary of experimental and numerical results.

0 10. m/s 0 15. m/s 0 20. m/s 0 25. m/s 0 30. m/s

hmeas OPHT, /W m K2





 219 281 327 355 386

hcorr CSHT, , /5
2W m K




 260 322 345 379 397

∆Tsurf meas FEM, ,−  5 K  0 50. 0 18. 0 17. 0 19. 0 10.

hnum Martin, /W m K2





 355 381 397 402 409

hnum Kim, /W m K2





 374 364 361 356 357

∆t tc Martin Kim c Kim, ,/− −   0 32. 0 01. −0 21. −0 32. −0 32.

Figure 4: Contours of instant (left, t = 7s) and time-averaged (right, ∆t = 6s) solid volume 
fraction with time-averaged gas (left) and time-averaged particle (right) velocity 
fields for a superficial air velocity of .0 20 m/s.
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fraction combined with high gas and particle velocities and hence small contact times leads 
to a very high heat transfer coefficient at the sides of the tube (60 120− °). At the bottom  
(0 60− °) the contact times are also small, but since there is less volume fraction the emulsion 
heat transfer is dominated by the gas velocities and volume fractions and the resulting thermal 
conductivities, see eqns (6) and (7). Furthermore the overall heat transfer coefficient at the 
bottom is decreased due to the increasing influence of the deteriorated heat transfer of the 
frequently impinging bubbles, see eqn (4).

While simulation and experiment are in good agreement at the side walls and on top of the 
tube, especially for high superficial air velocities, the simulation overpredicts the local heat 
transfer at the bottom of the tube, especially for low superficial air velocities. The simulations 
also overpredict the overall heat transfer. With increasing superficial air velocity the simula-
tion using eqn (11) according to Martin follows the experimental trend on top of the tube 
(Fig. 3) due to the correct reduction of the contact time (Fig. 5).

At the bottom the numerical heat transfer coefficient does not increase like in the experi-
ment, but rather stays at an almost constant high value. Since the hydrodynamic properties 
(Fig. 5) governing the correlation are also not depending on the superficial air velocity 

Figure 5: Time-averaged (∆ =t 6s) numerical MEAN values of gas velocity (top left), solid 
velocity (bottom left), solid volume fraction (top right) and relative contact time 
(bottom right) around the horizontal tube for different superficial air velocities.
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dominating the heat transfer in this region, the correlative-simulative approach in this form 
only possesses limited applicability when bubble and gas convection play a predominant 
role.

For this purpose, the hydrodynamics are further analyzed in Fig. 6, with respect to their 
applicability for correlative heat transfer prediction. The depicted area-weighted relative values 
for superficial velocity i are calculated according to eqns (13) and (14), exemplarily for the 
contact timetc.

	 t t tc MEAN rel i c MEAN i c MEAN max, , , , , , ,/= 	 (13)

	 t t t t tc RMSE rel i c RMSE i c RMSE max c MEAN i c MEAN ma, , , , , , , , , , ,/ / /= ( ) xx( )	 (14)

While the relative MEAN values illustrate the magnitude of the absolute instant values, the 
relative RMSE (root mean square error) values represent the magnitude of the fluctuation of 
the instant values. With increasing superficial air velocity the MEAN values of gas velocity/
solid velocity/solid volume fraction do not show the required tendency (increase/increase/ 
decrease) for the correlative calculations. Only the MEAN contact time decreases, governing 
the dominant heat transfer on the upper half of the tube and therefore increasing the MEAN 
heat transfer coefficient. When considering the RMSE values, they all exhibit the expected 
increase with rising superficial air velocity, indicating improved mixing behavior and conse-
quently better applicability for correlative heat transfer calculations. For brevity, only the 
overall tube area-weighted values are depicted. The improved tendencies of the RMSE values 
over the MEAN values could also be observed for the angle dependent local values of the 
hydrodynamics. As a result, the next step is to adapt the respective terms of the correlation for 
combined numerical-correlative heat transfer predictions based on local fluctuation of hydro-
dynamic values (RMSE), representing the heat transfer governing mixing behavior around 
the tube.

Figure 6: Time-averaged (∆t = 6s) and area-weighted (overall tube surface) numerical 
MEAN (solid lines) and RMSE (dashed lines) values of the relative heat transfer 
coefficient and the hydrodynamic values influencing its calculation.
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5  CONCLUSIONS
Heat transfer between a gas–solid fluidized bed and an immersed horizontal tube is investi-
gated experimentally and numerically. The measured angle dependent heat transfer coefficients 
are corrected to account for radial heat losses through the probe in a 2D-FEM simulation and 
validated with the surface temperature and overall heat transfer measurements. The numeri-
cal-correlative calculated heat transfer coefficients are in good agreement with the experiment 
for higher superficial gas velocities in the upper region of the horizontal tube. This correlative 
approach therefore yields an effective method allowing three dimensional simulations of the 
fluidized bed geometry with heat transfer predictions, using only two substantiated fitting 
parameters. In the lower region and for superficial gas velocities close to minimum fluidiza-
tion, the instant or mean hydrodynamics are not able to predict the heat transfer with high 
accuracy. A promising approach to overcome this drawback is the implementation of RMSE 
values in the correlation, representing the fluctuation of the hydrodynamics and therefore the 
mixing behavior of the fluidized bed.
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