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Abstract—This paper reported an experimental research of 

steady-state heat transfer behaviour of a gas flowing through a fixed 
bed under the different operating conditions. Studies had been carried 
out in a fixed-bed packed methanol synthesis catalyst percolated by air 
at appropriate flow rate. Both radial and axial direction temperature 
distribution had been investigated under the different operating 
conditions. The effects of operating conditions including the reactor 
inlet air temperature, the heating pipe temperature and the air flow rate 
on temperature distribution was investigated and the experimental 
results showed that a higher inlet air temperature was conducive to 
uniform temperature distribution in the fixed bed. A large temperature 
drop existed at the radial direction, and the temperature drop increased 
with the heating pipe temperature increasing under the experimental 
conditions; the temperature profile of the vicinity of the heating pipe 
was strongly affected by the heating pipe temperature. A higher air 
flow rate can improve the heat transfer in the fixed bed. Based on the 
thermal distribution, heat transfer models of the fixed bed could be 
established, and the characteristics of the temperature distribution in 
the fixed bed could be finely described, that had an important practical 
significance. 

 
Keywords—Thermal distribution, heat transfer, axial-flow, fixed 

bed.  

I. INTRODUCTION 
ETHANOL shows great advantages in properties, 
economy and its practical application as an alternative 

fuel [1]. Large scale methanol synthesis is the trend of the 
methanol industry in the world and corresponding methanol 
synthesis reactor technology is necessary for large scale 
methanol production [2]. Fixed-bed, due to their high surface 
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area-to-volume ratio is widely used in the chemical and process 
industries as reactors, ion exchange columns and absorption 
towers [3]. Especially the randomly packed bed reactors, 
because of their low cost and ease of use compared to other 
packing methods, are often used in applications in which the 
need for the removal of heat from highly-exothermic chemical 
reactions (e.g., methanol synthesis from syngas). Randomly 
packed beds will most probably remain the “default” catalytic 
reactor for at least a few more decades, mainly because of their 
advantages above [4].  

Heat transfer can play a crucial role in determining the 
performance of such devices and has therefore been a subject of 
numerous investigations over the past few decades. Many 
papers have been published on heat transfer in fixed bed 
approaching several facets of this subject. 

Single phase reacting flows in a randomly packed bed 
reactor were investigated by Freund et al. [5] with LBM 
method. 

Stefan et al. [6] developed a composite heat transfer 
correlation for saturated flow boiling in small channels, which 
includes nucleate boiling and convective heat transfer terms 
while accounting for the effect of bubble confinement in small 
channels.  

Dixon et al. [7] simulated the heat transfer in fixed beds of 
spheres via established CFD models, and validated by 
comparison to experimental measurements in a pilot-scale rig. 
The agreement between CFD simulations and experimental 
data was very satisfactory. 

Guardo et al. [8], studied two different configurations: 
forced convection at low pressure (with air as circulating fluid) 
and mixed convection at high pressure (with supercritical CO2 
as circulating fluid), and then compared the numerical data with 
the previously published data. They obtained a novel 
CFD-based correlation for free, forced and mixed convection at 
high pressure. 

Calis et al. [9] used a commercial CFD code to predict the 
pressure drop characteristics of packed beds of spheres that 
have a channel-to-particle-diameter ratio of 1.00 to 2.00, with 
an average error of about 10%, and this error is acceptable for 
design purposes. 

Jian Xu et al. [10] have studied the detailed axial temperature 
distribution in a two-stage process for catalytic partial 
oxidation of methane to syngas, and found that both oxygen 
splitting ratio and gas hourly space velocity (GHSV) have 
significant influence on the temperature profile in the reactor. 

Jianmin Wu et al. [11] investigated the thermal conductivity 
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of cobalt-based catalyst powder compacts, and found that the 
thermal conductivity of the catalyst specimens increases 
linearly with temperature and density and practically 
independent of the particle size of the powder in an atmosphere 
of air, while the porosity dependence of the thermal 
conductivity is inverse to that of density. 

Dongsheng Wen et al. [12] have measured both radial and 
axial direction temperature distribution under the constant wall 
temperature conditions. Effective thermal conductivities and 
convective heat transfer coefficient have been derived based on 
the steady-state measurements and the two-dimensional axial 
dispersion plug flow (2DADPF) model. 

Although one dream of some engineers and scientists may be 
that heat transfer results can be obtained for all systems through 
strictly numerical methods clearly that has not come to pass and 
probably never will. The need for experiments remains strong. 
Even with the success of numerical analysis, in solving 
conduction and laminar flow problems, calculations for 
turbulent and some separated flows still require experimental 
input for empirical constants and verification. Also one still 
needs thermodynamic and transport properties of materials for 
real problems and these unfortunately cannot be calculated 
accurately from first principles. Thus the need for 
measurements is clear, and measurements require sensors, data 
acquisition systems, and readout equipment. The development 
of better, simpler, and more accurate measurement techniques 
was the subject of the present section. This relates to 
experimental methods in heat transfer research and 
applications. These are the subcategories of the present section. 

This paper aims principally to obtain more comprehensive 
experimental information of temperature field in the interior of 
a fixed bed including radial and axial temperature distribution, 
temperature difference between center and edge of the reactor 
and the effect of operating conditions on the temperature 
distribution. The simulation of a reactor for a strongly 
exothermic process based upon a model accounting for velocity 
and temperature profiles. The present work can provide reliable 
experimental data for the establishment of the two-dimensional 
pseudo-homogeneous heat transfer model. 

II.  EXPERIMENT 

A.  Experimental Apparatus  
The apparatus had been designed, constructed and 

commissioned by local plant in our university as shown in Fig. 
1. The internal diameter of the fixed bed reactor was 100 mm 
and the height was 500 mm, which was made of stainless steel 
and insulated externally with 10 mm vacuum layer and 200 mm 
glass wool, the sketch was showed in Fig. 2. The influence of 
fixed bed height on the effective radial thermal conductivity 
and the wall coefficient can be disregarded when the 
tube-to-particle diameter ratio N>100. A 15mm copper rod 
with 10mm electrical heating pipe inside, with a Φ3mm 
thermowell located in tangential position and through the wall 
of the copper rod, was inserted in the center of the fixed bed to 
provide stable heat source and accurate temperature. The 

thermocouple can be inserted into the thermowell to monitor 
the wall temperature and kept the temperature uniform by 
connecting with the temperature control panel. There were 12 
thermowells located at four radial positions of 25, 33.5, 45.5, 
and 48.5 mm from the reactor centerline. Axial temperature 
profile can be measured by the thermocouples located at six 
axial positions of 20, 80, 140, 200, 260 and 320mm from the 
inlet. At the same time, radial temperature profiles were 
obtained by these thermocouples in each of the axial position, 
where the thermocouples were located at the same section. The 
temperature measuring points of thermocouples on each bed 
section were shown in table I. Two steel gas distributing plates 
and two conical gas distributors were located on the both sides 
of the bed in order to guarantee the gas inlet and outlet was 
uniform distribution. The inlet air temperature was measured 
by a thermocouple located in the inlet of the main bed section. 

 

 
Fig. 1 Experimental flow sheet 

1-Air compressor; 2-Dryer; 3- Rotameter; 4-Preheater;  
5- Temperature controller; 6-Temperature demonstrator;  

7-Heating pipe; 8-Catalyst; 9- Insulating layer 
 
 
 

 
 
 

            Fig. 2 Sketch of fixed-bed reactor 
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TABLE I 

TEMPERATURE MEASURING POINTS OF THERMOCOUPLES ON EACH BED 
SECTION 

Axial 
(Number) 

Height 
(mm) 

Measuring points 
r1 (mm) r2 (mm) r3 (mm) r4 (mm) 

1 20 25 33.5 45.5 48.5 
2 80 25 33.5 45.5 48.5 
3 140 25 33.5 45.5 48.5 
4 200 25 33.5 45.5 48.5 
5 260 25 33.5 45.5 48.5 
6 320 25 33.5 45.5 48.5 

 
All temperature signals were collected by a data acquisition 

system and thermocouple amplifier was used to achieve high 
accuracy of temperature measurements. The heating pipe was 
provided by a three-zone ceramic heater controlled by an 
independent temperature control unit. Experiments were 
performed in steady states under different operating conditions.  

All thermocouples were calibrated before use and were 
found to have an accuracy of 0.1℃. Heat conduction through 
the stainless-steel supporting rod and arms was found to be 
small due to high tube-to-particle diameter ratio N. As the 
temperature was not very high, the radiation effect can be 
neglected. The uncertainties of air flow rate under the 
conditions of this work were estimated to be 3% [13]. 

B.  Experiment Procedure 
The test bed was packed by pouring commercial methanol 

synthesis catalyst of Φ5×5mm into it in a random manner and 
compressed air was passed through the bed to simulate the flow 
condition of the actual reaction process. 

In Fig. 1 we illustrated the flow sheet of experimental 
procedure. The air supplied by a compressor first passed 
through the oil filter and the silica gel dryer, then the stable and 
clean compressed air passed through the pressure regulating 
valve, its flow rate was monitored by a glass rotameter and 
controlled by a flow controller, an electric preheater, connected 
to a temperature controller, heated the air to the desired 
temperature before introducing it into the fixed-bed. After 
transmitted heat with the fixed bed, the air outlet was vented 
directly. 

C.  Experiment Condition 
The experiment was carried out with the range of air 

volumetric flow rate 2~8m3/h, inlet air temperature 160~200℃, 

heating pipe temperature 210~270℃. The experimental 
measuring points were arranged in accordance with the 
orthogonal experimental design.  

It normally took about three hours (depending on the gas 
flowrate) from the cold to reach the steady state when the 
temperature profile in the packed bed did not change with time. 
For every experimental condition three replicas were made. 

III. RESULTS AND DISCUSSION 

A. Axial Temperature Distribution  
The experimental conditions were as follows: inlet air 

temperature tin=160℃, heating pipe temperature tw=255℃, air 
volumetric flow rate G=5m3/h. The steady-state temperature in 
the fixed bed at different radial position was plotted as a 
function of axial position in Fig. 3. 
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Fig. 3 Steady-state axial temperature distribution  

 
The axial temperature distribution showed in Fig. 3 had a 

similar trend at different radial position. It can be seen that at 
given operating conditions, the temperature increased 
monotonically with axial distance increasing. As known that if 
G=0m3/h, the curve of axial temperature distribution within the 
fixed bed should be a straight line, and temperature gradient 
would not exist anymore, this was consistent with the reported 
literature [14]. When the air flowed through the fixed bed and 
the air temperature was not too high, the inlet gas played a role 
in cooling the bed, its temperature increased while passing 
though the fixed bed. The higher the gas temperature reached, 
the quantity of heat took from the fixed bed was relatively 
reduced, this due to the axial temperature distribution showed 
in Fig. 4. 

B. Radial Temperature Distribution  
The experimental conditions were as follows: inlet air 

temperature tin=170℃, heating pipe temperature tw=210℃, air 
volumetric flow rate G=2m3/h. The radial temperature 
distribution at the steady state was shown in Fig. 4 for the six 
different axial positions, where the dashed lines represent the 
position of the inner wall surface of the copper rod.  
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Fig. 4 Steady-state radial temperature distribution  

 
The curves of radial temperature distribution at different 

height were similar to each other. For a given axial section, the 
temperature distribution depends on the height from the inlet, 
farther away from the inlet, the higher temperature was 
obtained. In Fig. 4, it can be seen that the temperature at the 
position of r=25mm was lower than the heating pipe 
temperature and there was a large temperature drop from the 
center to the inner wall of the reactor. With the radius 
increasing, the radial temperature decreased rapidly, this 
phenomenon mainly due to the internal thermal resistance. The 
larger the radius reached, the greater the thermal resistance of 
the bed increased, and the radial effective thermal conductivity 
decreased, the heat quantity cannot be transmitted efficiently, 
then the temperature drop appeared. 

C. Effects of the Air Flow Rate G 
The experimental conditions were as follows: inlet air 

temperature tin=180℃, heating pipe temperature tw=240℃, air 
volumetric flow rate G=2~8m3/h. The axial temperature 
distribution at the steady state was shown in Fig. 5 for the five 
different flow rates. Fig. 5(a), r=25mm; Fig. 6(b), r=45.5mm. 
The curve type was corresponding to the reported literature 
[15-16]. The radial temperature distribution at the steady state 
was shown in Fig. 6 for the five different air volumetric flow 
rates, where the dashed lines represent the position of the inner 
wall surface of the copper rod. Fig. 6(a), L=80mm; Fig. 6(b), 
L=260mm. 
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Fig. 5 (a) Effect of flow rate on axial temperature distribution 
(r=25mm) (b) Effect of flow rate on axial temperature distribution 

(r=45.5mm) 
 

A comparison between Fig. 5(a) and Fig. 5(b) indicates that 
the non-uniformity of the axial temperature distribution 
increased with air volumetric flow rate increasing. In Fig. 5(a), 
there was a unusual phenomenon that the temperature curves 
almost overlapped with each other, this was mainly due to the 
heat supplied by the heating pipe was far more than the heat 
removed by the air. The temperature distribution of the position 
L=20&320mm did not line to this law, that because the heat 
loss was inevitable at the inlet and outlet of the reactor. Scilicet, 
in the vicinity of the heating pipe, the effect of flow rate on 
temperature was slight even negligible. In Fig. 5(b), it can be 
seen that the distribution was S-shaped for all air flow rate other 
than 2m3/h. For a given flow rate, the temperature increased 
with axial distance increasing slowly first at L < ~ 150mm, then 
rapidly at L= 150~250mm, and finally slowly again at L >  
250 mm. Fig. 5(b) also represented a temperature drop at the 
vicinity of the outlet at 2m3/h. The temperature drop was firstly 
due to the low flow rate that the air could not transmite the heat 
promptly and secondly due to the heat losses from the bed 
outlet which was inevitable. As models for heat transfer in 
packed beds often lump the flow rate into the effective 
wall–fluid heat transfer coefficient, the above results suggest 



International Journal of Chemical, Materials and Biomolecular Sciences

ISSN: 2415-6620

Vol:7, No:4, 2013

226

 

 

that the heat transfer coefficient be a function of the flow rate. 
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Fig. 6 (a) Effect of flow rate on radial temperature distribution  
(L=80mm) (b) Effect of flow rate on radial temperature distribution 

(L=260mm) 
 

Fig. 6 indicated the effected of the air volumetric flow rate 
on the radial temperature distribution. At the position of 
r=25mm, L=320mm, the temperature increased slightly with 
the flow rate increasing, take many factors into consideration, 
such as measurement error, the temperature at this position can 
be considered invariant, this result corresponding to the 
previously obtained conclusion. With the radius increased, the 
effect of flow rate became prominently, this was mainly due to 
the internal thermal resistance of the bed. The larger the radius 
reached, the greater the thermal resistance of the bed, and the 
lower temperature appeared. Depending on the heat transfer 
rate equations(1) and (2), 1α is a function of Reynolds 
number ,while Reynolds number is a function of the flow rate, 
so K increased with the flow rate increasing, that why the radial 
temperature distribution increased with the flow rate 
increasing. 

 
mQ KA t= Δ                                          (1) 

 

 
In the equation,  
Q- Heat transfer quantity;  
K- Total heat transfer coefficient;  
A- Heat transfer area; 

mtΔ - Mean temperature difference.  
 

1 2

1 1 1 R
K

δ
α α λ

= + + +                              (2) 

In the equation, 
1α , 

2α - cold/thermal fluid heat transfer coefficient, 
W/(m2·K); 
λ- Thermal conductivity of wall, W/(m·K); 
δ- Pipe wall thickness, m; 
In conclusion, the temperature at radial positions other than 

the heating pipe vicinity increased with the flow rate increasing, 
and the increasing rate increased as the radius increasing. 
Under different air volumetric flow rates, temperature 
decreased at different rates. The increase of flow rate facilitated 
heat transfer in the fixed bed. 

D. Effect of Inlet Air Temperature tin 
The experimental conditions were as follows: inlet air 

temperature tin=160~200℃, heating pipe temperature tw=240℃, 
air volumetric flow rate G=3.5m3/h. The axial temperature 
distribution at the steady state was shown in Fig. 7 for the five 
different inlet air temperatures, and the radial temperature 
distribution at the steady state was shown in Fig. 8 for the five 
different inlet air temperatures, where the dashed lines 
represent the position of the inner wall surface of the copper 
rod. Fig. 7, r=45.5mm; Fig. 8, L=260mm.  
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Fig. 7 Effect of tin on axial temperature distribution 

 
Fig. 7 indicated that the average temperature of the fixed bed 

increased with the inlet air temperature increasing, but the 
temperature difference between the reactor outlet and inlet 
decreased with the inlet air temperature increasing. When the 
other experimental conditions remained unchanged, with the 
inlet air temperature increasing, the difference between tin and 
tw becoming smaller, heat transfer quantity Q carried by a 
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certain amount of gas from the upper part reducing, the 
following section of the bed did not have enough Q to elevate 
its temperature to higher level. For these reasons, with the 
increasing of the inlet air temperature, the axial temperature 
increasing rate would slow down and the distribution would 
tend to a line distribution at last. 

15 20 25 30 35 40 45 50 55
130

140

150

160

170

180

190

200

210

 

 

t/℃

r/mm

 tin=160℃

 tin=170℃

 tin=180℃

 tin=190℃

 tin=200℃

Fig. 8 Effect of tin on radial temperature distribution 
 

Fig. 8 showed that the average temperature of the bed at the 
position of L=260mm increased with the inlet air temperature 
increasing. Different with the influence of the gas flow rate, the 
temperature in the vicinity of the heating pipe changed with the 
inlet air temperature, this results firstly due to the higher inlet 
air temperature of the flowing air that could contain more heat 
quantity Q, and the cross sections of the bed can got more Q to 
improve the temperature; Secondly, with the inlet air 
temperature increasing , the internal thermal resistance of the 
fixed bed become bigger(with tin increasing, the Reynolds 
number increasing, K decreasing, then the internal thermal 
resistance increasing), the effect of the heating pipe in this 
area(r=25mm) was not great any more. 

E. Effect of Heating Pipe Temperature tw 
The experimental conditions were as follows: inlet air 

temperature tin=180℃, heating pipe temperature tw=210~270℃, 
air volumetric flow rate G=3.5m3/h. The axial temperature 
distribution at the steady state was shown in Fig. 9 for the five 
different heating pipe temperatures, and the radial temperature 
distribution at the steady state was shown in Fig. 10 for the five 
different heating pipe temperatures, where the dashed lines 
represent the position of the inner wall surface of the copper 
rod. Fig. 9, r=45.5mm; Fig. 10, L=260mm. 
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Fig. 9 Effect of tw on axial temperature distribution 

 
Fig. 9 illustrated the effect of heating pipe temperature on the 

axial temperature distribution. By increasing the heating pipe 
temperature, which caused the average temperature of the fixed 
bed increased, and the temperature differences between outlet 
and inlet also increased. As shown in Fig. 9 the higher the 
heating pipe temperature, the greater influence on axial 
temperature distribution. With the other experimental 
conditions remain unchanged, when the heating pipe 
temperature increasing, the more quantity heat which produced 
by the heating pipe can be brought to the following section by 
the flowing air in a unit time, then the temperature of these 
positions increased. While tw< ~225℃, tin=180℃, the heat 
transfer quantity supplied by the heating pipe less than the heat 
quantity removed by the inlet gas, the area L<50mm was heated 
by the inlet gas, that why the effect of heating pipe temperature 
was not obvious; while tw>255℃, the temperature difference 
between tw and tin was increased, the effect was gradually 
emerging, increased the heating pipe temperature was not 
conductive to the axial temperature distributed uniformly. 
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Fig. 10 Effect of tw on radial temperature distribution 
 

Fig. 10 illustrated the effect of heating pipe temperature on 
the radial temperature distribution. With the heating pipe 
temperature increasing, the average temperature of the fixed 
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bed obviously increased, especially in the area near the heating 
rods, where the temperature increased conspicuously. While 
the other experimental conditions were kept constant, with the 
heating pipe temperature increasing, the more heat quantity 
which produced by the heating pipe could be brought to the 
fixed bed, then the temperature of the bed at the radial position 
automatically increased. However with the radius increasing, 
the thermal resistance of the bed also increased rapidly and 
reached the maximum at the edges of the bed, the heat provided 
by the heating pipe might not well be transmitted to the edge of 
the bed, which cause the effect of heating pipe temperature was 
not conductive to the radial uniform temperature distribution. 
The effect of heating pipe temperature on the center area of the 
bed was stronger than outer edge of the bed. In conclusion, if 
the heating pipe temperature was too high, it will cause the 
temperature difference between center area and outer edge of 
the bed at cross sections too large, which was not conducive to 
the uniform temperature distribution of the bed and the stable 
operation of the fixed bed. 

IV. CONCLUSIONS 
The steady-state heat transfer behavior of a gas flowing 

through a fixed bed had been investigated experimentally. Both 
radial and axial direction temperature distribution had been 
measured under the different operating conditions.  

(1) The experiment was carried out in a fixed bed with the 
range of inlet air temperature 160~200℃, heating pipe 

temperature 210~270℃ and air flow rate 2~8m3/h. The 
temperature distribution shown that the axial temperature 
increased monotonically with height increasing, and radial 
temperature decreased with the radius increasing. 

(2) Operating conditions had a significant impact on the 
fixed bed that the temperature of arbitrary position in the fixed 
bed increased with the increasing of air flow rate, inlet air 
temperature or the air flow rate. The experimental results 
showed that a higher inlet air temperature was conducive to a 
uniform distribution in the fixed bed. There was a large 
temperature drop existed at the radial direction, and the 
temperature drop increased with the heating pipe temperature 
increasing. A higher air flow rate can improve the heat transfer 
in the fixed bed.  

The thermal distribution would affect the reaction rate, the 
heat storage and release rate, energy storage devices, thermal 
efficiency and other aspects, therefore, studied the temperature 
distribution in the fixed bed had a great significance. Based on 
the thermal distribution, heat transfer models of the fixed bed 
could be established, and the characteristics of the temperature 
distribution in the fixed bed could be finely described, that had 
an important practical significance.  

NOMENCLATURE 
G— air volumetric flow rate, m3/h 
L— the height from the inlet, mm 
N— tube-to-particle diameter ratio  

r  — radius, mm 
tin — inlet air temperature, ℃ 

tw — heating pipe temperature, ℃ 
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