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Abstract. A three-dimensional mathematical model of the 300 t/d gas full 
circulation oil shale retort is developed to investigate the flow-thermo-pyrolysis 
behaviors in the retorting process in this work. The velocity of reheated 
recycled gas decreases gradually from the wall regions toward the central 
regions of the retort on the same horizontal surface, and the velocity of oil 
shale is just the opposite. In the pre-heating and retorting stages, the average 
temperature of gases is about 30 °C higher than that of oil shale on the same 
level, and the temperatures of gas and oil shale both decrease gradually from 
the wall regions to the three central regions, which results in that the pyrolysis 
reaction of oil shale gradually diffuses from the former regions to the latter 
regions during the downward-moving process. The results also illustrate that 
oil shale particles larger than 50 mm and smaller than 20 mm should be mixed 
with 20–50 mm oil shale particles at a proper ratio rather than being fed into 
the retort directly, to enhance oil yield and the thermal efficiency of the retort.

Keywords: gas full circulation oil shale retort, pyrolysis, heat transfer, mass 
transfer.
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1. Introduction

The oil shale retorting, in which raw oil shale is thermally treated to convert 
it into shale oil and combustible gas, is regarded as a valuable supplemental 
industrial process of conventional oil manufacturing [1–5]. Over the past two 
decades, the oil shale retorting industry has seen substantial technological 
development. Several new technologies such as Alberta Taciuk process (ATP), 
Sanjiang (SJ) gas-combustion retorting process, Enefit-280 retort, Petroter 
retort and gas full circulation retort have been developed and commenced full 
commercial operation [6–8]. The operation situation of the world oil shale 
retorting industry is shown in Table 1.

Table 1. Operation situation of oil shale retorting in 2018 [6, 9]

Country Retorting  
process

Heat carrier 
type

Capacity,
t/d

Retort 
amount

Commencement  
of operation

China

Fushun-type Gas 100 560 1930s

SJ type Gas 300 8 2010

Gas full circulation 
type Gas 300 64 2012

ATP Solids 6000 1 2016

Estonia

Kiviter Gas

100 8 1950s

200 49 1950s

1000 2 1980s

Enefit-140

Solids

3000 2 2003

Enefit-280 6000 1 2012

Petroter 3000 3 2010s

Brazil Petrosix Gas
2500 1 1981

6000 1 1991

 
The choice of retort type depends not only on the economic, environmental 

and maturity implications of the retorting technology, but also on the 
characteristics of oil shale used [6]. For example, the SJ gas-combustion 
retorting technology can take full advantage of semi-coke and achieve the oil 
production rate higher than 90%, while exploiting Chinese Yaojie oil shale, 
which is of high oil yield (more than 11%) and high fixed carbon content 
(greater than 5.8%) [6]. However, the combustion of semi-coke can neither 
supply valuable and sufficient heat for oil shale pyrolysis nor direct extra air 
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into the retort, which massively increases the gas displacement and reduces 
the oil production rate and the combustive gas caloricity of the SJ retort, while 
retorting the oil shale from the southeastern margin of the Junggar Basin 
(China) of medium oil yield (about 7%), low fixed carbon content (about 3%) 
and high combustive gas yield [10].

Hence, the gas full circulation retort is developed to pyrolyze this oil 
shale in the current work. The retort includes a preheating stage, a retorting 
stage and a cooling stage. The retorting stage is divided into three parts by 
three support structures and the center pillar, as shown in Figure 1. In the 
retorting process, oil shale is firstly grinded and separated into different size 
ranges: 6–20 mm, 20–30 mm, 30–50 mm and 50–55 mm. The remaining 
detrital particles smaller than 10 mm are pressed into oil shale balls through 
a pelletizer. Then those particle groups are fed into the retort or fed into it 
after mixing at different proportions. Meanwhile, the reheated recycled gas is 
blown into the annular channel from the gas intake pipe and then into the retort 
via the orifices in the wall of the retorting stage and the support structures 
to supply heat for the retorting reaction, and the cold recycled gas is blown 
into the retort from the bottom to make full use of the heat of semi-coke. 

Fig. 1. The structure of the gas full circulation oil shale retort: (a) main view, (b) cross-
sectional view (A–A).

(a) (b)

1 – feeding system, 2 – collection device 
of oil-gas mixture, 3 – preheating stage, 
4 – retorting stage, 5 – reheated recycled 
gas intake pipe, 6 – cooling stage, 7 – 
cold recycled gas intake pipe, 8 – annular 
gas channel, 9 – support structure, 10 – 
retorting stage divided into three parts by 
three support structures, 11 – center pillar, 
12 – cooling water jackets, 13 – discharging 
system and cooling water pond.
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Oil shale is heated in the pre-heating and retorting stages with the recycled 
gas during the gradually yet continuously downward-flowing process, and is 
converted into semi-coke and the oil-gas mixture completely in the retorting 
stage. Semi-coke is cooled to about 370 °C by the cold recycled gas during 
flowing to the bottom of the cooling stage, then is cooled to environment 
temperature in the cooling water pond and pushed out by the pusher machine. 
Ultimately, this semi-coke with no combustion value is used to manufacture 
hollow bricks, cement and ceramsite. The oil-gas mixture flowing out from 
the top of the retort is separated to shale oil and gas by the cryogenic separator, 
the electrostatic oil separator and the water scrubbing tower. The separated gas 
is divided into three parts: reheated recycle gas, cold recycled gas and burning 
gas. The reheated recycle gas is recycled back to the retort after being heated 
by combusting the burning gas and outsourcing fuel gas through hot-blast 
stoves. The cold recycled gas is directly recycled back to the bottom of the 
retort to exchange heat with semi-coke.

The rules of oil shale and gas flows, heat transfer, pyrolysis reactions and 
mass transfer in the gas full circulation oil shale retort and other oil shale 
retorting technologies are difficult to understand because of their complexity. 
Operations and improvements of the oil shale retorts are mainly based on 
pilot-scale production and experience, without corresponding theoretical 
guidance. Therefore, the numerical analysis of the retorting process can be 
beneficial for retort design and operation improvement, which are responsible 
for heat exchange efficiency, products yield and oil quality [11–13].

However, to date, modeling studies about the flow-thermo-pyrolysis 
behaviors of the oil shale retorting process have been very few [14]. The 
primary reason is that the flow of oil shale particles and the multiple heat 
transfer processes in different stages cannot be described accurately. Unlike 
the coking process in the coke oven where coal is fixed in the regular shaped 
coking chamber, the oil shale retort usually consists of the pre-heating stage, 
the heating stage and the cooling stage or gasification stage with irregular 
shape, which results in that the flow and heat transfer characteristics are more 
complicated than those in the coke oven. Hence the flow and heat transfer 
model used in coke oven simulation cannot be applied to oil shale retort 
simulation. Besides, coupling a suitable pyrolysis model with the flow and heat 
transfer model is also difficult. Few kinetic models have been developed for 
the devolatilization of various oil shales. Even though some network pyrolysis 
models on oil shale pyrolysis have been reported, such as Functional-Group, 
Depolymerization, Vaporization, Cross-linking (FG-DVC) model, Continuing 
Professional Development (CPD) model, Flash Chain model, etc. [15–18], 
which are applicable to a wide range of oil shale types for rapid pyrolysis, they 
are extremely complex and difficult to use for the retorting process which is a 
slow devolatilization process [19].

The aim of this paper is to develop a three-dimensional mathematical model 
of the gas full circulation oil shale retort on the basis of the dual mesh method, 
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and investigate the characteristics of oil shale materials, as well as gas flows, 
heat transfer and pyrolysis reactions of the pyrolysis process in the retort. 
This work is expected to contribute to a better understanding of the retorting 
process, facilitating the optimization operation of the gas full circulation oil 
shale retort and providing a theoretical method for the numerical simulation 
of other oil shale retorting technologies.

2. Mathematical model

The height of the gas full circulation oil shale retort is 12 m, including the 4 m 
preheating stage (containing a 1.5 m storing stage), the 4.1 m retorting stage 
and the 3.9 m cooling stage. The dual mesh method is used to develop the 3-D 
mathematical model of the retort. As shown in Figure 2, the mathematical 
model of the retort consists of the oil shale flowing region and the gas flowing 
region, which are used to describe the oil shale materials flowing process 
and the gas flowing process, respectively. The corresponding grids of the 
two regions are identical and are associated through compiling programs to 
calculate the energy and mass transfer processes between oil shale and gas 
heat carrier.

To simplify the mathematical model, the following hypotheses were 
introduced: (1) The break of oil shale/semi-coke during the retorting process 
was ignored. (2) Oil shale was continuously flowing down from the bottom of 
the 1.5 m storing stage. (3) The cold recycled gas was uniformly blown into 
the retort from the bottom of the cooling stage. (4) The physical and chemical 
properties of the oil-gas mixture were identical to those of the recycled gas.

(a) (b) (c)

Fig. 2. The model of the gas full circulation oil shale retort (a), the grid partition of the 
gas flowing region (b), the oil shale flowing region (c).
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2.1. Equations governing the oil shale flowing region

Equations governing the oil shale flowing region are the following:

(1) Continuity equation:
             

 (1)

where ε represents the voidage of the oil shale packed bed, ρos is the oil shale 
density, νos is the superficial velocity, Smix is the formation rate of oil shale 
pyrolysis products.

(2) Momentum equation:

              (2)

where μos is the dynamic viscosity of oil shale particles.

(3) Energy equation:

  
,                  (3)

where Tos and Tg are the oil shale and gas temperature, respectively, cp,os and 
λos delegate the effective heat capacity and thermal conductivity of oil shale, 
respectively, Qp is the heat of gaseous pyrolysis products, Qrsis the heat of 
the pyrolysis reaction concentrating in the temperature range of 250–530 °C, 
Qq  is the vaporization latent heat of surface moisture, which is considered by 
introducing equivalent specific heat according to Jin et al. [20], Qr represents 
the radiative heat transfer among oil shale particles. By using the Rosseland 
approximation [21], the radiative heat transfer can be defined as follows:

(4)

where σ is the Stefan-Boltzmann constant, n is the refractive index, kr can 
be considered as the ‘irradiative conductivity’ [22] and βe is the extinction 
coefficient of the oil shale packing bed [23] expressed as:

                     (5)

where dp is the average particle diameter of the oil shale particle group.
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The volumetric convection heat transfer coefficient hv can be calculated 
from the following equation:

                      (6)

where hosf represents the heat transfer coefficient between oil shale and recy-
cled gas, and αosf represents the specific surface area of per unit volume. Ac-
cording to literarure [23–25], the formulas of hosf and αosf can be expressed as:

                 (7)
                      

 (8)

where Pr = (cpμ)g / λg is the Prandtl number of gas and Re = ερgdpνg / μg is the 
Reynolds number of gas.
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where p is the pressure, S is the momentum source term of gas through the oil 
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bed [26]:
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                    (13)

(3) Energy equation:

,              (14)

where cp,g and λg delegate the effective heat capacity and thermal conductivity 
of recycled gas, respectively.

2.3. Oil shale pyrolysis model

Oil shale pyrolysis is a complex reaction scheme, any set of parameters 
cannot be expected to represent kinetic data accurately over a wide range 
of conditions. Popular coal pyrolysis models are network pyrolysis models, 
but these models are valid in a rapid oil shale pyrolysis and are difficult to 
use in a slow oil shale pyrolysis. To simulate the oil shale pyrolysis process, 
the gaseous pyrolysis products (the oil-gas mixture) are regarded as one 
component, and the mixture’s physical and chemical properties are identical 
to those of the recycled gas.

The kinetic equation of the pyrolysis products generation is [27]:

(15)

where mT is the production of pyrolysis products at temperature T, mf  is the 
total production of pyrolysis products, A is the pre-exponential factor, E is 
the apparent activation energy, R is the ideal gas constant, T is the absolute 
temperature, t is the heating time, β is the heating rate of pyrolysis process, α 
is the conversion rate of oil shale, wo the initial mass of oil shale, wT is the oil 
shale mass at temperature T, wf is the oil shale mass after pyrolysis reaction.

The pyrolysis characteristics of oil shale from the southeastern margin of 
the Junggar Basin at different heating rates have been investigated through 
thermogravimetric analysis (TGA) [28, 29]. According to these data, the pre-
exponential factor and the apparent activation energy were calculated in the 
current work:

11 
 

Equations governing the gas flowing region include the following: 

(1) Continuity equation: 

,                  （9） 

where  is the density of recycled gas. 

(2) Momentum equation: 

 

,               (10) 

where  is the pressure,  is the momentum source term of gas through the oil 

shale/semi-coke bed: 

 

.              （11） 

The Ergun and Blake-Kozeny equations are used to calculate the viscous resistance 

coefficient  and inertial resistance coefficient  of the oil shale bed [26]: 

 

,                        (12) 

.                        (13) 

(3) Energy equation: 

 

( )g
g g mixv S

t
er

er
¶

+Ñ× =
¶

!!"

osr

( ) 2g
g g g g g

v
v v p v S

t
er e eµ

é ù¶
+ ×Ñ = - Ñ + Ñ -ê ú

¶ê úë û

!!"
!!" !!" !!"

p S

2
1

a 2g mag gS v C u vµ ræ ö= - +ç ÷
è ø

!!" !!"

1
a 2C

2

2 3

1 160 (1 )
a pd

e
e
-

=

2 3

1.61 (1 )

p

C
d

e
e
-

=

( ) ( ) ( ) ( )g
p p g g g g i i g v os g pg g

i

T
c c v T T h J v h T T Q

t
e r r el t

¶ é ùæ ö+ × ×Ñ =Ñ× Ñ - + × + - +ê úç ÷¶ è øë û
å

!!" !!"

11 
 

Equations governing the gas flowing region include the following: 

(1) Continuity equation: 

,                  （9） 

where  is the density of recycled gas. 

(2) Momentum equation: 

 

,               (10) 

where  is the pressure,  is the momentum source term of gas through the oil 

shale/semi-coke bed: 

 

.              （11） 

The Ergun and Blake-Kozeny equations are used to calculate the viscous resistance 

coefficient  and inertial resistance coefficient  of the oil shale bed [26]: 

 

,                        (12) 

.                        (13) 

(3) Energy equation: 

 

( )g
g g mixv S

t
er

er
¶

+Ñ× =
¶

!!"

osr

( ) 2g
g g g g g

v
v v p v S

t
er e eµ

é ù¶
+ ×Ñ = - Ñ + Ñ -ê ú

¶ê úë û

!!"
!!" !!" !!"

p S

2
1

a 2g mag gS v C u vµ ræ ö= - +ç ÷
è ø

!!" !!"

1
a 2C

2

2 3

1 160 (1 )
a pd

e
e
-

=

2 3

1.61 (1 )

p

C
d

e
e
-

=

( ) ( ) ( ) ( )g
p p g g g g i i g v os g pg g

i

T
c c v T T h J v h T T Q

t
e r r el t

¶ é ùæ ö+ × ×Ñ =Ñ× Ñ - + × + - +ê úç ÷¶ è øë û
å

!!" !!"

12 
 

（14） 

where  and  delegate the effective heat capacity and thermal conductivity of 

recycled gas, respectively. 

 

2.3. Oil shale pyrolysis model 

Oil shale pyrolysis is a complex reaction scheme, any set of parameters cannot be 

expected to represent kinetic data accurately over a wide range of conditions. Popular 

coal pyrolysis models are network pyrolysis models, but these models are valid in a 

rapid oil shale pyrolysis and are difficult to use in a slow oil shale pyrolysis. To 

simulate the oil shale pyrolysis process, the gaseous pyrolysis products (the oil-gas 

mixture) are regarded as one component, and the mixture’s physical and chemical 

properties are identical to those of the recycled gas. 

  The kinetic equation of the pyrolysis products generation is [27]: 

 

,（15） 

where  is the production of pyrolysis products at temperature ,  is total 

production of pyrolysis products,  is the pre-exponential factor,  is the apparent 

activation energy,  is the ideal gas constant,  is the absolute temperature,  is 

the heating time,  is the heating rate of pyrolysis process,  is the conversion 

rate of oil shale,  the initial mass of oil shale, is the oil shale mass at 

temperature ,  is the oil shale mass after pyrolysis reaction. 

  The pyrolysis characteristics of oil shale from the southeastern margin of the 

,p gc gl

2

2

2! 3!exp exp 1 ...
/ ( / )

fAmdm E ART E
dT RT E RT E RT E RTb b

é ùæ öæ ö= - - - × + + +ê úç ÷ç ÷
è ø è øë û

Tm T fm

A E

R T t

b a

0w Tw

T fw

13 
 

Junggar Basin at different heating rates have been investigated through 

thermogravimetric analysis (TGA) [28, 29]. According to these data, the 

pre-exponential factor and the apparent activation energy were calculated in the 

current work: 

, . 

 

3. Results and discussion 

3.1. Flowing process in the retort 

3.1.1. Flowing characteristics of gas 

Figure 3 shows the flowing characteristics of gases and gaseous pyrolysis products. 

To ascertain the flowing characteristics of the main heat carrier (the reheated recycled 

gas), this paper firstly simulated its flowing process in the retort without regarding the 

generation of gaseous pyrolysis products and the flowing of the cold recycled gas. 

The reheated recycled gas flows firstly from the gas intake pipes into the annular 

channel, then into the in-core of the retort via the orifices in the wall of the retorting 

stage and support structures, and thereafter flows upward to heat the descending oil 

shale particles. Because of the resistance of the oil shale packing bed, the velocity of 

the reheated recycled gas is decreasing gradually during flowing to the three central 

parts of the retorting stage. This also shows that about 8.99% of the reheated recycled 

gas flows into the center pillar and then into the top half part of the retorting stage 

through the orifices connecting the center pillar and the retorting stage, to enhance the 

17 13.4A e s+ -= 280 kJ/molE =

11 
 

Equations governing the gas flowing region include the following: 

(1) Continuity equation: 

,                  （9） 

where  is the density of recycled gas. 

(2) Momentum equation: 

 

,               (10) 

where  is the pressure,  is the momentum source term of gas through the oil 

shale/semi-coke bed: 

 

.              （11） 

The Ergun and Blake-Kozeny equations are used to calculate the viscous resistance 

coefficient  and inertial resistance coefficient  of the oil shale bed [26]: 

 

,                        (12) 

.                        (13) 

(3) Energy equation: 

 

( )g
g g mixv S

t
er

er
¶

+Ñ× =
¶

!!"

osr

( ) 2g
g g g g g

v
v v p v S

t
er e eµ

é ù¶
+ ×Ñ = - Ñ + Ñ -ê ú

¶ê úë û

!!"
!!" !!" !!"

p S

2
1

a 2g mag gS v C u vµ ræ ö= - +ç ÷
è ø

!!" !!"

1
a 2C

2

2 3

1 160 (1 )
a pd

e
e
-

=

2 3

1.61 (1 )

p

C
d

e
e
-

=

( ) ( ) ( ) ( )g
p p g g g g i i g v os g pg g

i

T
c c v T T h J v h T T Q

t
e r r el t

¶ é ùæ ö+ × ×Ñ =Ñ× Ñ - + × + - +ê úç ÷¶ è øë û
å

!!" !!"



325Numerical study of the flow, heat transfer and pyrolysis process in the gas full circulation oil shale retort

3. Results and discussion

3.1. Flowing process in the retort

3.1.1. Flowing characteristics of gas

Figure 3 shows the flowing characteristics of gases and gaseous pyrolysis 
products. To ascertain the flowing characteristics of the main heat carrier (the 
reheated recycled gas), this paper firstly simulated its flowing process in the 
retort without regarding the generation of gaseous pyrolysis products and the 
flowing of the cold recycled gas. The reheated recycled gas flows firstly from 
the gas intake pipes into the annular channel, then into the in-core of the retort 
via the orifices in the wall of the retorting stage and support structures, and 
thereafter flows upward to heat the descending oil shale particles. Because 
of the resistance of the oil shale packing bed, the velocity of the reheated 
recycled gas is decreasing gradually during flowing to the three central parts of 
the retorting stage. This also shows that about 8.99% of the reheated recycled 
gas flows into the center pillar and then into the top half part of the retorting 
stage through the orifices connecting the center pillar and the retorting stage, 
to enhance the heating efficiency in the center part of the retort. Previously, 
the authors of the present paper had investigated the gas flow distribution in 
the retorting stage through a 1:5 scale three-dimensional cold physical model 
of the gas full circulation retort and found the distribution of the reheated 
recycled gas flow in the retorting stage to be maldistribution [30, 31]. The 
results of the mathematical model study obtained in this work were consistent 
with those of the physical model found by the authors earlier [30, 31].

Fig. 3. The flowing traces ((a), X = 0 plane) and velocity contours ((b), Y = 5.37 m 
plane) of gases and gaseous pyrolysis products in the retort.

(a) (b)



326 Luwei Pan et al.

Then the pyrolysis reaction and the cold recycled gas flow were added in 
the mathematical model and the flow-thermo-pyrolysis process of the retorting 
process was investigated. In the retorting process, the cold recycled gas flows 
into the retort from the bottom of the cooling stage to make full use of the heat 
of spent shale, and is mixed with the reheated recycled gas at the bottom of 
the retorting stage. Part of the mixed recycled gas flows upside directly into 
the retorting stage. The other part of the mixed recycled gas (about 10.35%) 
flows into the center pillar and then into the top half part of the retorting stage 
through the orifices, which play an important role in heating the oil shale 
particles in the center part of the retort.

3.1.2. Flowing characteristics of oil shale particles

Figure 4 shows the flowing characteristics of oil shale/spent shale in the 
retort. During the downward-moving process, the flowing velocity of oil shale 
particles near the retort wall is smaller than that of the particles at the center of 
the retort on the same horizontal surface, and the velocity increases gradually 
from the wall toward the central region, due to the viscous force between the 
particles and the wall. Ying [32] simulated the axial and radial movement of 
particle materials using a physical Corex shaft furnace (model diameter 40 cm), 
and found that the particle velocity in the central region (radial 10–30 cm) of the 
shaft furnace was about 20 cm/h while the particle velocity near the side wall 
region (radial 0–10 cm and 30–40 cm) was linearly distributed at 2–20 cm/h, 
which was caused by the resistance of the furnace wall. Zhou et al. [33] and 
Zhang et al. [34] also found that the particles flow patterns in the shaft furnace 
showed an obvious profile evolution of ‘Flat’ to ‘U’ shape due to the friction 
between the particles and the wall in the downward-moving process.

Fig. 4. The flowing traces ((a), X = 0 plane) and velocity contours ((b), X = 0 plane, 
(c), Y = 4.95 m plane) of oil shale/spent shale in the retort.

(a) (b)

(c)
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While the oil shale particles moving downward to the middle of the retorting 
stage at which the retort is divided into three parts by the center pillar and 
support structures, the particle velocity changes more significantly because 
the cross-section area is decreased by 27% compared to that of the pre-heating 
stage. Also, the oil shale particles can only move to the pre-heating stage from 
around the conical device which is used for collecting the oil-gas mixture, 
causing the particle velocity to be much smaller at the bottom of the device.

3.2. Heat transfer process in the retort

Fig. 5. The mass-weighted average temperature distribution of oil shale/spent shale 
and gases/gaseous products along the height of the retort.

Figure 5 shows the mass-weighted average temperature profile of oil shale/
spent shale and gases/gaseous pyrolysis products along the height of the retort. 
Figures 6–8 display the temperature contours of oil shale/spent shale and gases/
gaseous pyrolysis products in the retort. In the pre-heating and retorting stages, 
the temperature of gases is about 30 °C higher than that of oil shale on the 
same horizontal surface. Consequently, oil shale can be heated above 530 °C 
by the ascending high-temperature gases and pyrolyzed completely while 
moving downward to the bottom of the retorting stage. Meanwhile, the 640 °C 
reheated recycled gas, the gaseous pyrolysis products and the cold recycled 
gas having absorbed heat from spent shale are cooled down to about 85 °C and 
exhausted out from the conical device.

In the cooling stage, the broiling spent shale is cooled to 388 °C during 
moving down to the bottom of the stage by the cold recycled gas. Meanwhile, 
the heat exchange of the cold recycled gas with spent shale is basically 
stabilized as the gases ascend to the top of the cooling stage.
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Figures 6–8 illustrate that the radial temperature distribution of the gases 
and oil shale/spent shale in the retort is uneven. The temperature of the gases 
and oil shale/spent shale decreases gradually from the retort wall regions 
to the central regions of the pre-heating and retorting stages. For example, 
the temperature of oil shale near the wall region exceeds 600 °C while the 
temperature of oil shale at the center of the three regions is about 475 °C at 
the height of 4.95 m (the height of the center line of the reheated recycled 
gas). This is mainly because of the non-uniform velocity distribution of the 
reheated recycled gas and oil shale, as described above. The flow rate of oil 
shale in the central regions is much higher and consequently, oil shale absorbs 
more heat, while on the contrary, both the velocity and temperature of the 
reheated recycled gas, which is the main heat carrier in the retort, gradually 
decrease through the heat transfer with oil shale particles during jetting from 
the orifices to the three central regions of the retorting stage. Similarly, the 
temperature of spent shale and the cold recycled gas increases gradually from 
the retort wall region to the central region in the cooling stage because the 
flow rate of the broiling spent shale is much higher in this stage.

Fig. 6. The temperature contours of oil shale/spent shale (a) and gases/gaseous 
pyrolysis products (b) in the retort at X = 0 plane.

(a) (b)
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Fig. 7. The temperature contours of oil shale/spent shale at different heights of the 
retort: (a) 7.95 m; (b) 6.45 m; (c) 5.45 m; (d) 4.95 m; (e) 4.45 m; (f) 3.95 m; (g) 3.47 m; 
(h) 2 m; (i) 0.38 m.

(a) (b) (c)

(d) (e) (f)

(g) (h) (i)
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Figure 6 also illustrates that the temperature of gases is lower than that of 
oil shale in the three central regions of the retorting stage, which is mainly 
because the temperature of gaseous products generated actively from the 
shales in those regions is between 400 and 500 °C, which will reduce the mean 
temperature of gas after mixing it with the recycled gas.

Fig. 8. The temperature contours of gases/gaseous pyrolysis products at different 
heights of the retort: (a) 7.95 m; (b) 6.45 m; (c) 5.45 m; (d) 4.95 m; (e) 4.45 m;  
(f) 3.95 m; (g) 3.47 m; (h) 2 m; (i) 0.38 m.

(a) (b) (c)

(d) (e) (f)

(g) (h) (i)
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3.3. Pyrolysis and mass transfer process in the retort

The oil shale particles begin to convert into gaseous products and spent 
shale through the pyrolysis reaction as being heated to pyrolysis temperature. 
Figure 9 shows the formation rate profile of gaseous gas-oil-water products in 
the retort. The pyrolysis reaction of oil shale gradually diffuses from the wall 
(the wall of the retort, three support structures and the center pillar) regions 
to the central regions of the three retorting parts in the retorting stage during 
the downward-moving process because of the characteristic temperature 
distribution in the retort. The formation rate of gaseous products is much 
higher in the central regions of the three retorting parts because of the larger 
mass flow of oil shale particles in those regions.

As the oil shale particles move downward to the bottom of the retorting 
stage, kerogen in oil shale is pyrolyzed completely. The spent shales continue 
to move downward and will be discharged out of the retort ultimately by the 
discharging system. The gaseous products flow out with the recycled gases 
through the collection device situated at the top of the retort and then flow to 
the oil separation unit. The yield of gaseous products and spent shale recorded 
with the mathematical model is consistent with that obtained in aluminum 
retort experiments [28, 29].

Fig. 9. The formation rate profile of gaseous pyrolysis products in the retort:  
(a) X = 0 plane; (b) Y = 6.47 m plane; (c) Y = 5.95 m plane; (d) Y = 5.45 m plane;  
(e) Y = 4.37 m plane.

(a) (b) (c)

(d) (e)
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3.4. Validation of the model

Based on the series of theoretical and simulation analyses performed by the 
authors previously [30, 31] and in the current paper, 64 gas full circulation oil 
shale retorts have been constructed in the Shichanggou oil shale retorting plant 
in Jimsar oil shale mineralized belt, Xinjiang Uygur Autonomous Region, 
northwestern China. To validate the heat transfer process of the mathematical 
model in this paper, the real temperature of gases at the outlet pipe was 
measured in 16 retorts and the design temperature of spent shale at the bottom 
of the cooling stage was theoretically calculated according to the conservation 
of mass and energy, as shown in Table 2. The oil shale particle group used 
in the above numerical simulation consisted of 60% of 20–50 mm, 17% of 
50–55 mm, 20% of 6–20 mm and 3% of 0–6 mm oil shale particles, which is 
consistent with the actual production situation within a required timeframe. It 
is clear that the numerical results are in good agreement with the data obtained 
in the real retort, with the relative error less than 5.29%.

Table 2. The temperature of gas and spent shale at different outlets of the retort

Numerical 
data

Measured 
data

Design 
data

Relative error

Temperature of gas at the 
outlet pipe, °C 85.24 80–100 90–110 5.29%

Temperature of spent shale 
at the outlet of the cooling 
stage, °C

388.26 – 370 4.93%

3.5. The influence of oil shale particle size on the retorting process

In this work, the influence of oil shale particle size (6–20, 20–30, 30–50, 50–
55 mm) on the retorting process is determined. Figures 10a and 10b show 
the mass-weighted average temperature distribution along the height of the 
retort while retorting four oil shale particle groups of different size ranges 
at the same treatment capacity (300 t/d) and the same reheated recycled gas 
consumption. With increasing particle size, the final retorting temperature of 
oil shale is decreased from 584 °C to 544 °C, the outlet temperature of gaseous 
products is increased from 77 °C to 96 °C, the yield of spent shale is increased 
from 86.27% to 87.92% and the yield of gaseous products is decreased from 
13.73% to 12.08%. These results reveal that oil shale particles in the size 
range of 30–50 and 50–55 mm were not pyrolyzed completely at the treatment 
capacity of 300 t/d.
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Fig. 10. The temperature distribution of oil shale/spent shale ((a), (c)) and gas/gaseous 
pyrolysis products ((b), (d)) along the height of the retort while retorting oil shale in 
different particle size ranges at different treatment capacities and the same reheated 
gas consumption.

According to Equations (6)–(8), the volumetric convection heat transfer 
coefficient between oil shale and the gaseous heat carrier is decreased with 
increasing oil shale particle size, which results in that the heat transfer capacity 
is insufficient to pyrolyze the 30–50 and 50–55 mm oil shale particle groups. 
The oil shale processing capacity should gradually decrease with increasing 
particle size. Through the numerical simulation, the optimal processing 
capacity of oil shale of different particle size ranges is shown in Figures 10c 
and 10d, as the reheated recycled gas consumption remains unchanged.

What’s more, the excessive capacity of heat transfer between 6–20 mm 
oil shale particles and the gaseous heat carrier results in that the temperature 
around the walls in the retorting stage significantly exceeds the optimal 
retorting temperature, which will cause the pyrogenic reaction of shale oil 
and the broken spent shale. Hence, oil shale particles larger than 50 mm and 
smaller than 20 mm should be mixed with 20–50 mm particles at a proper 
ratio rather than feeding them into the retort directly, to increase oil yield and 
enhance the thermal efficiency and processing capacity of the retort.

(a) (b)

(c) (d)
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The oil shale particle size also has an obvious effect on the pressure of 
the annular gas channel. The reheated recycled gas pressure in the annular 
gas channel is 4780, 850, 465 and 240 Pa, respectively, as the particle size 
of retorted oil shale groups increases from 6–20 mm to 50–55 mm. With 
decreasing particle size, the voidage of the oil shale packing bed is decreased 
and its resistance is increased [26], which results in the increase of the pressure 
in the annular gas channel and the load of blowers. From the perspective of 
decreasing the loss of oil in the pre-heating stage and the load of the reheated 
gas transport system, the 6–20 mm oil shale particles should be mixed with 
20–50 mm particles at a proper ratio, or be pelletized with 0–6 mm oil shale 
powder by using pelletizers.

4. Conclusions

In this work, a 3-D mathematical model is developed to investigate the flow 
distribution, temperature distribution and evolution of gaseous pyrolysis 
products in the 300 t/d gas full circulation oil shale retort. The simulated 
results are coincident with findings obtained in cold model experiments, as 
well as with operation data. The main conclusions are as follows:

(1)  The velocity of reheated recycled gas decreases gradually during 
flowing from the orifices to the three central parts of the retorting stage. About 
10.35% of the total recycled gas can flow into the top half part of the retorting 
stage through the center pillar and play an important role in heating the oil 
shale particles in the central part of the retort.

(2) The velocity of oil shale particles increases gradually from the wall 
regions toward the central regions of the retort on the same horizontal surface, 
due to the viscous force between the particles and the wall.

(3) In the pre-heating and retorting stages, the average temperature of 
gases is about 30 °C higher than that of oil shale on the same level, and the 
temperature of gases and oil shale/spent shale decreases gradually from the 
retort wall regions to the central regions.

(4) Oil shale particles larger than 50 mm and smaller than 20 mm should be 
mixed with 20–50 mm oil shale particles at a proper ratio rather than feeding 
them into the retort directly, to increase oil yield and enhance the thermal 
efficiency and processing capacity of the retort.
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