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Results of  an investzgation of  heat transfer in reaction tubes of  furnaces for the pyrolysis and conversion of  

hydrocarbons are presented. Mathematical models of  a furnace are developed, and generalized relationships 

between the diameter of  the reaction coil, its length, the pyrogas temperature, and the time of  contact are 

obtained. Optimum dimensions of reaction tubes and coils are determined. 

The petroleum refining and chemical industr ies  employ reaction tube furnaces for the processes of thermal  

cracking, pyrolysis ,  and catalyt ic  conversion of hydrocarbons  and many other  processes. In view of the need for 

more efficient consumption of oil and natural  gas, work is cont inuously under  way on improvement  of the designs 

of these apparatuses .  

We carr ied out a series of exper imental  investigations of chemical t ransformat ions  of hydrocarbons  and 

heat  t ransfer  in both hollow coils and reaction tubes filled with a catalyst .  The work was carr ied  out on pilot and  

large-scale installations.  The  main element of the exper imental  facilities was a reaction tube heated by electric coils 

or immersed  in a fluidized bed of a heat carrier.  In the lat ter  case the heater  is a lined rec tangular  chamber  divided 

by a parti t ion into two zones supplied independent ly  with a fuel mixture.  The fuel gas and the a i r  are  mixed in 

the space under  the grate,  and  combustion occurs directly in the fluidized bed. We measured  the flow rates of raw 

material  and pyrolysis products,  the flow temperature  along the ent ire  length of the reactor,  the tube wall and  

f lu idized-bed temperatures ,  and other  parameters  and performed a chromatographic  analys is  of the raw material  

and the products. It was found that the presence of endothermic chemical reactions intensif ied heat  t ransfer  from 

the inner  surface of the reaction tubes to the gas flow. The mechanism of intensification is explained as follows. 

Heat is t ransferred to the gas flow from the reactor wall and,  consequently,  there is a tempera ture  gradient  over 

the tube radius.  The tempera ture  gradient  leads to a change in the reaction rate along the radius.  Moreover, there 

is always a velocity gradient  ( at least in the wall layer) ,  and the contact time is variable over the reactor  radius.  

This leads to a change in the degree of conversion and to the appearance  of a gradient  of concentrat ions  over the 

reactor radius.  The flux of substances that t ransfer  chemical energy causes an increase in the general  heat  flux. 

Consequent ly ,  the thermal  conductivity coefficient of the reacting gas mixture is increased.  This  coefficient can be 

considered to be a sum of two components:  molecular and reactive. 

The  overall reaction of the pyrolysis  process is endothermic  with an appreciable  thermal  effect. As a result,  

the heat  capacity of the reacting mixture Cp (the effective heat capacity) is much higher  than that of an inert  gas, 

since the heat supplied is spent not only on increasing the heat  content  of the mixture,  but also on compensat ing 

the endothermal  effect of the reactions. This causes deformation of the radical tempera ture  profiles, which also 

leads to an increase in the heat flux. 

Investigations of heat  t ransfer  carr ied out in reaction tubes showed that the coefficient of heat  t ransfer  to 

a r e a c t i n g  gas  flow a '  can be d e t e r m i n e d ,  with an accuracy  suff ic ient  for eng inee r ing  ca lcu la t ions ,  from 

dimensionless  equations of convective heat t ransfer  upon subst i tut ing into them the effective Prandt l  number  Pr':  

Nu = A Re n (Pr ' )  rn Pr = i~c'o/2 
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The  following formula gives sat isfactory results: 

a '  = 0 .026w~176 s u - ~  (.~,)0 6 (c,p)O.4d-0.2. 

To create  resource-saving ins ta l la t ions ,  improved computat ional  methods and mathematical  models  of 

furnaces were developed that  involve problems of the kinetics of chemical reactions,  internal  and external  heat  

t ransfer ,  and  the efficiency of operat ion of a unit. 

In s imulat ing reaction tubes for the pyrolysis  and conversion of hydrocarbons  a two-parameter  model was 

used ,  s ince  due  to the supply  of heat  and  the chemical  reac t ions  there  is a g rad ien t  of t e m p e r a t u r e s  a n d  

concentra t ions  along both the length and radius  of the reactor. The  processes occurring in the reactor  are  descr ibed  

by a sys tem of part ial  dif ferent ia l  equations:  

']'ef (o2t + 1 O~] -- w (r) C'p O1 _ co 'AH = 0 ,  

t 2  r O, 

Def + -  - w ( r ) - - -  w = 0 
Or 2 " r Ol 

For  an ex te rna l ly  hea ted  cy l indr ica l  reactor  with a f ixed bed of a ca ta lys t  the bounda ry  and initial  

condit ions are  

Ot OC~ 
when r = R  2 e f - 0 - T r = - a ' ( t  w - t ) ,  0--7-=0; 

ot OCi 
when r = 0  Or = 0 '  Or = 0 ;  

when l =  0 C = C 0,  t =  t 0 ,  w =  w 0. 

In the major i ty  of cases, for indust r ia l  reactors it is possible to neglect the change in the flow velocity along 

the radius  (w(r) = const).  This  simplifies the solution of the problem. 

In hollow pyrolysis  coils a gas flow moves with a high velocity ( 1 0 0 - 3 0 0  m/see)  and  is highly turbulent .  

The wall boundary  layer,  which has a higher  temperature  than the flow core, occupies an insignificant fraction of 

the tube cross section. But there  the react ions of destruction of hydrocarbons  proceeed at a much higher  rate,  and  

this should  be taken into cons idera t ion .  For this purpose, we conventionally divide the coil into two reaction 

volumes: the flow core and the wall layer.  The  flow core can be descr ibed  as a reactor  of ideal d isplacement ,  and  

the wall layer  as a reactor  with radial  t ransfer  and  parabolic dis t r ibut ion of velocities with the parabola axis located 

at the bounda ry  between the layer  and the flow core: 

w ( r )  = w r -  w f ( r  +/3 - R ) 2 / O .  

Consequent ly ,  we have the following boundary  conditions: 

Ot OC i 
when r =  R 2ef~r  = - c z ' ( t  w -  t ) ,  Or = 0 ;  

Ot OC i 
when r = R - c3 ~r = 0 ,  Def Or = - fl (Ci - Cif) ' 

The  simulat ion gives the dis t r ibut ion of temperatures  and concentrat ions of the components  of the raw 

mater ia l  and  the reaction products along the length and radius of the reaction tubes. 
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Fig. 1. Change in the parameters  of the process of gasoline pyrolysis  along 

the length of the coil. P, pressure,  MPa; t, temperature ,  ~ r, time of contact,  

sec; q, thermal stress,  kW/m2; S, degree of raw-mater ia l  conversion; L, m. 

For  h igh - t empera tu re  tube furnaces  to be opt imal ly  designed,  the zone method of calculat ion of the 

combustion chamber  is needed.  It allows one to obtain a detai led picture of the dis t r ibut ion of heat  f luxes and the 

tempera ture  field in the radiat ion chamber .  The  basis of the zone method is that the in ternal  space of the furnace 

is divided into a sufficiently large number  of volumetric and surface zones (cellular model) ,  and  for each of these 

zones a heal  balance equation is wri t ten in algebraic form: 

Qrj + Qcj + Qtj + Qsj = 0 ,  

where Qr, Qc, and  Qt are the resul tant  radiat ive,  convective, and turbulent  t ransfer  of heat  in zone j,  respectively; 

Q.s are the heat  sources (sinks) in the zone. Similar  equations are writ ten for all N zones. After subst i tut ion of the 

corresponding expressions for the heal  t ransfer  components,  the system of heat balance equations is reduced to the 
form 

s s s 
Zi jT 4 + ~ BijT + ~ B j / T  + D (Aij , Bij , Ti, Qs) = 0 ,  

i i i 

where A and B are  the coefficients of radiat ive and convective t ransfer  between the zones. 

Radiat ive and convective heat  fluxes from zones with prescribed temperatures  are calculated and referred 

to the free term D. First ,  the angular  coefficients of radiat ion between the zones, the heat  emission along the length 

of the flame, the heat t ransfer  coefficients, and other  quantit ies were calculated. The  solution of the system of 

equations gives the values of the temperatures  averaged over the zones. Heat fluxes to the heat ing surfaces are 

de te rmined  by subst i tut ing the found values of temperatures  into the equations for the zones of the heat ing surface. 

On the basis of the calculat ion a lgor i thms for the kinetics of chemical  react ions,  react ion coils, fuel 

combustion,  and radiative and convective chambers ,  a mathematical  model of the furnace as a whole was developed. 

It is based on the block principle and operates  as follows. First ,  the technological e lement  of the furnace is s imulated,  

i.e., the radiat ion tube or the coil, and,  using the data obtained,  the radiat ion chamber  is calculated.  The  results 

are t ransmi t ted  to the block for calculation of the convective zone of the furnace; the tempera ture  de te rmined  here 

is compared  with that adopted for the calculation of the coil. If their  values do not coincide,  then the value of the 

tempera ture  obta ined is introduced,  and a new cycle of calculation is s tar ted until the values of the parameters  

coincide within the accuracy prescr ibed .  In this way the mater ia l  and  heat  ba lances  for the ent i re  unit  are 

in ter re la ted .  Next,  the specific discharge of the fuel, the energy and exergy efficiencies, and other  technica l -and-  
economic indices of furnace operat ion are calculated. 

We simulated the operat ion of di f ferent-purpose furnaces. As an example,  Fig. 1 presents  some results of 

s imulat ion of a gasoline pyrolysis  furnace involving a complex coil, in which four tubes are  uni ted into two and 
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Fig. 2. Distribution of gasoline pyrolysis products G, wt.%, along the coil 

length; BTX, benzene-toluene-xylene fraction; HLF, heavy liquid fuel; l/L, 
relative length. 

Fig. 3. Change in the parameters of the process of vapor conversion of natural 

gas along the length of the reaction tube L, m. tfur, tw, tf, temperatures of the 

furnace, the reactor wall, and the flow, ~ Ap, drop in pressure, MPa; co', 

mole/m 2. sec. 

then into one tube of large diameter. The dashed lines show the places of junction of the tubes. When a gas flow 

moves along the reaction coil, the temperature rises, but when it attains 700~ its growth slows down, since a 

considerable portion of the heat supplied begins to be absorbed by reactions of raw-material decomposition. As the 

pressure falls and the molecular mass of the mixture decreases, the flow velocity increases, and the slope of the 

contact time curve becomes smaller. The degree of raw-material decomposition increases sharply with increase in 

temperature. The yield of pyrolysis products (Fig. 2) depends mainly on the stability of the process or degree of 

raw-material decomposition, which increases along the coil length. 

As a result of simulation of furnaces, relationships were obtained between the temperature in the reaction 

chamber, temperature of the tube wall, outlet temperature of the pyrogas and contact time, coil diameter, and its 

length at fixed values of the degree of raw-material conversion or the stability of the process. A decrease in the 

diameter leads to a substantial decrease in the tube wall temperature, but here the efficiency of the coil is decreased, 

and a large number of tubes are required to ensure the needed power of the furnace. The load on the coil is limited 

by the temperature of the tube wall and the flow velocity from the conditions of abrasive wear. 

With increase in the prescribed degree of raw-material conversion or stability of the process, the 

consumption of heat for pyrolysis is increased, as is the fuel consumption. As a result, in the convective zone of 

the furnace a larger quantity of heat is transferred to the raw material, and the temperature of the raw material at 

passage into the radiative zone is increased. The temperature of the waste gases and the efficiency of the furnace 

hardly change in the operational range of the parameters. 

We simulated a furnace for catalytic steam and steam-carbon dioxide conversion of natural gas. As a result, 

we obtained values of the flow parameters, thermal characteristics, and composition of the products of conversion 

along the reaction tube length (Fig. 3). The temperature of the furnace rises rapidly due to intense heat generation 

by the flame and then falls, since the heat is absorbed by the reaction tubes. The observed reaction rate first also 

increases due to the rapid rise in the temperature but then falls due to the decrease in the concentration of reagents 

(CH 4 and H20). 

Simulation of conversion furnaces showed that an increase in loading with rag' material entails an increase 

in the temperature of the converted gas, since it is necessary to increase the reaction rate and maintain the 

prescribed degree of conversion of methane. The temperature of the tube wall is increased correspondingly in spite 

of the increase in the heat transfer coefficient. 
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At the present time, highly efficient methanol and ammonia installations are being built in which the overall 

number of tubes in the furnaces will attain 1000. This lowers the reliability of operation of the furnaces and the 

entire unit. Therefore it is necessary to use tubes of the maximum possible capacity. As the diameter increases, 

the conditions of heat transfer sharply deteriorate, resulting in a reduction in the maximum allowable mass velocity. 

Consequently, there is an optimum diameter, exceeding which does not lead to an increase in the capacity of the 

tube, i.e., there is a capacity extremum. As the tube length is increased, the optimum diameter increases. For a 

diameter of the reaction tube of 70 -75  mm the optimum length of the working zone of the tube is 14 m, and for 

a diameter of 60 -65  mm, it is 10 m. Optimization of the geometric dimensions of the reaction tubes and other 

elements of the furnace leads to substantial economizing in refractory alloys. 

The results of the calculations of the processes and elements of a furnace are transmitted to the 

computational block where the main technical-and-economic indices of the furnace are determined: consumption 

of fuel, steam, and electrical energy, the overall energy expenditure, and the thermal and energy efficiency. A 

thermodynamic analysis is also carried out, and the energy efficiency of the unit is determined. 

The main exergy losses are attributable to the following: irreversibility of chemical conversions, including 

combustion processes; nonequilibrium heat exchange between combustion products and flows in the coils; a drop 

in pressure in the coils; mixing of product flows and dilution of them with steam; radiation of heat into the ambient 

and its escape with the flue gases. 

The exergy efficiency of a furnace depends on both the internal and external losses and may comprise 

25 -70%,  but in the majority of modern furnaces it usually lies within the range of 45 -65%.  

As a result of experimental investigations and simulation of facilities for pyrolysis and conversion of 

hydrocarbons,  optimum diameters and lengths of reaction tubes and coils were determined, resulting in 

economizing in refractory alloys. The determined optimum profiles of heat fluxes ensure an increase in the yield 

of products by 4 - 6 ~ .  Use of the methods of mathematical simulation makes it possible to create complex 

technological installations with optimum raw-material and energy expenditures and to reduce substantially the 

consumption of petroleum fractions and natural gas in chemical production. 

N O T A T I O N  

cp, heat capacity; ~., thermal conductivity; p, density;/~, coefficient of viscosity; w, rate; d, diameter of the 

reactor; a, coefficient of heat transfer; H, heat of the chemical reactions; t, temperature; r, radius; l, current length; 

L, length of the reactor; w*, observed rate of the chemical reactions; C, concentration; D, diffusion coefficient; 6, 

boundary, layer thickness;/3, mass transfer coefficient; Q, quantity of heat. Subscripts: el, effective value; f, flow; 
w, wall. 
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