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The coking phenomenon within a lightweight carbon-phenolic ablator exposed to the heating environment of air is 

investigated. The existing one-dimensional charring ablation analysis code is modified so that the coking behavior of the 

ablator can be calculated as well as the thermal response behavior within a lightweight carbon-phenolic ablator. The mass 

conservation equations for a pyrolysis gas and carbon in the gas are given. The energy equation including the coking 

process is also presented. The measured density distributions of some arc-heated CFRP ablator samples are compared with 

those calculated by the ablation analysis code, from which good agreement is obtained. The density profiles with and 

without coking are compared. The effect of temperature dependency of carbon mass fraction in a pyrolysis gas in the 

coking equation upon the density profile is examined. The effect of heating rate upon the density distribution in an ablator 

is also examined. The effect of coking upon the surface recession is studied analytically and experimentally. 
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Nomenclature 

Cp :  specific heat, J/(kg･K) 

C1, C2  

 

 

:  tuning coefficients for thermal 

conductivity of virgin and char 

materials, respectively 

h :  enthalpy, J/kg 

k :  thermal conductivity, W/(m･K) 

�̇�g :  mass flux of pyrolysis gas, kg/(m2･s) 

q :  heat flux, W/m2 or MW/m2 

qcw 

 

:  cold wall convective heat flux, W/m2  

or MW/m2 

qnet :  net heat flux, W/m2 

S or S :  surface recession, m or mm 

�̇� :  surface recession rate, m/s 

T, Tref :  temperature, K and 300K, respectively 

t :  time, s 

x :  moving coordinate or in-depth 

 distance from receding surface, y - S, 

 m or mm 

y :  stationary coordinate or in-depth 

   distance from initial front surface, m 

 or mm 

∆hpyro :  heat of pyrolysis per gas produced, J/kg 

𝜀 :  surface emissivity 

𝜙blow :  blowing correction factor 

𝜌 :  density of ablator excluding 𝜌coke,  

kg/m3 

𝜌coke :  density of deposited carbon due to 

coking, kg/m3 

𝜌s :  density at the surface, kg/m3 

𝜎 :  Stefan-Boltzmann constant,  

5.67×10-8 W/(m2･K4) 

𝜔c :  carbon mass fraction of pyrolysis gas 

𝜔c_cold :  𝜔c for frozen pyrolysis gas  

(see Fig. 3) 

𝜔c_pyro :  𝜔c for pyrolysis gas during 

   decomposition  

𝜔c_upper :  𝜔c for equilibrium pyrolysis gas  

(see Fig. 3) 

Subscripts 

ab, ch :  ablation and char 

coke, g :  deposited carbon and pyrolysis gas 

ref, u :  reference and at wall underside 

v, w :  virgin material and at wall 

 

1. Introduction 

 

A re-entry capsule has the heat shield system to protect the 

inner equipment against severe heating conditions during 

re-entry. The heat shield system mainly consists of an ablator 

which has the capability to prevent heat transfer to the inside 

by ablation phenomena. Various kinds of ablative materials 

with various densities have been developed. 1 - 9) Among them, 

the carbon-phenolic ablator (CFRP ablator) has been applied 

to the earth re-entry capsules such as the USERS REV capsule 

(Unmanned Space Experiment Recovery System REcovery 

Vehicle) 6) and the re-entry capsule “Hayabusa”, 8) and the 

planetary entry probe “Gallileo” of NASA. 5) Each of these 

capsules used a high density ablator with the value of about 

1500 kg/m3. A lightweight CFRP ablator of about 300 kg/m3 

 



 

 

 

 

has also been developed4) and was used for the heat protection 

of the Stardust Capsule 7) of NASA. 

Recently, a lightweight carbon-phenolic ablator named 

LATS (Lightweight Ablator series for Transfer vehicle 

Systems) with the density of 200 – 700 kg/m3 has been 

developed. 9, 10) The LATS is a carbon-phenolic ablator (CFRP 

ablator) fabricated by impregnating a phenolic resin into a felt 

made of carbon fibers. The material properties of the LATS 

ablator were measured and arc-heated tests of the ablator 

samples with various densities were carried out. Measured 

in-depth temperatures were compared with the calculated 

results using a one-dimensional ablation analysis code. 9, 10)  

The ablation phenomena of the CFRP material are very 

complicated, including the surface recession, radiation from 

the surface, generation of the pyrolysis gas from the resin, 

heat conduction within the ablator, the coking phenomenon, 

etc. The density changes due to the pyrolysis and coking, and 

the in-depth temperature decreases as the distance from the 

surface increases. The concept of charring ablation including 

coking is shown in Fig. 1, which is based on Refs. 11) and 

12). The coking phenomenon is that a solid carbon is 

deposited when the pyrolysis gas passes through the porous 

char to the surface. The coking phenomenon increases the char 

density near the surface of the heated material, 12,13) which 

would influence the surface recession, mass, and heat 

resistance characteristics of the ablator. A charring ablator 

under heating is typically divided into three zones: char, 

pyrolysis, and virgin zones. The char zone includes the surface, 

the pyrolysis zone is next to the char zone, and the virgin zone 

is located deepest in the ablator. In the char zone, pyrolysis 

from the resin is almost finished. In the pyrolysis zone a 

certain amount of resin remains, from which the pyrolysis gas 

is generated. In the virgin zone, no pyrolysis gas is generated. 

If coking is not considered, the densities of the char, pyrolysis 

and virgin zones are the lowest, the second lowest and the 

highest, respectively. Coking occurs mainly in the char zone.   

Until now, few researches 12,13) have been carried out 

concerning the coking behavior of the ablator. Among a lot of 

papers 10, 12 - 19) which treat ablation analysis in an ablator, only 

few treat coking analysis. 12,13) In Ref. 13), the coking behavior 

of the Apollo heat shield consisting of a low density ablation 

material was investigated analytically and experimentally, in 

which the material is Avcoat 5026-39/ HC-GP, a low-density 

epoxy novolac resin with phenolic microballoons and silica 

fiber reinforcement in a fiberglass honeycomb matrix. In Ref. 

12), the coking behavior of a low density CFRP ablator (the 

LATS ablator) in a N2 environment, in which no surface 

recession is expected, was investigated analytically and 

experimentally.   

In this paper, the coking phenomenon within a lightweight 

carbon-phenolic ablator (the LATS ablator) exposed to the 

aerodynamic heating environment of air with a surface 

recession is investigated. The existing one-dimensional 

charring ablation analysis code10) is modified so that the 

coking behavior of the ablator can be calculated as well as the 

thermal response behavior within a lightweight carbon- 

phenolic ablator. The mass conservation equations for the 

pyrolysis gas and carbon in the gas are given. The energy 

equation including the coking process is also presented. The 

measured temperatures and density distributions of some 

arc-heated CFRP ablator samples are compared with the 

calculated results by using the ablation analysis code. The 

in-depth density profiles of an ablator heated in an arc-jet 

wind tunnel using air with and without coking are calculated 

and compared. The effect of temperature dependency of 

carbon mass fraction in the pyrolysis gas in the coking 

equation upon the density profile is examined. The effect of 

heating rate upon the density distribution in an ablator is also 

examined. The effect of coking upon the surface recession is 

studied analytically and experimentally. 

 

2.  Charring Ablation Analysis with Coking  

 

A mathematical model for the analysis of one-dimensional 

charring ablation with coking and thermal response within an 

ablator12,13) is described. The mass conservation equations 

with respect to the pyrolysis gas and the solid carbon, and the 

energy equation are explained. The boundary conditions and 

the material properties of the ablator are also described.  

 

2.1.  Mass balance for the pyrolysis gas 

Consider a small control volume of the ablator, which is 

shown in Fig. 2. This figure is based on Ref. 12). It is assumed 

that the pyrolysis gas flows in and out of the volume along the 

y axis. It is also assumed that within the control volume, 

thermal decomposition yields the generation of the pyrolysis 

gas and solid carbon is deposited due to coking. Consideration 

of the mass balance with respect to the pyrolysis gas, in which 

 

Fig. 2. Coking model in a control volume. 
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Fig. 1. Concept of charring ablation with coking. 
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the time derivative of the pyrolysis gas density is assumed to 

be small, gives the following equation  
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       (1) 

where y is the stationary coordinate with the origin fixed to the 

initial ablator surface before heating (m), 𝜌 is the density of 

the ablator without deposited carbon (kg/m3), 𝜌coke  is the 

density of the deposited carbon due to coking (kg/m3) (then, 𝜌 

+ 𝜌coke is the density of the ablator), ∆  is the width of the 

control volume (m), and �̇� g(y) is the mass flux of the 

pyrolysis gas which passes through the y-plane to the surface 

(kg/(m2･s)). Dividing both sides of Eq. (1) by ∆  and ∆  → 

0 yield  

               (2) 

 

The terms on the left side of Eq. (2) represent time derivatives 

of 𝜌 and 𝜌coke respectively, and the term on the right side 

represents the gradient of mass flux of the gas with respect to 

y. The first term on the left side of Eq. (2) is given by the 

Arrhenius type expression for the decomposition rate and is 

described by  
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where T is the temperature (K), k is the reaction order, Ak is 

the weighting factor, fk is the collision frequency (1/s), Bk is 

the activation temperature (K). The values of k, Ak, fk, and Bk 

are assumed to be constant. In Refs. 12) and 13), the term 

∂𝜌/ ∂𝑡|y on the left side of Eq. (2) is omitted because of its 

small value for coking calculation in the char layer. However 

the term ∂𝜌/ ∂𝑡|y is not omitted in this paper. 

2.2.  Mass balance for carbon 

  When a solid carbon is deposited within a control volume 

of the ablator, the mass balance of carbon yields   
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     (4) 

where 𝜔c is the carbon mass fraction in a pyrolysis gas, and  

𝜔c_pyro is the carbon mass fraction of the pyrolysis gas during 

thermal decomposition. We assume that 𝜔c is a function of 

the temperature.12,13) In Ref. 13), the function 𝜔c was studied 

for coking study. In Ref. 12) the function 𝜔c was used for 

coking calculation. In the present study we also use the 

function 𝜔c shown in Fig. 3, which is based on that of Ref. 

12).  

When both sides of Eq. (4) are divided by ∆ , and ∆  

decreases to zero, we obtain 
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 (5) 

Eliminating ∂𝜌coke/𝜕𝑡 𝑦 from Eqs. (2) and (5) and 

substituting c_cold for c_pyro yields (In this paper, c_pyrois 

assumed to be a constant value of c_cold.) 
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         (6) 

In a similar way, eliminating ∂�̇�g/𝜕 )t from Eqs. (2) and (5) 

and substituting c_cold for c_pyro yields 
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         (7) 

In Refs. 12) and 13), the first terms including ∂𝜌/ ∂𝑡|y on the 

right side of Eqs. (6) and (7) are omitted for the coking 

calculation in the char layer because of the small values; in 

this paper, these terms are not omitted.  

When the term on the left side of Eq. (7) is expressed on the 

moving axis of x, we obtain 
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    (8) 

where x is the moving coordinate or in-depth distance from 

the receding surface (m), and �̇� is the surface recession rate 

(m/s).   

In Fig. 3 the pyrolysis gas is assumed to be frozen (𝜔c = 

c_cold) below the temperature TL and to be in equilibrium (𝜔c 

= c_upper) above the temperature TH. At intermediate 

temperatures, the amount of carbon c is assumed to vary 

linearly from TL to TH. In the figure TL = 1250K, TH = 2000K, 

c_cold = 0.59, c_upper = 0.3, 0.4, and 0.5. During the heating of 

an ablator, the pyrolysis gas passes through the char layer to 

the surface (Fig. 1). When the temperature T is below TL or 

above TH, c_is constant, then from Eq. (7) ∂coke∂ t is 

depressed; coking is depressed. For T between TL and TH, if 

∂∂x (= ∂∂y) is negative (Fig. 1), ∂c∂y = (∂∂y) 

(∂c∂T) becomes positive and ∂coke∂t increases; coking 

occurs (see Eq. (7)). When c_upper decreases, the absolute 

value of ∂c∂T increases, from which the amount of coking 

increases. This means that the lower value of c_upper promotes 

coking. (Note: In this mathematical model for coking, if the 

sign of ∂∂x (= ∂∂y) changes from negative to positive 

values, ∂c∂ybecomes negative and ∂coke∂t decreases.) 

2.3.  Energy equation 

  The in-depth energy conservation equation of the ablator 

including coking process is basically the same as those of Refs. 

12) and 13) and is given by 

 
x

o

x t
h

x

T
k

xt

T
CC





























 pyrpcokecokep

    

   
x

T
CCS

t
hh

x

T
Cm

yt 












 pcokecokeP

coke

cokegpgg 
 

. (9)

             

 
Fig. 3.  Relation between 𝜔c and T. 
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where k is the thermal conductivity (W/(m･K)); Cp, Cpcoke and 

Cpg are the specific heats of the ablator without deposited 

carbon, deposited carbon due to coking, and the pyrolysis gas, 

respectively (J/(kg･K)); hcoke and hg are the enthalpies of 

deposited carbon due to coking and the pyrolysis gas (J/kg), 

respectively; ∆hpyro is the heat of pyrolysis per gas produced 

(J/kg). The terms in Eq. (9) represent, from left to right, the 

sensible energy accumulation, the net conduction, the energy 

absorbed during pyrolysis, net energy convected by the 

pyrolysis gas passing through, the energy due to the 

deposition of carbon by coking, net energy convected as the 

consequence of coordinate motion. 

 The thermal conductivity k is calculated by 

chch1vv1coke )1()( kkk              (10a) 

)/()( chvchcoke1               
(10b) 

where subscripts of v and ch represent virgin and char, 

respectively. In the case of no coking (coke = 0), Eq. (10)a and 

(10)b have been used for ablation analysis.10, 15-16) In this paper 

we assume that Eqs. 10)a and 10)b can also be used for the 

case of coking (coke ≠ 0). Considering that the thermal 

conductivity is tuned based on the matching of measured and 

calculated results (see Subsection 2.5.), and the measured and 

calculated temperatures agree well (see Section 4.), the 

approximation of k by Eqs. (10a) and (10b) seems not to have 

large errors. (This assumption of thermal conductivity would 

cause a certain amount of errors; in the future it would be 

desirable to improve the thermal conductivity based on the 

measured data of char material including the coked material.) 

The volumetric heat capacity of the char material including 

the coked material is expressed by the sum of Cp and 

cokeCpcoke, where Cp (volumetric heat capacity of the char 

excluding the coked material) is expressed10, 14) by Eqs. (10c) 

and (10d), and cokeCpcoke (volumetric heat capacity of the 

coked material) is expressed by the product of coke and Cpcoke 

of Eq. (15).  

pchch2pvv2p )1( CCC               (10c) 

)/()( chvch2                  (10d)
 

2.4.  Boundary conditions 

The energy balance at the ablator surface yields the surface 

boundary condition, in which aerodynamic heating, block 

effect of heating due to the mass ejection, radiation cooling, 

and enthalpy change when the char recedes, enthalpy change 

of the pyrolysis gas and the heat conduction in the ablator are 

considered. We also assume that the pyrolysis gas is 

chemically inert with respect to the boundary layer gases.15) 

Thus the surface boundary condition is obtained and is shown 

below 15)  

)()()/1( uwab

4

ref

4

wblowrwcwnet hhmTThhqq     (11) 

where hw is the enthalpy of the gas adjacent to the surface, hr 

is the recovery enthalpy of the flow, Tw is the temperature of 

the char surface, Tref is 300 K, �̇�ab =  𝜌ch  𝜌coke �̇�  is the 

mass flux due to the thermochemical ablation of the char, and 

hu is the enthalpy of the char at the surface. blowis the 

blowing correction factor, which means the ratio of heat 

transfer coefficient with and without ablation mass injection 

into the boundary layer from the ablator surface.he factor 

blowalso means the correction (reduction) factor of heat flux 

due to the mass injection into the boundary layer.15, 16) 

As for the back surface boundary condition, the back 

surface of the ablator is attached to an insulation material, and 

the back surface of the insulation material is assumed to be at 

a constant value of 300 K.  

2.5.  Input data for material properties 

Input data for calculating the thermal behavior of the 

ablator model using the program of one-dimensional ablation 

analysis with coking include parameters such as heating 

conditions, the material properties and ablator thickness. As 

for the input data of the ablator material properties, these are 

the same as those in the previous paper,10) except for the 

material properties related to the deposited carbon due to 

coking. These are determined based on the measured and 

literature data. 4, 9, 10, 15-17)  

The virgin density v of the ablator is set based on the 

measurement. The char density for each ablator model is 

calculated by means of the following relation based on the 

measurement of virgin and charred materials. 9) 

716.0vch                  (12) 

The emissivity of the char surface is set to be 0.85.10) 

The reference value of thermal conductivity of the virgin 

material kv_ref is constructed based on the measured values of 

the LATS materials with the density of about 300 kg/m3, 

combined with the literature data.4) The reference value of 

thermal conductivity of the char material kch_ref is assumed to 

be the same as that of the virgin material kv_ref  (kch_ref = kv_ref). 

Thermal conductivities of the ablator materials are expressed 

by C1 kv_ref, and C2 kch_ref, where C1 and C2 are constant. The 

values of C1 and C2 are determined based on the matching of 

the measured and calculated temperatures,10) in which the 

measured temperatures are obtained in the arc-heated tests of 

the ablators. (The details of the determination of C1 and C2 are 

described in Ref. 10).) 

The specific heat of the char material Cpch (full char) is 

based on the following expression 15) 

22
pch

DT

T
CC


 

              (13) 

where T is the temperature (K), C∞ = 2.3 × 103 J/(kg･K), and 

D = 800 K. The specific heat of the virgin material Cpv is 

constructed of the measured data with the temperature range 

of RT(room tempertature) to 300 oC (573 K), combined with 

Eq. (13), in which the connection is made smoothly. 

The enthalpy and the specific heat of the deposited carbon 

hcoke and Cpcoke are calculated by the following equations, 

respectively: 15) 

(14) 

 

(15) 

 

where Tref = 300 K，C∞ = 2.3 × 103 J/(kg･K) and D = 800 K.  

The enthalpy of the pyrolysis gas hg is given by  
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(16) 

                                                            

where hf is the standard heat of formation (= − 9.28 × 106 

J/kg ) 20) and T0 is the standard ambient temperature (= 298 K). 

The specific heat of the pyrolysis gas Cpg is set to be a constant 

value of 1674.6 J/(kg･K).16) The heat of pyrolysis per gas 

produced hpyro is set to be 3.313 × 105 J/kg (79.1 cal/g), 

which is determined considering the measured and the 

literature data. Coefficients in the Arrhenius equation (Eq. (3)) 

are set based on the TGA data of the LATS ablator.17) Values 

of N = 2, A 1 = 0.1, f 1 = 3.5 × 109 1/s, B 1 = 1.1 × 104 K, = 

100.0, A 2 = 0.9, f 2 = 7.0 × 103 1/s, B 2 = 1.1 × 104 K, and = 

3 are used in the calculation.  

2.6.  Calculation procedure  

The temperature and the density distributions in the ablator 

and insulation material are calculated by the use of the 

equations mentioned above. Calculation is carried out using 

the finite difference method considering the boundary 

conditions. For each time step, 𝜌is calculated by Eq. (3). 

Equations (6) and (8) give �̇�g and 𝜌coke, respectively with 

the assumption that the pyrolysis gas flow is zero at the back 

surface of the ablator. T is calculated by Eq. (9), in which the 

calculation results of 𝜌coke and �̇� g are used. In the 

calculation �̇� g, and T are obtained explicitly; 𝜌coke is 

obtained implicitly.  

The front surface condition of Eq. (11) and the back surface 

condition (attached to the insulation material) are also 

considered. In the calculation, �̇�ab is obtained considering 

oxidation (reaction controlled or diffusion controlled 

oxidation) and sublimation of the surface char.15, 16) �̇�  is 

obtained by the relation of �̇� = �̇�ab/ 𝜌ch  𝜌coke). For each 

time step, output parameters are obtained simultaneously for 

both the ablator and the insulation material. 

 

3.  Arc-heated Tests  

 

The objectives of the arc-heated tests are: (1) to observe the 

coking effect (tendency of the in-depth density distribution) in 

the LATS ablator, and (2) to compare the measured ablator 

density distribution with the calculated result, from which the 

validity of the mathematical model for coking is evaluated.  

 

3.1.  Heating tests 

Arc-heated tests of several LATS ablator samples were 

carried out in two arcjet wind tunnels: a 20 kW arcjet wind 

tunnel at Japan Ultra-high Temperature Materials Research 

Center (JUTEM), and a 1 MW segmented type arcjet wind 

tunnel at the Institute of Space and Astronautical Science 

(ISAS) of the Japan Aerospace Exploration Agency (JAXA).  

  For testing in the 20 kW arcjet wind tunnel at JUTEM, air 

was used as a test gas. The cold wall heat flux rate, the impact 

pressure and the air enthalpy are 1.65 MW/m2, 0.85 kPa and 

23.0 MJ/kg, respectively. The heating time is 60 s. The 

density and sizes of each ablator sample are 323.4 kg/m3 and 

about 30 mm  × mm, respectively. o obtain the 

one-dimensional heating environment, the side of the ablator 

sample was covered with an insulation material which is 

supported by a Bakelite holder to protect against side heating. 

The ablator back surface is attached to an insulation material. 

Several thermocouples are placed within the ablator in the 

direction parallel to the front surface of the ablator near the 

center axis to measure the in-depth temperatures.   

As for the test in the 1 MW arcjet wind tunnel at JAXA, air 

was used as a test gas in the same way as at JUTEM. The cold 

wall heat flux, the air enthalpy and the impact pressure are 

1.85 MW/m2, 9.3 kPa and 14.5 MJ/kg, respectively. The 

heating time is 30 s. The density and the sizes of the ablator 

sample are 598.6 kg/m3 and about 30 mm  × mm, 

respectively. o obtain a one-dimensional heating 

environment, the side of the ablator sample was covered with 

an insulation material which is supported by a Bakelite holder 

to protect against side heating. The back surface of the ablator 

is attached to the Bakelite holder. For the temperature 

measurement several thermocouples are placed within the 

ablator in the direction parallel to the front surface of the 

ablator near the center axis. The surface temperature of the 

ablator was measured by a pyrometer.  

3.2.  Measurement of density distribution of ablator 

  The procedure for the measurement is as follows: 

(1) Each of the heated ablator samples is cut into several 

specimens parallel to the central axis by a micro-cutter, each 

of which has the cross section of a circular sector with the 

central angle of 90 or 180 degrees (JUTEM ablator: 90 deg., 

JAXA ablator: 180deg.) (2) Taking photographs of cross 

sections perpendicular to the axis (photograph S1), and parallel 

to the axis (photograph S2): S1 is used for calculation of the 

cross-sectional area in (4), and S2 is used for estimating the 

density distribution. (3) The specimen is shaved by a milling 

machine with a pitch of L = 0.2 mm (JAXA ablator) and 

0.25 mm (JUTEM ablator). (4) After each shaving, the mass 

mi and thickness Li (Li: average based on 5 places) of the 

remaining ablator are measured by using an electric balance 

and a pair of calipers, from which the density of each shaved 

section (slice) is calculated by using the value of the cross- 

sectional area S1.  

The density variations of the slices were very large. 

However, it was found that the density varies cyclically with a 

pitch of around 2 mm (JAXA ablator) or 3 mm (JUTEM 

ablator), and the shape of the curve was roughly similar for 

each cycle. Two kinds of one cycle intervals are used for 

averaging calculation: M-M interval (one cycle from the 

maximum point to the next maximum point) and V-V interval 

(one-cycle from the minimum point to the next minimum 

point). When the curve is approximated by  = asin+ b (a 

and b: constant, : the phase angle), M-M interval corresponds 

to = --- -3π/2- π/2,  π/2- 5π/2, --- and V-V interval 

corresponds to = --- -π/2- 3π/2, 3π/2- 7π/2, --- . It was 

found that based on the black-and-white gradient image data 

in the photograph of the section, maximum and minimum 

density points can be roughly estimated. In determining each 

interval (M-M, V-V) for average calculation, we not only use 

the density curve of the slices, but also use the photograph 

data of the section.  

 

4.  Results and Discussion 

1. 
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4.1.  Comparison of calculated and measured results 

 

4.1.1.  Heating test at JUTEM 

  Figure 4 shows the in-depth temperature time histories at 

various locations of the ablator sample measured by using 

thermocouples during the arc-heated test at JUTEM. The cold 

wall heat flux rate is 1.65 MW/m2 with the heating time of 60 

s. The density of the sample is 323.4 kg/m3. The 

thermocouples are located at various distances from the 

surface near the center axis of the ablator. The temperature 

measured by the thermocouple of T1 (y = 5.0 mm) rises very 

rapidly to the peak value of about 1500 K, where y is the 

location of the thermocouple from the initial front surface 

before heating. After the time of the peak, it decreases rapidly 

and monotonously, due to the termination of heating after 60 s 

from the beginning of the heating. In the similar way, the 

temperature of T2 (y = 10.7 mm) rises to the peak value of 

about 800 K, in which the rising rate of T2 is lower than that 

of T1. After reaching the peak value, T2 decreases 

monotonically. T3 (y = 20.8 mm) increases very slowly, and 

after about 300 s decreases gradually. The temperature of T4 

(y = 29.8 mm) increases very slowly, and maintains a nearly 

constant value for about 500 – 600 s. As y increases, the rising 

rate of the temperature decreases, the peak temperature 

decreases, and the time for the peak temperature is delayed. 

The calculated temperatures at the corresponding four points 

are also shown in the figure for the purpose of comparison in 

which C1 = 0.95, C2 = 1.05, c_cold = 0.59, and c_upper = 0.3. It 

is seen that the measured and calculated temperatures at the 

four points agree well with each other. This means that the 

calculated temperatures in the ablator, upon which the 

accuracy of coking calculation is dependent, are considerably 

accurate.  

Figure 5 shows the measured density of the ablator sample 

with respect to the x axis (x: distance from the surface after 

heating) in the region near the surface. It is seen that from x ≈ 

2 to x ≈ 4 mm the density decreases as x increases. At x ≈ 4 

mm, the density is seen to have a minimum value of about 250 

kg/m3, and for x > about 6 mm the density increases as x 

increases. In the figure the calculated density distributions 

with coking 𝜌  𝜌coke evaluated at t = 600 s are also shown 

for comparison, in which C1 = 0.95, C2 = 1.05,  𝜔c_cold = 0.59, 

and 𝜔 c_upper = 0.3, 0.4 and 0.5. The calculated density 

distribution with 𝜔 c_upper = 0.3 agrees well with that of 

measurement. From the figure it is seen that a lower value of 

𝜔 c_upper promote coking. The tendency of the density 

distribution for both measurement and calculation is that as x 

increases from the point near the surface, the density 

decreases, and after reaching the minimum value it increases. 

This tendency of the density profile is similar to that of the 

measured and calculated Apollo ablator.13) The calculated 

density distribution without coking is also shown in Fig. 5. 

It is seen that the density calculated with no coking increases 

monotonously as x increases, and is lower than that calculated 

with coking in the region of x from 0 to about 4.5 mm, where 

the difference corresponds to the deposited carbon due to the 

coking effect. For x more than about 4.5 mm, the densities 

with and without coking are nearly the same. The calculated 

surface temperature is around 2250K, which suggests that the 

surface is in the diffusion controlled oxidation region.15) In the 

case of diffusion controlled oxidation region, when we assume 

that the material is carbon and the heating environment is the 

same, the mass flux of oxygen �̇�(O2) is the same 21); the 

surface mass loss �̇�ab (= s × �̇�) is also the same. As the 

Fig. 4.  Comparison of temperature time histories between 

measurement and calculation. 

 

Fig. 5.  Comparison of density distributions of arc-heated ablator 

between measurement and calculation. 
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surface density s increases, the surface recession rate �̇� and 

also the surface recession S decrease. Figure 6 shows the 

relation between the surface recession ∆S and the ablator 

density v calculated with the parameters of “without coking”, 

c_upper = 0.3, 0.4 and 0.5. The heating conditions for the 

calculation are the same as those of Figs. 4 and 5. The figure 

shows that ∆S decreases as v increases for each parameter. 

When v is higher, s is also higher, which gives the lower 

surface recession. It is seen that for a constant density of v, 

∆ S is the maximum for “without coking”, the second 

maximum for c_upper = 0.5, the third maximum for c_upper = 

0.4, and the minimum for c_upper = 0.3. As seen from Fig. 5, 

s is the maximum for c_upper = 0.3, the second maximum for 

c_upper = 0.4, the third maximum for c_upper = 0.5, and the 

minimum for “without coking”. This and the relation of s and 

∆S in the diffusion controlled oxidation region explain the 

tendency of ∆S for a constant v. A smaller value of c_upper 

promote coking; the surface density increases, which 

decreases ∆S. The only one measured value of ∆S, which was 

obtained using the calipers, is also shown in Fig. 6. The 

measured ∆S is seen to be lower than those of four kinds of 

calculated values, in which the measured value is 80% and 

93% of that for “without coking” and c_upper = 0.3, 

respectively.   

4.1.2.  Heating test at JAXA 

Figure 7 shows the measured surface temperature Ts of the 

LATS ablator in the arc-heated test at JAXA, where the cold 

wall heating rate is 1.85 MW/m2, the heating time is 30 s and 

the ablator density is 598.6 kg/m3. The surface temperature 

was measured by a pyrometer. At the beginning of the heating, 

Ts rises to the value of about 2200 K in about 2 - 3 s, and 

keeps nearly constant between 2200 and 2300 K before the 

heating is cut at the time of 30 s. The calculated temperature is 

also shown in the figure, where the measured and calculated 

temperatures agree fairly well. (The calculation conditions are 

the same for Figs. 7 – 9 except that 𝜔c_upper is 0.3 for Figs. 7 

and 8, and the values of 𝜔c_upper are 0.3, 0.4 and 0.5 for Fig. 

9.) 

The measured in-depth temperature time histories by the 

thermocouples of T1, T2 and T3 are shown in Fig. 8. The 

thermocouples are located at various distances from the 

surface near the center axis of the ablator. The temperature of 

T1 (y = 11.2 mm) rises to the peak value of about 500 K. After 

the time of the peak, it decreases gradually monotonically, due 

to the cut of heating after 30 s from the beginning of the 

heating. In the similar way, the temperatures of T2 (y = 21.8 

mm), and T3 (y = 24.0 mm) increase very slowly. At t = 600 s, 

T2 and T3 are still increasing. The calculated temperatures for 

T1, T2 and T3 are also shown in the figure. It is seen that the 

measured and calculated temperatures agree well. This means 

that the calculated temperatures in the ablator, upon which the 

accuracy of coking calculation is dependent, are considerably 

accurate. It is seen that the rising behavior of the measured T1 

and T2 do not agree with those of calculated temperatures, 

respectively. There is a possibility that during heating the high 

temperature air leaked through the gap between the support 

structure and the ablator in the front area and passed along the 

side of the ablator heating the thermocouple of T1 and T2.  

Figure 9 shows the measured density of the ablator in the 

region near the surface. It is seen that from x ≈ 1.3 to x ≈ 3 

mm the density decreases as x increases. At x ≈ 3 mm, the 

density is seen to have a minimum value of about 470 kg/m3, 

and for x > about 3 mm the density increases as x increases. In 

the figure the calculated density distributions with coking 

evaluated at 600 s are also shown for comparison, where C1 = 

1.23, C2 = 1.26, c_cold = 0.59, and c_upper = 0.3, 0.4 and 0.5. 

Agreement of the densities between measurement and 

calculation with coking is good for 𝜔 c_upper = 0.3. The 

tendency of the density distribution for both measurement and 

Fig. 7.  Comparison of surface temperature time histories 

between measurement and calculation. 

Fig. 8.  Comparison of in-depth temperature time histories 

between measurement and calculation. 

 

Fig. 9.  Comparison of density distributions of arc-heated ablator 

between measurement and calculation. 
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calculation is that as x increases from the point near the 

surface, the density decreases, and after reaching the 

minimum value it increases. This density tendency is the same 

as that in Fig. 5 and is similar to that of the measured and 

calculated Apollo ablator.13) The calculated density 

distribution without coking is also shown in Fig. 9. It is seen 

that the density calculated without coking increases 

monotonously as x increases, and is lower than that calculated 

with coking in the region of x from 0 to about 3 mm, where 

the difference corresponds to the deposited carbon due to the 

coking effect. For x more than about 3 mm, the densities with 

and without coking are about the same. 

In Fig. 9, in the region for x < about 1mm, the density 

decreases as x decreases. Based on the results of coking 

calculation, the reason is estimated to be due to the following: 

(1) During heating, a part of this region is higher than 2000K, 

where the coking is depressed.  

(2) After the end of heating, pyrolysis gases pass through the 

char for certain time duration. For several seconds after 

the end of heating, the surface temperature decreases 

rapidly, which changes ∂T/∂x from negative to positive 

values. Then the mathematical model of coking decreases 

the density of the region near the surface during the short 

period after the end of heating.  

With respect to (1) and (2), refer to the discussion of the 

mathematical model for coking in Subsection 2.2. The same 

behavior is also seen in Fig. 5. The validity of this behavior 

obtained by the mathematical model for coking in this paper 

should be examined experimentally in the future.  

 Figure 10 shows the distributions of cokecoke at 

the time of 20 s after the beginning of the heating with c_upper 

= 0.3. It is seen that coking occurs in the region from x = 0 to 

x = about 2 mm. It is also seen that char is not small and 

then ∂∂𝑡is not small in this region, which means that 

omission of the first terms of the right hand side of Eqs. (6) - 

(7) would lead to a certain amount of errors. (In this paper we 

do not omit these terms; see Subsection 2.2.) 

Figure 11 shows the relation between the surface recession 

∆S and the ablator density v calculated with the parameters of 

“without coking”, c_upper = 0.3, 0.4 and 0.5. The heating 

conditions for the calculation are the same as those of Figs. 7 

– 9. The only one measured value of ∆S is also shown in the 

figure. The tendency of the figure is the same as that of Fig. 6. 

The measured ∆S, which was obtained using the calipers, is 

seen to be lower than those of four kinds of calculated values, 

in which the measured value is 55% and 67% of that for 

“without coking” and c_upper = 0.3, respectively. 

  4.2.  Comparison with the literature data  

In Ref. 12), the measured densities of a low-density LATS 

ablator heated in the 20 kW arc-jet wind tunnel at JUTEM, in 

which Nitrogen was used as a test gas, were compared with 

the calculated results. The cold wall heat transfer rate, the 

impact pressure and the enthalpy were 2 MW/m2, 0.8 kPa, and 

9.2 MJ/kg, respectively. The heating time was 70 s. As 

Nitrogen was used, no surface recession was expected. 

Agreement between the measured and calculated results was 

satisfactory. 

In order to confirm the validity of our ablation analysis 

code accounting for coking, ablation analysis of the same 

ablator under the same heating conditions is carried out by 

using our ablation analysis code, and the calculated results are 

compared with those of measurement. In Fig. 12 measured 

densities of the ablator12) are compared with the ablator 

density distributions calculated by our ablation analysis code 

with the conditions of 𝜔c_cold = 0.59, and ωc_upper = 0.3, 0.4, 

and 0.5. The calculated density with no coking is also 

included in the figure. The calculated densities are evaluated 

at t = 600 s. Agreement of the density distributions is seen to 
Fig. 10.  Density distribution during heating (t = 20s). 
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be good especially for ωc_upper = 0.4. The same result was also 

obtained in Ref. 12). This supports the validity of our ablation 

analysis code in which coking is included. The tendency of the 

density profile is similar to that in 4.1.1 and 4.1.2. The reasons 

for the coking behavior are the same as those described in 

4.1.2. with respect to Fig. 9. In addition, the reason for the 

large density gradient near the surface is that the ablator has 

no surface recession. 

4.3.  Parametric study by ablation analysis   

In order to understand the coking behavior in an ablator 

under heating, effects of some parameters upon the coking 

behavior are examined by coking analysis. Figure 13 shows 

the effect of 𝜔c_upper upon the density distributions coke of 

a lightweight ablator with respect to the y axis with qcw = 1.65 

MW/m2, 𝜌v = 323.4 kg/m3, and 𝜔c_upper = 0.3, 0.4 and 0.5. 

The density profile without coking and 𝜌 for 𝜔c_upper = 0.4 

are also included in the figure. The heating rate, the ablator 

length, etc. for the calculation are the same as those in Fig. 5. 

The calculated densities are evaluated at t = 600 s. The tip of 

each curve corresponds to the ablator surface. It is seen that 

the surface recession is roughly the same for each case. 

(Strictly, the surface recessions for 𝜔c_upper = 0.3, 0.4 and 0.5 

are the smallest, the second smallest and the third smallest, 

respectively. The surface recession for no coking is the largest. 

The reason for this is that the higher the surface density is, the 

smaller the surface recession becomes; refer to the discussion 

of surface recession ∆S concerning Fig. 6 in 4.1.1 and Fig. 11 

in 4.1.2.) As for each curve of the density coke for three 

kinds of 𝜔c_upper, as y increases, the density increases from the 

surface to the maximum point at y ≈ 3.5 mm, decreases to the 

minimum point at y ≈  7 mm, and then increases 

monotonously. It is seen that the coking process occurs in the 

region between the surface and y ≈ 7 mm. The value of 

𝜔c_upper = 0.3 in the coking region gives the maximum value of 

coke, 𝜔 c_upper = 0.4 gives the second maximum, and 

𝜔 c_upper = 0.5 gives the minimum. Although the density 

profiles  for 𝜔c_upper = 0.3 and 0.5 are not shown in the figure, 

we have confirmed that the density profiles of  for three 

values of 𝜔 c_upper are about the same by our calculation. 

Therefore the tendency of coke with respect to the value of 

𝜔c_upper is similar to that of coke. Then the density of coke 

is seen to be larger for a smaller value of 𝜔c_upper in the char 

zone. This tendency of the relation between coke and 𝜔c_upper 

conforms to the description of the mathematical model for 

coking in Subsection 2.2. As stated above, in the region 

between the surface and y ≈ 3.5 mm, coke decreases as y 

approaches the surface. The reason for this tendency is the 

same as that discussed in 4.1.2 with respect to Fig. 9. The 

density profile without coking and  for 𝜔c_upper = 0.4 have 

approximately the same values for y larger than the value for 

surface, and increase monotonously as y increases from the 

surface. When y is larger than about 7 mm, coke is small and 

the density profile ( orcoke) for each case is 

approximately the same.  

Figure 14 shows the density distributions with respect to the 

y axis for qcw = 0.8 MW/m2. The similar results are obtained in 

this figure except that coke for each 𝜔c_upper decreases 

monotonously as y increases from the surface in the 

neighborhood of the surface. The reason for this tendency is 

that this region was not exposed to the temperature higher 

than 2000 K during the heating because of the low value of 

qcw = 0.8 MW/m2, from which the coking is not depressed in 

this region. 

 

 5.  Conclusions 

 

The coking phenomenon within a lightweight carbon- 

phenolic ablator exposed to the aerodynamic heating 

environment of air was investigated analytically and 

experimentally. The existing one-dimensional transient 

charring ablation analysis code was modified so that the 

coking behavior of the ablator can be calculated. Arc-heated 

tests of the ablators were conducted, where measured density 

profiles of the ablators were compared with those of 

calculation. Effects of heating rates and carbon mass fraction 

in the pyrolysis gas upon the density profile were also 

examined. The effect of coking upon the surface recession is 

studied. Main conclusions within the range of this research are 

as follows: 

(1) Basic equations for coking behavior (mass conservation 

equation of a pyrolysis gas and carbon, and energy equation) 

are described. 

(2) The tendency of the density profile in the region near the 

surface obtained by measurement is that as x (or y) increases 

from the point near the surface, the density decreases, reaches 

Fig. 13.  Effect of ωc_upper upon the density distribution of 

ablator (qcw = 1.65 MW/m2). 

 

Fig. 14.  Effect of 𝜔c_upper upon the density distribution of 

ablator (qcw= 0.8 MW/m2). 
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a minimal value, and increases. This tendency is similar to 

that for the Apollo ablator 13) and a low density LATS ablator 

in a N2 environment. 12)   

(3) The measured density profiles of the LATS ablators agree 

well with those by calculation for 𝜔c_upper = 0.3. The measured 

density distribution in the low density LATS ablator heated in 

a N2 environment in other literature agrees well with that of 

calculation by our coking calculation code with 𝜔c_upper = 0.4. 

These results would support the validity of the mathematical 

model for coking in the ablation analysis code.  

(4) Among the values of 𝜔c_upper = 0.3, 0.4 and 0.5, which 

determine the temperature dependency of carbon mass 

fraction in a pyrolysis gas, the smaller value of 𝜔c_upper gives 

the higher densities of coke and coke in the coking region. 

The density with coking is higher than that without coking in 

the coking region.  

(5) For the three values of 𝜔c_upper, coking is confined mainly 

within a char zone. Out of this region deep from the surface, 

coke is small and the density ( or coke) for each case is 

about the same.   

(6) The density distributions of  for 𝜔c_upper = 0.3, 0.4 and 

0.5 and the density distribution for no coking are about the 

same.  

(7) For the low heating rate (0.8 MW/m2), as y increases, the 

density decreases, and after reaching the minimum point it 

increases. For the high heating rate (1.65 or 1.85 MW/m2), the 

tendency of the density is the same as that for the low heating 

rate except that the region with a rather flat density (or the 

region in which the density slightly increases as y increases) 

exists near the surface. The validity of this behavior obtained 

by the mathematical model for coking in this paper should be 

examined experimentally in the future. 

(8) A higher value of v gives a lower surface recession ∆S. A 

smaller value of 𝜔c_upper promotes coking; the surface density 

increases, which reduces ∆S. Calculated ∆S for “without 

coking” is the largest. Whereas the number of samples is small, 

the measured values of ∆S are found to be lower than the 

calculated ones.  

 

  In this paper we have shown that the measured density 

profiles of a small number of ablator samples agree fairly well 

with those by calculation using our coking code. However the 

amount of data is not enough. In order to improve the 

reliability of calculation by our coking analysis code, more 

experimental and analytical coking data should be 

accumulated in the future.  
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